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FOREWORD

There is no multicellular animal whose genetics is so well
understood as Drosophila melanogaster. An increasing number of
biologists have, therefore, turned to the fruitfly in pursuit of
such diverse areas as the molecular biology of eukaryotic cells,
development and neurobiology. Indeed there are signs that Dro-
sophila may soon become the most central organism in biology for
genetic analysis of complex problems.

The papers in this collection were presented at a conference
on Development and Behavior of Drosophila held at the Tata Insti-
tute of Fundamental Research from 19th to 22nd December, 1979. The
volume reflects the commonly shared belief of the participants that
Drosophila has as much to contribute to biology in the future as it
has in the past. We hope it will be of interest not merely to Dro-
sophilists but to all biologists.

We thank Chetan Premani, Anil Gupta, K.S. Krishnan, Veronica
Rodrigues, Hemant Chikermane and K.Vijay Raghavan for help with
recording and transcription of the proceedings and Vrinda Nabar
and K.V. Hareesh for editorial assistance. We thank Samuel Richman,
Thomas Schmidt-Glenewinkel and T.R. Venkatesh for their valuable
assistance in proofreading the manuscripts, and we also thank
Patricia Rank for her excellent effort in the preparation of the
final manuscripts. The conference was supported by a grant from
Sir Dorabji Tata Trust.

0. siddiqi

P. Babu

Linda M. Hall
Jeffrey C. Hall

Tata Institute of Fundamental Research

Bombay, January, 1980
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OPENING REMARKS

A. Garcia-Bellido

Centro de Biologia Molecular
Universidad Autonoma de Madrid
Madrid, Spain

I think we had the best introduction to this meeting yesterday
evening when we went to a restaurant and had our first taste of
Indian food. Looking at the program, I have the same feeling as I
had when looking through that menu card. There is abundant food of
every kind, food for thought. This is the most ambitious program I
have ever seen; the most ambitious conference I have attended. It
seems to be one piece because of Drosophila alone. When we contem-
plate this diversity, we might be inclihed to react like the biolo-
gists of the forties, before the advent of molecular biology. There
were many things not known that had to be described before attempt-
ing to understand them. You could just abeut take any problem and
go in any direction: development, behavior, ecology and so on. To
contemplate any small parcel of this diversity was socially justi-~
fied because there was no hope of understanding the rules at any
level of biological complexity.

The approach of molecular biology succeeded because it could
show that there are rules and principles that explainh a variety of
molecular processes. We now feel that we can understand the logic
behind diversity. When we contemplate the complexity of an organ-
ism made with different cells and tissues, which performs a series
of behavioral responses, and which can evolve into other types of
organisms, can we ever hope to explain it in molecular terms, or
even attempt a complete molecular description? The answer must be
no because complexity does not result from simple addition of ele-
ments at the lower level but from combinations of certain subsets of
these elements. We can explain DNA in terms of nucleotides but we
cannot predict which four of the possible nucleotides are actually
found in the DNA. From the DNA we cannot predict recombination or
Mendel's laws, although, no doubt, these depend on the very nature

1



2 Garcia-Bellido

of the DNA. Complexity results from interactions and the rules at
any level have to be found at that level. They might be explained

in terms of elements of a lower level and eventually in terms of
molecules. If this conclusion is correct, the practical consequences
would be to go back to the biological realm and keep observing, des-
cribing and experimenting, back to the scientific attitude of the
biologists of the forties. It is a pessimistic conclusion. If we
believe that there are rules in each level of complexity, the first
question is by which methods can we hope to abstract these rules.

In my view, the best instrument to see order in this jungle is
genetics. Genetics is precisely a science of interaction. It is
effectively discovering the elements of a set, and establishing
their hierarchical relationships; it is a science of grammar rather
than of phonetics. It could help us as the Ariadna's thread to not
get lost in the labyrinth. Genetics provides a very different ap-
proach from that of classical biochemistry. 1In a biochemical ap-
proach, we break things into pieces and put the pieces together in
vitro to reconstruct the natural state. By induction, we then infer
the properties of the original system. The geneticists' approach to
complex systems, to a developing egg, to a population, to ecology or
to evolution is somewhat different. He tries to keep the norms of
the system intact and introduces small changes at a time. He then
observes the effects on the whole and draws conclusions about the
interaction rules of the system.

Genetics is, however, not a formal science. Genes are active
in cells and may well determine how cells differentiate and conse-
quently organize into tissues or make the cellular connections which
underly neural responses and behavior. Genes, after all, are ele-
ments which are preserved throughout evolution. They are also re-
sponsible for making species different. The intellectual challenge
is to find out to what extent these discrete properties of different
levels of complexity are coded in the DNA; what are the instructions
to construct them. And this, precisely, is our Jjustification for
choosing Drosophila. About the genes of Drosophila we have a great
deal of information. If genetics is going to be the Ariadna's
thread that I have talked about, I would urge everyone, including
myself, to contemplate the beautiful Ariadna, but care even more
for her thread. I want to end these opening remarks paraphrasing
the last words of Geothe: Genetics, more Genetics.



STRUCTURAL AND FUNCTIONAL ORGANIZATION OF A GENE IN DROSOPHILA

MELANOGASTER

A. Chovnick, M. McCarron, S.H. Clark, A.J. Hilliker and
C.A. Rushlow

Genetics and Cell Biology Section
Biological Sciences Group

The University of Connecticut
Storrs, Connecticut 06268 U.S.A.

INTRODUCTION

In recent years, considerable interest and research effort has
been directed towards an understanding of the mechanisms underlying
the control of gene expression in higher organisms. Several experi-
mental approaches have been employed to this end, and the results of
such studies have been the subject of recent review (Axel et al.,
1979). Major emphasis in this laboratory has been directed towards
the development of an experimental system in Drosophila melanogaster
involving the genetic dissection of a specific genetic unit. The
end-product of this effort will be a gene whose DNA is marked and
mapped to permit eventual identification of the various sequences
that control its expression.

THE GENETIC SYSTEM

The rosy locus in Drosophila melanogaster (ry:3-52.0) is a gen-
etic unit concerned with xanthine dehydrogenase (XDH) activity, lo-
cated on the right arm of chromosome 3 (Figure 1) within polytene
chromosome section 87D. The locus was originally defined by a set
of brownish eye color mutants deficient in drosopterin pigment. Such
mutants were shown subsequently to exhibit no detectable XDH activity
(Glassman and Mitchell, 1959). Figure 2 summarizes reactions used
in this laboratory to assay Drosophila XDH (Forrest et al., 1956;
Glassman and Mitchell, 1959). Zygotes possessing little or no XDH
activity are unable to complete development and die before eclosion
on standard Drosophila culture medium supplemented with purine. This
fact serves as the basis for a nutritional selective procedure which

3



4 Chovnick et al.

Figure 1: Polytene chromosome map of the rosy region of chromosome
three in Drosophila melanogaster (Bridges, 1941).
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Figure 2: Reactions of Drosophila xanthine dehydrogenase.

has made large scale fine structure mapping within the rosy locus
a routine laboratory exercise (Chovnick et al., 1971).

It is now clear that Drosophila XDH is a homodimer (Gelbart
et al., 1974), with a subunit molecular weight of 150,000 daltons
(Edwards et al., 1977). Two observations serve to demonstrate that
the structural information for XDH is encoded by the rosy locus. (A)
Variation in dosage of ry* alleles, from 0-3 doses, appears to be
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the limiting factor in determining level of XDH activity/fly in other-
wise wild-type flies (Grell, 1962; Glassman et al., 1962). (B) The
genetic basis for variation in XDH electrophoretic mobility seen in
wild-type strains, maps to sites within the rosy locus that is defined
by rosy eye color mutants which are XDH™ (Gelbart et al., 1974).

NOMENCLATURE

Electrophoretic mobility variants of XDH are readily isolated
from laboratory stocks and natural populations of Drosophila melano-
gaster. From these sources, we have established a number of wild-
type isoalleles of the rosy locus. These are maintained as stable
lines that possess XDH molecules with distinctive electrophoretic
mobilities and thermal properties. Moreover, the XDH enzyme activ-
ity level associated with each of these wild-type alleles is also
a distinctive, stable phenotypic character. Table 1 summarizes our
present array of ryt isoalleles. The XDH produced by ryt0 serves as
a mobility standard, and is designated xpH1-00, A1l variants XDHs
that are slower are designated by relative mobility values < 1.00,
while faster XDHs are designated by superscripts > 1.00. The ryt4
allele is associated with sharply higher XDH activity than all others
and is classified in Table 1 as high (H), while ry*10 exhibits much
lower activity than all others and is classified as low (L). The
activity levels of the remaining alleles are representative of inter-
mediate levels which we presently classify as normal (N).

Enzymatically inactive rosy mutants are readily selected by
virtue of their visibly mutant eye color phenotype. Over a period
of many years, X-ray, y-ray and EMS mutagenesis experiments have
provided us with a large number of such mutants. We have adopted
the convention of labeling each mutant with a superscript which
identifies the ry? isoallele from which the mutant was derived. Thus,
the XDH-, rosy eye color mutant riy#02, is the second variant iso-
lated from rg+4, and ryl20l jig the first mutant derivative of the

Table 1. Wild-type Isocalleles of rosy

ryt Alleles XDH Mobility XDH Activity
+12, +13 0.90 N
+14 0.94 N
+10 0.97 L
+0, +6, +7, +8 1.00 N
+1, +11, +16 1.02 N
+4 1.02 H
+2 1.03 N
+3, +5 1.05 N
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ry*tl2 allele. Another class of rosy locus mutants exhibits normal
or near-normal eye color in homozygotes, possesses low levels of
XDH activity, and dies on purine supplemented media (Gelbart et al.,
1976) . These mutants are designated by the prefix ps (purine sen-
sitive). Thus, ryPs214, the 14th identified variant of ry*2, is a
purine sensitive mutant associated with a low level of XDH activity
and a wild-type eye color. Electrophoretic sites are noted with the
prefix e. The site responsible for the mobility difference between
the ry*4 product (XDH1.02) and the ry*0 enzyme (XDH1.00) is desig-
nated e408. Thus, ryt? possesses e408s (slow), while ry+4 carries
the e408f (fast) alternative. The difference in intensity or level
of XDH activity associated with the ry*4 isoallele as compared to
other wild-type isoalleles (Table 1) has been localized to a site
designated i409, with ry*4 possessing i409H (high) while ry*0 and
other alleles possess i409N (normal).

GENETIC DISSECTION OF THE ROSY REGION

The rosy region of chromosome 3 has been the subject of extensive
cytogenetic analysis in our laboratory. The precise segment which
has been the major focus of this analysis extends from 87D2-4 to
87E12-F1, a chromosomal section of 23 to 24 polytene chromosome bands
(Figure 1). A detailed description of this work will appear else-
where (Hilliker et al., 1980a, b).

The raw material of this study is a group of 153 non-rosy, lethal
and semi-lethal, apparent site mutants, induced largely with EMS, but
including some radiation-induced mutants. These were selected, or-
iginally, as being lethal with one or another of several chromosomes
possessing deletions of part or all of this chromosomal segment. Then
from a series of experiments involving inter se complementation and
tests for lethality with chromosomes carrying smaller overlapping
deletions of this region, we have been able to identify and order a
total of 20 lethal complemention groups within this segment of 3R
(Figure 1). Thus, with the addition of the rosy locus, a total of
21 complementation groups have been identified in this segment of
23 to 24 polytene bands, a result entirely consistent with the one
gene:one chromomere hypothesis (Bridges, 1935; Judd et al., 1972;
Hochman, 1973).

In "addition to defining the cytogenetic limits of the rosy locus,
another purpose of this work was to establish the limits of the gen-
etic entity in the rosy region that controls XDH. That the rosy
locus itself plays a central role in the control of XDH is well es-
tablished. Of interest is the possibility that the rosy locus may be
part of a larger genetic complex in control of XDH, perhaps including
genes immediately adjacent to rosy. This question was examined in
two ways. One approach was to seek single site rosy eye color mu-
tations that did not complement the vital functions associated with
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the adjoining non-rosy complementation groups. From experiments
carried out earlier (Schalet et al., 1964) and the recent study
(Hilliker et al., 1980a,b) a total of 32 lethal rosy alleles were
recovered. All were found to be associated with rearrangements,
largely deletions, and the lethality in each case involved function-
al deficiency for one or more of the vital genetic units surrounding
the rosy locus.

The second approach was to ask if the recessive lethal lesions
in the genetic units immediately adjacent to the rosy locus could
be shown to influence rosy locus function. Mutants of the left
flanking 1(3)S12 locus and the right flanking pic (piccolo) locus
were examined for effects upon XDH production without success. Taken
together, these experiments strongly support the contention that the
rosy locus is an isolated genetic unit concerned with XDH activity,

609
1606
24,9, 4, 30—]-1, 506} 1605 —] 1602
' 203
201 1603 ¢
402 204 1601 106 25
A. 2;3 ? 5?2 :8 I(:)Z ie 41,' XDH, non-complementing
rosy mutonts
F003+609,207A4
602 L.19
B 6?6 4?6 ﬁz 5?' i XDH rosy mutants exhibiting
interallelic complementation
F—e 1004 — e 1610
e303 e408
e2l7 e302
507
C ¢ 4 e5?8 e1'|l| electrophoretic mobility sites
Fps 6124
_ ps 218
s 214 s 219 s 6l
D Ps ps e p, purine sensitive "leaky"

| 50 x I63 map units | structural mutants

Figure 3: Genetic fine structure maps of rosy locus sites. Map
locations of unambiguous structural element variants (B, C and D)
are positioned relative to map of XDH- non-complementing mutants (A).
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and that all adjacent genetic units are functionally as well as
spatially distinct from the rosy gene.

