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REVIEW

From DNA to form: the achaete-scute

complex

Alain Ghysen and Christine Dambly-Chaudiére

Laboratory of Genetics, Université de Bruxelles, 1640 Rhode-St-Genése, Belgium ’

The large bristles of flies (macrochaetes) are sense organs
that form at precise locations on the thorax and the
head, so much so that each has been given a name. The
tirst scute mutant, a fly that lacked a few bristles, was
discovered in 1916. As more mutations were found, it
was observed that different alleles removed different
subsets of bristles. A few of the new mutations affected a
subset of bristles totally different from the subset elimi-
nated by the original scute mutation, sc!. Such muta-
tions fully complement sc! and therefore were assumed
to define a new gene named achaete.

Early investigators were struck by the fact that each
scute allele removed a specific subset of bristles, and
they set out to understand whether and how the struc-
ture of the gene could explain such specificity. One
theory, originating with a group of Russian genetists
(who isolated many scute mutations in the late 1920s,
after Miiller discovered that X-rays are mutagenic) held
that scute contained distinct subgenes, each responsible
for the development of one or a few bristles (Sere-
browsky and Dubinin 1930; Agol 1931; Dubinin 1932,
1933). However, western geneticists asserted that the
specificity was not in scute, but resulted from regional
differences in the epidermis and/or involved the genetic
system as a whole (Goldschmidt 1931, 1938; Sturtevant
and Schultz 1931; Child 1935).

At the heart of the disagreement lay the problem of
the divisibility of the gene. This was understood clearly
by H. Miller, who had worked with both sides. He dem-
onstrated that the chromosome segment affected by
scute mutations contains at least three adjacent genes,
two of which (achaete and scute) are essential for the
formation of bristles, while the third (lethal of scute) is
essential for viability (Miiller and Prokofyeva 1935). Yet,
in conclusion to an outstanding piece of work that in-
volved the feat of planning and bringing to fruition 29
consecutive crosses, he admitted that there is no way to
decide .whether this region may be further subdivided
into elements that specify individual bristles, or
whether the origin of the specificity must be found else-
where (Raffel and Miiller 1940). Thus, a deadlock had
been reached in 1940, with no prospect of a solution.
Yet, as we shall see, it now appears that both theories
contain an element of truth and reflect two different
aspects of a finely engineered piece of genetic ma-
chinery.

We dedicate this review to Prof. Jean Brachet, in admiration.

The modern history of scute began in 1975, when A.
Garcia-Bellido (then visiting E.B. Lewis, the father of an-
other famed complex) set out to analyze scute both ge-
netically and developmentally. This dual approach was
imposed by his conviction that the genetic organization
of this segment of chromosome and its developmental
function are linked intimately and therefore must be ad-
dressed simultaneously if any progress were to be made
(Garcia-Bellido 1979, 1981).

The functional analysis {Garcia-Bellido and Santa-
maria 1978) revealed that there is more in scute than
meets the eye: Not only does a deletion of the achaete-
scute segment remove all bristles, but it also eliminates
other types of sense organs (as well as some central neu-
rons, an aspect that will not be considered here). Fur-
thermore, this analysis suggested that achaete and scute
are involved in the initial decision to differentiate a
bristle, and not in the differentiation process itself—a
conclusion amply supported by subsequent genetic and
molecular work on overexpressing alleles that develop
supernumerary bristles (Campuzano et al. 1986; Garcia-
Alonso and Garcia-Bellido 1986).

The genetic analysis (Garcia-Bellido 1979) confirmed
and extended that of Miiller, resulting in the following
picture for the 11 macrochaetes of the thorax. The dis-
talmost gene of the series, achaete (ac), is required for
the formation of three macrochaetes (Fig. 1, left panel).
Proximal to ac is the gene scute {sc), which is required
for the presence of nine macrochaetes (Fig. 1, second
panel). The achaete and scute sets of bristles are comple-
mentary except for one bristle, which requires both
achaete and scute (bristle number 14, Fig. 1, is affected
by ac as well as by sc mutations). Proximal to sc is the
gene lethal of scute (Isc), which is not involved in bristle
development. Finally, a region proximal to Isc is also re-
quired for the development of scute bristles (that is, mu-
tations on either side of the gene Isc affect the same
bristles and do not complement each other). This pecu-
liar organization indicates that the genes achaete and
scute are part of a gene complex hereafter called Achaete
Scute Complex {AS-C).

