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The achaete-scute gene complex (AS-C) is a series of adjacent genes that play an essential role in the
development of the Drosophila nervous system. A deletion of the entire complex results in the lack of all
external sense organs and of most peripheral neurons in the larva. The analysis of reciprocal left—right deletions
reveals that the larval pattern of sense organs results from the addition of several independent subpatterns, each
of which specifically requires a particular set of AS-C functions. Two of the subpatterns point to concealed
homologies that are confirmed by the analysis of bxd mutants. We conclude that AS-C defines the basic
topology of the pattern, rather than the type or precise location of the elements.
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How reproducible patterns are generated during the de-
velopment of an organism remains an open question. In
Drosophila, mutational analyses have identified several
genes or gene complexes specifically involved in the for-
mation of spatial patterns. One of them is the achaete-
scute gene complex {AS-C), which is required for the dif-
ferentiation of sense organs at particular positions on
the adult epidermis. Most mutations and rearrange-
ments affecting this complex are recessive. Their pheno-
type, presumably corresponding to some loss of AS-C
function, is a reduction or suppression of adult sense
organs (Serebrovsky and Dubinin 1930). In addition,
there are a few dominant mutations that have the oppo-
site effect and cause the development of supernumerary
sense organs, as a result of an excess of function of AS-C
(Campuzano et al. 1986; Garcia-Alonso and Garcia-Bel-
lido 1986). This suggests that AS-C is directly involved
in the development decision by which an epithelial cell
becomes committed to develop into a sense organ
(Garcia-Bellido and Santamaria 1978).

Many AS-C mutations are rearrangements (Sutton
1943; Lindsley and Grell 1968) with breakpoints scat-
tered over the entire complex (Carramolino et al. 1982}.
In some cases the two elements—left and right—of dif-
ferent rearrangements can be recombined, thereby gen-
erating a deficiency for the region between the two
breakpoints (Muller and Prokofyeva 1935). In other rear-
rangements, where part of the complex is translocated to
another chromosome, the two elements of the broken
complex can be separately recovered and their function
assessed (Garcia-Bellido 1979). This genetic dissection of
the complex has led to the identification of four adjacent

functional units: achaete (ac), scutea (sca), lethal of
scute (l’sc), and scutep {scB) from left {distal} to right
(proximal to the centromere). ac and sca define two re-
ciprocal sets of bristles on the adult: the lack of ac af-
fects mostly the small bristles on the head and thorax,
whereas the lack of sca eliminates the large bristles of
the head and thorax as well as all abdominal bristles.
The absence of 1'sc results in abnormal development of
the embryonic central nervous system (CNS) (Garcia-
Bellido and Santamaria 1978; Jimenez and Campos-Or-
tega 1979; White 1980), and that of scf causes an adult
phenotype similar to but weaker than that of sce, pos-
sibly because scp lesions alter the expression of sca
(Campuzano et al. 1985). In addition, other genes to the

_ right of scf are also required for the development of the

CNS (Jimenez and Campos-Ortega 1979; White 1980).
Thus, the AS-C genes are required for the development
of two different systems, the adult sensory and the em-
bryonic central, both of which involve the formation of
precise patterns of neural elements. This raises the ques-
tion of how these different genes combine their effects
to achieve the development of a normal nervous system,
and more specifically, whether AS-C functions are in-
volved in defining cell types, or positions.

We have studied the function of AS-C in the forma-
tion of the larval pattern of sense organs, where both the
type and the position of all elements are defined accu-
rately (Campos-Ortega and Hartenstein 1985; Dambly-
Chaudi¢re and Ghysen 1986; Ghysen et al. 1986;
Bodmer and Jan 1987). The larval sensory system com-
prises more than 250 external sense organs of three dif-
ferent types which occupy reproducible locations on the
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larval epidermis. The entire complement of peripheral
neurons can be visualized by either anti-horseradish per-
oxidase (HRP| antibodies (Jan and Jan 1982), or by a
monoclonal antibody, 21A4 (Ghysen et al. 1986); most
sensory neurons can also be identified by their position
and typical dendrite. The high resolution of this system
allowed us to assess the effect of various AS-C deletions
on each element of the entire pattern.