ORGANIZATION OF THE ROSY LOCUS

Rosy locus variants have been the subject of an intensive and
continuing intragenic mapping analysis. Figure 3 summarizes our
progress in this effort. Figure 3A presents a map of XDH™, non-
complementing, rosy eye color mutant sites. Estimation of the
boundaries of the XDH coding element is provided by the maps of
three classes of unambiguous coding element site variants presented
in Figure 3B (XDH-, allele-complementing, rosy eye color mutant
sites), Figure 3C (electrophoretic mobility sites), and Figure 3D
(purine sensitive "leaky" structural mutant sites). The left bound-
ary is set by the leftmost allele-complementing site mutant, ry606,
On the basis of comparative recombination data and the failure of
large-scale tests with ry606 to produce recombinants, the non-comple-
menting site mutant, ry23, must also mark the left border. At the

FLUORESCENCE UNITS

TIME IN MINUTES

Figure 4: Fluorimetric assay of XDH activities of matched extracts
of strains homozygous for the indicated wild-type isoalleles.
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right end of the map, several electrophoretic sites and the comple-
menting mutants, ry2 and ryL-19, identify the right boundary of the
coding element, with no known XDH variants beyond them. The maps of
Figure 3 position 51 sites to the right of our present left boundary
of the XDH structural element. Moreover, an additional ten sites,
not indicated, map in the structural element.

VARIATION IN INTENSITY OF XDH ACTIVITY

In addition to electrophoretic mobility differences, we have
already noted that the various ry® isocalleles are associated with
variation in level of XDH activity, which also behaves as a stable
phenotypic character. Consider the ry*4 and ry*10 lines which ex-
hibit much greater and much less activity, respectively, than all of
our other wild-type lines ( Table 1). These differences are observed
by following either the purine or pteridine reaction (Figure 2), and
are readily classified in cuvette assays (spectrophotometry or fluori-
metry) or upon gel electrophoresis. Figure 4 illustrates typical
fluorimetric assays of XDH activity in matched, partially purified
extracts of several ry* isoallelic stocks including both ry*4 and
ryt10. Measurements of XDH activity/mg protein, activity/fly and
activity/mg wet weight invariably yield similar relationships.
Activity levels associated with ry*2, ry*6 and ry+ll(Figure 4) are
typical of wild-type alleles presently classified as normal (N) in
Table 1, and never overlap the ry*4 and ry*l0 extremes. Indeed,
ry*10 homozygotes exhibit such low activity, that they may be dis-
tinguished from other wild-type strains by virtue of their purine

Figure 5: "Rocket" electropherogram. Matched extracts of homozygotes
run against anti-XDH serum. From 1. to r., rytll, ry+10, ry+0 and
ry+4 repeated in that order across the gel.
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sensitivity. Detailed analyses of the genetic bases for the ry*4
and rytl0 phenotypes are presented elsewhere (Chovnick et al., 1976;
McCarron et al., 1979). Together, these studies identify a cis-
acting control element located adjacent to the left (centromere
proximal) side of the XDH structural element. The following sec-
tions outline the experimental basis for this conclusion.

FURTHER CHARACTERIZATION OF THE XDH ACTIVITY LEVEL VARIANTS

The variation in level of XDH activity (Table 1 and Figure 4)
is a property of the rosy locus derived from standard mapping ex-
periments. However, the task of distinguishing whether the genetic
bases for the level of activity differences reside in the XDH struc-
tural element, or possibly in a control element is not as simply re-
solved. Based upon fine structure recombination analysis, some of
our ry’ isocalleles differ by as many as five or six structural ele-
ment sites. Independent studies (Coyne, 1976; Singh et al., 1976)
of XDH structural gene polymorphism in natural populations addition-
ally support the view that any two isolated lines will very likely
possess structural element differences. Obviously, the genetic poly-
morphism exhibited by the XDH structural element might also extend
into an adjacent control element. Certainly, level of enzyme activ-
ity is a superficial phenotypic character that might reflect either
structural or control element variation. Thus, we are compelled to
define further this character, and to carry out high resolution fine
structure mapping experiments.

We have considered the possibility that there are structural
differences between the XDH molecules produced by ry*4 and those
produced by other ry? isocalleles that are responsible for the
sharply increased activity of ry+4 preparations. However, we have
been unable to associate this activity difference in any systematic
manner with electrophoretic, thermolability or kinetic differences
(Chovnick et al., 1976; Edwards et al., 1977). Similar comparisons
involving XDH molecules produced by ry*l0 and those produced by other
ryt isocalleles also have failed (McCarron et al., 1979).

On the other hand, immunological experiments clearly support
the notion that the activity differences reflect differences in num-
ber of XDH molecules (Chovnick et al., 1976; McCarron et al., 1979).
Figure 5 presents a typical immunoelectrophoresis experiment utili-
zing the method of "rocket electrophoresis" (Laurell, 1966; Weeke,
1973) to compare the relative numbers of molecules of XDH in matched
extracts of ry*ll, ry*10, ry* 0 and ry*4 homozygotes. Quantitative
analysis of such gels (Chovnick et al., 1976) reveals that the rocket
heights parallel quite closely the XDH activity levels associated
with these isoalleles.

The time course of appearance of enzyme during development has
been determined for a number of our wild-type isoallelic lines, as
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well as for the activity level variants. Synchronous populations
from the various lines are raised to the appropriate developmental
stages, at which time extracts are examined for XDH activity, total
protein and response to XDH antibody (CRM). Thus, we are able to
examine and compare XDH activity/individual, XDH activity/mg pro-
tein or activity in terms of CRM levels throughout development. No
gross differences have been detected among the various strains. While
ry*4 exhibits relatively increased amounts of enzyme throughout de-
velopment and ry+10 i's associated with reduced enzyme, their develop-
mental profiles are otherwise normal. Similarly, tissue distribution
studies have failed to identify qualitative differences that might be
associated with the activity level variants.

GENETIC FINE STRUCTURE EXPERIMENTS

Let us now consider localization of the genetic bases for the
level of enzyme activity differences described above. Fine struc-
ture recombination experiments were carried out that were designed
to pursue the difference between the ry+4 allele (associated with
high activity) and other wild-type alleles which exhibit normal lev-
els of activity (Chovnick et al., 1976). These studies led to the
identification of a site, i409, with ry+4 possessing i409H (associ-
ated with high activity) while such alleles as ry*?, ry*2, ry*® and
ry+ll carry i409N (associated with normal levels of activity). More-
over, these experiments localized this site to the left, but defin-
itely outside of the genetic boundaries of the XDH structural element.
Figure 6 illustrates this localization of i409 between the left end
of the XDH structural element and 1(3)S12, a site mutant in the very
next genetic unit to the left of rosy.

XOH CONTROL ELEMENT XDH STRUCTURAL ELEMENT
606 L19
23 2
103)8512 100
409 408
L] 1 / [
1 ! /.
¢ 000055 9]
001§ N
131k8 0005
41k8

Figure 6: The rosy locus. Size estimates of the structural and
control elements.
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Now let us turn to the low level of XDH activity associated with
the ry+10 isoallele. A series of fine structure recombination experi-
ments were carried out that parallel, in many respects, the ry+ ex-
periments (McCarron et al., 1979). From these studies we identify a
site, designated i1005, with ry*10 carrying i1005L (Low), and our nor-
mal wild-type alleles carrying i1005N (Normal). Additionally, these
crosses position 11005 to the right of 1(3)S12 and to the left of the
XDH structural element. Clearly, these experiments localize i1005
to the same region as 1409 (Figure 6).

At this juncture, one is drawn to the possibility that the ob-
served variation in level of XDH activity (Low, Normal and High)
characterizing our various ry+ alleles (Table 1) may reflect alterna-
tives that map to the same site. Might i1005 and i409 be synonyms
designating the same site, or do they mark separable sites? Hetero-
zygotes of the composition + L + were mated to appropriate

kar H ry406
tester males following a selective protocol designed to kill L and
ry406 bearing progeny. (There were additional markers in the cross
to facilitate diagnosis of all survivors.) If i1005L and i409H are
located at the same site, then all crossovers should exhibit the high
activity associated with i409H. Similarly, conversions of il1005L
should yield i409H. 1In fact, neither of these expectations are ful-
filled. 1In a total of 1.3 x 10° progeny sampled, there were 16 sur-
viving ry* recombinants. Three were conversions of ry406 and ex-
hibited the high level of XDH activity associated with i409H. One
was a conversion of i1005L and possessed a normal level of XDH ac-
tivity. Finally, there were twelve ry* progeny associated with ex-
change for the flanking markers. Nine of these possessed high
activity, while the remaining three exhibited normal XDH activity.
The results of this cross indicate quite clearly that 11005 and 1409
mark separable sites.

Unfortunately, this experiment is unable to determine the re-
lative positions of the two sites because we do not know what effect
the double variant, i1005L i409H, might have on XDH activity. Figure
7 illustrates the ambiguity in our present situation. If the double
variant is associated with less than normal levels of XDH activity,
then the map order illustrated in Figure 7A is correct. In this
case, 11005 is located to the left of 1409, and thus still further
from the left border of the XDH coding element. On this model, the
12 recovered crossovers involve exchange at the indicated positions.
Crossover class (1) represents the 9 high XDH activity crossovers,
while class (2) describes the 3 normal XDH activity crossovers. On
the other hand, if the double variant, i1005L i409H, is associated
with normal activity, then the possibility remains the the reverse
order illustrated in Figure 7B might be correct. Resolution of
this ambiguity requires further experiments which are in progress.
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}_ oosL  i40oN + ) kar iIOOSN i409H ry+
) [ =
(A) i@ i)
spmscsspoooo- booogeooond (2  kar iIOOSN 409N ry*
kar i 1005N i 409H ry
T 140N i100L + (3 kar i409H iIOOSN ry*
| ittt [ -
i(4) 1(3)
| b ! ‘
+ } } ' 4 kar i409H ilOO5L ry*
kar  i409H 11005N ry

Figure 7: Relative map positions of i1005 and i409. Ambiguity in-
herent in random strand mapping experiment.

RELATIONSHIP BETWEEN 1409, 11005 AND THE STRUCTURAL ELEMENT

Might i409H represent a tandem duplication of the XDH structur-
al element? On this notion the ry*4 allele would be considered to
possess two functional XDH structural elements in tandem, presumably
resulting from an unequal exchange event. Such a model is precluded
on several counts:

1. EMS mutagenesis of ry+4 has produced rosy eye color mutations
at a frequency that does not distinguish this allele from other ry*
isoalleles.

2. The ry+4 allele is associated with a single XDH electro-
phoretic band of the mobility class, xDH1-02 (Taple 1). XDH is a
homodimer, and the presence of two electrophoretically distinct
structural elements will produce individuals possessing three XDH
moieties. The tandem duplication model then requires that the ry+4
allele possess two XDH structural elements whose peptide products
are indistinguishable, and of the mobility class XDH1.02, Thus,
1409H should be associated with an XDH1-02_ on this point, the
tandem duplication model fails. In all experiments which recombine
1409H with other electrophoretically distinct structural elements
there is no evidence of the production of an XDH1.02 moiety.
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3. Tandem duplications are characterized by instability in
homozygotes due to increased incidence of unequal exchange events.
The ry+4 stock has been quite stable. Moreover, fine structure re-
combination experiments involving tests of ry400 series mutants
against other XDH™ mutants have been characterized by regular ex-
change events, and the complete absence of unequal crossing over.

4. Cytological examination of polytene chromosomes reveals no
apparent tandem duplication.

Now let us consider i1005L. While the association of il1005L
with a reduction in the number of XDH molecules/fly does not seemingly
lend itself to the tandem duplication model, precedence for such con-
sideration exists in the case of the Bar duplication in Drosophila
meldnogaster and its associated position effect (Sturtevant, 1925;
Muller et al., 1936; Bridges, 1936; Muller, 1936). On such a notion,
the ry*t10 iscallele would possess two XDH structural elements in
tandem. Moreover, by virtue of the resulting change in position of
each member of the duplex relative to some adjacent genetic element(s)
a disturbed function of both XDH structural elements results. Such
a model is precluded by the same arguments described above for i409H.

RELATIONSHIP BETWEEN 1409, 11005 AND A CONTROL ELEMENT

Having eliminated the possibility that either i409H or 1i1005L
might be associated with a tandem duplication of the XDH structural
element, we are drawn, at this point, to the notion that these sites
mark one or more genetic elements that serve to regulate XDH. We
believe that the following points provide a compelling argument.

1. We now possess stocks carrying i409N and i409H with struc-
tural elements producing XDHO.97, xpH1l.00, xpH1l.02, xpH1.03 and
xDH1.05, Examination of these lines has failed to associate 1409
with any XDH structural characteristic.

2. On a more limited scale, we have similarly produced stocks
carrying il1005N and i1005L with structural elements producing XDH0~97,
XDH1.00 and xXpH1.05, gimilarly, we are unable to associate il1005
with any structural characteristic.

3. As noted above, the rosy locus genetic maps of Figure 3
establish the genetic boundaries of the XDH coding element. As a
result of extensive mapping experiments over a number of years, these
boundaries enclose a region that today includes more than 60 sites
representing all of the mapped XDH rosy eye color mutant sites, sites
of electrophoretic variation and "leaky" structural mutant sites.
Eventually, we hope to relate these genetic boundaries to the amino
and carboxy termini of the XDH peptide. However, the fact that these
boundaries have not changed in recent years (Gelbart et al., 1974;
McCarron et al., 1979), coupled with the extensive data upon which
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they are based, strongly suggests that these boundaries may well
approximate the amino and carboxy termini. Only two mapped sites
fall outside of the coding element boundaries (i409 and 11005).