This genetic dissection of AS-C paved the way for the
molecular analysis undertaken in 1980 by J. Modolell
and his co-workers (Carramolino et al. 1982). One of the
outcomes of the molecular analysis of AS-C is that the
phenotype of most scute alleles can now be correlated
with their location on the chromosome {Campuzano et
al. 1985, Fig. 2). This could not be done before, because
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Figure 1. Diagram of the left half of the dorsal mesothorax, showing the location of the 11 precisely located macrochaetes (dots). The
achaete and scute sets of bristles are shown on the left (Garcia-Bellido 1979). The numbers are as in Figure 2. The scute set of bristles
can be subdivided as shown in the right panels, according to which region of the AS-C complex must be present in addition to the T4
coding sequence for the development of that or those particular bristles.

the incidence of recombination in this region is too low
to permit the meiotic mapping of alleles within AS-C.
Furthermore, several transcripts were also identified,
two of which (T4 and T5) correspond, respectively, to
the scute and achaete genes. A somewhat surprising fact
that emerged from this molecular mapping is that all
scute mutations map downstream of T4, the scute tran-
script, except for two alleles, sc? and sc'?, which have
such a weak and erratic phenotype that one wonders
how they were picked up in the first place. Some alleles
map quite far from the transcribed region; for example,
sc’® is a breakpoint more than 40 kb away, with several
other transcribed regions in between. It also appears that
the closer a mutation is to T4, the more extreme is its
phenotype. At first sight this progressive effect fits with
the idea that the specificity shown by different scute al-
leles reflects local differences in threshold or sensitivity
in the developing adult epidermis. Thus, only the most
sensitive sites would be affected by the weakest (fur-
thest from T4) alleles, while the least sensitive bristles
would be removed only by the most extreme [closest to
T4) alleles. However, a quite different interpretation can
be proposed, as we shall see.

The 1987 harvest

The dual analysis summarized above led to the realiza-
tion that the AS-C genes may be a key to understanding
how a sequence of DNA encodes for a two-dimensional
pattern, and it provides the conceptual frame in which
the 1987 papers will now be analyzed.

The first paper {Dambly-Chaudiére and Ghysen 1987)
deals with the effect of AS-C in the larva, taking advan-
tage of the fact that the sensory system of the larva in-
cludes several types of sense organs arranged in different
patterns in the various body segments (Campos-Ortega
and Hartenstein 1985; Dambly-Chaudiére and Ghysen
1986): most of the previous work on AS-C had been re-
stricted to one type of sense organs (the bristles) in part
of one segment (the dorsal mesothorax). This study con-
cluded that AS-C defines a ‘primary’ pattern which is
segmentally repeated, and that the segmental differences
in the final pattern result from subsequent modifica-
tions of this early pattern. The primary pattern itself re-
sults from the superimposition of two subpatterns, A
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and B + C, each of which contains representatives of
the different types of sensilla present in the larva {mono-
innervated hairs and papilla, multiinnervated pegs)|.
Subpattern A is formed whenever achaete or scute is
present. Thus, while achaete and scute define two com-
plementary subsets of adult bristles, they both define
the same subset of larval sense organs, and can actually
replace each other in the larva. Subpattern B + C de-
pends on a new gene located in the proximal-most re-
gion of the complex. We propose to call this new gene
asense |(ase) since its removal causes a lack of larval
sense organs. The absence of asense has little if any ef-
fect on the adult bristles.

Two other papers report the spatial distribution of
three of the AS-C transcripts in the embryo (Cabrera et
al. 1987; Romani et al. 1987). These analyses show that
AS-C transcripts accumulate in the regions where neur-
oblasts will later segregate from the epidermis; however,
transcripts are not detected in differentiating neurons,
confirming that AS-C is involved in the initial decision
and not in the differentiation. The distributions of T4
and T5 are largely overlapping, in agreement with the
conclusion that achaete and scute can substitute for
each other in the determination of larval sense organs.
Finally, in at least one case the transcript is first distrib-
uted in seven stripes, suggesting that the early control of
AS-C expression may depend directly on some of the
pair-rule segmentation genes.

