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ABSTRACT

Several mutations in the achaete-scute region of Drosophila have been
analyzed phenotypically and cytologically. One group of them corresponds
to point mutations, another to rearrangements with one breakpoint in this
region. Trans heterozygotes of the different point mutations or of the different
rearrangements show poor complementation or fail to complement; therefore,
they could be interpreted as mutations affecting the same gene product. How-
ever, left-right inversion recombinants and duplication-deficiency combina-
tions between rearrangements with different cytological breakpoints uncover
a complex organization of the achaete-scute region. This region seems to con-
tain several independent achaete and scute functions, as well as a lethal func-
tion, arranged as a tandem reverse repeat at both sides of a lethal locus. Since
all of the mutants show the same phenotype qualitatively, though different
quantitatively, we suggest that these functions are of a reiterative nature.
The achaete-scute wild-type condition may well be dependent on a multimeric
gene product made of several evolutionary related monomers.

MORPHOGENETIC patterns depend on the spatial distribution of different

cell types. To understand the underlying mechanism of pattern formation,
we must investigate mutants that alter it. This approach is two-fold. On the one
hand, we would like to know the function of the corresponding wild-type alleles
of these mutants. On the other hand, we need to know the genetic structure of the
loci under consideration and their regulatory relationships.

Among the cuticular pattern mutants of Drosophila, those of the achaete-scute
group are characterized by the absence of chaetae in certain positions of the adult
cuticular pattern. We will report the analysis of this genetic system in two papers,
the present one dealing with its genetic organization and the second with its
developmental functions (Garcis-BeLripo and SANTAMARIA 1978).

It was noticed early that different alleles of this group showed different
specificities affecting particular groups of chaetae. Phenotype complementation
analysis between different mutants distinguished at least two loci, achaete and
scute. However, partial complementation was also found between some pairs of
alleles of the scute locus; the corresponding heterozygous flies lack the chaetae in
the common positions, but differentiate the allele-specific ones (DusiNin 1929,
1933; SEreBROVSKY 1930; Acor 1931). These authors suggested the existence of
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a possible functional subdivision of the scute locus into subgenes (step-alleles),
each of which would control the differentiation of chaetae in certain positions.

Genetically, achaete and scute mutants map close together in the tip of the X
chromosome. The extremely low incidence of meiotic recombination in this
region hinders a detailed recombinational analysis of these loci. Thus, although
recombination with interchange of lateral markers has been found between two
alleles of achaete and scute (DusinNiN, Sororov and TiNiagov 1937), no further
analysis has been reported.

The expressivity, i.e., the position specificity of the different scute mutants,
varies with temperature (Crxip 1935a,b, 1936; Ives 1939), genetic background
and modifiers (Cmrrp 1935a; SturTEvanT and ScHUuLTz 1931; STURTEVANT
1970) and, in the case of some alleles associated with rearrangements, by position-
effect variegation (Surron 1943). This conditional variation of the specificity of
some alleles studied led these authors to postulate that the striking allele specifi-
city results from nonspecific effects of regional or developmental characteristics
acting upon different degrees (alleles) of hypomorphism (see GorpscEmIDT
1931).

The organizational complexity of the scute locus is, however, supported by the
existence of (1) chromosomal rearrangements that have detectably different
breakpoints, but which express the scute phenotype, and (2) combinations of
these rearrangements that result in a lethal phenotype (MuLLER and PrROKOFYEVA
1935; RarreL and MurLer 1940; see review by MuLLER 1955).

The present study suggests that the achaete-scute system corresponds to a
“complex locus”. It seems to consist of a tandem repeat of reiterative signals, all
required for the normal differentiation of nervous elements and coded by seg-
ments of DNA spread over at least three salivary chromosome bands.

MATERIALS AND METHODS

The mutant alleles of achaete and scute affect the macrochaetae (called bristles in the classi-
cal literature), the microchaetae (called hairs) and the sensillae of the entire body of the fly,
as well as the claws of the legs (Garcia-BeLLipo and SanTamaria 1978). The pattern of effects
of the different alleles and genetic combinations will be defined at two levels of expression:
the absence of an element corresponding to a position or site (claws and tergites being considered
as a unit) in more than 50% of the sites, and in more than 109 of the sides of the flies. Although
left and right sides of the same individual derive from imaginal discs separated throughout
development, the pattern of suppression is highly correlated, possibly because they share com-
mon modifiers and environmental conditions (see Renxper 1965). The nomenclature of the
macrochaetae sites follows that of Prungerr (1926). Further details of the adult chaetotaxy
and pattern follows Ferris (1950) (see Figure 1). The viability of the different genetic com-
binations is expressed as the fraction of individuals of a given combination relative to the genotype
of maximal viability of the same cross (a minimum of 200 individuals). Culture vials were
screened until no more progeny appeared. Many crosses were made in split bottles so that weak
flies could be recovered from the surface of the food.

The mutants and chromosomal rearrangements used will be described in the text. Informa-
tion relative to their origin, discoverer, and phenotype can be found in LinpsLey and GRELL
(1968). Some of them derived from the collections at Pasadena and Bowling Green. Others
were constructed during the course of this work, as explained in the text. Genetic combinations
with decreased viability were maintained in stocks balanced over In(f)dl-49, y Hw m? g*, FM6,
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Ficure 1.—Phenotype of different genetic combinations on chaeta differentiation. In the
upper left corner, spatial distribution of the macrochaetae of head (OC: ocelar, VP: postvertical,
AVT and PVT: anterior and posterior post-vertical; AOR, MOR and POR: orbitals) thorax
(ADC and PCD: dorsocentrals, PS: presutural, HU: humerals, ANP and PNP: notopleurals,
ASA and PSA: supraalars, APA and PPA: post-alars, ASC and PSC: scutellars, SP: sterno-
pleurals) and tergites. MC: microchaetae. (For description of the genotypes see text.) Closed
circles and bars: suppression in more than 50% of the flies, open circles, in more than 109%.

or attached-X chromosomes. In order to make crosses in which the male was inviable, the Y
chromosome present in the stock carried Dp(7 ; Y )y?Y67¢ (kindly provided by M. M. GreEN),
which covers the scute region. The different stocks used were not made isogenic, but the genetic
combinations studied were made in such a way as to minimize possible effects of genetic modifiers.
In all experiments, temperature was maintained at 25 +1°.
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RESULTS

The geneiic structure of a locus is always inferred from the behavior, at the
phenotypic level, of genetic combinations, We will first describe the phenotypes
of point mutations, and later those of chromosomal rearrangements in different
genetic combinations. It is our goal to define the extent and organization of the
achaete and scute genes in genetic (complementation), as well as in cytogenetic
(bands in salivary chromosomes) terms.

The point mutations

Among the numerous reported point mutations of the achaete and scute loci,
we have chosen two ac alleles and six sc alleles for study. They were chosen as
representative of different degrees of expression, different specificities and differ-
ent (spontaneous or induced) origins. It was known for most of them that they
are fully recessive in heterozygous females and varied in expressivity in hemi-
zygous males, homozygous females, and in heterozygous combination with
genetic deficiencies (Acor 1932; Dusinin 1933). We have restudied the pheno-
type of those mutants in (1) hemizygous males arising from an outcross of
heterozygous females with wild-type males; (2) in X/O males resulting from
outcrosses of parental males to XX /O females; (3) in homozygous females result-
ing from backcrosses of mutant males to heterozygous females; and (4) in females
heterozygous for the mutant allele and different deficiencies, including
Df(1)260-1, Df(1)sc*®, In(1)y*t:sc®®, In(1)sc* sct® and In(1)sc*tsc® (see
LinpscEY and GreLr 1968, and below, for descriptions of these deficiencies).