4. While we have failed to associate 1409 and 11005 variants
with XDH structural variation, both are associated with phenotypic
effects that confoym precisely with expectation for control element
variants.

On the basis of evidence thus far presented, a broad array of
regulatory roles are possible, and further specification would be
premature. However, we are able to describe one key feature of their
regulatory function(s). Under one class of regulatory roles, domin-
ance-recessiveness, or incomplete-dominance in heterozygotes would
obtain (trans-regulation). 1In still another class of roles, the func-
tion of a given regulatory element would be restricted to the spe-
cific XDH structural element adjoining it on the chromosome (cis-
regulation). Figure 8 presents an electropherogram demonstrating
the cis-acting nature of i409 and 11005 variation. The photograph
is printed as a negative in order to enhance the contrast between
XDH bands and the acrylamide slab gel. Allele designations are pre-
sented in Fiqure 8 in terms of electrophoretic mobility and level of
XDH activity. Thus, 1.05H refers to a recombinant ryt allele ex-
hibiting the fast mobility of the ryt5 allele (Table 1), and the high
XDH activity level of the ry*4 allele. 1In terms of intensity sites,
this allele should be considered as il005N, i409H. Those alleles
with activity levels designated as N are i1005N, i409N, while L
refers to ilOO5L, 1409N. The heterozygote marked 1.05N illustrates

0.97N
the characteristic 1:2:1 three banded pattern of XDH dimers to be
found in a heterozygote possessing approximately equal proportions
of the fast and slow monomers. Intensity site substitutions, as in-
dicated in Figure 8, produce heterozygotes whose XDH electrophoretic

Figure 8: XDH electropherogram indicating the relative amounts of
xDH1.05, xDH1.01l and XDHO.97 present in matched extracts of flies
heterozygous for the indicated combinations of structural and control
elements.
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gel patterns indicate that the 11005 and 1409 sites are cis-acting
at the level of XDH monomers, to determine the number of monomers
available for dimer formation.

Thus, we may eliminate all regulatory models which associate
i1005 and i409 with the synthesis of a negative or positive acting
diffusible regulatory molecule (Dickson et al., 1975; Gilbert and
Miller-Hill, 1970). Rather, we are drawn to the possibility that
11005 and i409 mark the 5' control element of the rosy locus. Al-
though the present state of this analysis is reminiscent of early
stages in the analysis of the lac region promoter in E. coli (Ippen
et al., 1968; Arditti et al., 1968), we caution the reader that the
present data do not, as yet, permit specification of the control
function involved in either 1409 or 11005 variation. Certainly, it
is reasonable to expect that cis-acting variants of the 5' control
element might involve alterations in DNA sequences which serve as
binding sites for regulatory signal(s), sites for RNA polymerase
binding and initiation of transcription, transcript processing sites,
ribosome binding and initiation of translation. In view of the sig-
nificant recombination between i1005 and 1409, it is most likely
that these sites mark different DNA sequences in the control element,
and thus involve variation in different control functions.

STRUCTURAL AND CONTROL ELEMENT SIZE ESTIMATES

Figure 6 summarizes our present "best" estimates of map lengths
for the rosy locus structural and control elements. Boundaries for
the structural element are described in an_earlier section. The XDH
structural element map distance of 5 x 1073 map units emerges from an
enormous data base (Figure 3), and is not likely to change. However,
control element mapping data is limited, and size estimates should
be considered as quite tentative. Indeed, the present estimate
(Figure 6) represents a significant downward revision of the size
of the control element from an earlier estimate (Chovnick et al.,
1976) , and is based largely upon recent additional mapping data
(McCarron et al., 1979). While the map of Figure 6 indicates am-
biguity in the positions of 11005 and i409 as described above, the
crossovers separate these sites with a map distance of 0.46 x 10
standard map units.

Translation of map distance estimates into DNA base lengths pro-
ceeds from the XDH peptide molecular weight of 150,000 daltons. As-
suming an average amino acid molecular weight (adjusted for peptide
linkage) to be 110, then the number of nucleotides in the structural
element required to code for such a peptide is approximately 4.1 kB
(150,000 x 3/110). Then from the recombination map length of the
structural element (0.005 map units), we relate map length to number
of bases (0.0l map unit - 8.2 kB), which we apply directly to the
adjacent control element (Figure 6). Thus, our present recombination
data lead to a total size estimate for the rosy locus of 5.4 kb. It
should be appreciated that the extrapolation from recombination map
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distance to DNA base length assumes that the XDH structural element is
not interrupted by one or more non-translated intervening sequences
that have been found in the coding elements of a number of higher or-
ganism genes. If such an insert were present in the coding element of
the rosy locus DNA, and if it were to participate in recombination,
then we would have underestimated the size of the coding element, the
relationship of nucleotide bases to map distance and consequently have
underestimated the size of the XDH control element, as well.

Nevertheless, our size estimate for the rosy locus of 5.4 kB is
entirely consistent with the cytogenetic localization of rosy to the
very fine polytene chromosome bands 87D12-13, and cytochemical esti-
mate of the DNA content of such bands. Figure 9 presents a photo-
graph of polytene chromosome segment 87D provided by Dr. George Lef-
evre. Estimate may be made of the haploid DNA content of bands 87D12-
13 by relating them to the DNA content of bands measured by Rudkin
(1965) . The bands that might be associated with the rosy locus are
much finer than the average sized bands measured by Rudkin (30 kB),
and may well approach the finest bands (5 kB) that he measured.

HETEROCHROMATIC POSITION EFFECT: A SPECIAL CASE OF GENE REGULATION

This section summarizes the results of preliminary experiments
that demonstrate a heterochromatic position effect upon rosy locus
function. Position effect in Drosophila is a long known (Sturtevant,
1925) , extensively studied and reviewed (Lewis, 1950; Baker, 1968;
Spofford, 1976), but little understood group of phenomena.

Gamma irradiation of flies bearing kar? ry*ll chromosomes, fol-
lowed by a mating and selection protocol designed to recover "leaky"
structural mutants, "underproducer" control variants and "null"
enzyme mutants succeeded in providing a number of interesting muta-
tions for study. Among these were two purine sensitive alleles of
rosy, ryPs1149 and rypsll1136, that comprise the subject of this sec-
tion. Subsequent genetic and cytological analysis revealed that

Figure 9: The rosy region of section 87D of polytene chromosome 3R.
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these mutants were associated with rearrangements placing the rosy
region of polytene chromosome segment 87D in association with centro-
meric heterochromatin.

That the purine sensitivity of these mutants reflects reduced
XDH activity levels was confirmed by direct fluorimetric enzyme as-
says. Efforts to produce mutant homozygotes or hemizygotes with
rosy region deficiencies revealed that ryPS1149 is pic- (the locus
immediately to the right of rosy), while ryPSI1136 js 1(3)s12- (the
locus immediately to the left of rosy). Lethal mutants representa-
tive of all other rosy region vital genes appear to be complemented
by these rosy mutant bearing chromosomes. Cytological study revealed
that rgPSll49 was associated with a translocation involving a break
in chromosome 4 heterochromatin as well as break in 87D. On the
other hand, ryPSl appears to be associated with an inversion in-
volving section 87D and the centromeric heterochromatin. In the
paragraphs that follow, experiments are described that characterize
ryPS1149  parallel observations have been made for ryPsl1136,

Figure 10 illustrates experiments that demonstrate two facts
about ryPSll49. The experiments involve the method of "rocket"
immunoelectrophoresis (see earlier section) to compare the number of
XDH molecules in matched extracts of kar? ry+11/Tp(3)MKRS, M(3)S34
kar ry2 Sb and kar? rypsll49/rp(3) MKRS,M(3)S34 kar ry2 Sb. The
MKRS chromosome is a rosy region balancer that carries the ry2 mutant,
long known as a CRM™ mutant in homozygotes (Glassman and Mitchell,
1959). The upper gel of Figure 10 compares extracts of females
with two X chromosomes and no Y chromosomes. Clearly, the purine
sensitivity and reduced XDH activity associated with ryP51149 is
also associated with a considerable reduction in the number of mole-
cules of XDH.

The lower gel of Figure 10 compares extracts of females whose
third chromosomes are identical to those of the upper gel. However,
the sex chromosome composition of the lower gel females are X/YS
X-YL. Certainly, the restoration of agpgoximately normal levels of
XDH production in the Y bearing, ryPSl females is strong indica-
tion of a heterochromatic position effect. Similar observasiﬁgs
(not shown) are seen in males. Thus XO males carrying ryP ro-
duce exceedingly low levels of XDH while comparable XY males have
increased, but less than normal levels of XDH.

Further support for the notion of a heterochromatic position
effect is seen in the electropherogram illustrated in Figure 11.
Matched extracts of heterozygotes of ry+ll/ry+13 and rybs1149/y,t13
are run on acrylamide slab gels, and developed as described else-
where (McCarron et al., 1979). While ry*Il and ry*l3 are associated
with normal levels of XDH production,the ry*ll enzyme exhibits a
faster mobility (1.02) than the ry*l13 enzyme (0.90) (Table 1). The
heterozygote, ry*ll/ry+13,exhibits the characteristic 1:2:1 three
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Figure 10: "Rocket" electropherogram. Upper gel consists of matched
extracts, run in duplicate, of X/X females with the following third
chromosomes: (A) kar? ry*ll/MKkRS; (B) kar? rypsll49/Mxrs; (C) kar
ryt1l/MKRS. Lower gel consists of matched extracts, run in duplicate,

of X/¥Sx-YL females with third chromosome genotypes as in the upper
gel.
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Figure 11: XDH electropherogram indicating the relative amounts of
"_—I_UY'—

XDH xDHO.96 ang xpHO-.90 present in matched extracts, run in
dupllcate, of (a) kar2 ry*1l/ry*13, and (B) kar2 rypPsll49/ry+13,

banded pattern of XDH dimers to be found in a heterozygote possessing
approximately equal proportions of the fast and slow monomers. Now
con519$§ thglgattern ‘of XDH dimers to be found in extracts of

/ry . Clearly, there is a very low production of the
ryP51149 associated product. Nevertheless, there are traces of dimer
production at positions that indicate some production of a 1.02
mobility product (the ry +11 enzyme) and a hybrid dimer with approx-
imately intermediate mobility. Certainly, the strong band at 0.90
mobility indicates that most of the rytl3 product is present in the
form of homozygous dimers, reflecting a low level of available faster
monomers with which to form hybrid dimers. These observations indi-

cate a cis-acting reduction of XDH production associated with
rypsl 149 .

Finally, the results illustrated in Figures 10 and 11 further
suggest that the protein product of rypsll49 is a normal ry*ll mono-
mer. It is clearly capable of associating in homozygous and hybrid
dimers with expected mobilities (Figure 11). Moreover, the homo-
zygous dimer production revealed in the immunoelectrophoresis experi-
ments (Figure 10) indicate only quantitative variation in parallel
with enzyme activity levels.

Taken together, these observations indicate that we are dealing
with a Y-suppressed, cis-acting heterochromatic position effect upon
rosy locus function. Additionally, the data suggest that the defect
does not involve the XDH coding element of the rosy locus, but rather
involves an effect upon one or more steps in transcription.

In view of the extensive information already available about
the rosy locus, and the chromosomal region about it, we view this
system as an excellent model with which to pursue questions con-
cerning the mechanism of position effect.
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DISCUSSION

J.C. Hall: 1Is there any experimental method to determine whether a
cis-acting locus is affecting transcription or translation? Although
the cis action you have shown implies that there is no diffusible
product specified by your regulatory sites, these alleles could be
acting cytoplasmically by being transcribed normally and then having
defects at the translational level.

A Chovnick: I am rather reluctant to think of action at the trans-
lational level, but there are any number of possibilities, as we
have noted in the publications on these mutants.
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INTRODUCTION

Minutes are a class of dominant mutants that are characterized
by their recessive lethality, increased developmental time, smaller
body with short fine bristles in the heterozygotes and with varying
degrees of reduced survival and fertility (Lindsley et al., 1972).
This class of mutants was first described by Bridges and Morgan
(1923) and as a group presents many interesting genetical features.
These include: autonomy of the rate of the mitotic division in some
Minutes (Morata and Ripoll, 1975), induction of non-disjunction in
the X-chromosome (Miklos, 1970), cell autonomy of some Minutes in
chaetae differentiation, and cell lethality in genetic mosaics (Stern
and Tokunaga, 1971), and their high rate of induction by ethylmethane-
sulfonate (Huang and Baker, 1976).

While some of the Minutes show no cytologically detectable al-
terations, there are at least 42 "haplo abnormal™ loci which produce
Minute phenotype (Lindsley et al., 1972). On the basis of comple-
mentation patterns between different Minute mutants and the dosage
effect of Minute loci, Schultz (1929) concluded that the similar
pleiotropic effect caused by different Minutes may be the result of
common "phenogenetic" failure and that the qualitatively different
gene products of the different Minutes may perform very similar
functions. Atwood's hypothesis (see Lindsley and Grell, 1968) that

* Present address: Genetics Laboratory, Department of Zoology,
University of Calcutta, Calcutta (India)

**Present address: Department of Biochemistry, University of
Washington, Seattle, Washington (USA)
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Minute loci correspond to the sites of the redundant structural genes
for tRNA is one of the most interesting suggestions made in respect to
such functions. The similarity of the Minute phenotype with those

for the partial deficiencies for the ribosomal DNA (Ritossa et al.,
1966) or 5S ribosomal RNA genes (Procunier and Tartof, 1975) added
force to the hypothesis. It was of interest therefore to look into

the genetic organization of a Minute locus and to know how the dif-
ferent alleles within the locus behave in their expression and com—
plementation patterns.