A fourth paper reports sequence data that show that
T4 and T5 share extensive sequence homologies (Vil-
lares and Cabrera 1987), a good indication that different
AS-C products perform basically similar functions. This
homology extends to T3, a transcript corresponding to
the Ilethal of scute function involved in the determina-
tion of central neurons. A search based on this homology
allowed the detection of at least one additional homolo-
gous transcript that is coded for by the proximal-most
region of AS-C and presumably corresponds to the newly
recognized asense gene (initially two homologous tran-
scripts were described in this region; however, recent
data from Modolell’s group suggest that there is only
one, as shown in Fig. 2).

It must be said here that the association of particular
phenotypes to identified coding sequences remains
somewhat tentative, due to the lack of point mutations
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in the complex. All but one of the mutations in AS-C they finally differentiate as epidermis {Garcia-Bellido
analyzed so far are breakpoints and insertions outside of and Merriam 1971). These observations raise the in-
coding sequences, or deletions that may remove 0, 1, or triguing possibility that the determining factor for the
more coding sequences. The one point mutation, a non- formation of a sense organ is the commitment to a given
sense mutation in the T4 coding region {Villares and Ca- pattern of mitosis, and that the function of AS-C genes is
brera 1987), occurred as a second mutation on an ac® to select or impose this particular pattern.
chromosome and has not been separated from the ac? All these results point to a causal role of AS-C genes
breakpoint (the double mutant lacks all thoracic in the development of the sensory system in both the
bristles). Thus, the assignment presented in the upper larva and the adult, and also suggest a very elaborate reg-
part of Figure 2 is not demonstrated, even though it is ulation of the different AS-C genes, both spatially and
very likely correct. temporally. The question of how this regulation is

A final observation derived from the sequence data of achieved becomes all the more crucial then, because the
Villares and Cabrera is the existence of a substantial spatial restriction of AS-C expression seems to be the
similarity between the AS-C genes and the oncogene primary factor that determines the basic pattern of sense
myc. It is worth mentioning in this context that in most organ determination.

arthropods the initial decision of an ectodermal cell to
become a sense organ is followed by two differentiative

. . Position-specific control sites
mitoses. In the case of monoinnervated sense organs 0 pecif

such as the macrochaetes, the four sib cells differentiate A paper by Ruiz-Gomez and Modolell, in the December
the bristle shaft, its socket, the neuron, and a sheath issue of Genes & Development, addresses this last ques-
cell, respectively, (reviewed in Bate 1978; the develop- tion in the case of the macrochaetes of the adult, and
ment of multiinnervated organs involves additional proposes a fascinating answer. These authors performed
rounds of mitosis). In addition, the earliest indication a careful molecular and phenotypic analysis of 74 ter-
that a cell has decided to become a macrochaete is that minal deficiencies with breakpoints scattered all over
it changes its pattern or mitosis, in contrast with the the left half of the complex (five of which are shown by
surrounding cells, which keep dividing regularly until arrowheads, Fig. 2}, with the aim of assessing ‘who does
lethal/
achaete scute  of scute asense
T5 T4 T3
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Figure 2. Molecular and phenotypic map of AS-C. The upper line shows the chromosome segment of interest, which is 100 kb long.
Distal is to the left, proximal to the right. The arrows above the line represent the transcripts identified so far, at least four of which
share homologous sequences (black arrows). The corresponding genes are achaete (ac), scute (sc), lethal of scute (Isc), and asense (ase,
see text). The vertical arrows under the line mark the location of scute breakpoints (inversions, translocations). From right to left: sc?°,
5¢26022, 5c29 gc7, 5c52, scf, scH, scKAS, s¢c260.14) gcd, ¢S, gcl8. The arrowheads mark the breakpoints of five of the terminal deletions
studied by Ruiz-Gomez and Modolell, from right to left, 650, 618, 524, 630, and 212. The lower panel represents the scute phenotype
of each mutant. The numbers at the right represent the different scute bristles on the head and notum, as follows: 1, scutellars; 2,
postvertical; 3, ocellar; 4, sternopleurals; 5, anterior and midorbitals; 6, postalars; 7, anterior notopleural; 8, posterior orbital; 9,
presutural; 10, postvertical; 11, anterior supra-alar; 12, humerals; 13, posterior notopleural; 14, posterior supra-alar {the location of the
notum bristles are shown Fig. 1). Large bars mean a suppression of more than 50%, light bars, more than 10%. The data on the
terminal deletions are from heterozygotes for a deletion of the scute gene, In(1)sc8L sc® so that only the scute phenotype is seen. We
have illustrated only deletions that are viable over a deletion for the entire complex. At the bottom of the figure, the complex is
divided into seven regions, A—H, according to the variations in phenotype. This figure is a compendium of data and figures provided in
Campuzano et al. (1986), Villares and Cabrera (1987}, and Ruiz-Gomez and Modolell (1987), and Modolell et al., unpublished.
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what’ among the nontranscribed regions. This approach
allowed them to define the three regions labeled A, B,
and C in Figure 2.