Table 1 and Figures 1 and 2 provide a general view of the phenotypic charac-
teristics of the different point mutations in different combinations. The data on
expressivity and viability are summarized in Table 1. Expressivity is here meas-
ured as overall degree (in arbitrary units) of removal of chaetae (sites and fre-
quency) compared to XY males. In Figures 1 and 2 the penetrance of suppression
(levels of 10 and 50%,) for individual sites in the most characteristic genetic
combinations is shown. Expressivity is similar in homozygous females and hemi-
zygous males. The only clear exception is sc*®, where homozygous females are
slightly more exireme than males. Possibly all the mutants studied are dose
compensated. It is generally true, also, that expression is more extreme in females
heterozygous with deficiencies than in homozygous condition, confirming the
observation of Acor (1932) and Dupinin (1933). This phenomenon is typical
of hypomorphic mutations for sex-linked mutants. Phenotypes are slightly more
extreme over Df(1)260-1 than over Df(1)sc** (Figure 2). Since Df(1)260-1
extends more proximally than Df(1)sc*® and since T'(1;2)sc* is sc in phenotype,
we tentatively conclude that Df(1 )sc’ still retains some sc* (and ac™) function
(see below). The various point mutants differ with respect to their expressivity
in combination with the partial deficiencies In(7)y**tsc?®, In(1)sc*tsc'® and
In(1)sct*sc?® (Table 1). However, whereas ac and sc*® are more extreme over
In(1)yPEsc®®, the rest are more extreme over In(1)sc*tsc*® and In(1)sc* sc®®
and, as a rule, more so over the former than over the latter. This complementa-
tion analysis suggests that ac and sc*F are mutants affecting a function present to
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POINT MUTANTS
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Ficurg 2.—Site positions affected by the different point mutants, Symbolism in ordinates as
in Figure 1. Heavy bars: 509, suppression; light bars: 10% suppression. In each group the
phenotype of the point mutant in homozygous females (left) and in female heterozygous over
Df(1)sc19 and Df(1)260-1 (right). In sc3~2, the females were heterozygous over sc- [In(1)sc3%-
sc4B] and over Psc—[In(1)sctLscoR] - wild-type.

some extent in In(7 )sc*Lsct® and In(1)scttsc®®. By contrast, the remaining scute
alleles studied affect a function partially present in In(7)y* 2sc*®, and incom-
pletely so in both In(1)sc® sc*® and In(1)sc#sc®®. In other words, these point
mutations do not fully complement with any of the partial deficiencies.

A detailed analysis of the pattern of sites affected by the mutants studied
agrees with previous observations (see Dusivin 1933) on the alleles sc?, sc2, sc?,
sc®. With the inclusion in our analysis of more alleles and the consideration of
homozygous females as well as heterozygous deficiency females, it is possible to
order the studied mutants into phenotypic groups. In Figure 2, we have plotted
a sequence of sites in such a way that the different alleles have a maximal num-
ber of affected sites neighboring in the sequence. It is interesting to notice that
this seriation is consistent for all the alleles studied. Moreover, the seriation in
heterozygous deficiency females includes neighboring sites at both extremes of
the sequence of the corresponding homozygous females. This seriation of sites is
now similar to the map of the organization of the achaete-scute “basigen” of
SereBrOVSKY (1930) and Dusinin (1933). From a consideration of Figure 2,
there seem to be four main groups of alleles classified by their site-suppression
pattern: ac! and sc*® (group A, Figure 1); sc® and sc® (group B); sc¢*' and sc®
(group C); and sc?, s¢®® and sc* (group D, Figure 1). Group A affects an
“achaete” pattern and group D affects a “scute” pattern, which includes the
apparently complementary groups B and C. However, if we consider the pheno-
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type of heterozygous deficiency females, there are overlaps in the sites affected
by these groups, i.e., between A and D in PSA and between B and C in PV and
SC.

This seriation of the different allelic phenotypes (and their phenotypic over-
lap) was tested in genetic complementation tests (Figure 3). In the heterozygous
flies the pattern affected does not correspond to the sites affected in both homozy-
gous individuals. Thus, ac does complement with different scutes, including sc®®,
which belongs to the same A group; sc¢? and se?* or sc¢**, all of group D, comple-
ment, though poorly; and sc?/sc® (group B) and sc**/s¢® (group C) largely
complement. However, sc®/sc® or sc?/sc®, which correspond to different groups,
do not complement, especially in sites of the sc® pattern. These observations are
suggestive of dominance relationships, trans interactions or polar effects between
different alleles (see pxscussion). They are also in accord with the observation
noted above that the point mutants do not entirely complement with the partial
deficiencies. These results agree with the interpretation of DusiNin (1929), and
with its more modern statement by SturtevanT (1970), that the achaete and
scute alleles belong to a pseudoallelic system.

The analysis of viability of the different genetic combinations presented in
Table 1 suggests that, besides a phenotype of chaetae suppression, the different
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Frcure 3.—Site positions affected in the trans heterozygotes of different point mutants. Same
symbolism as in Figure 2.
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alleles cause impaired viability. In most alleles the inviability of the different
combinations runs parallel with the degree of expressivity for chaetae suppres-
sion. However, in sc*-? and, to some extent, in sc? and sc*®, which are character-
ized by a weak effect on chaetae, the viability of the homozygous females or
females heterozygous over deficiency is strongly reduced. In fact, sc¢*-!/Df(1 )sc*®
and sc*~!/In(1 )y FEsct? are lethal. It is interesting that in females heterozygous
for partial deficiencies, the lower viabilities are shown over In(7 )sc®sct?, except
for sc® which is less viable over In(1)sc*:sc®®. The existence of these two, not
necessarily correlated, components of the scute phenotype will be analyzed below.

Since some of the mutants studied are of X-ray origin, a note of caution should
be made whenever we want to explain a complex phenotype in terms of a single
mutation. However, it gives us some confidence that the most extreme alleles
(ac?, sct and scP?) are of spontaneous origin. It is conceivable, however, that the
noncorrelated effects on viability and chaeta suppression of s¢* and sc*~! might
derive from two independent mutational events in the same scute region.

T he rearrangements

In contrast with the aforementioned mutations, which do not show cytological
abnormalities of the salivary chromosomes, the following (Figure 4) achaete-
scute mutants are associated with chromosomal rearrangements. One of the
breakpoints (designated here as “left”) is in all cases in the region of salivary
bands 1B1-1B4 (see below). It might be assumed that, since rearrangement
breakpoints represent interruptions in the sequence of DNA, the phenotype

o
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Ficure 4.—Site positions affected by different rearrangements. In each group the phenotypes
correspond to the homozygous females (or hemizygous males, *) (left) or to females heterozy-
gous over Df(1 )sc1? (right). Same symbolism as in Figure 2.
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should be the equivalent to amorphic mutations for the interrupted structural
locus. Thus, if the achaete-scute system represents a single function, the pheno-
types of all the rearrangements should be identical and maximal. That this is not
the case further supports the classical interpretation that the achaete-scute system
is functionally complex. Thus, the analysis of these rearrangement mutants
should provide information about functional organization (Murrer 1935b).
The rearrangements studied are of two classes: those in which the “right” break-
point is in the euchromatin and those in which it is in the heterochromatin. In
the latter case, the phenotype can be originated or modified by position-effect
variegation on the adjacent euchromatic regions.

Figure 4 shows the phenotypes of different rearrangements in homozygous
females (or in hemizygous males when the females are lethal) and in females
heterozygous for the rearrangements and Df(7)sc?®. In the heterochromatic
rearrangements, the phenotype of X/0 males has been studied in order to evalu-
ate the extent of the phenotype due to variegation. In general, females hetero-
zygous with Df(1)sc'? are more extreme in phenotype than the corresponding
homozygotes, as was true with the point mutants. In this case, however, these
differences cannot be explained in terms of hypomorphism of the rearrangement
since breakpoints are assumed to generate amorphic mutations. They could result
from dosage compensation. Since the phenotype of X /O males is not much more
extreme than that of X/Y males or homozygous females, we tentatively conclude
that the phenotype of the heterochromatic rearrangements does not largely result
from heterochromatic variegation of intact genes.