MATERIALS AND METHODS

The locus chosen for the present study was M(2)173 (location 2-
92.3) on the distal end of the right arm of second chromosome (56F-
57B, see Lindsley et al., 1972). M(2)173 is a mutation leading to
moderate Minute phenotype that is cytologically normal (Figure 1la).
Two other Minutes, M(2)017 and M(2)U were found to non-complement each
other as well as M(2)173. Of these, M(2)017 was found to carry a
small deletion in the 56F5-15 region (Figures 1lb and c). Since it
was viable when heterozygous with the aneuploid deficiency extending
from 56E to 56F, it was concluded that M(2)017 is not deficient for
558 ribosomal RNA genes, which are located in the 56E to 56F segments
(Procunier and Tartof, 1975).

For screening of the M(2)173 alleles, newly eclosed b pr cn
males were fed with 0.025 M EMS (Lewis and Bacher, 1968) and were
mated with twice the number of virgins carrying a Cy balancer (sM1,
SM5 or CyO DTS-513). Treated second chromosomes were recovered over
the Cy balancer in the F; and single b pr cn*/Cy males (where * de-
notes the mutagenized chromosome) were mated to 3-5 virgins of
M(2)173 or M(2)017 females in glass vials and two or three days after
they were transferred to fresh vials. In the F,, the putative lethal
alleles of M(2)173 or M(2)017 were those cultures where straight-
winged non-Cy (b pr cn*/M) flies were absent. The lethal was col-
lected over Cy in the surviving b pr cn*/Cy progeny and a stock was
established from these flies. The Fj b pr en*/Cy was also screened
for the dominant "Minute" phenotype and all of them were crossed
with M(2)173 for allelism tests.

All the putative alleles of M(2)173 were also crossed with both
M(2)173 and M(2)017 and could be classified into three groups: (1)
those that were lethal only with M(2)173; (2) those lethal only when
heterozygous with M(2)017; and (3) those that were lethal when het-
erozygous with either M(2)173 or M(2)017. Lethals in each group were
then crossed with each other for complementation tests, and the prog-
eny were scored not only for the complementing classes but also for
any new phenotype. In addition, all lethals were tested in the
presence of an extra dose of M(2)173% in combination with M(2)173 or
M(2)017. For this a T(Y;2) translocation T(Y;2)J64 carrying a dupli-
cation for 56F-57A was used; and lethal l/M/M+ flies were generated
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Figure 1l: Photomicrographs showing the 56F region of the salivary
gland chromosomes of (a) M(2)173/b pr cn, (b) M(2)017/+ and (c)
M(2)017/Cy larvae. The M(2)173 chromosome is normal, while the
M(2)017 shows a small deletion. This is clear in (c) where due to
partial asynapsis of the balancer the smaller width of the deleted
56F1--9 region (arrow) is clearly revealed.

from the cross 1/Cy %% X X}/y+Y BS Dp J64; nwD M(2)173/+ 99 and
1/Cy %% X XY/yt Y BS Dp J64; Tft M(2)017/+ J9.
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For fine structure mapping, second chromosome dominant markers

on either side of the M(2)173 were crossed onto the lethals as needed

and the following crosses were made: (1) nwP 1;/1, Pu2 %% X M(2)173/

Cyddand (2) nwP 1; Pu2/1, X M(2)173/Cy. The Cy balancer had a dom-

1nant temperature-sensitive mutation which at 29°C allowed only the

11 12 recombinant classes to survive. The symbols 1y and 1, designate

any two complementary recessive lethals.

RESULTS

A total of 7750 mutagenized second chromosomes were tested in
combination with the two Minutes, viz., M(2)173 and M(2)017; 38
lethals were collected. Within them 14 lethals were collected against
the deficiency M(2)017 and were labelled with the prefix D-. The
number of chromosomes tested in this experimental set up was 2150.
The remaining 24 lethals isolated from 5600 pair matings were found
to be allelic to M(2)173. But one of them, 1362, which initially
behaved as a lethal when tested with M(2)173, was subsequently found
to allow survival and enhance the bristle phenotype of M(2)173. Only
13 mutants, however, were found to be non-complementing with both
M(2)173 and M(2)017. Two others, 12 and 2362 were semilethal with
both the Minutes and the survivors exhibited an enhanced bristle
phenotype. Mutants 29, 47, M(2)U exhibited a dominant small bristle
phenotype and the mutant 51 survived as a homozygote.

In our effort to score the dominant short bristle phenotype in
the Cy/b pr cn® F. flies we could isolate 69 such flies out of 2231
progeny. Of thesé 25 transmitted the phenotype to their progeny,
and of the 18 mutants tested for allelism with M(2)173 none was con-
firmed as an allele.

D-91

D-292

D-932

157 2362

775 D-741

1991 29

36 47

D-1368 2735 12 51 ' M(2)U
I II III IV v

M(2)173
M(2)017

Figure 2: Final complementation map of alleles at the M(2)173 locus.
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Results of our complementation tests are presented in Table 1.
Of the 16 mutants that were tested, 14 were lethal to both M(2)173
and M(2)017 and two, viz., 12 and 2362 expressed as Minutes. Five
complementation groups could be identified (Figure 2) and the mutants
could approximately be divided into two groups. Seven alleles fail
to complement D-1368 and 2735, while 4 fail to complement 51 and
M(2)U. Interestingly all these 11 alleles fail to complement mutant
12. The mutant 12 and all the mutants in the complementation groups
IV and V are of considerable importance since all these mutants have
Minute phenotype or they interact with the other to cause a Minute
phenotype. Groups I and II on the other hand, have no dominant short
bristle phenotype and appear to be related with the groups IV and
V, only because the mutant 12 interacts with mutations of all the
others in a number of ways. While 12 complements D-1368, 2735,
M(2)U and 51, it interacts with all the other mutants to produce
short bristle phenotype, accompanied sometimes with many other de-
velopmental anomalies. For example, it will interact with groups
I and II mutants to produce not only short bristles, but also may
exhibit missing bristles, rough eyes, bifurcation of scutellum,
broad wings and reduced viability.

Table 2: Results of allelism test in the presence of the Y-linked
M+ duplication.

X/Xv 99 Xy/y* Y BS Dpged d¢

Lethal 1/M cy/M (Critical class)
1/M Ccy/M
M(2)173 0 80 48%* 62
M(2) 017 0 62 38% 53
D-91 0 73 0 58
D-292 0 56 44 37
D-932 0 55 53 47
775 0 93 68 76
1991 0 86 64 72
D-1368 0 35 55 24
2735 0 78 55 50
12 0 28 24 31
M(2)U 0 47 44* 67
47 0 52 60% 45
29 0 6l 40 64
D-741 0 86 47 44
51 0 41 49 50

* Adults express the Minute small bristle phenotype.
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Results of our experiments to test the lethals in the presence
of the M* duplications have been summarized in Table 2. It was ob-
served that the lethals in heterozygous condition with either of the
Minutes, i.e., M(2)173 or M(2)017 survive in the presence of the du-
plication; an exception is the lethal D-91. It was further observed
that for the expression of Minute phenotype at least two doses of the
Minute was required. For example, the Minute phenotype is not ex-
pressed when the fly is of the genotype X/yt Y BS DpJ64 M*; Cy/nwD
M(2)173, but is expressed in the genotype X/y* Y BS DpJjé64 M+; M(2)173/
nw? M(2)173 (Table 2). The exception however was M(2)U, where two
doses of the M* region could not suppress the dominant small bristle

" phenotype; instead bristles of variable and intermediate size ap-
peared in the X/y* v BS Dpg64 M*+; M(2)U/+ flies.

Our results on the fine structure recombination mapping are sum-
marized briefly. By the selective marker system, described in Mater-
ials and Methods, we could map the different lethals. It was found
that the lethals, 157,775,1991,2735 and D-1368 map to the left of
D-741 and that 775 maps to the left of M(2)U. Recombination frequen-
cies varied from 0.004 to 0.012 map units, with respect to different
pairwise combinations from among the mutations in this cluster.

DISCUSSION

An array of phenotypic diversity was exhibited by the different
alleles of M(2)173. While some are recessive lethals, others are
not and still others survive as homozygotes and exhibit a dominant
small bristle phenotype. In the complementation tests there has
been a clear separation of two classes of alleles; while one of them
(Groups III and IV) includes the mutants which have a dominant small
bristle phenotype occupying one end of the locus, the other class
includes the recessive lethals (Groups I and II) occupying the other
end. The distance between the groups of mutants varies roughly be-
tween 1.2 x 102 to 4 x 107> map units, a distance nearly similar
to length of the rosy gene (Gelbart et al., 1976). Since M(2)173
fails to complement both the groups, one may surmise it to be a
multigenic deletion. The normal cytology, the point mutant nature
of the M(2)173 and the close linkage between the major groups of
mutants however makes the idea more complex. The failure to recover
a mutant which like M(2)173 would have failed to complement all the
remaining mutants, may be due to the fact that mutagens like EMS
usually induce point mutations. )

The manifestation of the dominant bristle phenotype of the
M(2)U in the presence of two doses of M* may be due to the produc-
tion of a substance which interferes with the normal gene product.

On the other hand the survival of the homozygous M(2)173 in presence
of a single M* added as a duplication, is a situation which is prob-
ably different from the two doses of Minute in a triploid, where they
are lethal (Schultz, 1929).
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It is difficult to comment on the relationship that may exist
between the Minute mutants and protein synthesis. Recent studies
indicate that a heterozygous deficiency in a tRNA locus that reduces
the amount of tRNA made is not Minute (Dunn, 1977). It would be
however interesting to note whether or not there is any change in
the tRNA profile in the different alleles of M(2)173 in the presence
of the Y linked M* duplication.
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EFFECT OF ZESTE ON WHITE COMPLEMENTATION

P. Babu and S. Bhat

Molecular Biology Unit
Tata Institute of Fundamental Research
Bombay, India

The locus in which we are most interested is the white locus;
it is on the first chromosome and maps at 1.5 map units. There are
five recombinationally separable sites known in this locus (Judd,
1964). The site which maps right-most is called white-spotted (wSP);
the white (w) allele which has a pure white eye color as well as
white-cherry (w€B)y which has a translucent pink eye phenotype also
map at the next right-most site. Basically, white forms a single
complementation group with the exception of wSP; i.e. all white mu-
tants fail to complement each other with the exception of wSP. The
phenotype of wSP itself is unusual compared to other white mutants;
wSP males and females have spotted eyes of yellowish to brown pig-
ment facets in a light color background. We are here interested in
the fact that the wSP mutation partially complements all other white
mutations. This is clearly seen in the case of w/wSP and wCh/wSP
flies; both these trans-heterozygotes have uniformly pigmented brown-
ish red eyes approaching the wild type. The new observation we have
made is that this complementation between wSP and other white al-
leles depends on the allelic conditions of the zeste locus, where
zeste is also a mutation on the first chromosome at 1.0 map units.
Before we describe our observation, we will briefly summarize what is
known about mutations at the zeste locus.

The mutation zeste (z) discovered by Gans (1953) has the un-
usual property of causing lemon yellow eye color in female flies;
this mutation has no effect on the eye color of males. Gans also
found that it is the number of functional copies of the white locus
which determines the eye color; males with two copies of wt show
the mutant phenotype whereas female flies with one copy of w' are
wild type. In her study of the zeste-white interaction Gans found
a null allele of the z' locus which she called z&. The mutation 2z2

35
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behaves like the deficiency of zeste locus; i.e. z/z2 has the same
phenotype as z homozygote whereas z'/za& is like wild type. By it-
self z2 has no noticeable effect on the eye color of males or fe-

males.

Recently, Jack and Judd (1979) have made an important observa-
tion about the expression of the zeste mutation. They have found
that not only are two copies of w' needed for the expression of the
zeste phenotype, it is also necessary for the two wt to pair with
each other for the mutant phenotype to be expressed. In other words,
z flies with two copies of w' which are so placed in the genome that
they presumably cannot pair with each other have wild type eye color.
Thus, they show that zeste mutant expression shows transvection of
the wt locus. Transvection can be described as a situation where
pairing of the two alleles of a gene plays a role in the function
of that gene.

The oldest known example of transvection, in the bithorax com-
plex studied by Lewis (1954), is also of interest to us. This trans-
vection phenomenon is best seen between bx34€, a weak allele of
bithorax, and Ultrabithorax (Ubx) mutations of the bithorax complex
which map at 58.8 map units, on the third chromosome. Wild type
flies have no observable dorsal metathorax (metanotum); bx34e/bx34e
flies have hairy bristled metanotal tissue between the mesonotum
and the first abdominal segment. Even though Ubx is homozygous
lethal, by generating gynanders with Ubx/Ubx male tissue, it is
observed that the Ubx/Ubx genotype leads to a well developed metan-
otum which looks like a normal mesonotum (Lewis, 1963). The bx34e/
Ubx flies have no metanotum and thus for this phenotype the two mu-
tants complement each other. Lewis discovered that this complemen-
tation is dependent on allelic pairing; if one causes rearrangements
in the right arm of the third chromosome so that pairing between the
two alleles is disrupted, one gets development of metanotum. It was
found that different degrees of metanotal development are seen with
different rearrangements, presumably because these rearrangements
cause different degrees of disruption of pairing between px3%€ ang
Ubx.

Lewis (1959) discovered another mutation, enhancer of bithorax
(en(bx); 1-1.0) which enhanced the mutant phenotype of bx e/be
flies. Thus, en(bx); bx34e/be flies have metanotal development
comparable to flies of genotype bx34€/Ubx which also carry an ex-
treme rearrangement which disrupts the pairing of bx34€ and Ubx.
Kauffman, Tasaka and Suzuki (1973) later found that en(bx) is a
z8-1like allele of zeste and that z@ has the same effect as en(bx).
The relationship between the transvection and the enhancement pro-
duced by z2 in the trans-combination bx34€/Ubx has not been studied
so far. But in light of our recent observation that z2@ abolishes
complementation between white alleles, it is tempting to suggest
that the complementation dependence on allelic pairing seen in
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34e . .
bx /Ubx flies needs the normal function of z locus.