Deletions that extend into A reduce the level of ex-
pression of T5, the achaete transcript. The effect is al-
most graded linearly: With very few exceptions, bigger
deletions result in lower levels of T5 and a more exten-
sive removal of achaete bristles. Therefore, this stretch
of DNA is supposed to provide an appropriate configura-
tion for the synthesis of T5, but is not responsible for its
spatial restriction. Deletions that extend into B remove
all the achaete bristles, as expected from the absence of
T5. However, even if the T5 coding sequence and its up-
stream control region A are present on the homologous
chromosome, one bristle is still removed (bristle 14 in
Fig. 2), suggesting that the development of this bristle
depends on region B. Deletions that enter C remove a
second bristle, bristle 13 in Figure 2, which depends spe-
cifically on the scute transcript T4. The astonishing fact
is that these are precisely the two bristles that remain
unaffected by virtually all scute mutations located to
the right of T4, even the most extreme ones (leftmost
arrows in Fig. 2).

These results cast some doubt on the idea that the
specificity of the phenotype is due to differential sensi-
tivities of the different bristles to reduced levels of T4.
Thus, the authors propose a radically different interpre-
tation: The expression of T4 is under the control of cis-
acting, site-specific elements that respond to topological
cues. This would be the explanation for the seriation of
phenotypes shown in Figure 2—as breakpoints (or inser-
tions) get closer to T4, they disconnect more and more
control sites from the gene.

Do we have to envisage an exquisitely precise mecha-
nism whereby a control site specifically activates scute
in the one cell that will become a bristle? Fortunately
not. In 1940, Wigglesworth proposed that the regularly
spaced pattern of bristles found in many insects could be
explained by a simple mechanism of lateral inhibition,
i.e., if a cell that has become determined inhibits its
neighbors over a certain distance, then no other bristle
will form within the radius of inhibition. A similar
mechanism may ensure that only one bristle will form
even if scute is expressed in a region much larger than a
single cell. Assuming the first cell to be determined pre-
vents its fellows from following the same fate, then only
one bristle will form within this region. Furthermore,
computer simulations have shown that the bristle will
form at a reproducible location even if the regional con-
trol of AS-C expression is not very precise (Ghysen and
Richelle 1979). Needless to say, this mechanism can
also account for the determination of two bristles in the
same area, provided the region of AS-C expression is
larger than the radius of inhibition.

The idea of a regional control of AS-C expression ac-
counts for the observation that in scute mutants, or in
mosaic for scute and normal territories, the develop-
ment of bristles at appropriate locations is independent
of the presence of bristles at the other positions (Child
1935; Ghysen 1980). This idea also fits extremely well
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with Stern’s observation that the determination of a
bristle depends on the expression of AS-C not only in the
cell to be determined, but also in the surrounding cells
that will remain epidermal (Stern 1954a, 1956).