Results
The normal pattern of sensory neurons

This pattern has been described elsewhere (Campos-Or-
tega and Hartenstein 1985; Ghysen et al. 1986); we will
summarize its major features. Three types of peripheral
neurons can be recognized: (1) es neurons, which inner-
vate the external sense organs; (2) ch neurons, which in-
nervate the chordotonal sense organs; and (3) nd neu-
rons, which later differentiate numerous dendrites and
are probably proprioceptive. In addition, most segments
contain a few neurons that innervate tracheal branches,
and a few bipolar neurons of unknown function (Bodmer
and Jan 1987). The complete pattern of peripheral neu-
rons in an abdominal segment is illustrated in Figure la.

The sensory neurons are segmentally arranged ac-
cording to the five patterns shown in Figure 2 (upper
panel): T1, in the prothoracic segment; T, in the meso-
and metathoracic segments; A, repeated in the first
seven abdominal segments; A8, in the eighth abdominal
segment; and A9 comprising the ninth and tenth abdom-
inal neurons. Within most segments, the cell bodies are
arranged in four clusters named v, v’, 1, and d from the
most ventral to the most dorsal. The prothoracic seg-
ment contains an additional cluster, v”; the clusters
found in the A8 and A9 patterns are all dorsal. Each pe-
ripheral neuron is identified by the segmental pattern to
which it belongs (T1, T, A, A8, A9), its cluster (v, v/, v, ],
d), its nature (es, ch, nd), and its position within the
cluster (A, B... from ventral to dorsal). When two or
three adjacent neurons join their dendrites and innervate
a common sense organ, it is not possible to tell them
apart and they are named according to the number of
apposed dendrites (e.g., des2 are the two neurons that
jointly innervate the diminutive dorsal hair, h3, in the
abdominal segments).

Requirement for AS-C in the embryo

We first examined whether AS-C genes are required for
the development of the larval sensory system. All
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Figure 1. The peripheral neurons in an abdominal segment of
normal (a) and mutant (b) Drosophila embryos. Peripheral neu-
rons are of different types (see text): es neurons (black), ch neu-
rons (striped), nd neurons (white), and tracheal and bipolar neu-
rons (dotted outline). The dendrites of es and nd neurons have
been omitted for clarity. In the wild type, the neurons are ar-
ranged in four clusters named, v, v’, |, and d from ventral to
dorsal; within each cluster, individual es neurons are identified
by a letter or a number {Ghysen et al. 1986). The Df260.1 pat-
tern illustrated in b is atypically well organized; this particular
segment was selected to facilitate the comparison with the wild
type. In most cases the pattern is more or less disrupted, mas-
sive axonal misroutings may occur, and some of the tracheal or
bipolar neurons may be missing. These defects are more pro-
nounced in larger deficiencies. Even in DfBIld, however, each
segment retains at least three peripheral neurons (one of which
is the dorsal bipolar neuron) in addition to the usually complete
set of ch neurons.

Figure 2. The subpatterns of es neurons corresponding to the four classes A,B,C, and D defined in Table 1. (Upper panel) Five
segmental patterns observed in normal embryos and larvae (adapted from Ghysen et al. 1986 and Dambly-Chaudiére and Ghysen
1986). spA-D: Spiracular sensory neurons. (Lower panels) For each class A-D, the sense organs that belong to that class and the
dendrites of the innervating neurons. The dotted lines are a standard diagram of the clusters of neural cell bodies and axon bundles; no
attempt was made to represent the actual size of the cell clusters in the different classes. In the case of the Keilin organs, the neurons
are difficult to tell apart {see legend to Table 1), and the allocation of specific neurons to classes A, C, and D is tentative. In A and C,
the arrows point to doubly innervated abdominal structures, respectively, the papilla p6 (A} and the diminutive hair h3 (C), that are