It is interesting to note that, on the whole, the phenotypes associated with
rearrangements are more extreme than those of point mutations. The phenotype
of the homozygous females varies among the different rearrangements (Figure
4), but the affected sites map contiguously in the seriation we constructed to order
the point mutations. In the rearrangements, however, the differences in expres-
sion are quantitative, extending more-or-less from the bottom of the seriation,
corresponding to either group A or D of the point mutants.

An analysis of the trans heterozygotes of some of these rearrangements clearly
reveals noncomplementation (Figure 5). As a rule, the phenotype of the combi-
nations corresponds to that of the weaker allele, which is another indication that
these rearrangements all affect the same function.

The left-right inversion recombinants: The interpretation of the different
phenotypes of the rearrangement mutants started with the outstanding work of
Muvrrer (1935b) and MurLEr and Prokoryeva (1935). They demonstrated that
scute or achaete rearrangements can have different breakpoints, This was shown
by producing inverted chromosomes having the left region of one inversion and
the right region of another. The underlying assumption was that if the break-
points were genetically different, the reciprocal recombinants would be either
duplicated or deficient for the genetic material between the breakpoints. From the
phenotype of both reciprocal classes of recombinants, a decision could be made as
to whether their breakpoints were different or indistinguishable (RarreL and
Muvrrer 1940; see also MuLLER 1955). We have repeated some of the combina-
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Freure 5.—Site positions affected by different rearrangements in irans heterozygotes. Same
symbolism as in Figure 2. The legends 8, 4, 9, 19 correspond to In(?)sc®, In(1)sct, In(1)scS,
T(1;2)sc?d. ?: not studied.

tions (Table 2) and confirmed MuLLER’s results (see Figure 6). The left break-
points of In(1)y*® and In(1)sc? are genetically different, for In(1)yrLsc®® is
phenotypically y and extreme ac (MurLLER 1935b); whereas, In(1)sc*ty*FF is
¥+ act and shows a variable Hairy-wing (Hw) phenotype in the mesopleura.
The same applies to the left breakpoints of In(1)sc® and In(1 )sc*. Here, however,
In(1)sc* sc‘® shows an extreme sc but a slight ac phenotype. Hemizygous males
of this genotype are poorly viable, and after hatching they remain immobile on
the food. Homozygous females of this genotype are fully inviable. The left break-
points of In(1)sct, In(1)sc™ and In(1)scS! are genetically similar, for they show
the same phenotype in left-right combinations with In(7)sc® (RarreL and
Murrer 1940) and with In(?)y*f. In(1)sc*® (or sc®'%, sct®) sc® is a lethal
combination, and In(1)y*Lsc® (or sc¢%*F) is lethal also. However, the former are
embryonic lethals, whereas the latter are pupal lethals (Garcia-BErLrLipo and
Santamaria 1978). Their phenotypes differ in other respects, too (Garcia-
BerLLipo and SantamAaria 1978). As expected, (1 )sc*ry*PE flies are fully viable,
act and sct, and only show a weak Hw phenotype (Table 2, Figure 6).

These findings are consistent with the interpretation of MurLLER (1955) that
the known breakpoints of rearrangements in the achaete-scute region subdivide
the system into at least three functional units (see Figure 6). Between the left
breakpoints of In(7)y*® {and In(7)y*] and In(1)sc® there is an act function,
between those of In(7 }sc?® and In(1)sc* [or In(1)sc* or In(1)sc**] thereis a sct
function, and between those of I (1 )sc* [or In(1)sc® or In(1 )sc**] and In(1)sc®
there is a function required for viability. The mortality of In(1)y**L sc*® (or
s¢S'®) is probably due to the cumulative effect of the lack of ac* and sc* func-
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Ficure 6.—Phenotype of different genetic combinations between left and right elements
of inversions and Df(1 )sc!9. Breakpoints indicated by vertical arrows. Empty horizontal spaces:
deficiencies. Phenotypes surrounded by a circle.

TABLE 2

Viability and phenotype of males of different left-right inversion recombinants

Genetic gzrat)xtutlon anl[)y:’hty w « Phe}x;);)ype Psc
¥3PL scSR 0.60 — + - +
sc8L ySPE 1.00 -+ + — +
$c3L gc4B 0.10 = —_ -+ +
schl sc8B 1.00 —+ + — +
sctl scoR 0.00 -+ (—) -+ —
scS1L sc9B 0.00 ? ? -+ —
scL8L scok 0.00 ? ? + —
yIPE scb 0.00 - =+ +
yIPE scS1R 0.00 = =+ +
sc4l y3PR 1.00 -+ —+ — -+
sc8L scoB 0.00 (£) (—) -+ —
g 3PL 5c9E 0.00 — -— +

—~+: wild type and —: mutant (ac, sc Hw or Isc) phenotype. I'sc: lethal of scute. Viability

measured as in Table 1. In parentheses, the phenotype seen in male spots in gynandromorphs
(see Garcia-BerLLIDO and SaANTAMARIA 1978).



502 A. GARCIA-BELLIDO

tions. This is confirmed by the very poor viability of sc?** flies, partially deficient
(Scrurrz, quoted in LinpsLey and GreLr 1968 and see below) for sct and for
act. Homozygous sc'*-! females are, in fact, lethal.

The inviability of In('1)sc*® (or sc3*L or sc“**) sc*F cannot be explained in terms
of variegation because the right breakpoint of In(7)sc? is euchromatic. Although
In(1)sc*, In(1)sct? and In(1 )sc** have right breakpoints in heterochromatin, any
suppression of function (variegation) distal to their left breakpoints is compatible
with viability, as we have seen. The lethality of In(1)sct sc® was shown by
MuLLer (1935b) not to derive from the duplication of the euchromatic region
between the right breakpoint of In(1)sc® and the centromere, because Dp(1;2)
sc? (containing only the sc system) renders In(1)scttsc®® viable. The function
lacking in the deficiencies (and similar ones) was called “lethal of scute” (I’sc)
by MULLER.

The discovery that the achaete-scute system can be physically subdivided into
units is confirmed by the complementation analysis of females heterozygous for
intercalary deficiencies. (Table 3; Murrer and Proxoryeva 1935; MuULLER
1955). Thus, deficiencies proximal to the left breakpoint of In(1)sc* (or In(1 )sc*®
or In(1)sc® are viable over deficiencies distal to these breakpoints, i.e., In(1)
sctscoE /In(1 )sclsct® or In(1)sctisco® /In(1)y*Frsct® females are viable although
sc or ac and sc, respectively, in phenotype. Similarly, heterozygotes between
deficiencies proximal and distal to the breakpoint of In(1)sc?; i.e., In(1)sc®*sc*®/
y*PLsc?® or In(1)sc®Esc®® /y*PLsc®® are viable and phenotypically ac. The ac or sc
phenotype shown by these heterozygous females corresponds to the phenotype of
the common breakpoints (Figure 5). This finding suggests that, although these
deficiencies complement for the chaeta phenotype and viability, their breakpoints
create an insufficiency that cannot be rescued by any other region of the system.

This conclusion is supported by the study of complementation between pairs
of inversions or translocations with different breakpoints (Figure 5). All the
combinations are viable, but phenotypically they are more extreme the stronger
are the individual scute phenotypes of the combination. There is no case of
phenotypic complementation between alleles. We have seen a similar lack of
complementation between point mutants. However, in the case of rearrangements
with cytologically different breakpoints, it may seem surprising to find a lack of
complementation. These observations suggested that we attempt a more detailed
analysis of the breakpoints of the different rearrangements with the aim of
defining the genetic functions affected by or located between them.