Our observation of the effect of zZ on the complementation of
white alleles is summarized in Table 1. 22 by itself has no notice-
able effect on the eye phenotype of wSP, w or wCh flies, either in
male or female; this was observed by Kauffman, Tasaka and Suzuki
(1973). We find that in the presence of za@, wSP does not complement
w or weh, za& wSP/z w flies have a spotted eye very similar to wSP
(or z& wSP) males in contrast to wSP/w flies which have uniform
brownish red pigmentation. 2z@ wSP/za wch flies also have a mottled
eye distinctly lighter than wSp/wch flies. Thus, the complementa-
tion of wSP with other white alleles is eliminated when z*t is re-
placed by z&. It is worth noting that when z+ is replaced by z,
this complementation is unaffected.

Table 1. Effect of z? on white Complementation.

No. Genotype Eye Color

1) wP; 2% WP light with yellow to

brownish spots

2) WSP/WSP; zawSp/zaWSP light mottled pigmentation;

lighter than (1)

ch a ch

3) w ; zZ w uniform translucent pink
h h h h
4) wc /wc ; zawc /zawc uniform translucent pink;
darker than (3)
5) w; 22 w; w/w; zaw/zaw pure white
sp . .
6) w o /w uniform brownish red, much
darker than wSP
7) zaWSP/zaw light spotted; similar to
wSP
8) wSp/WCh uniform brownish red;
darker than (6)
9) zawSp/zaWCh lighter than (8) and mot-

tled.

We do not yet know whether the complementation observed be-
tween w and other w alleles exhibits transvection or not; nor do
we know whether z? is directly involved in the transvection observed
in bx34e/be flies. But with the scanty evidence that we have we
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want to build a model of complementation dependent on pairing which
applies both to the bithorax complex and the white locus. We as-
sume that z* gene product is needed for complementation in both these
loci. The model is rather specific and thus provides a framework for
our ideas.

Our model of complementation is schematically represented in
Fig. 1. We assume that the z* gene product can bind simultaneously
to two sites (A and B) on the DNA and bring them together such that

(b)

. N

Figure 1l: Schematic representation of the zeste product binding to
DNA. I and T represent the initiation and termination sites of the
RNA transcript. A and B are the sites on the DNA to which the zeste
product can bind simultaneously and bring them close to each other
so that the transcription can jump across from A to B.

(a) transcription in the absence of z* product; the transcript now
includes a copy of the region between A and B.

(b) z* product binds to A and B and the region between them is
"looped out" in the transcription process.

(c) z* product binds to the sites A and B on opposite paired chrom-
osomes leading to a hybrid transcript including copies of regions
from both chromosomes.
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the region between A and B is "looped out" in the transcription pro-
cess. That is, the RNA polymerase jumps across from A to B and the
RNA transcript does not contain a copy of the looped out region.
When the two homologus chromosomes are paired so that the sites A
and B of the two chromosomes are close to each other, we assume that
with some probability the z* product can bind to sites A and B on the
opposite paired chromosomes. This leads to transcription jumping
from one chromosome to the paired chromosome at this point between
sites A and B. The transcript thus produced contains a copy of one
of the chromosomes to the left of A and a copy of the other paired
chromosome to the right of B. It is obvious that the production of
such a hybrid transcript would lead to partial complementation be-
tween mutations of the complex which map on opposite sides of sites
A and B.

There is some operational similarity between our model of pro-
duction of hybrid RNA transcript and the RNA splicing models consid-
ered long ago; but the mechanism of hybrid RNA production in our
model requires the jumping of the polymerase across paired chromo-
somes and thus is expected to lead to transvection. No such trans-
vection is expected in RNA splicing models where the splicing is
specially separated from the process of transcription.

Since the za homozygote is viable, we are forced to assume that
the binding of z* product is not essential; this implies that the
transcript which includes the region between A and B can also be
utilized by the organism, presumably with a lower efficiency. Thus
the coding region of the transcript has to be restricted to one side
of the sites A and B. There are several other consequences of this
model which lead to testable predictions. These will be discussed
in detail elsewhere.

In summary, we have observed that the complementation seen in
the white locus is abolished by z@ mutation. This observation, to-
gether with the enhancement of the mutant phenotype of bx34e/ubx by
z2 observed by Kauffman, Tasaka and Suzuki (1973) leads us to sug-
gest that a similar mechanism of complementation dependent on z?*
gene product operates in both cases. We present an explicit model
which incorporates these features. This model in its essence as-
sumes that the z¥ product binds simultaneously to paired homologous
chromosomes and facilitates the jumping of RNA polymerase from one
chromosome to its paired homologue, leading to the production of a
hybrid RNA transcript.
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DISCUSSION

I. Kiss: 1If zeste plays such an important role as you suggest, how
is it that the z@ mutation is not lethal? Wouldn't you expect z2 to
be pleiotropic?

P. Babu: I do not really have an answer to your question.

A. Chovnick: You suggest that the degree of pairing is very high in
diploid cells. Is there any evidence for such tight pairing except
in polytene cells?

P. Babu: I presume that you are asking about the degree of pairing
in diploid interphase cells. The evidence from mitotic recombination
by A. Garcia-Bellido and F. Wandosell (Mol. Gen. Genet., 161:1978)
with chromosomes containing inversions indicates that except near

the breakpoints, there is a high degree of pairing.
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INTRODUCTION

It is generally believed that development in higher organisms
is controlled by sets of coordinately regulated genes, sometimes
referred to as "batteries of genes". Such gene batteries would pro-
vide the most economical explanation for cases where a single devel-
opmental stimulus, such as a hormone, seems to induce a complex but
well-regulated differentiation response.

In spite of biological evidence suggesting the existence of
sets of coordinated genes acting during development, we still know
little about the make-up of these putative gene sets beyond a small
number of genes coding for abundant proteins. We know even less
about how the coordination of the genes might be effected. 1In fact
there is still very little information about how much eukaryotic
genetic activity is controlled at the level of gene transcription,
how much is controlled at the level of RNA processing and/or trans-
port to the cytoplasm, or how much is controlled at the level of
translation. There is even less information about the molecular
mechanisms involved in control at any level.

Recently, there has begun to be much interest in the heat
shock response of Drosophila as a model system for study of prob-
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lems of genetic control of development (Ritossa, 1962; Ashburner and
Bonner, 1979). During the heat shock a small number of apparently
coordinated genes are induced while most other genes become inactive.
The heat shock response is not itself a developmental response; it
can be induced in all types of Drosophila cells, including cultured
cell lines, and is reversed when the inducing conditions are removed.
Nevertheless, the small number of genes involved, the apparent coor-
dinate control of these genes, and the ease of experimental manipu-
lation make the heat shock response a promising system for gaining
insights into mechanisms which might be used in development. In
addition, the heat shock response is of interest in its own right.
The evidence that has accumulated strongly suggests that the response
may be a homeostatic mechanism enabling the organism to cope with a
variety of stresses.

THE BIOLOGY OF THE HEAT SHOCK RESPONSE

Although now known to be induced by a variety of agents, the
response was named the heat shock response because it was first in-
duced by a temperature shift. This effect was first reported by
Ritossa (1962) who found that when larvae or their salivary glands
were moved from their customary temperature of 25°C to 37°C, nine
new puffs appeared on the polytene chromosomes almost immediately.

A puff appears to be the uncoiling of a small section of the chromo-
some and contains a high concentration of newly synthesized RNA.
Because this morphology is so strikingly that which might be en-
visioned for an active gene, the induction of puffing has long been
taken to indicate the activation of genes. However only recently

has it been possible to show a correlated appearance of RNA sequences
complementary to DNA of the puff (Spradling et al., 1977; Bonner

and Pardue, 1977). At least some of these RNAs code for proteins
which appear in the cytoplasm after the induction of puffing (Mir-
ault et al., 1978; McKenzie and Meselson, 1977).

The induction of nine new puffs in Ritossa's experiments im-
plied that the temperature shift had activated a small set of genes
in the salivary gland cells. Further work by Ritossa and others
{Ritossa, 1964; Ashburner, 1970; Leenders and Berendes, 1972; Lak-
hotia, 1971) showed that exactly the same set of puffs could be
induced by a wide variety of environmental factors, including re-
covery from anaerobiosis, inhibitors of electron transport, un-
couplers of oxidative phosphorylation, and inhibitors of various
cellular functions. The finding that such a varied list of inducers
can induce the same small set of genes argues that these genes can
respond to a common control although the evidence has not yet per-
mitted the identification of the molecular basis of this control.
The known list of inducing agents has suggested several possible
mechanisms of induction, but there is little evidence to support any
of these postulated mechanisms.
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Although the inductive mechanism has not yet been identified,
the known list of environmental inducers suggests that the heat
shock response is of physiological importance. A Drosophila might
be expected to encounter some of the known inducers, especially
heat and anoxia, as stresses in its everyday life. A reaction
enabling the insect to cope with these stresses would clearly be
advantageous.

As might be expected of a homeostatic response, the heat shock
response is neither tissue- nor stage-specific. Each Drosophila
tissue studied has shown the same response. All polytene tissues
show the same set of induced puffs. Non-polytene tissues produce
the same set of heat shock-induced RNAs and polypeptides. It is
important to note that Drosophila can recover totally after rather
long periods of the altered metabolic state of the heat shock re-
sponse. We have kept cultured cells for as long as ten hours at
37°C and seen recovery of essentially all of the cells after the
culture was returned to 25°C. Experiments by Lindsley and Poodry
(1977) showed that pupae could undergo reversible periods of devel-
opmental arrest of at least six hours if placed under conditions of
heat shock or anoxia. During this developmental arrest the animals
were immune to a second environmental insult which would have pro-
duced developmental abnormalities if given under normal conditions.

Thus, what we now know about the heat shock response is con-
sistent with the idea that it may be important to the insect as
a means of surviving stress. Further attempts to confirm this
hypothesis will require identification of the functions of the pro-
teins synthesized during the response, an endeavor which has not yet
been successful.

THE HEAT SHOCK RESPONSE AS A MODEL SYSTEM FOR CONTROL AT THE LEVELS
OF RNA TRANSCRIPTION, PROCESSING AND TRANSPORT

The early studies on polytene puffing gave the first indication
that heat shock (and the other inducers) produced changes in the
pattern of transcription. Not only were nine new puffs induced but
many of the pre-existing puffs disappeared (Ashburner, 1970), sug-
gesting increased transcription at some loci and decreased trans-
cription at many others.

We have used another approach to measure transcription during
heat shock. Cells are placed under heat shock conditions, 3H-
uridine is added to the medium, and incubation is continued for one
hour. ©Nuclear RNA isolated from the cells is analyzed by hybridi-
zation in situ to polytene chromosomes. Only RNA transcribed
during the heat shock will be radioactive. The in situ hybridi-
zation makes it possible to identify the chromosomal sites comple-
mentary to the radiocactive RNA and to measure the relative amount
of 3H-RNA in the nuclear RNA which is complementary to each locus.



44 Pardue et al.

Most of our analysis of nuclear RNA has been done on cells of
the continuously cultured Schneider 2-L line (J.A. Lengyel, L.J.
Ransom, M.L. Graham and M.L. Pardue, in preparation). Comparison of
the pattern of in situ hybridization of nuclear RNA from heat
shocked cells with the pattern of nuclear RNA from control cells
shows clear differences between the two populations of transcripts
(Pardue et al., 1977). Nuclear RNA from heat shocked cells contains
sequences complementary to DNA in the heat shock puffs as well as to
DNA in additional chromosomal sites. However the pattern of hybridi-
zation by heat shock nuclear RNA is significantly less complex than
the pattern of hybridization of nuclear RNA from control cells
(Figure 1).

Figure 1l: Autoradiograph of salivary gland chromosomes showing
hybridization of $-nuclear RNA from Schneider 2-L cells labelled
for 1 hr at 37%C. Hybridization is to heat shock puff loci (some
indicated by arrows) and a number of other sites. Hybridization at
the site marked C is due to an internal standard added to the hy-
bridization mix. The cluster of grains marked n is over the nucle-
olus. Giemsa stain; X400; exposure 44d4.

A more detailed analysis of transcripts complementary to the
DNA of the three major heat shock loci, 87aA, 87C, and 93D, shows
that transcripts from these three loci are metabolized in signifi-
cantly different ways, despite the apparent coordinate induction of
the puffs by heat shock (J.A. Lengyel, L.J. Ransom, M.L. Graham
and M.L. Pardue, in preparation). The cells used in this set of
experiments were heat shocked at 35°C since the rate of synthesis
of heat shock RNA in the Schneider 2-L line increases with temper-
ature up to 359C, but falls off precipitously above this temperature.
Furthermore, at least one major species of heat shock-induced poly-
(3)*T RNA does not appear in the cytoplasm at temperatures above 35°C
in this cell line (Spradling et al., 1977). Cells were put at 35°C
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for ten minutes, 3H-uridine and 3H—guanosine were added, and incuba-
tion was continued for one hour. RNA was then prepared from both
nuclear and cytoplasmic fractions of the cells, separated to give
poly (A)* and poly(A)~ species by oligo (dT)-cellulose chromatography,
and analyzed by in situ hybridization to polytene chromosomes from
larval salivary glands. Quantitative analysis of the amount of
hybrid formed at each of the loci as a function of the amount of
radioactive RNA added allowed us to measure the relative amounts

of RNA complementary to each locus in the different RNA fractions
(Figure 2).