transformed in bxd mutants, as shown in Figs. 4 and 5.
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known AS-C regions are deleted in Df260.1, a terminal
deficiency of the first chromosome (Lindsley and Grell
1968). The resulting phenotype is illustrated in Figure 1b
in the case of the A pattern. All es neurons and most of
the nd neurons are removed; the ch neurons are not af-
fected. The lack of effect on ch neurons could indicate
that some elements of AS-C are still present in Df260.1.
We analyzed two larger deficiencies, Dfsvr and DfBId,
the latter of which deletes more than 10 bands proximal
to AS-C. The phenotypes of both deficiencies remain
very similar to that of Df260.1, except that the neurons
tend to be more disorganized, mostly in the ventral re-
gion. Thus, we conclude that the AS-C system is an es-
sential element of the development of es and nd neu-
rons, but not of ch neurons. The following analysis will
be restricted to the es neurons, each of which can be
uniquely recognized on the basis of its position and typ-
ical dendrite (Ghysen et al. 1986). In addition, the com-
plete pattern of external sense organs has been de-
scribed, and the es neurons innervating each organ have
been identified unambiguously (Dambly-Chaudiére and
Ghysen 1986), allowing us to rely on two independent
descriptions of mutant phenotypes.

Dissection of AS-C

The classical way to assess the function of the different
genes in the AS-C region is to use synthetic deficiencies
that remove consecutive stretches of that region (Muller
and Prokofyeva 1935). However, such synthetic defi-
ciencies are usually derived from rearrangements that
bring AS-C genes in contact with heterochromatin
{Raffel and Muller 1940), resulting in variegation of
nearby genes. Preliminary experiments indicated that
the synthetic deficiencies classically used to define ac,
sca, and I’sc (Muller and Prokofyeva 1935} show a strong
inactivation of adjacent genes in the embryo, leading to
inconsistent or incorrect assignments.

The present analysis relies mostly on the availability
of rearrangements that split the complex into two recip-
rocal fragments that can be recovered separately
(Garcia-Bellido 1979). If a sense organ is formed when
either fragment is present, one can conclude that the
two pieces express repetitive functions that can substi-
tute for each other. If it is formed only when both frag-
ments are present, this suggests that the two reciprocal
pieces express different functions which are all required
by this organ. Finally, if a given sense organ is formed
whenever one fragment is present, and is missing when
only the reciprocal fragment is present, one can con-
clude that the development of this organ specifically re-
quires a function expressed by the first fragment.

Subdivision of AS-C by scuteH

We split the AS-C into two pieces by means of the trans-
location T(1,4)scH, where the left part of the complex
(scHL) has moved to the fourth chromosome, while the
right part (scHR) has remained on the first chromosome
(Fig. 3). Individuals that have sc”L on the fourth chromo-
some (and that are deleted for AS-C on the first) will
contain the genes ac, sca, and l’sc but not scB, while
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individuals that have sc#® on the first chromosome will
contain scp and the genes to its right but not ac, sca, nor
I'sc. The phenotypes resulting from the presence and ab-
sence of each fragment are presented in Table 1 (first two
lines). In most cases, a given neuron strictly depends on
one of the two fragments, that is, it will be completely
absent when that fragment is missing and substantially
present when that fragment is retained. Thus, most sen-
sory neurons fall into two reciprocal classes: one de-
pends entirely on sc?L, and the other depends entirely on
the reciprocal fragment, sc#R. A third class comprises
the seven T1 and five T neurons that are missing in both
cases.

Subdivision of scH by scute?

The sctL part of AS-C contains two genes that are essen-
tial for the development of complementary sets of adult
bristles, ac and sca, in addition to a gene that is not in-
volved in bristle differentiation, 1'sc. We used another
rearrangement, sc®, to subdivide this region further. sc®
breaks AS-C between ac and sca, yielding two halves
that can be recovered separately: sc®f, which contains
only ac, and sc8R, which contains all other AS-C genes
(Fig. 3). The phenotypes of embryos lacking either sc® or
8c8R are summarized in Table 1 (lines 3—4).