Duplication-deficiency combinations: The left-right test is limited to inversions
and in most cases to those that do not create inviable aneuploidy. Thus, we had
to resort to studying the functional organization of the achaete-scute system by
making use of available or newly constructed terminal duplications and deficien-
cies. The approach consisted of studying, in males deficient for different segments
of the tip of the X chromosome, the phenotype resulting from adding different
duplications.

As terminal deficiencies, we used Df(1)svr, Df(1)260-1, Df(1)sc” [aneuploid
segregant from 7'(1;4)sc"], Df(1)sc*® [ aneuploid segregant from 7'(1;2)sc**],



503

ACHAETE-SCUTE SYSTEM OF DROSOPHILA

‘TewI9] T °J 9[qeL Ut se passaidxe L[qerp
omgQ wgQ o 1 o 60 w898 qasA(J)uf
gy T 1 w o T 4198 qeA( [)u]
AN T T T T 41598 qasA( U]
w10 1 1 1 4198 qas A FJuf
301 T 1 2560 25 ¢Q a5 90 1°Q T 1698 oS FJug
D10 T ISIWEO T T T 1698 qgos(FJuf
o 170 T T 1 i 2698 asA( U]
w10 T T o g T 1 25 G'Q T T —or2S(Ia
i Hia Wia  TGE U TWE T anr

sa1ousLlfap Jus.sffip 1o0f snofAzotayay sapruaf fo adArousyd puwv L11719v1 4

¢ H'1dVL



504 A. GARCIA-BELLIDO

Df(1)sc” [recombinant of In(Z1LR)sc"'], and Df(1)sc®. Df(1)sc*, Df(1)sc*?,
and Df(1)scSt were constructed as Df(1)sc*tsct®, or Df(1)sc®Esc™*® and Df(1)
sc*EscS1E, respectively. As intercalary deficiencies of this region, we have used
the In(1)LR recombinants mentioned above, Df({)sc?* [aneuploid segregant
of T'(1;2)sc*], and Df(1 )sc**-'. As terminal duplications, we employed Dp(1;f)
24, Dp(1;2)sc®, Dp(1;4)sc”, Dp (1;f)sc”* (received from I. OsteEr and found
by me to contain neither cv+, ect, nor cart so that possibly its left breakpoint
corresponds to that of the inversion In('1)sc”, but now adjacent to the centromeric
heterochromatin), Dp(1;Y )sc™, Dp(1;Y )sc®, Dp(1;3)sc’, Dp(1;Y )sc’* (RipoLL
and Garcia-Berripo 1973) and Dp(7;Y)I(1)J1+. Finally Dp(1;2)sc*® was used
as an intercalary duplication.

Table 4 and Figures 7 to 9 show the phenotype (chaeta pattern and viability)
of some deficiency-duplication combinations. In Table 4 the duplications and
deficiencies are ordered from more complementing (left or top) to less comple-
menting (right or bottom). Figure 10 shows a so-called “phenotypic map” based
in these results. We assume that the more functional overlap there is between
the duplication and the deficiency, the more wild type the phenotype will be, and
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505

ACHAETE-SCUTE SYSTEM OF DROSOPHILA

“TeTe [edng L
*s08( 11 )d(q 9p1seq parixed safewt asay ], ,
'€ 9qE, UI se wsIjoquILg
g0 9500 G0 IH0 25470 u898 qqsA( [ )u]
2590 1°Q 1 T osom Qg 9Sow Q) 25 1°0 25 G0 25 g0 2580 28 01 w198 gos( [ )u}
T 9sov T 9sovgQ osom Y 259D YQ 28 6'Q 2560 2501 a1 qasA( U]
T T 9892 7°Q 590 ¢°0 %01 X071 %01 128 qqsA(F U]
T 1 T T 1 1 2510 9510 2560 %01 4625 qros([)u]
T T 1 510 2% 1°0 24698 7828( F)U]
T 1 T 2210 FT0 <9510 01 gs98 qasf([)u]
2590 30 oSy ) 9SImg’Q ISIOD Q) 2SI PO 9IS I o84’ 989D G 2501 a0 9sow Q] -or98(I)fa
T MHO'T w0 MY 2590FY WSQLISME Q] IS G0 %01 «I$Q 1 959w $25(I)la
1 25D E0 MWIWYQISME G 25¢0 e78( )i
a1 T T 9sov Q) 98O () 9sIw I 2560 95IWQQ 25 ¢0 OS0T 25 G0 s(r)ia
T T 9sa2 10 T T 2810 2910 1495(r){a
T T T 2590 ¢Q 560 IFEQ #9580 2501 #s(pia
T T T 9SoMEY ISEQ G0 «FE0 IGO0 «95(pHa
T T T 1 T 95wy %80 %80 %01 o590 Y 01 so8(p)ia
T T (99)41 T )T 2210 01 7-098(E)Ma
T T 1 T 01 2as(f)fa
Ghia  «Ha  hia W whia Qﬁﬁmﬁ%m%wn whia @i e oHa  olfla T

sajoulL uonwadnp-Asuatorfap fo adArousyd puv AnpquiA

v AT19V.L



’

A. GARCIA-BELLIDO

506

‘patpuis jou UOHRUIQRIOD ¢
'/ PU® g SeanFig Ul se WSHCqUIAS owIeg ‘SUOTIeUIquIod (f(7) Loudroyap—(d(g) uoneordnp jussayip £q psidaye suontsod oyg—g AMOSIY

B2 4y 38 14¢k 1)U . 235 (1) )0 DI yy9S ~g2$ (I BZZ0 1498 1k (VI ., 0s(hia K
6l H IS 98 8 LAY 619821 WISIPI) 0800 g 0s(AD g2S (A} w8 (€0 IAIS(AT} da

IR

oy
s
Ad
20
ds
HOW/ ¥
dNY
vdd/ Y
H0d
NH
Sd
LAd
sy
dNd
vsd
oav
0Gd
1Ay
W

IZ
L

Ll
VAA

LTI

Ll

2727727
LL

ZZ
LZ
Ll LI

rava

LLL

LL

W T T I T T O T T T T e

L T T T T O LT T
OSSN ANDENRINGAAIISINIRINEALRRANSRAIEARNEIAEIRND

S T T T O T T

=~

L]
|
@ oo




507

ACHAETE-SCUTE SYSTEM OF DROSOPHILA

'/ PU® g SNy UL st WSI[oquILs owWeS ‘suoHewquiod ({(7) £Lousrdogep—(dqg) uoneordnp juezagp £q paosye suonrsod AUG—'6 TINOI

S
Il g, 05(1ha @3S(Al
Y2U1) 2598(21) LIsipl) ,o801) v2U1) g 0S(2l)  pgd8(2l}  yosibl)  z,3s00) p2U) g os(al) wosibl) Z22s)  da

m

59400110 WM 55050140 51,080 KT ygOS1g35(Nu MM DS nack(M 40
+

FEIN
s

Ad

20

ds
HOW/¥
dNV
vdd/V
H0d
nH

Sd
1Ad
sy
dNd
vS8d
v
3044
1AY
N

Z

Ll L L L LD

LLLL

LLLT
[ =]

LLLUTTTITITTTIT JOOTT T T

=3
VA

LLLL




508 A. GARCIA-BELLIDO

|
® ® & ®
EXPRESSIVITY 8 SIKL8C4CVI 7>9>H) s> 19
DOMINANCE 8 >SI L8 »4 VI 7{9<H)s2>1

]

219 f24

i
lH L

Hs2 -— —¢————Df

1

|

= o
N
i

1 _ _‘L_‘_‘_@f}'_‘— ::J_r_ Jr

@(sc.s_)‘———-—

—(sc}—=
-/

Ficure 10.—Phenotypic map of different rearrangements in the achaete-scute region. Expres-
sivity and dominance: seriation from less to more scute of the different rearrangements with
breakpoints to the left or to the right of lethal of scute. Vertical arrows: site of the breakpoint
of rearrangements of different extent [duplication (Dp) or deficiency (Df) element] inferred
from the phenotype of combinations with other deficiencies and duplications. Rearrangements
in contact with heterochromatin in squares. Horizontal spaces: phenotype (in circles) of the
duplication-deficiency combinations. CG: lethal complementation groups. Symbolism as in
Figures 7 10 9.

contrastingly, the more extensive the functional gap between duplication and
deficiency, the more extreme the mutant phenotype. Thus, by taking into con-
sideration the resulting phenotypes, we can deduce a “genetic breakpoint map”.
If the pattern of chaeta suppression is quantitatively different in the different
combinations, we can define the genetic functions present between breakpoints.
The cytogenetic data (see below) should support the inferred genetic breakpoints.