In earlier experiments (Spradling et al., 1977) we had found
two different cytoplasmic RNAs, both of which were complementary to,
and presumably transcribed from, polytene band 87Cl. One of these
RNAs has been shown to code for the 70K heat shock protein (Mirault
et al., 1978). The function of the other RNA is unknown. More
recently several groups have obtained recombinant DNA molecules car-
rying sequences complementary to one or the other of these two
cytoplasmic RNAs (Lis et al., 1978; Livak et al., 1978; Artavanis-
Tsakonas et al., 1978). Both types of recombinant DNA hybridize to
band 87C1 where the sequences are close but distinct at the molecu-
lar level (Ish-Horowicz et al., 1980). In our in situ experiments
with nuclear RNA (J.A. Lengyel, L.J. Ransom, M.L. Graham and M.L.
Pardue, in preparation), the kinetics of hybridization were consis-
tent with the presence of at least two RNA species complementary to
band 87C1l in the nuclear RNA.

We have analyzed sequences complementary to 87C1l further by
filter hybridization to recombinant DNA from plasmid 229.1, which
contains sequences coding for the 70K protein (Livak et al., 1978),
and cDm 703, which codes for RNA of unknown function (Lis et al.,
1978) . Although the concentrations of RNA sequences complementary
to these two plasmids were nearly equal in the nuclear RNA, the
cytoplasmic concentrations differed significantly, the RNA coding
for the 70K protein being at least five-fold more abundant in the
cytoplasm than the RNA species complementary to cDm 703.

Puff 93D differed from the puffs at 87A and 87C in that both
saturation and competition experiments showed the cytoplasmic RNA
to have only 41-55% of sequence length of the nuclear transcript
complementary to 93D. The analyses of hybridization to both 87A
and 87C had been consistent with all of the sequences of both these
loci being represented in cytoplasmic RNA. The transcript at 93D
is also unusual in that, although nuclear RNA contains approximately
equal concentrations of poly(A)t and poly(A)~ transcripts, the se-
quences in cytoplasmic RNA complementary to 93D are predominantly
poly (A)~, suggesting preferential retention of poly(A)T sequences
in the nucleus. Cytoplasmic RNA complementary to 87A and 87C is
more nearly evenly divided between poly(A)t and poly(A)~ fractions.
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grain ratio to 84D

3H-RNA dpm/ul

Figure 2: Saturation hybridization of heat shock sites 87A, 87C and
93D, with various RNA fractions. SH-nuclear and cytoplasmic poly-
(A)t and poly(A)- RNA was prepared from Schneider 2-I cells labelled
for 1 hour at 350C. The RNA was hybridized in situ to salivary
gland polytene chromosomes. A constant amount of 3H-CRNA to plas-
mid pDm2 (complementary to site 84D) was included in each hybridi-
zation mixture as' an internal standard. After autoradiography (9-
14 days), grains over sites 84D, 87A, 87C and 93D were counted in
10-20 fields for each slide, without knowledge of the identity of
the slide. The data are plotted as the ratio of grains over the
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Figure 2 (continued) :

particular site to the grains over 84D, and were fit to pseudo-first
order reaction kinetics by a non-linear least squares computer program
(Pearson et al., 1977). A solid line (________) has been drawn
through data which reached a saturation plateau, and a dotted line
(==——=- ) through data which did not.

(a) Hybridization of poly(A)* (e—___q) and poly(A)~ (o—o0)
cytoplasmic RNA to 87A. Because the plateaus of the best one-compon-
ent fits of poly(A)* and poly(A)~ RNA were similar (.48 and .42, re-
spectively), an average plateau (.44) was determined by fitting the
combined sets of data (after normalizing for the difference in rate

constants). Forcing the fits to this plateau increased the rms error
of each fit (over the "best fit") by less than 3%.
(b) Hybridization of poly(A)t (e----- ®) and poly(A)~ (o----- o)

nuclear RNA to 87A. These hybridization data were fit to the same
plateau as that for the cytoplasmic RNA (.44), resulting in rms
error increases of less than 2% over the rms errors of the best fits.

(c) Hybridization of poly(A)t (e——e) and poly(A)~ (o—o0)
cytoplasmic RNA to 87C. The plateaus of the best one-component fits
were very similar (1.6 and 1.4, respectively). The hybridizations
were therefore fit to an average of these plateaus (1.5). The fits
shown here are two-component fits, as there is independent evidence
that there are two different RNA species derived from 87C (see text).
The two components of the fit were each fixed to 50% of the plateau
value, as this is the approximate proportion in which the two differ-
ent sequences are present at 87C and does not bias the fit toward
either component. The rms errors of these two component fits are
the same as those for one component fits forced to a plateau of 1.5.

(d) Hybridization of poly(A)t (e-—-—- e) and poly(A)~ (o----- Q)
nuclear RNA to 87C. As was done for the cytoplasmic RNA (see c)
the data are fit to two components with the plateau fixed at 1.5.

For poly(A)t RNA the rms error is 27% less, and for poly(A)~ RNA

5% less, than the rms error for a one-component fit forced to a
plateau of 1.5. The rate constant for the second component of

the poly(A)~ nuclear RNA was fixed at .0001 (even though lower rate
constants gave a somewhat better fit) because the concentration of
species hybridizing to 87C in poly(A)~ nuclear RNA is at least one
tenth of that in poly(A)* nuclear RNA, for which the second component
rate constant is .0027.

(e) Hybridization of poly(A)* (e-—--- e) and poly(A)~ (o----—- o)
cytoplasmic RNA to 93D. The poly(A)+ cytoplasmic RNA hybridization
was not significantly above background; it was therefore not fit by
computer. The curve through the poly(A)~ RNA hybridization data is
the best one-component fit.

(f) Hybridization of poly(A)+ (6——e) and poly(A)~ (o—o0)
nuclear RNA to 93D. The curves for both poly(A)~ and poly(A)* RNA
are the best one-component solutions.
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Although the data on hybridization at 93D might indicate that
there is a large nuclear precursor which is processed to yield the
cytoplasmic RNA, it is also possible that there are two or more
transcripts of the locus with quite different rates of transport to
the cytoplasm and/or different life-times. The question can best
be resolved with the aid of recombinant DNA, carrying sequences
from 93D; this is the focus of current experiments.

This analysis of the three major heat shock loci showed that,
although the transcription of these puffs is apparently coordinately
controlled under heat shock conditions, the further history of the
transcripts varies from locus to locus. Differences in the fate of
the transcripts exist not only between puffs but also within puffs.
At least one, and probably two, of the loci codes for more than one
RNA species. The multiple species are distinguishable by their
relative distribution in the nucleus and in the cytoplasm. This
implies that these RNAs differ from each other in the rate of ex-
port from the nucleus and/or their rate of turn-over in the cyto-
plasm. Thus, a group of coordinately transcribed RNAs may be sep-
arately regulated at a post-transcriptional level.

THE HEAT SHOCK RESPONSE AS A MODEL SYSTEM FOR CONTROL AT THE LEVEL
OF TRANSLATION

The heat shock response is also a system in which there is con-
trol of gene expression at the level of translation. In addition to
preferential transcription of a small set of RNAs there is preferen-
tial translation of these RNAs. This control at the level of trans-
lation removes the pre-existing mRNAs from the polysomes rapidly and
so increases the abruptness of the physiological responses.

The rapid decline in translation of pre-existing mRNAs is not
due to degradation of these RNAs. If cells under heat shock condi-
tions are given actinomycin D and then returned to 25°C, they will

Figure 3: Autoradiographs of polyacrylamide gels of proteins syn-
thesized in vivo by L-2 cultured cells and in vitro by rabbit retic-
ulocyte lysates; demonstrating the presence of many 25° mRNAs in
heat shocked cells.

a) Proteins labelled in vivo during a one hour pulse with ¥s-
methionine. Cells at 259.-

b) Proteins labelled in vivo during a one hour pulse with 35g-
methionine. Cells at 36°.

c) Protein synthesized in vitro in lysates programmed by
poly(A)-containing RNA from cells heat-shocked to 36° for one hour.

Proteins from whole cells (a,b) or in vitro translation reac-
tions (c) were separated on two-dimensional polyacrylamide gels as
described by O'Farrell (1975). 1In vitro translation procedures
were as described by Pelham and Jackson (1976).
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eventually begin to synthesize the proteins normally made at 25°C.
The mRNAs which direct this new synthesis must have been made
before the heat shock began since the drug inhibited new transcrip-
tion of nuclear DNA after the cells were returned to the normal
growth temperature (McKenzie, 1976; R.V. Storti, M.P. Scott, A.
Rich, and M.L. Pardue, in preparation). This implies that the pre-
existing mRNA, although not translated during heat shock, was some-
how sequestered until normal growth conditions returned.

Functional mRNAs from the set being translated before the heat
shock can also be detected by cell-free translation of RNA isolated
from heat-shocked cells. Experiments done in several laboratories
have shown that mRNA extracted from heat shocked cells can be trans-
lated in cell-free translation systems made from rabbit reticulocytes
or wheat germ (Figure 3). 1In every case the RNA directed synthesis
of the polypeptides normally made by cells growing at 25°C as well
as the heat shock polypeptides (S. Lindquist, in preparation; Mirault
et al., 1978; R.V. Storti, M.P. Scott, A. Rich, and M.L. Pardue, in
preparation). In vivo labelling under the same heat shock condi-
tions’ showed little except the heat shock proteins being synthesized
in the intact cells.

Although cell-free translation systems made from rabbit retic-
ulocytes or wheat germ appear to translate Drosophila mRNA accurately,
these heterologous systems apparently do not discriminate against
the pre-existing mRNA species in RNA prepared from heat shocked
cells. In order to investigate further the mechanism of the heat
shock translational control we found it necessary to develop a hom-
ologous cell-free translation system which could be dissected and
reconstituted using defined components. The system which we have
described (Scott et al., 1979) is prepared from cells of established
Drosophila cells lines. (We have used Schneider 2-L cells (Lengyel
et al., 1975) and K¢ cells (Eschalier and Ohanessian, 1969)).

These cell lysates are capable of polypeptide initiation and can be
made dependent on exogenous mRNA by digesting endogenous mRNA with
micrococcal nuclease which is then inhibited by the removal of Cat*t
(Pelham and Jackson, 1976). We have used the system successfully
to translate a number of viral, invertebrate, and vertebrate mRNAs
(Figure 4).

With increasing interest in the molecular biology of Drosophila
the cell-free translation system should provide a useful homologous
system for various types of studies. For our present interests, one
of the most useful features of the lysate is its ability to carry out
the heat shock-induced translational control. Figure 5 shows that
although lysates prepared from control cells translated mRNA from
both control and heat shocked cells effectively, lysates prepared
from cells growing under heat shock conditions show a clear discrim-
ination in favor of heat shock mRNAs. The data support two conclu-
sions at this point. First, the lysate is discriminating on the
basis of the primary sequence of the RNA. The RNA added to each
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Figure 4: Products of cell-free translation in Drosophila lysates,
wheat germ extracts, and rabbit reticulocyte lysates. Electrophor-
esis was in a 12% SDS-polyacrylamide slab gel.

1) Two microliters (3200 cpm) of a 25 puL reaction mix of Dro-
sophila lysate with no added RNA (endogenous synthesis).

2) Two microliters (32000 cpm) of a 25 uL reaction mix of Dro-
sophila lysate with 192 ug/mL vesicular stomatitis virus (VSV) mRNA
added.

3) 32,000 cpm of the products translated from VSV mRNA in
wheat germ extract.

4) 33,000 cpm of the products translated from VSV mRNA in
rabbit reticulocyte lysate.

5) Proteins labeled in vivo in VSV-infected Chinese hamster
ovary (CHO) cells.

6) 5 uL (8000 cpm) of a 25 pL reaction mix of Drosophila ly-
sate without added mRNA (endogenous synthesis). '

7) 7 uL (33,000 cpm) of a 25 uL reaction mix of Drosophila
lysate containing approximately 320 pg/mL total RNA from Schneider
cells grown at 25°,

8) Same RNA as in (7), translated in wheat germ extracts
(30,000 cpm) .

9) Same RNA as in (7), translated in rabbit reticulocyte lysate
(30,000 cpm).

10) 5 uL (33,000 cpm) of a 25 uL reaction mix of Drosophila ly-
sate containing apgroximately 320 pg/mL total RNA from Schneider cells
heat shocked to 36~ for two hours.

11) Same RNA as in (10), translated in wheat germ extracts
(33,000 cpm).

12) Same RNA as in (10), translated in rabbit reticulocyte ly-
sate (29,000 cpm).

Exposure was for two days. (0) Origin; (bpb) bromphenol blue
dye marker.
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Figure 5: Translation of embryo poly(A)+ RNA in normal and heat
shock Drosophila lysates.
a) 25° lysate; no added RNA; 9500 cpm.
b) 36° lysate; no added RNA, 5400 cpm.
c) Mixed lysates; no added RNA; 15,400 cpm.
d) 250 lysate with 250 mRNA; 36,000 cpm.
e) 36° lysate with 25° mRNA; 12,500 cpm.
f) Mixed lysates with 25° mRNA; 31,000 cpm.
g) 259 lysate with 36° mRNA; 44,600 cpm.
h) 36° lysate with 36° mRNA; 19,800 cpm.
i) Mixed lysates with 36° mRNA; 26,900 cpm

Lysates were prepared as described by Scott et al. (1979)
from cultured cells kept at 25°C, and from cells warmed to 36°C for
one hour. Poly(A)* RNA was prepared from 0.5 g of 12-18 hour Dro-
sophila embryos kept at 23°C or at 36°C for one hour. Heat shock
proteins (H) and actin (A) are indicated. The autoradiograph of a
10% SDS-polyacrylamide gel exposed for one day is shown. Egqual
amounts of mRNA were added to each translation reaction, and equal
amounts of each reaction were loaded on the gel.
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lysate had been treated with protease and extracted with phenol so
it is unlikely that the translation selection is based on a protein
which might have become associated with the RNA molecule as it was
processed in the nucleus. Second, the effect of the heat shock per-
sists for some time after the removal of the inducer. Lysates from
both control and heat shocked cells are maximally active at 28°C

(a non-heat shock temperature) so the in vitro translation reactions
are all performed at that temperature. In spite of this the pattern
of translation in the two'lysates clearly reflects the state of the
cells from which the lysates were prepared. The persistance of the
translational control suggests that the heat shock induction may in-
duce molecular changes which have a measurable lifetime under non-
heat shock conditions.