All neurons of the scHL class are found in at least 60%
of the cases in the presence of the sc8 fragment (line 3),
suggesting that the presence of achaete is sufficient for
the development of this class of neurons. However, most
of these neurons are also found, albeit at a lower fre-
quency, in embryos where only sc®® is present (line 4),
implying that genes located to the right of sc® can to
some extent palliate for the lack of ac. Since we have
seen that the region to the right of sc¥ is unable to in-
duce the formation of these neurons, it follows that the
genes that can partly substitute for achaete are located
between sc® and sc¥, that is, they are sca and/or 1'sc. We
confirmed and refined this result by analyzing the ex-
ternal sense organs of larvae deleted for sca (sc8Lsc?R),
deleted for ac (ac?), or deleted for both ac and sca
(y®PLscSTR), and of embryos deleted for all three genes ac,
sca, and 1'sc (DfscH). In all cases only the sense organs
innervated by neurons of the scHL class are affected;
these sense organs are found at an average frequency of
0.9 in sc8sc?R, of 0.5 in ac?, of 0.2 in y*PLscSIR, and of 0 in
DfscH embryos. Thus, thece of sca has little if any
effect by itself, but markedly increases the lack of sense
organs resulting from the absence of ac, confirming that
sca can to some extent substitute for ac. Furthermore,
even in the absence of both ac and sca, many sense
organs of this class are still present, albeit at a very low
frequency, suggesting that 1'sc can also substitute for ac,
though rather inefficiently.

The seven T1 and five T neurons that are missing
when either scfL or scHR are present depend entirely on
the presence of the sc®® fragment. As expected, all neu-
rons that depend on the scHR fragment are also found in
the presence of scé®.
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Table 1. The phenotypes of partial deficiencies for AS-C

T ves T v'es T les T des Tlv'es T1 les T1 des
A-E A B 3 A B C 3 A B C D E A B A B C D A 2 B C D E
scHL 4 9 0 9 1 0 0 0 o0 1 oO 1 0 0 o .7 7 0 0 0 0 9 0 1 0
scHR 2 o 0 0 0O 9 4 6 0 0 O 0 5 0 o o 0 9 5 0 7 0 O 0o .7
sc8L .6 8 0 9 7 0 0 0 0 9 0 9 0 0 o .7 7 0 0O O 0 9 0 8 0O
Sc8R 4.7 S5 7 3 0 7 8 1 8 8 1 3 1 1 9 0 O 1 9 1 1 4 1 2 1
scioL 4.7 9 8 9 8 3 5 5 1 1 1 1 5 1 1 8 8 0 6 8 1 1 1 1 .7
SCI9R 1.2 o 0 0o o 8 1 .7 0 0 O 0 3 0 O o 0 8 2 0 .7 0 O 0 5
1A2D2C A D A A C C C D A D A C DDA A CCDC A D A C

A ves Av'es Ales A des A8 des A8 sp A9 A9 des
A B C A B 2 A B C2 B CD 3 1 n A B CD M 3+ 2 3+1 3 1
schk 7 0 0 7 O 8 9 0 O O 8 6 0 1 8 0 0 0 6 0 1 0 0 0 1 1 0
scHR o 6 3 0 8 0 0 .7 9 4 0 0 6 0 0 2 6 1 0 1 0 1 2 8 0 0 .6
sc 6 O 0 7 0O 6 .7 O 0 O 6 6 0 1 6 0 0 0 8 0 8 0 3 0 9 1 0
sc8% 6 7 8 3 9 4 4 8 9 6 0 4 9 1 4 1 1 9 1 1 0 1 .8 1 2 5 1
s¢®t 9 9 9 9 0 1 1 2 9 3 8 7 8 1 9 2 1 4 1 1 .8 0 4 1 8 1 .6
sc®™® ¢ 0 0O 0 5 0 0O 6 0 6 0 0 O O 0 2 0 6 0O 0o 9 3 9 0 0 .2
A B B A C A A C B C A A B A A C B CAUDB A C AC C A A C

The upper line lists the es neurons in the T, T1, A, A8 and A9 patterns (see Fig. 2, upper panel). In T1 and T, the v and v’ clusters are
identical, and therefore the data were pooled and given for T. The v cluster contains five neurons, A—E, that innervate the Keilin
organ: The proximity of their dendrites makes it difficult to decide which is which when only one or two are present, and therefore
the five were considered together. The second to seventh lines give the frequency of each neuron in the presence of the fragment of
AS-C mentioned in the leftmost column. In most cases the neuron is either entirely absent, or detected in more than half of the cases
(see Experimental procedures). The genotypes are as follows: scHL, Df{1)260.1/Y;Dp(1;4)sct/ +; scHR, Df{1)sct/Y; sc8L, Df{1)260.1/
Dp(1;Y)sc8; sc8R, Df(1)sc®/Y; sc?®L, Df(1)260.1/Y;Dp(1;2)sc®®/ +; sc?®R, Df|1)sc?®/Y. Last line: assignment of each neuron to one of four
classes, A, B, C, or D (see text).