Dp(1;f)101 covers, phenotypically and cytologically, Df(1)svr and all defi-
ciencies distal to it. Dp(1;f)24, believed by MuLLER (1932) to extend up to scute,
actually covers Df(1)260-1 and, therefore, must extend beyond it. The fact that
Dp(1;f)24 heterozygous with Df(1)260-1 or with more terminal deficiencies
exhibits a scute (and slight achaete) phenotype can be explained either by
assuming variegation of scute due to the proximity of the locus to centromeric
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heterochromatin, or that the duplication is mutant for scute. The fact that the
phenotype is variable and more extreme in X /O males supports the first interpre-
tation. This presumed variegation, however, must extend over at least two lethal
complementation groups between the scute system and the breakpoint of
Df(1)260-1 (see below) and if the achaete phenotype is due to variegation, it
must extend over Isc as well. Dp(1;2)sc*® was genetically shown by MuLLEr
(1935a) to cover all the recombinational deficiencies created with inversions y*?
and sc¢® (Figures 7 to 9). Thus, it carries y+, act, Isct and (partially) sct
functions. The study of this duplication over the terminal deficiencies (in males
carrying Dp(1;Y )sc?) corroborates that interpretation. Since Dp(1;2)sc*® does
not cover Df(1)260-1, its right breakpoint must be to the left of that of
Df(1)260~1 deficiency. The fact that all these combinations show a sc phenotype
confirms again that there is no qualitative complementation between sc rear-
rangements. There are, however, quantitative differences in the scute phenotype,
depending on the genetic combinations created by the duplication-deficiencies
(Table 4 and Figures 7 to 9). Thus Dp(1;2)sc®?/Df(1 )sc*® is phenotypically more
extreme than the reciprocal Dp(7;2)sc*/Df(1)sc%; Dp(1;Y )s¢® combination.
This finding suggests that the right breakpoint of 7°(1;2)sc*’ is to the riglt of the
left breakpoint of 7'(1;2)sc*® and that the left breakpoint of 7°(7;2)sc® is to the
right of ’sc. In fact, Dp(1;2)sc% /In(1 )y*PLsc® is viable. It is, as expected, pheno-
typically se, but more so than Dp(7;2)sc*® /In(1)y*PEsc®®, confirming the assump-
tion that the order of breakpoints is s¢?, s¢*2, sc*®. Following similar considera-
tions, it is possible to seriate the breakpoints of the rearrangements to the right
of I’sc. All the duplication-deficiencies constructed with 7°(7;2 )sc?®, T(1;2)sc®,
T(1;4)sc”, Dp(1;f)sc™* and deficiency s¢® [including In(1)y*PEsc?®] are viable,
though variable in phenotype depending on the duplication and deficiency ele-
ments used in the combination. However, the combinations are consistently more
extreme, the farther to the left is the assumed breakpoint of the duplication
element and the farther to the right is that of the deficiency element (Figure 10).
The phenotype of combinations with breakpoints close together is more similar
to the phenotype of their rearrangements in hemizygous males. When the dupli-
cation element overlaps the deficiency, the phenotype is that of the rearrange-
ment of the duplication element. The phenotype of these duplication-deficiencies
is sc¢ only. The only exceptions are those having Dp(7;f)sc’# as the duplication
element, which show, besides, a clear but variable ac phenotype. This ac expres-
sion is more extreme in X /O males, thus, possibly reflecting variegation for the
genetic functions to the left of the breakpoint now in proximity to the centric
heterochromatin. The viability of all these combinations is low. This is particu-
larly so in combination with deficiencies for ’sc (Table 4), which suggests that
Dp(1;f)sc’# also variegates for this function. All the studied rearrangement
breakpoints that behave as though they were to the right of I’sc are euchromatic.

The constructed seriation of breakpoints is the same as the seriation produced
by comparing the phenotypes of the rearrangements (Figure 10). The rearrange-
ments with more extreme phenotypes correspond to breakpoints closer to I’sc, and
phenotypes become weaker the farther to the right their breakpoints are. The
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dominance relationships in females heterozygous for the rearrangements are
consistent with the findings of duplication-deficiency males. The phenotype of
the rearrangement heterozygote corresponds to that of the more nearly wild-type
element, namely that one that has the breakpoint farther to the right (Figure 5).

Based on the phenotype of the duplication-deficiency combinations, the pro-
posed seriation of breakpoints of rearrangements can be mapped (Figure 10).
The strength of the scute phenotype of adjacent genetic gaps compared with the
phenotype of the corresponding rearrangements suggests that s¢” and s¢’ corre-
spond to the same genetic breakpoint, and sc* and sc¥ possibly have identical
breakpoints. It is interesting that all the rearrangements and all the created
genetic gaps to the right of I’sc affect the same seriation of chaetae (Figure 7).
Their phenotypes extend, to different degrees, from the bottom of the site seri-
ation (see DISCUSSION).

The existence of a “lethal of scute” was postulated by MurLer (1935a), based
on the behavior of certain left-right inversion recombinants. Its existence is
operationally confirmed by the behavior of certain duplication-deficiency combi-
nations. Whereas deficiencies such as Df(1)sc*, Df(1)sc*, Df(1)sc”, and
Df(1)sc* can be rescued by duplications whose breakpoints are to the right of
In(1 )sc®, the reciprocal duplication-deficiency (such as Df(?)sc%/Dp(1;Y )sc®)
combinations are not viable (Table 4).