CONCLUDING REMARKS

The heat shock response offers an especially favorable experi-
mental situation for studying questions of control of gene expres-
sion applied to specific genes. 1In outline the response is appar-
ently a simple one in which expression of a small number of genes can
be induced by a variety of agents. However, the accumulating experi-
mental evidence shows a number of post-transcriptional points, such
as processing, transport from the nucleus, and translation, where
individual RNA species may be treated differently. Eventually, study
of the heat shock response may help to understand the mechanisms of
these discriminations and the extent to which they may modulate gene
expression.
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DISCUSSION

I. Kiss: I am going to ask a naive question. What happens if you
heat shock a lysate made from non-heat shocked cells? Can you induce
any change?

M.L.
been
take
pect
is a

Pardue: I don't think it is a naive question at all. We have
trying to do this. The trouble is that for some reason when we
any lysate above 34°C, the lysate is no longer active. I sus-
that there might be some degradation at high temperature. This
technical problem and it does not say anything about heat shock.



REGULATION OF DNA REPLICATION IN DROSOPHILA

A.S. Mukherjee, A.K. Duttagupta, S.N. Chatterjee, R.N.
Chatterjee, D. Majumdar, Chandana Chatterjee, Mita Ghosh,
P. Mohan Achary, Anup Dey and Indranath Banerjee

Department of Zoology
Calcutta University

35 Ballygunge Circular Road
Calcutta 700 019, India

INTRODUCTION

The biosynthesis of DNA in the eukaryotic system distinguishes
itself from that in prokaryotes by many significant points. Although
much evidence indicates that in both systems replication proceeds in
both directions from the initiation point in the complementary strands
(Hubermann and Riggs, 1968; Callan, 1974; Kriegstein and Hogness, 1974;
Painter, 1976), the existence of multiple initiation points, the mul-
tiple termini, the differences in the size of replication units in
different eukaryotic systems, the rate of chain growth, etc., are some
of the complex features of eukaryotic systems. The organization of
eukaryotic chromatin, the existence of heterochromatin and euchrom-
atin, and the new concept of DNA-histone organization in the nucleo-
some (Seale, 1978) demand additional assumptions in establishing the
regulatory mechanism of DNA replication in eukaryotes.

From the fiber autoradiographic studies of Hubermann and Riggs
(1968) , and of others (Callan, 1972, 1974; Painter, 1976; Hand and
Tamm, 1973), which allow the visualization of replication of mol-
ecular DNA with the light microscope, it was clear that: (a) DNA
replication in eukaryotes starts at multiple initiation sites ar-
ranged in tandem order; (b) replication proceeds from the two grow-
ing points on the complementary strands in opposite directions to-
wards the replication forks; (c) the chain growth takes place in
both directions from the initiation points, the growing chain meeting
at the point called terminus; (d) the points of initiation in a par-
ticular tissue system are fixed, but the termini are not fixed se-
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quences; (e) the length of terminus-to-terminus is considered to be
one replicon.

There is no definite knowledge regarding the relation between
different replication units or replicons with respect to their time
of initiation or termination, or with respect to the determination
of their chain growth. Callan (1972) suggested that the time and
number of initiation sites might be determined either by qualitatively
different sets of recognition sites and number of DNA polymerases,
or by an inherent difference in the macromolecular configuration over
the sequences of the genome. Upon comparison of the DNA replication
in somatic and pre-meiotic S phase in Triturus groups, Callan (1972)
confirmed that each chromomere in an extended chromatin is equivalent
to one replicon. It may be recalled that Pelling (1966) proposed that
each chromomere in the polytene chromosomes of diptera is a unit of
replication.

However, studies on the replication in dividing cells (Stubble-
field, 1974) and non-dividing giant cells of diptera (Rodman, 1968;
Plaut et al.,1966) suggest that clusters of replicons somehow maintain
a synchrony of replication with respect to initiation, chain growth
and termination. Such clusters were termed by Stubblefield (1974) as
replicon series. Existence of such harmony among groups of replicons
was confirmed by Painter (1970, 1976), Blumenthal et al. (1974),
and Callan (1974), at the level of DNA; and Mulder et al. (1968),
Arcos-Teran (1972), Lakhotia and Mukherjee (1970), Chatterjee, S.N.
and Mukherjee (1975), and Chatterjee, R.N. and Mukherjee (1977a) at
the level of the chromosome or chromatin.

Arcos-Teran and Beermann(1968) and later Mukherjee and his col-
laborators (1978) conceived the possible existence of factors which
might guide the harmonious chain growth and termination in a repli-
con series. Chatterjee and Mukharjee (1975) proposed a distinction
between the factors responsible for synchronous initiation and ter-
mination. This report presents information bearing upon the pos-
sible levels of control of in vivo DNA replication in Drosophila
and possible future work that may yield information on the regula-
tion of DNA replication.

PROBLEMS 'ENCOMPASSING DNA REPLICATION IN EUKARYOTES

DNA replication in eukaryotic systems differs from that in
prokaryotes in several important features. These features, although
serving the important purpose of organization and differentiation,
create special problems with respect to regulation and maintenance
of the system. First, DNA replication in eukaryotes starts at mul-
tiple initiation points. The problems that ensue are concerned with
how the initiation sites are determined, how they are maintained, and
whether there are fixed nucleotide sequences in DNA for initiation
sites to be recognized by the enzymes. Second, the work of Mueller
and Kajiwara (1966) using sequential labelling of synchronized HeLa
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cells successively with l4C-thymidine and BUAR showed that the

same sequences are replicated at least at the beginning of each repli-
cation, which impIies that initiation sites on the euchromatin may be
fixed. This is probably true also for Drosophila polytene chromosomes,
where it is seen that certain specific puff sites are labelled at the
initial phase when given a short pulse of 3H—thymidine (Roy and Lak-
hotia, 1979; Majumdar and Mukherjee, 1980). Obviously, this implies
that there is sequential initiation of DNA replication at many sites
on the eukaryotic genome. What accounts for such fixed sequence of
initiation of replication?

Third, the number of initiation sites varies in different tis-
sues and in different developmental stages of the same organism (Cal-
lan, 1974; Blumenthal et al., 1974). This means that there is a
problem of inactivation and reactivation of some initiation sequences
in different tissues and at different developmental stages.

Fourth, Hubermann and Riggs (1968), on the basis of fiber auto-
radiographic patterns, proposed that the eukaryotic DNA consists of
tandemly arranged initiation sequences alternating with termini. As
questioned by Blumenthal et al. (1974) and Hand (1975), the presumed
existence of fixed origin and termini could cause problems not only
in regard to their maintenance but also with respect to replication
in genetically-altered genomes such as translocations, deficiencies,
etc. In actuality, such problems do not occur. This implies that
there must be some other means of termination and chain growth sig-
nals.

Fifth, the fact that a differential replication pattern of rep-
licating units exists between eu- and heterochromatin, introduces
yet another kind of problem both with respect to the phenomenon of
regulation, as well as the timing of chain growth (Mulder et -al.,
1968; Rudkin, 1972).

Last, but not least, is the existence of a synchrony among
certain adjacent replicons, which resolves into the formation of a
cluster of replicons (Blumenthal et al., 1974), originally termed by
Stubblefield (1974) as replicon series. Such clusters of replicons
are thought to be activated at approximately the same time and have
a close mean spacing between their origin (Blumenthal et al., 1974).
At the level of chromatin replication, this idea of the existence of
synchrony among clusters of adjacent units has been emphasized by
Mukherjee and Chatterjee (1975) and Chatterjee, R.N. and Mukherjee
(1977a) in Drosophila polytene system. They have described the
cluster as a complex replication unit, which consists of a band
length from 1 to 8 and has a common time for initiation, chain
growth and termination. This aspect of eukaryotic DNA replication
raises the problem of existence of regulatory factors for specific
initiation and termination at the level of super-replicon organiza-
tion.
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REPLICATION OF DROSOPHILA DNA

In the past several years investigations on the replication of
the Drosophila genome have been carried out both at the level of
chromosomes as well as macromolecular DNA. While both cytological
and molecular studies, whether ultrastructural, cytochemical, con-
ventional autoradiographic, fiber autoradiographic or biochemical,
have provided many findings in common; different approaches have
yielded crucial information about events during DNA replication in
this important eukaryotic system. Some of the general features, as
revealed by the cytological and conventional autoradiographic ap-
proaches, are presented first.

General Features

In the early part of investigations on DNA replication of Dro-
sophila genome it was shown that the Drosophila genome can be divided
into a heterochromatic part and a euchromatic part. In many somatic
tissues like the larval salivary gland, after a few initial cycles,
either does not replicate at all or is under-replicated (Henning
and Meer, 1971; Spear and Gall, 1973), or replicates late. The lat-
ter includes "DNA segments” which may vary, not only in their time
of initiation, but also in their rate of chain elongation and ter-
mination of replication. Such DNA segments, to which we shall return
later, include one or more replicons.

The replication of both parts has to follow a certain sequence
of events during the S phase, and indeed a sequence of replication
events is observed among the 3H-thymidine autoradiograms. Such a
sequence is derived from the replication of Drosophila larval poly-
tene chromosomes. In these chromosomes one can resolve the different
segments of DNA by their characteristic cytological configuration,
such as pericentric or chromocentric heterochromatin, thick bands,
intercalary heterochromatin, thin bands, puffs, interbands, etc.
When replication occurs in the presence of radiocactive thymidine, a
considerable number of nuclei are unlabelled, but in most of those
which are labelled, either all chromosomes are labelled, or none at
all. A nucleus in which some chromosomes are labelled and others
are not is a rare event. The only exception is the X chromosome
in the male and, in some cases, certain specific autosomes. They
will be discussed later.

From the autoradiographic studies, three to five distinct phases
of replication events can be resolved and they can be arranged in a
sequential order with a beginning and an end. At the beginning of
replication, several sites on every chromosome start replication
almost simultaneously. These sites include many interbands, certain
puffs and certain thin bands (or the adjacent interband). The het-
erochromatic part around the centromere as well as that forming the
chromocenter (that is, the proximal heterochromatin at the basal part
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of each arm) remain unlabelled. One such typical nucleus at the in-
itial phase of replication is shown in Figure 1. At this stage, the
chromosomes appear discontinuously labelled on certain sites, as men-
tioned above, and the grains are dispersely distributed on these
sites. Such patterns of labelling have been termed disperse discon-
tinuous (or DD). Whether the very initiation of replication starts

at puffs, interbands, or thin bands, however, is not yet established.
This difficulty has been due to the rather short duration of the onset
of replication,and to the overlapping nature of the events following
the onset. Mukherjee et al. (1978) proposed that the events of onset of
replication take place at certain interbands. Whether such interbands
are specific is yet to be established. Roy and Lakhotia (1979) showed
that the onset of the initiation event takes place at two specific
puffs in D. kikkawai polytene chromosomes. In D. melanogaster, at
least one puff (87 Cl) has been found to show labelling at the very
onset, and this is the only site labelled during this period (D.
Majumdar, unpublished). However, labelling on a puff does not pre-
cisely resolve whether the onset took place on the band involved in
the puffing or on the adjacent interband which is also included in

the puffing process.

After the primary set of intiation sites, a secondary set of
initiation follows on the remaining DNA segments of the chromosomes.
The chromosomes labelled with 3H-thymidine appear to be continuously
labelled during this phase (Figure 2). The only part that remains
unlabelled is the centromeric heterochromatin which cannot be re-
solved under the light microscope but has been shown by EM autorad-
iography (Lakhotia and Jacob, 1974). During this stage, the auto-
radiograms reveal a more or less uniform distribution of silver
grains on all the chromosomes (except the X in the male, which will
be discussed later), and hence the pattern is termed the continuous
or C pattern. At the level of molecular DNA in DNA fiber autoradio-
graphy, this should correspond to a pattern in which the length of
the labelled segments is mostly in the lower range. Our preliminary
results on single-pulse fiber autoradiograms following the FUAR in-
hibition and release show that the length of the labelled segments
mostly lies within the lower range between 1-5 um (Figure 3). The
release from the FUAR block results in a spurt of C patterns within
one hour after the removal of the block. These data suggest that
all DD and all C patterns are chromosomal representations of the
active initiation. This also implies that while DD represents the
pattern where some initiation sites are activated first (primary in-
itiation), C represents such time in the sequence of events when all
"activable" initiation sites are activated (primary + secondary in-
itiation). After C no new initiation takes place under normal phys-
iological conditions. However, it is likely that during this stage
(when the continuous or C type labelling pattern is cytologically
realized) , the DNA segments (whose initiation took place during the
cytological DD pattern) start their chain growth. The data obtained
from our preliminary fiber autoradiography of the DNA, replicated
following the removal of FUAR block after 24 hrs (Figure 4), corrob-
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Figure 1l: An autoradiogram labelled with 3H-TAR showing an initial
DD pattern in D. melanogaster. (Scale = 10 um in all figures).