Subdivision of scHR by scute!? neurons of the scHR class. Some neurons depend entirely
on the presence of the sc?®f fragment; since they are also
The right part of AS-C, present in the scf® fragment, can formed in the presence of scHR, they probably depend on
be subdivided into two subregions by using another the gene that is located between the sc¥ and sc’® break-
translocation, 7(1;2)sc?® (Fig. 3). The subregion between points, scuteB. A second group of neurons may form
the scH and the sc’® breakpoints corresponds to the scB when either the sc'% or the sc??R fragment is present.
gene defined earlier {(Garcia-Bellido 1979), while the sub- This group is somewhat heterogeneous, in that the con-
region between the breakpoints of sc’® and of Df(1)260.1 tribution of the two regions scp and scy is quite variable.
defines a new AS-C element that we call scy. The pheno- Three neurons seem to depend only on scy; whether or
types of embryos carrying either part of the T(1;2)sc?® not they represent a separate class is not clear.
translocation, sc?®? (including all AS-C genes except for All neurons that depend on the sctt fragment should
scy, or sc!®® (containing only scvy) are given in Table 1 also be found in the presence of sc’”, since the latter
(lines 5 and 6). Two behaviors are observed among the fragment includes the former; this is indeed the case.
y3F sct scS7 scH sc’? 260.1
, a  sca , I'sc 5 scg , scy
scht
scHR
sc8L
sc8R
sc’oL
sc!oR
scSIR

Figure 3. The subdivision of AS-C. The first line shows the location of the breakpoints used to divide the complex in five adjacent
regions, according to the molecular map of AS-C (Campuzano et al. 1985). The distance between y3 and sc?® is approximately 87 kb;
the breakpoint of Df260.1 has not yet been mapped. The following lines show the extent of the fragments used in this work. The
breakpoint of sc? is very close to that of sc5? so that sc8Lsc#R is equivalent to sc8LscSIR, that is, deleted for sca (Raffel and Muller 1940).
Five transcripts have been identified so far (Campuzano et al. 1985; J. Modolell, pers. comm.): T1a, transcribed from the scy region, T2
from the scB, T3 from 1'sc, T4 from sca, and T5 from ac. All but T2 share a very conserved sequence, and are made in the embryo,
raising the possibility that T2 is unrelated to AS-C function, and that scf acts by altering the expression of other AS-C genes.
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The 12 neurons that are missing with both sc¥ frag-
ments depend entirely on the presence of sc’®%, indi-
cating that they require a region of AS-C located be-
tween sc? and sc?®.

Assignment of es neurons to AS-C regions

The previous results show that different larval sense
organs require different regions of AS-C to develop. On
the basis of the data in Table 1, one can define four
classes of sense organs and neurons that show very dis-
tinct requirements for AS-C elements (last line of Table
1, and Fig. 2). The presence of the leftmost region, ac, is
sufficient for the development of the first class, which
will be called A (for ac). The ac function can to some
extent be substituted by sca, and possibly by 1'sc, but
not by the other genes scf or scy. The presence of the
rightmost region scy is sufficient for the development of
the second class, which will be called C (for scy). Thus,
C neurons develop whenever scy is present, even if all
other regions are absent. The scy function can be substi-
tuted to a variable extent by scp, but not at all by the
leftmost genes ac, sca, or I'sc. A third class, called B (for
scB) develops whenever scB is present; however, we
cannot say whether the presence of scp is sufficient,
since there exists no genotype where scf is present and
all other AS-C regions are absent. The fourth class, D,
requires the integrity of the region between the break-
points sc® and sc?®: these organs will not form when only
ac or scy are present, nor when only part of the central
region is present.