Considerations similar to those used to analyze rearrangements with break-
points to the right of I’sc make it possible to map the rearrangement breakpoints
to its left (Table 4, Figures 8 and 9). Since Dp(1;Y )sc™, Dp(1;Y )sc* and
Dp(1;Y )sc’* are heterochromatic rearrangements, it is difficult to infer their
phenotypic breakpoints. It is possible that the genetic functions present in them,
being inactivated by variegation, will give us breakpoints spuriously shifted to
the left. This is very probably the case with Dp(1;Y )sc”, which does not cover
the lethality of In(7)sc**sc’® nor that of Df(1)sc*, but this duplication over
Df(1)sc® or Df(1)sc"* is viable, although strongly ac and sc. Thus, the In(1)sc"*
breakpoint can be mapped close to the left of I’sc, but exposed to variegation on
both sides of the breakpoint, due to the adjacent centromeric heterochromatin of
the right arm of the X. In fact, this inversion variegates strongly for y. Dp(1;Y)
sc81/Df(1)sct or Dp(1;Y )scS1/Df(1)sc™® are very similar in phenotype to the
rearrangements sc*, sc¥® or s¢%! in males, Dp(1;Y )sc5'/Df(1)sc* being slightly
stronger than In(1)sct males (Figure 8). The phenotypes of these deficiencies
with Dp(1;Y )sc® is sc only. The same deficiencies, sc* and sc’?, are viable in
males carrying Dp(1;¥ )sc® or Dp(1;3)sc’ (but not with Dp(7;Y )lJ1+) and are
both sc and ac in phenotype. They are more extreme in phenotype and inviability
with Dp(1;Y )sc’ than with Dp(7;Y )sc®. This inviability is possibly associated
with the extreme accummlative effect of ac and sc phenotypes. As we remember,
In(1)y**Lsc*E is lethal, and even In('1 )sc®%sc*® is inviable in homozygous females.
The lethality of these genotypes is in the pupal period (Garcia-Beruino and
SanTamaria 1978), quite different from the lethality of I’sc combinations.
Df(1)sc'** males are strongly ac and sc but viable. Thus, possibly, the right
breakpoint of Df(1)sc*** is different from the left ones of either sc™?, sc* or sc5'.
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Its left breakpoint, on the other hand, must be to the left of that of Dp(1;Y )sc*
and Dp(1;3 )sc’ because, in their combination, the ac chaetae pattern (not the
sc one) is considerably rescued (Figure 9). It is even more wild type if Dp(Z;Y)
carries two sc® duplications [Dp(1;Y )sc®, sc*]. From these consideration, we
could conclude that the left breakpoint of Dp(7;3 )sc’* is farther to the left than
of that of Dp(1;Y )sc?®. This, in turn, would suggest a subdivision of the ac gene.
Alternatively, its reduced ac* function could result from variegation due to its
breakpoint being in the telomeric region of the tip of chromosome 3L. A similar
uncertainty arises in the study of the genetic extent of Dp(1;Y)IJ1+. MULLER
(1954) obtained it as an assumed deletion of part of Dp(7;Y )sc? that had lost
act and y* functions. It is remarkable that Dp(1;¥ )IJ1+ increases the viability
of Df(1)sc'*, but does not rescue its ac phenotype (Table 4). Thus, it possibly
carries some act function and its 5 phenotype is due to mutation, rather than
to deletion. Dp(1;Y )lJ1+/Df(1)sc® is viable and extreme achaete, phenotypi-
cally. These males show additionally necrotic leg joints. Thus, between the
breakpoints of Dp(7;Y)1J1+ and of Df(1)sc?, there is no genetic function incom-
patible with viability.

The left breakpoint of 7(7;2)sc* is probably to the left of the left breakpoints
of In(1)y°® and In(1)y* because Dp(1;2)sc*® carries y+. Between its left break-
point and that of Df('7 )sc?, there is no lethal function because Df(1 )sc®/Df(1 )sc*®
females are viable, although phenotypically y and ac (Table 2).

The discussed seriation of breakpoints of duplication and deficiencies to the left
of I’sc is consistent with a seriation of the phenotypes of the homozygous rear-
rangements. Those to the left are ac in phenotype; those to the right are sc, being
more extreme the farther to the right the inferred breakpoint is (Figure 10). The
dominance relationships in heterozygous females follow the reverse seriation:
left breakpoints are dominant over right breakpoints. It is interesting to note that
these seriations are opposite polarity to those found for rearrangements and
breakpoints to the right of I’sc. Moreover, between the breakpoints to the right
of I'sc, genetic gaps produce quantitatively different sc phenotypes, while between
those to the left of I’sc, both ac and sc phenotypes are qualitatively as well as
quantitatively different.

The lethal of scute

The foregoing discussion suggests that the scute system is organized as a
mirror-image duplication at both sides of the lethal of scute, with stronger
scute phenotypes being associated with rearrangement breakpoints closer to I’sc
(Figure 10). It is therefore surprising that there is no phenotypic complemen-
tation between rearrangements within both regions, or between them. RAFFEL
and MurLer (1940) and MuLLer (1955) noted that rearrangements with break-
points to the right of I’sc were always euchromatic; rearrangement breakpoints
to the left were heterochromatic. They speculated that heterochromatic rear-
rangements with breakpoints to the right would variegate for I'sc and therefore
could not be isolated. This suggestion does not explain why rearrangements to
the left are heterochromatic (with the exceptions of the breakpoints of Df(7 )sc'*-
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Ficure 11.—Cytological breakpoints of rearrangements in the yellow achaete-scute region,
in the map of Bripces (1938). Rearrangements as described in text. Vertical lines, location
on the cytological map of the rearrangements (with uncertainties in dash lines). Data taken
from: D +4- H: Demerec and Hoover (1936), S. Surron (1943), M -+ P: MuLLer and Prox-
orYEVA (1935); N - V: Norton and VaLEncra (1965), St: Scrurrz, in LinpsLeEy and GrELL
(1968).

and 7°(1;3)sc’#). Thus, it is conceivable that LR recombinants having left break-
points in contact with heterochromatin and right ones in euchromatin would
create a stronger variegation for the left genetic functions, ac and sc, and so lead
to accumulative lethality, similar to that of In(7)y*"2sc*®. Under this interpre-
tation, breakpoints assumed to be to the left and right of sc would now be all to
the left of ’sc, but differ in their capacity to variegate for a gene located to the
right of them in contiguity with heterochromatin. This interpretation, however,
does not explain why the duplication elements of weak sc rearrangements like
sct®, scH, or sc¢®?, assumed now to be to the left of Isc, should cover the lethal
phenotype and largely the sc phenotype of I’sc chromosomes such as In(7)sc'®
sc?®, Reciprocally, it is difficult to explain under this assumption why Dp(7;Y )sc*
does not save In(1)sc'"sc’®, Df(1)sc", or even Df(1)sc’.

The lethality phase of In(1 )sc*“sc°® and all deficiencies with breakpoints to the
right of I’sc have a much earlier phenoeffective phase and a different chaeta
phenotype than do deficiencies with breakpoints to the left of I’sc (Garcia-



ACHAETE-SCUTE SYSTEM OF DROSOPHILA 513

Berripo and Santamaria 1978). The existence of a distinct I’sc is supported by
the fact that the lethality of In(7)sc*2sc®® cannot be rescued by the simultaneous
addition of several different terminal duplications with breakpoints to the left of
it, such as Dp(1;Y )sc®* and Dp(1;3)sc’, or Dp(1;Y )sc®. Thus, Usc, although a
synthetic lethal resulting from deficiencies, is a real entity.

The existence of euchromatic deficiencies phenotypically “lethal of scute” is
further supported by the analysis of deficiencies resulting from the effects of a
mutator mutant. M. M. Green supplied me with 9~ chromosomes produced in a
mutator stock originally y* in phenotype. I analyzed three of them expecting to
see different phenotypes over the intercalary deficiencies or duplications of the
scute region. All three of them were lethal over Df(1)sc'® and Dp(1;2)sc*, but
one of them was viable over Dp(1;4)sc¥, though lethal over Df(1)sc?, Dp(1;Y)
sc5t and Dp(1;Y)sc®. This genetic test suggests that this chromosome, y~74#-2,
carries a deficiency that begins to the left of Df(7 )sc'’ and extends to the right
of the breakpoint of In(1)sc®! and even to the right of the lethal of scute, because
the phenotype of Dp(1;4)sc?/y~74142 is a strong scute. The other two deficient y~
chromosomes, y~74£10-1 and y~74K1-3_ are deficiencies extending even further to
the right of Dp(1;2)sc**. Cytologically, all three appear as terminal deficiencies
with y74#42 having lost all bands to the left of 7B4 and the other two deficient
through 7B5 or 6 (G. LeFEvrE, Jx., personal communication).

Of the available point lethals in the tip of the first chromosome, none is allelic
to the lethal of scute. A number of lethals in subdivisions 74 and 7B of the X
chromosome were recovered by G. LEFevrE, Jr. and kindly sent to me. Eighteen
of them, grouped in seven complementation groups, do not complement with
Df(1)260-1. Yet all of these lethals complement with Df(7)sc'®, and none are
saved by Dp(1;2)sc*. In fact, between the right breakpoint of Df(7 )sc* and the
right breakpoint of Df('1 )260-1, two lethal complementation groups (six lethals)
have been detected. All of these lethals showed complementation with the partial
deficiencies In(1)y*FLsc®®, In(1 )sc*Esct® and In(1 )sc*isc®®, Df(1)260~1/Dp(1;2)
s¢**/Dp(1;Y )sc® and Df(1)260-1/Dp sc” flies die in the pupal stages, and some
were dissected out of the puparium. They do not show a more extreme sc pheno-
type than that of sc?® or sc? hemizygous males. The lethals found proximal to
Df(1)sc*® do not correspond to scute functions (Garcia-BELLIDO and SANTAMARIA
1978). Thus, the I’sc function seems not to be impaired by single point mutations;
it can only be detected by deficiencies that remove or affect functions of both the
left and right positions of the scute system.