The specificity of the scute control sites hypothesized
by Ruiz-Gomez and Modolell can be guessed from the
stepwise aggravations of the phenotype, as apparent in
Figure 2. Interestingly, each site defines a region of the
notum where one or at most two bristles will form (Fig.
1), as would be expected if these sites responded to acti-
vators present only in some regions of the adult epi-
dermis. A direct test of the idea that scute is indeed ex-
pressed in defined regions, each depending on a partic-
ular control site, may soon become possible with the
help of anti-scute antibodies now being developed in the
labs of J. Modolell and of Y.N. and L.Y. Jan.

What activates AS-C!?

In the embryo, good candidates for regionally localized
activators are the segmentation genes (Nusslein-Volhard
and Wieschaus 1980; Gergen 1987). The early biseg-
mental pattern of the T3 transcript, so typical of the
early distribution of many of these genes, is certainly
suggestive of such a control (Cabrera et al. 1987; Wilkins
1987). But what could be the specific activators in the
adult epidermis? At least some of the segmentation
genes essential for the antero-posterior organization of
the embryo are also required in defined regions of the
adult epidermis (see refs. in Perrimon and Mahowald
1987). This raises the truly remarkable possibility that
at least some of the genes that may regulate AS-C spa-
tially during early embryogenesis, and thereby define
where larval sense organs will develop, are also instru-
mental in controlling the regional expression that will
define where the adult bristles will form in the adult
epidermis.

A clear case of a segmentation gene that is also in-
volved in the adult pattern of bristles is hairy (h). Some h
mutations lead to the formation of microchaetes in re-
gions of the fly that are normally void of them, such as
wing and the scutellum. The analysis of flies with dif-
ferent doses of h and AS-C has suggested that h directly
controls AS-C expression, possibly by repressing achaete
expression in defined regions {Sturtevant 1970; Moscoso
del Prado and Garcia-Bellido 1984).

Although the case of h demonstrates that segmenta-
tion genes can indeed be involved in the patterning of
adult sense organs, it tells us nothing about the identity
of the activator genes that were hypothesized above. It is
possible that other segmentation genes or combinations
thereof are involved in the regional activation of AS-C .
A tantalizing example is provided by the gene hedgehog,
which is expressed in the scutellar region of tl;le notum
and the postvertical region of the head (Mohler and
Wieschaus 1985): this pattern of expression corresponds
exactly to what one would expect for an activator acting
at the H site. In an attempt to see if this correlation is
more than a coincidence, N. Hansen in our laboratory


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

made flies doubly heterozygous for scute and for
hedgehog. Both mutations are completely recessive,
thus, the double heterozygote should be completely
normal. Yet such flies often lack a scutellar bristle, sup-
porting the idea that the two genes are interrelated func-
tionally (Botas et al. 1982).

If this speculation on the control of AS-C by segmen-
tation genes is along the right lines, then for the first
time in the analysis of development there would be a
good possibility of bridging the gap between DNA and a
complex adult pattern, and reaching a molecular under-
standing of morphogenesis, thus fulfilling the dream of
T.H. Morgan.

New answers to old riddles

The molecular dissection of AS-C provides molecular
support to the claim that scute can be subdivided into
several smaller regions, each responsible for the develop-
ment of one or a few macrochaetes. Actually, the assign-
ment of bristles to the ‘subgenes’ of 1930 is amazingly
identical to that shown in Figure 1 (Dubinin 1932). Yet it
is also true that, so far as adult bristles are concerned,
scute and achaete are simple genes, the inactivation of
which removes all bristles. We now see that this di-
lemma reflects the inherent duality of the eukaryotic
genes—their molecular functions, encoded in the trans-
lated sequence, and their regulation, which involves a
far larger segment of the chromosome. Both aspects are
essential to what we might call the phenotypic function
of the gene, i.e., its contribution to the normal pheno-
type of the animal. While the molecular function and
regulation may be easier to analyze, it seems clear that it
is the combination of the two that matters for the an-
imal and will ultimately have to be understood.