On what feature of the sensory system is this division
in four classes based? Probably not on temporal differ-
ences, since all es neurons differentiate nearly
synchronously. Nor is it related to the nature of sense
organs: Of the three types of external sense organs found
on the body segments of Drosophila larvae, hairs (tri-
choid sensilla) and papillae (campaniform sensilla) are
present in all four classes, and multiply innervated pegs
(basiconic sensilla) are present in classes A and C. What
seems to be important is the spatial arrangement of the
sense organs within each class, as appears in Figure 2
where we present the subpatterns of neurons and sense
organs that correspond to each class. Class A appears to
define a basic subpattern that is repeated in all thoracic
and abdominal segments (except that the les neuron is
duplicated in T1). This subpattern includes one element
in the ventralmost cluster, v, two (of which one is mul-
tiply innervated) in the next cluster, v’, one in the lateral
cluster, and two in the dorsal cluster. Some elements of
this subpattern are also retained in the terminal segment
resulting from the fusion of the eighth, the ninth, and
the vestigial tenth abdominal segments, most notably
the multiply innervated pegs in A8 and A9. Class C con-
tains a second set of segmentally repeated multi-inner-
vated structures as well as several mono-innervated
sense organs. Class B comprises a small number of sense
organs restricted to the A and A8 patterns. Taken to-
gether, B and C define a second basic subpattern that is
repeated in most body segments. This B + C subpattern
includes two sense organs in the v cluster, two in the 1
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cluster, and one in the d cluster, in addition to the
multi-innervated structures mentioned above. Finally,
class D includes a few additional sense organs present
only in the thoracic segments.

Hidden homologies exposed in bxd mutants

The hypothesis that class A defines a basic subpattern
repeated in most body segments implies that, in spite of
the completely different morphology and the more
dorsal location, the doubly innervated papilla of the A
pattern (p6, arrow in Fig. 2A and 4a,b) and its two neu-
rons (v'es2) is homologous to the ventral peg of the T
pattern and its three neurons v'es3. We have used the
mutation bithoraxoid (bxd) to reveal this hidden ho-
mology. It is known that, in the larva, the mutation bxd
makes ventral pegs develop in segments A2—-A7 (Lewis
1978, where these organs are called “ventral pits”’). We
observed that the presence of such pegs is always asso-
ciated with the absence of p6 (but not of the surrounding
abdominal sense organs). Furthermore, the location (Fig.
4d—f£) and morphology of these pegs are in many cases
intermediate between those of a thoracic peg and those
of a p6 papilla, demonstrating the inferred homology be-
tween these two structures.

A second case of concealed homology involves the
multiply innervated structures of class C. It has already
been argued that the thoracic dorsal pegs (multiply in-
nervated dorsal structures in T1 and T; Fig. 2) are homol-
ogous to the terminal pegs tl and t2 (triply innervated
structures in A9; Fig. 2) (Sato et al. 1985; Dambly-Chau-
diere and Ghysen 1986). The fact that the small dorsal
hair of the abdominal segments (h3, arrow in Fig. 2C and
Fig. 5a,b) is doubly innervated by neurons des2 suggests
a possible homology with the dorsal thoracic and ter-
minal pegs. The analysis of bxd larvae shows that h3 is
indeed often transformed into a thoracic peg in segments
A2—A7. In many cases the transformation affects only
the morphology of the sense organ (Fig. 5¢) or its loca-
tion (Fig. 5d); in some cases both the morphology and
location are affected (Fig. 5€,f). A partial transformation
is observed for about one-half of the organs, and a com-
plete transformation for about one-tenth, in bxd?%/
DfP10 larvae.