DISCUSSION

Mutations at the achaete-scute system lead to patterns of chaeta suppression
over the entire adult cuticle of Drosophila. The extent of this suppression depends
on the particular allele. This quantitative effect has a qualitative expression in
that the pattern of chaetae affected varies with the allele. This specificity of effect
has led to the hypothesis that the achaete-scute system is a complex locus with
qualitatively different functions (DusiNIN 1929; SEREBROVSKY 1930).
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It was early shown that the pattern of chaetae affected by a given allele could
be modified by genetic (Acor. 1932; Dusinin 1933; STURTEVANT and ScHULTZ
1931) as well as environmental (Gorpscamipt 1931; CrrLp 1935a, 1936; Ives
1939) conditions. With the study of more alleles, a classification of alleles by
their specific fields of action became more and more difficult. The pattern of
suppression of a given allele would overlap that of another depending on whether
it was studied in hemizygous males, in homozygous females, in trans heterozy-
gotes with deficiencies or with another alleles. Some of these observations are
confirmed and summarized in the present paper.

Subsequent genetic analysis and the possibility of visualizing in the salivary
chromosomes the nature of the mutation permit a distinction between “point
mutations” and chromosomal rearrangements. Surprisingly, the latter with one
breakpoint in the achaete-scute region also show an allele-specific phenotype.
This finding suggested the genetic divisibility of the achaete-scute function. The
outstanding work of MurLrer (MurLer 1935b; Murrer and Prokoryeva 1935;
Rarrern and Murrer 1940; see MuLLEr 1955) confirmed this assertion by
analyzing the phenotype of left-right recombinants between inversions. They
found that for a given pair of inversions (A and B) the phenotype of the left
(A)-right (B) recombinant was different from that of the left (B)-right (A)
recombinant and again different from that of either A or B. Since one of the LR
combinations could be extreme in phenotype and the reciprocal combination
nearly wild type, they concluded that the breakpoints of the inversions were
genetically different, one combination creating a deficiency, and the reciprocal
combination, a duplication. Thus, three breakpoints were operationally defined,
delimiting at least three functions: achaete, scute and a lethal combination they
called “lethal of scute”. MuLLER (1955) mentioned a total of 16 inversion break-
points genetically analyzed by the LR test, and confirmed the same subdivisions.
MurLer and Proxoryeva (1935) were able to assign some of these breakpoints
to different bands in the salivary chromosomes, thus confirming cytolcgically
the proposed subdivision of thie achaete-scute system based on genetic behavior.
In the present paper, we have repeated and confirmed some of these observations
(Figure 6).

We have attempted a further analysis of the achaete-scute region using another
genetic test. Making use of available or newly constructed duplications and
deficiencies, we studied the phenotype of their combinations in males, trying to
define “phenotypic breakpoints”. The results are summarized in Figure 10.

As discussed above, (see Table 4 and Figures 7 to 9), we can create scute
phenotypes, different from those of the rearrangements in heterozygotes, by
combining duplications and deficiencies of their elements. This finding suggests
that these rearrangements differ in their genetic breakpoints. Thus, we conclude
that this region is subdivisible in that we can create genetic gaps between break-
points, which are more extreme phenotypically, the more separated are the pre-
sumed breakpoints. Reciprocally, we can also create duplicated regions that
always show the phenotype of the less extreme element of the combination. Based
on the observed phenotypes, with rearrangements to the right of /’sc, we assume
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that there should be a minimum of three different breakpoint positions (corre-
sponding to In(1 )sc® and In(1)sc?, to T(1;2)sc? and T'(1;2)sc™, and to T(1;2)
sc'?), and a maximum of five (Figure 10). It is important to recall that (1) the
phenotype of the rearrangement elements in this region decreases in intensity
from the neighborhood of Isc [In(1)sc®] distally to the right breakpoint of
T(1;2)sc* and (2) this order is also the order of recessiveness between rearrange-
ments (Figure 10).

Similar considerations allow us to suggest a subdivision of the genetic region
to the left breakpoint of Df(7)sc'*?) and a maximum of eight [if only In(1)sc%
between I’sc and y (corresponding to In(1LR)sc", In(1)sc*, In(1)sc® and
In(1)sc"?, to the right breakpoint of Df(1)sc'**, to In(1)sc® and T(1;3 )sc™, and
to the left breakpoint of Df(7)sc***) and a maximum of eight [if only In(1)scS
and In(1)sc"® have identical breakpoints]. It should be remembered that, due to
possible differential variegation of the deficiency and/or duplication element, the
inferred breakpoints could be spuriously shifted or identified as being different.
Again, as in the case of breakpoints to the right of I’sc, expressivity and reces-
sivity decrease from the breakpoint of In(1)sc*, the closest to I'sc, distally to
yellow (Figure 10).

The inferred map of breakpoints based in the phenotype of rearrangements is
supported by the few available cytogenetic data (compare Figures 10 and 11).
Since the band terminology used by early authors is different from that of BrRipGEs
(1938), we have adapted all the available data to Bripges’ map. The left
breakpoints of T'(1;2)sc*’, In(1)y?? and In(1)y* are between 1A8 and 1B1. The
right breakpoint of Df(1)260-1 is to the right of 1B4 (possibly at 1B5-6, G.
LerFEVRE, JR., personal communication). Thus, the yellow achaete-scute func-
tions are located in the interval of the two doublets 1B1-2 and 1B3-4. The break-
points associated with achaete and the left scute region are at the left side of this
interval; In(1)sc® (and its genetic equivalent Df(7)260-2) have breakpoints
between 1B2 and 3, that of In(7)sc* is in 1B3—4. Scaurtz reported Df(1)sc'*
to be deficient for 1B2 (see LinpsLEy and GreLL 1968). The breakpoints of the
right scute region are to the right of that interval; In(1)sc” as well as T'(7;2)sc**
have breaks in 1B4-5, slightly to the right of, or at, 1B4. Thus, with the excep-
tion of In(1)sc® (with reported breakpoint in 1B2-3), the cytogenetic data are
in agreement with the genetic ones. It is remarkable that scute functions can be
coded by lengths of DNA stretching over at least two large salivary chromosome
bands.

Thus, the order of cytological breakpoints in the achaete-scute region is com-
patible with that of the phenotype, with the following characteristics. Rearrange-
ments with breakpoints at eitl:er side of I’sc are scute in phenotype, but are more
extreme the closer the breakpoint is to I’sc. The same conclusion is reached by
the consideration of the scute phenotypes created by genetic gaps between dupli-
cations and deficiencies with breakpoints within the left or the right regions. The
achaete-scute system appears as a tandem reverse repeat of similar functions at
both sides of I’sc. Schematically, it can be described as follows:

. acl—act . .. act—sc¥—sc®? . | . sctm—Dsc™—schn |, . scBE—scht
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The number of functions so defined depends on the power of resolution we
used to distinguish phenotypes. It is important, however, to notice that there are
no qualitative differences between the phenotypes of rearrangements with break-
points to the left or to the right of Psc, nor of the synthetic deficiencies created
within the left (sc?) or the right (sc#) groups. In all the rearrangements studied,
the scute phenotype affects the same seriation of chaeta sites, although to differ-
ent extents (Figures 7 to 9). Thus, the scute functions affected by rearrangements
appear, based on their phenotypes, to be redundant. Trans heterozygotes of the
different rearrangements, within the ac, the sc® or the scf groups, as well as
between them, show an achaete-scute phenotype (Table 4, Figures 7 to 9). It is
interesting to recall that the LR inversion combinations that create a duplication
(i.e., sctlsc*®) are phenotypically wild type (Table 2), and the heterozygous
deficiencies over a normal chromosome are also wild type. Thus, we interpret
these findings as indicating that those functions are not redundant, but rather
reiterative, meaning that the wild-type phenotype requires the function of all of
them. We assume that combinations of different functions are required for the
normal differentiation of a given chaeta or, alternatively, that all the chaetae
require different amounts of all the functions of the system.