Knowing more about this dual aspect of the pheno-
typic function helps us to understand complex loci. In
the case of AS-C, at least, the complexity stems from the
interspersion of coding sequences and control sites, such
that different control sites act on the same gene, while at
the same time one control site may act on different
genes. Since some of these genes are very similar, the
interspersion of coding sequences and control sites may
result in two genes substituting for each other, or being
expressed in complementary regions, depending on the
particular battery of control sites that are activated (as is
the case for achaete and scute in larva and adult). Fur-
thermore, the same gene can define very different pat-
terns. In the adult, scute is involved in the precise loca-
tion of some macrochaetes, in the regular spacing of the
abdominal bristles, and in the formation of clusters of
campaniform sensilla in the wing. Interestingly, break-
points that are considered as extreme scute alleles be-
cause they suppress most of the scute macrochaetes re-
move but a small subset of the scute campaniform sen-
silla (L. Leyns, pers. comm.), suggesting that the same
gene depends on different control sites for the generation
of different patterns.

Another AS-C riddle is the fact that the different ma-
crochaetes can be ordered in a series such that scute mu-
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tations remove adjacent bristles in the series (Fig. 2).
However, as noted repeatedly by previous workers, nei-
ther the seriation nor the particular set of bristles re-
moved by a given scute allele makes much sense in
terms of development, morphology, or anything one
could think of. If the phenotype of a scute mutant de-
pends on the set of control sites that happen to be inac-
tivated or disconnected by that particular mutation,
then the origin of the seriation lies within AS-C, and the
failure to detect any developmental correlate to this
series is easily explained.

Perhaps the most important outcome of the recent
work on AS-C is that it offers suggestions on the oldest
riddle of all, the issue of morphogenesis {or pattern for-
mation in the modern parlance). The central puzzle of
pattern formation is that tissues that appear rather ho-
mogeneous turn out, when they differentiate, to feature
different structures and cell types ordered in reproduc-
ible arrays. This phenomenon seems to imply some sort
of positional information such that a cell at a particular
location knows what it should do. In the fly embryo, ge-
netic and molecular analyses suggest that positional in-
formation may be encoded in the spatially restricted
patterns of expression of a set of interacting genes, ge-
nerically called segmentation genes (Gergen 1987; Scott
and O’Farrell 1986; the fact that gene interactions can be
translated into spatial patterns of expression obviously
implies a lot of cross talk between neighbors about gene
activity).

It seems entirely possible, and wholly in line with the
interpretation of Ruiz-Gomez and Modolell, that seg-
mentation genes or related genes play a similar role later
in development for the generation of adult forms and
patterns. This obviously would account for the prepat-
tern that Stern postulated in the formation of the adult
pattern of bristles (Stern 1954b). In fact, with this system
the undifferentiated epithelium would be intrinsically
prepatterned, ready to provide positional information for
any gene that comes under the appropriate control. Such
a system of positional information would endow a tissue
with the two opposite properties that are so baffling in
the study of development: it would be both mosaic {be-
cause the domain of expression of each activator gene
will define an independent morphogenetic field) and re-
gulative (because gene interactions coupled by cell inter-
actions would tend to re-establish a complete pattern of
gene expression, and therefore a complete pattern of spa-
tial positions). Our use of ‘mosaic’ and ‘regulative’ may
seem to differ from the one agreed upon by experimental
embryologists, referring to the presence of localized cy-
toplasmic determinants in eggs or early embryonic
stages. However, the difference fades if the cytoplasmic
determinants are the products of specific regulatory
genes, as could be the case of the segmentation genes in
the fly.

As a final note, we should mention that other genes
seem to be involved in the determination of adult
bristles, for example, extra-macrochaetae (Moscoso del
Prado and Garcia-Bellido 1984), which apparently in-
teracts with AS-C; the so-called neurogenic loci {Leh-
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mann et al. 1983; Dietrich and Campos-Ortega 1984),
which may be involved in lateral inhibition; and a
number of less characterized genes (Lindsley and Grell
1968). Furthermore, other mechanisms undoubtedly
play a role in the formation of the final pattern of
bristles in the adult fly; for example, cell migration,
alignment along the antero-posterior axis and lateral in-
hibition. The superposition of different mechanisms
may explain why even in the absence of a control region
in AS-C, the corresponding bristle occasionally may
form (although in general it will be much less precisely
located). It would also explain why the wild-type pattern
is highly resistant to perturbations. However, even if
AS-C is not the entire story, the perspectives it has
opened so far are heartening news for the developmental
geneticist.
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