Discussion

In adult flies, the development of sense organs according
to a defined pattern depends on the complex locus AS-C.
Our results show that in the larva, AS-C is required for
the development of the different types of external sense
organs and their associated neurons (es neurons). In ad-
dition, AS-C controls the development of a second cate-
gory of peripheral neurons, the polydendritic type 2 sen-
sory neurons (nd neurons), which are not associated
with specialized sense organs. A third category of pe-
ripheral neurons remains unaffected, the ch neurons,
which innervate chordotonal organs. Indirect evidence
based on the analysis of sensory projections suggests
that adult ch neurons are also independent of AS-C (A.
Ghysen, unpubl.). Interestingly, L.Y. Jan and Y.N. Jan
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Figure 4. Transformation of the papilla p6 (arrow, Fig. 2a) into a ventral peg. (a and b) Normal p6 (arrows| in an abdominal segment of
a wild-type larva at two focal levels. The papilla p6, typically surrounded by a ruffled annulus, is in focus with the socket of the lateral
hair, hl (*). When the hair itself is in focus, p6 is slightly out of focus but still clearly detectable (b). {c—f) Different examples of the
transformation of p6 in bxd larvae. In all cases the lateral hair hl is found at its appropriate location {*), while p6 is variably trans-
formed toward a ventral peg (arrowheads). In the most extreme cases the peg is partly buried in a pit (e), as are its thoracic homologs,

and is substantially displaced ventrally from the normal p6 location.

have found a gene on the third chromosome that seems
specifically required for the development of ch neurons
(pers. comm.).

In the adult, a genetic dissection of AS-C has revealed
that at least two independent genes are involved in the
development of innervated bristles. A similar situation
holds in the larva, where our analysis shows that several
AS-C genes are required for the development of external
sense organs. Even sense organs that are morphologi-

cally indistinguishable, such as the various bristles, may
depend on different AS-C genes and therefore be geneti-
cally diverse. These differences might possibly be used
later to control some aspect of neuronal differentiation,
such as central pathfinding or targetfinding.

We have identified four classes of sensory elements on
the basis of their specific requirements for AS-C func-
tion(s). This subdivision is clearly not related to histo-
type, since each class contains sense organs of at least
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Figure 5. Transformation of the dorsal hair h3 {arrow, Fig. 2¢) into a peg. (g and b) The two dorsal hairs, h3 and h4, in wild-type
larvae. The diminutive hair h3 (arrows) is usually sharp, as in g, but may occasionally be blunted, as in b. (c—f) Different examples of
transformation of h3 in bxd larvae. h3 may be morphologically transformed into a peg (c), or displaced toward the location appropriate
for a thoracic peg {d), or both (e,f). In some cases (c,f), the peg is partly buriced in a pit.

two and usually all three morphological types. On the
other hand, the sense organs assigned to each class show
a distinct spatial distribution, so that the four classes
define four complementary subpatterns within the
larval pattern (Fig. 2). The subpatterns A and C, and pre-
sumably B and D as well, can be formed in the absence
of the other three subpatterns, suggesting that the entire
pattern of larval sense organs results from the addition
of four independent subpatterns. That a given sensory
structure may develop normally in the absence of most
of its normal neighbors was already observed in the case
of adult bristles (Ghysen 1980; Held and Bryant 1984).
This independence suggests that if local interactions are
involved in the patterning of sense organs (Wigglesworth
1940; Richelle and Ghysen 1979; Garcia-Bellido 1981)
these interactions take place among uncommitted epi-
thelial cells, rather than between presumptive sense
organs.

Two of the classes, A and C, define subpatterns that
extend along all body segments, from T1 to A9-10. In the
case of the A subpattern, the precise location of both the
neurons and the external sensory structures differ in dif-
ferent segments; for example, the precise position of the
singly and multiply innervated elements in the v’
cluster differ in the thoracic and anterior abdominal seg-
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ments. In spite of these differences in the precise posi-
tion, however, the spatial distribution of sensory ele-
ments appears basically similar in all segments (except
in the terminal segment, where the massive dorsaliza-
tion of the pattern might reflect the reshaping of the ter-
minal region of the blastoderm into that of the prospec-
tive larva). This basic similarity of the A subpattern in
different segments might be fortuitous, or it might indi-
cate that ac defines a spatial arrangement that is seg-
mentally repeated. The analysis of partial segmental
transformations in bxd larvae shows that the multiply
innervated organs of class A are indeed serially homolo-
gous in the thoracic and anterior abdominal segments,
even though these organs have very different morpholo-
gies and somewhat different location in different seg-
ments. The C subpattern is also suggestive of segmental
homologies, between sense organs that differ both in
morphology and precise location. Here again the ho-
mology was demonstrated by the analysis of bxd larvae.