The noncomplementation of the trans heterozygotes could be interpreted as
resulting from a cis-polar effect of the rearrangements. However, even if the
trans heterozygote involves rearrangements with breakpoints to the left and to
the right of sc, the phenotype is like that of the weaker rearrangement. More-
over, there is always complete complementation with respect to I’sc. Thus, if a
polar effect exists, the direction of the polarity is always distalward from Isc.
The nature of the polar effect cannot be explained in terms of inactivation of
functions distal to the site of the breakpoint, for duplication elements are capable
of rescuing the phenotype of the deficiencies if they overlap. That is, the functions
carried by the duplication element can be expressed also. Thus, the different func-
tions probably have their own initiation sequences for control of transcription.

We do not know to which of these postulated functions the point mutants
correspond. On the basis of their phenotype and behavior in complementation
tests, they may be subdivided into an achaete and a scute group. However, any
attempt to assign the mutants of the latter group to either the sc® or sc? groups
must wait until a meiotic recombinational analysis is carried out. They fail to
complement, and they show a similar phenotype with all of the intercalary
deficiencies tested. Complementation analysis among them gives similar results
to that of rearrangements; scute point mutants fail to complement each other
although to different degrees, and in general heterozygotes show the phenotype
of the weakest allele in the combination. It is possible that they correspond to the
inactivation of individual functions, although a possible cis-polar effect among
them cannot be discarded altogether. Especially striking is the behavior of sc®*
(and to some extent sc?), which is phenotypically wild type in hemizygous or
homozygous condition, but extreme scute and even lethal over deficiencies. The
same uncertainty applies to the localization of the wild-type function of the Hw
phenotype. Hw is a mutation that maps in the achaete-scute region. However, its
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phenotype does not correspond to that of the deficiency (DemEREcC and HooveEr
1939). The interpretation of those authors that Hw corresponds to a duplication
of some achaete-scute function is reinforced by the observation that LR recombi-
nants such as In(?)sctty**® and In(1 )sc*tsc®® (Table 2) show an extreme Hw
phenotype. It is interesting that this phenotype does not appear in males with
duplications of the chromosome tip such as Dp(7;2)sc%®, Dp(1;2)sc*, or even
longer duplications. Thus, the Hw effect seems to be associated with cis rearrange-
ments (duplications) within the achaete-scute region. Hw phenotype may result
also from variegation of the proximal heterochromatin of the X chromosome
upon the sc® region, as in In(?)sc? and In(1 )sc* (RarreL and MuLLER 1940).

The above interpretation of the organization of the achaete-scute system leads
to a number of questions. Why does the order of rearrangements from more to
less extreme correspond to the order of the inferred breakpoints? Why is this
order symmetric with respect to I’sc?> What are the functional relationships of
Psc, sc* and scB? As to the first two questions, it can be argued that the achaete-
scute system originated as a tandem reverse duplication of the same genetic
material and that became insufficient in a single dose later in evolution. The
decreasing order of strength of the scute phenotypes at both sides of the Psc site
reflects some functional organization of the scute system. Among many alterna-
tives, it is plausible that some kind of cis control is exerted by the I’sc site upon
neighboring sites.

The existence of a I’sc locus, inferred by the phenotype of LR inversion recom-
binants, was confirmed by the behavior of duplication-deficiency combinations.
Cytological data corroborate the existence of distinct breakpoints to the left and
to the right of it. However, the fact that we do not know of any I’sc point mutation
among several lethals recovered from this chromosome region leads to the con-
clusion that it is a synthetic lethal resulting from a genetic deficiency. The find-
ing that the lethality of Z’sc in In(1)sc**sc®® cannot be rescued by the simultane-
ous addition of several duplications with breakpoints distal to In(1)sc* suggests
that its function is different from that of the remaining achaete-scute region. A
developmental analysis of this lethal combination has shown that its phenotype is
related to that of the achaete-scute system (Garcia-BErLLino and SANTAMARIA
1978). Whereas deficiencies for I’sc probably cause insufficiencies in the normal
differentiation of the central nervous system, deficiencies for achaete-scute cause
an homologous insufficiency in the differentiation of the peripheral nervous
system with the total absence of innervated chaetae. Whereas the former are
early embryonic lethals, the latter are viable until metamorphosis and may even
emerge as adults. If the “lethal of scute”, like scute, is also complex, it would be
understandable why no point mutants have been so far detected. It is expected
that only deficiencies will have a striking behavioral or lethal phenotype.

Surron (1943) found that a variety of X-ray-induced rearrangements with
breakpoints in different positions in the tip of the X chromosome may or may
not have scute phenotypes. She discussed the possibility that scute phenotypes
are due to position effects upon a single locus that codes for the scute function.
Under this assumption, the point-mutant alleles would correspond to mutations
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in this locus; the scute rearrangements may correspond to interference with this
locus. If scute phenotypes result from position effects upon a single function, it
is difficult to explain their pattern specificity. Even more difficult to explain is
why duplication-deficiency combinations with elements of these rearrangements
cause phenotypes more extreme than that of the most extreme rearrangement of
the combination. Surton (1943) further reported that scute phenotypes are
caused by rearrangements with breakpoints between 1A8 and 1B5, the same
regions studied here. The present results could be accommodated in a model that
suggests that all the functions of this system represent reiterative, but not identi-
cal, signals that combine in different ways for control of differentiation. From a
formal point of view the functional product of the achaete-scute system can be
visualized as a multimeric complex made up of individual monomeres, each coded
by an independent length of DNA of the achaete-scute locus. That model does
not explain in itself the lack of complementation between different alleles (point
mutants as well as rearrangements). It is further complicated by the assumption
that transcription and/or translation and assembly of the multimeric complex
preferentially occurs upon sequences coded by each homolog. This in turn leads
to the puzzling conclusion that cis-coordinated transcription and/or translation
extends over several chromomeres involving many thousands of nucleotides.

It is interesting to recall the existence in Drosophila of other genetic systems
having striking organizational similarities. LEwis (1964) has suggested that the
bithorax pseudoallelic system is cytologically a tandem repeat of two bands or
doublets, which possess related functions that can be separated by rearrange-
ments. It has a cis-control region in its middle and shows polar effects between
point mutations at both sides of it. In both systems, bithorax and achaete-scute,
related functions are stretched over many thousands of nucleotides with cis-
relationships, with no known parallel to the organization of the prokaryotic
chromosome. The genetic organization of the Abruptex-Notch system (WEgL-
suHONs 1965; FosteEr 1975; PorTiN 1975) also shows similarities with the achaete-
scute system, such as the existence of tandem repeated related functions and
complex trans effects in heterozygotes. Genetic similarities can also be found
between scute and the rudimentary locus. In this complex locus, mutants affect-
ing different enzymes of the pyrimidine biosynthetic pathway have a similar
phenotype, possibly due to the fact that these enzymes are functionally arranged
in a multienzyme complex (see Rawires and Fristrom 1975).

The shortcomings of analysis like the present one is that the observed pheno-
types are far separated from the primary gene product. Thus, any proposal as to
the genetic organization of these loci and their regulatory functions are neces-
sarily speculative. However, the possibility that these systems may represent
models of genetic organization characteristic of eukaryotic organisms makes them
interesting.
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