In addition to the fact that several AS-C genes behave
as qualitatively different, in that each corresponds to a
specific subset of sense organs, our results also show
that some of the genes can substitute for each other, at
least partially. For example, the absence of ac is to some
extent compensated by the presence of sca, or even by



the presence of 1'sc. This finding is in remarkable agree-
ment with the recent observation that the proteins en-
coded for by ac, sca, and 1I'sc share highly conserved do-
mains (Modolell and Cabrera, pers. comm.). Thus, the
functional homology that we have detected is paralleled
by a high level of molecular homology, suggesting deri-
vation from a common ancestor. However this molec-
ular homology extends to the scy product, which does
not substitute for ac in the larva. This resembles the sit-
uation found in the adult, where the molecularly homol-
ogous genes ac and sca are required for different sets of
bristles (Garcia-Bellido and Santamaria 1978) and of
campaniform sensilla (Leyns, pers. comm.). Thus, ac and
sca define complementary sets of sense organs in the
adult, while in the larva they affect the same subset; and
conversely sca and scy correspond to different subsets of
sense organs in the larva, while they affect the same
subset in the adult. These differences in the way AS-C
genes combine their effects in the larva and in the adult
indicate that there is no simple correspondence between
each AS-C gene and a particular subset of sense organs;
rather, the results suggest that all AS-C genes perform
basically similar operations that are combined in dif-
ferent ways in the generation of the various larval and
adult patterns.

Taken together, these results suggest that AS-C is in-
volved in the basic organization of the peripheral
nervous system, while both histotype and precise loca-
tion have to do with the final differentiation, and may
depend on other factors.

Conclusion

In conclusion, our analysis of AS-C shows that the larval
pattern of sense organs results from the addition of inde-
pendent subpatterns that specifically depend on dif-
ferent genes of the complex. Two of the subpatterns, B
and D, are spatially restricted, one to the thoracic seg-
ments and the other to the abdominal segments up to
A8. The other two subpatterns, A and C, extend along all
body segments, from T1 to A10. Both A and C subpat-
terns reveal segmental homologies between seemingly
quite different neurons in different segments. In two
cases where such a hidden homology could be directly
demonstrated in bxd larvae, the homologous structures
have very different morphologies and somewhat dif-
ferent locations in different segments, making it all but
impossible to recognize the homology in the normal
larva. This suggests that the essence of a pattern lies in
the genetics that generate it, irrespective of the final
shape and location of its elements, and that homology
can only be ascertained at that level.

Methods

Larvae or embryos were prepared for microscopic examination
of the external sense organs as described in Dambly-Chaudiére
and Ghysen (1986). Staining of the peripheral neurons of em-
bryos with the monoclonal antibody 21A4 was performed as in
Ghysen et al. (1986). Ten to 25 embryos or third instar larvae of
each genotype were examined. In the case of es neurons, fre-

achaete-scute phenotype in Drosophila larvae

quencies lower than 1 do not necessarily imply that there is an
effect on the development of that neuron, since some dendrites
are less conspicuous than others and may occasionally remain
undetected. In general, es neurons are either completely absent
or present and detected in more than 60% of the cases. There is,
however, a clear decrease in the frequency of C neurons when
the breakpoint is closer to the scy region: The average fre-
quency for the 16 C neurons is 0.91 in sc8R, 0.67 in scHR, and
0.54 in sc’®R, A weaker decrease is observed in the frequency of
A neurons when the breakpoint is closer to the ac region: The
average for the 21 A neurons is 0.90 in sc?Z, 0.85 in scHE, and
0.78 in sc8L.

We observed that hemizygous deficiencies have a more ex-
treme phenotype in females than in males. For example,
Df(1)sc¥/Df(1)260.1 is more extreme than Df(1)scH/Y. Since the
corresponding duplications were all analyzed in male embryos,
for example as Df(1)260.1/Y;Dp(1;4)sct/+, we used male em-
bryos for the analysis of the deficiencies as well.
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