Figure 2: A 3H—TdR labelled autoradiogram showing the middle or
continuous pattern (3C).

Figure 3: 3H—TdR labelled fiber autoradiogram of DNA from Drosophila
larval polytene chromosomes treated for 24 hrs with FUdR.

Figure 4: Histogram showing the distribution of the length of lab-
elled segments from fiber-autoradiograms of DNA from FUdR-treated
Drosophila larval salivary glands.

orates this finding. We found that the highest frequencies of lab-
elled DNA segments were of two sizes, 1-5 um and 6-10 um; the next

_ longer labelled segments of 11-15 um were also of considerable fre-
quency.

The third and terminal phase of replication starts soon after
the continuous phase. The labelled polytene chromosomes during this
part of replication show a varying number of unlabelled gaps (dis-
continuous or D patterns). The unlabelled gaps represent the regions
or DNA sequences whose replication has been terminated. The conclu-
sive evidence in favor of this has been provided by Mulder et al.
(1968) using cytophotometric measurement of the unlabelled gaps.

They showed that the unlabelled gaps have a high DNA content propor-
tional to the C value of one replication. The number (and length)

of unlabelled gaps increases as the replication proceeds toward com-
pletion (Figures 5 and 6). The sites, in which labelling continues
to be present for a considerable period after the unlabelling starts,
are considered to be late replicating sites and probably have re-
petitive sequences of a higher order (Evgenev et al., 1977). How-
ever, this aspect needs to be re-examined and confirmed by fiber
autoradiography and in situ hybridization.

At the end of one cycle of replication when all the arms of
the chromosomes are mostly unlabelled (only one to three sites on
each being labelled), the pericentric heterochromatin (i.e. the
chromocenter) is seen to be labelled (Figure 6). As a matter of
fact, labelling on the chromocenter can be seen from the C stage.
The labelling on the chromocenter serves as one of the principal
features distinguishing the initial discontinuous (DD) from the
terminal discontinuous (D) patterns. Nuclei have also been observed
in which only the chromocenter is labelled and all the arms are un-
labelled (chromocenter labelled pattern or CL pattern; Figure 7).

From the analysis of the frequencies of labelling of various
sites, it appears that the major part of replication of a genome
or of the entire DNA molecule of a chromosome is completed within
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Table 1. Variation in the time of replication in different chromosomes
and different species

Percentage of sites finishing
replication in

Chromo- First Second Third Fourth Source of

Species somes Quarter Quarter Quarter Quarter Data
D. melan- X 30 40 17.5 12.5 Chatterjee,R.N.
ogaster 2R 20 40 20.0 20.0 & Mukherjee,1977a
D. hydei X 34.3 5.7 20 40 Chatterjee,S.N.

4 30.8 15.4 7.8 46 & Mukherjee,1973
D. pseudo- XL 10 17.5 47.5 25 Mukherjee and
cbscura XR 4 64.0 12.0 20 Chatterjee,S.N.,

2 18 28.6 46.4 7 1975; Chatterjee

3 75 12.5 12.5 0 et al., 1976

under normal conditions. (See Figures 5 & 6). In other words, no nu-
cleus is found to be labelled simultaneously with initial and terminal
patterns. This implies that new initiation remains suppressed until
the completion of replication of the whole genome. New initiation
can, however, be induced under experimental conditions; for example,
by blocking the chain growth, as reported by Blumenthal et al. (1974).
Chatterjee et al. (1978) have induced reinitiation before completion
by puromycin and other such agents (to be discussed below) .

This lack of new initiation before completion of the replication
cycle poses a problem of regulation which is set with the biological
clock of the cell cycle. Rao et al. (1977) using fused HeLa cells
have shown that certain factors or inducers are accumulated gradually
through the Gj until they reach a critical level at G1-S transition;
they attain a peak at early to mid-S and then decline below the crit-
ical level when DNA synthesis ceases. According to Rao et al. (1977),
these factors are probably protein. An important point that emerges
from these works is that the factors that induce initiation of DNA
synthesis are probably cytoplasmic or nucleoplasmic (Hand, 1975).

The second important feature in the replication of Drosophila
chromatin that suggests the existence of other regulation, is the
asynchrony of replication. The asynchrony lies at different levels.

First, it has been evident from autoradiographs of polytene
chromosomes that replication is initiated at multiple initiation
points. Yet, not all sites are Simultaneously initiated. A set of
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about 5% to 20% of the genomic DNA may initiate replication first;
the remaining 80% to 95% of the genome quickly follows and initiation
is completed within 1/4 to 1/3 of the total S period. This implies
that there is a stage of discrimination between sequences with respect
to initiation. On the basis of the relative frequency of the initial
(DD) and continuous (C) labelling patterns of different sites in the
autoradiograms, an estimate of the relative time spent by the sites
during initiation can be made. Usually this time is very short, but
it varies from species to species. It appears to be species-specific
within a given physiological norm. It seems to be shortest in D.
melanogaster and longest in D. pseudoobscura, as reported by Chatter-
jee and Mukherjee (1975); it may be even longer in D. kikkawai as
reported by Roy and Lakhotia (1979).

Second, there seems to be a secondary level of asynchrony during
the termination of the replication series or super-replication unit.
It has been reported earlier by Lakhotia and Mukherjee (1970) and by
Mulder et al. (1968) that after the initiation of all the replication
units is completed,i.e., when the chromosomes and the chromocenter
are densely and continuously labelled, different groups of bands and
interbands begin to show differentiation in the density of label.
This differential unlabelling continues until all the chromosomes
finally become unlabelled, and does not seem to be a function of
the amount of DNA in the groups of bands, as shown by cytophoto-
metric measurement of the 3H-TdR labelled autoradiograms (Mulder
et al., 1968). Whether this is due to the existence of a termina-
tion signal for the individual replicons has not been proved; but,
as it appears from the study of Hand (1975) in L-929 cells, such a
termination signal possibly does not exist (see also Callan, 1974).
It is probable, therefore, that this type of asynchrony involves a
regulation at the level of super-replicon organization that is at
the level of the cluster of replicons (Hand, 1975; Blumenthal et
al., 1974; Taylor et al., 1974).

It has been observed that the groups of bands on the polytene
chromosomes which are the last to finish replication (e.g. the 3C,
11A, 15EF, on the X chromosome; 56EF, 59CD on the second chromosome;
and 84A1-B2 on the third chromosome) are some of the late replicating
sites (Lakhotia and Mukherjee, 1970; Arcos-Terdn, 1972; Mukherjee
et al., 1978). Late replicating sites may correspond to intercalary
heterochromatin; these sites may contain repetitive DNA sequences
(Evgenev et al.; 1977). Therefore, it seems reasonable that hetero-
chromatinization of DNA sequences, i.e. organization of the base
sequences in some repetitive order, might have some regulatory func-~
tion in the determination of the specific order of termination of
the super-replicon complex, as suggested by Blumenthal et al. (1974).

Mattern and Painter (1977) showed that in CHO cells regions
close to the origin and those far from it both had certain repeti-
tive sequences. They suggested that while a class of repetitive
sequences may be involved in the regulation of initiation of indiv-
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Table 2. SH-TAR labelling patterns of the X chromosomes in XXx23a and
X02A nuclei for specific labelling of the autosome 2R
showing intranuclear relationship (summarized from Chatter-
jee and Mukherjee, 1977a). Note that during DD-2C all 115
nuclei of XX2A4 and all 13 nuclei X02A type have all nuclei
with the labelling on the X same as that on the autosomes.

Labelling Number of

pattern of nuclei Labelling pattern of X

autosome (?+ XX2A X023

DD to 2C 115 + 13 | DD-2C (115) DD~2C (13)

3C to 3C-3D 47 + 8 3C to 3C-3D (47) 3¢~-3D ( 1)

3D (3)
2D ( 4)
3D to 1D 195 + 19 3D to 1D (195) 2D ( 2)
1D (12)
unlabelled (5)
CL 8+ O CL (8) 0

the X is only labelled while the autosomes are unlabelled even under a
pulse condition as low as 3 minutes. The possibility of induction of
a larger number of initiation sites of replication is highly improb-
able in this case, as this would require the existence of an inducer
specific only for the X chromosome, and that only in the XO cells in
the mosaic glands. Existence of such inducers for the whole cells,
such as the embryonic cells (Callan, 1972, 1974) is quite under-
standable; and as shown by Rao and Jahnsen (1970), Graves (1972),
and others, such inducers of initiation are synthesized in Gj, are
gradually accumulated through G; and reach a peak at Gj-S transition
(Rao et al., 1977). 1In no case, however, has an inducer specific
for a particular chromosome been reported. Therefore, it seems
highly unlikely that the early completion of replication of the DNA
replication in the male X is due to the higher number of initiation
sites induced. A likely conclusion, therefore, is that the early
completion of the X chromosomal replication in the male Drosophila
is accomplished during the events of chain growth and probably by a
faster rate of chain growth. This aspect can, however, be checked
further in two ways: (1) by examining the size of the replicons
specifically of the male X DNA in fiber autoradiograms and (2) by
examining the number of sites labelled on the male X during the in-
itial part of the labelling pattern. As the labelling is highly
dispersed during the very early part of initiation, the latter ex-
periment is extremely difficult from the point of view of resolution
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under the optical microscope. A third way of examining the possibili-
ty would involve the induction of new initiation sites under the con-
dition of puromycin pretreatment (Chatterjee and Mukherjee, 1978).
Puromycin treatment prior to pulsing induces new initiation on the
chromosomes which are at the terminal part of replication. New in-
itiation is seldom observed under normal conditions. If there is a
possibility of the existence of a greater number of initiation sites
in the male X, the puromycin-treated male X chromosome should show
label over a larger number of sites distinct from the late replicating
ones. This study is in progress.

The second category of asynchrony between non-homologous chromo-
somes is the inter-autosomal asynchrony reported by Chatterjee et al.
(1976) in D. pseudoobscura. This category of asynchrony is revealed
by out-of-phase termination of the sites of two whole chromosomes.
Such asynchrony also involves the chain growth of the super-replicon
complex. Whether such interchromosomal asynchrony exists in other
species has to be examined.

These results on asynchronous termination implicate the existence
of autonomous regulation at the level of chain growth and termination
in a given replicon series or super-replicon complex (discussed be-
low) , and suggests that the control of initiation and termination may
be two separate events.

The salivary gland nucleus of Drosophila larva contains a giant
nucleolus. Under the light microscope it reveals a characteristic
matrix consisting of RNA and protein and Feulgen-positive and acri-
dine-orange fluorescing threads and beads scattered over the matrix
(Figures 9a, b). The Feulgen-positive chromatin threads are presum-
ably derived from the so-called nucleolar organizer of rDNA cistrons.
The DNA very likely loops out from the nucleolar organizer, maintains
the continuity with the chromatin DNA, and manifests itself as the
thread-like structure (Figure 9a) (see also Choudhry and Godward,
1979). Perry et al. (1970) and Spear and Gall (1973) have shown that
the nucleolar DNA in the giant cells is under-replicated. How this
under-replication of the rDNA maintains a continuity in the organi-
zation of the chromatin DNA is yet to be solved. It has, however,
been shown that the replication of chromatin DNA and that of rDNA is
highly correlated with respect to their timing of initiation and
termination (Rodman, 1968). Lakhotia and Roy's work (1979) also
supports this idea. Our data show that the conformation of the nuc-
leolar thread can be related to the sequential order of the chromatin
replication (Figure 10).

Using a-amanitin, Chatterjee and Mukherjee (1977b) could show
that the drug inhibits the initiation of both chromatin DNA repli-
cation and nucleolar DNA replication. It therefore appears likely
that the mechanism of initiation of DNA replication of both DNA's is
guided by similar factors.
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The specific components of the S phase, namely initiation, chain
growth and termination can be characterized by examining the repli-
cation cytology through antibiotic screening. Specific inhibitors
like a—-amanitin, puromycin, cycloheximide, actinomycin D, mitomycin
C, caffeine, etc. have been used for this purpose in this laboratory
and elsehwere. Certain important results relevant to the regulation
of DNA replication are discussed below.

Inhibition of DNA synthesis by a-amanitin has been shown in the
mammalian system by Montecuccoli et al. (1973). They have suggested
that the toxin inhibits the initial and middle parts of the S phase
probably through the inhibition of the primer RNA. Chatterjee and
Mukherjee (1977b) have confirmed the inhibition of DNA replication
by oa-amanitin in Drosophila. They showed that the initial (DD) and
the middle (1C-3C) patterns are considerably inhibited by the toxin
(Figure 11). Since both DD and 1C-3C labelling types are likely to
have the initiation fragments of the newly synthesized DNA, it is
very likely that the inhibition of DNA replication by a-amanitin may
be mediated through the inhibition of the RNA primer synthesis.
Egyhazi et al. (1972) have shown that o~amanitin inhibits the syn-
thesis of small molecular weight RNA.

Reports on the effects of puromycin and cycloheximide on DNA syn-
thesis are controversial (Painter, 1976). It has been shown in many
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Figure 11: Frequencies of different labelling patterns in control
and a—amanitin treated salivary glands of Drosophila larva.
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The results from the puromycin experiments suggest that, by some
mechanism, the drug results in a critical level of certain proteins
which may be required to activate the potential initiation sites not
activated normally. It has been observed that puromycin pretreatment
drastically increases the incorporation of 3H-uridine into the chrom-
osomes (Chatterjee, 1975). It is therefore possible that the increase
in the initiation by puromycin might occur via an increase in the
activation of the potential initiation regions.

The effects of another drug, caffeine, have been examined. Caf-
feine is known to be an inhibitor of repair-synthesis in eukaryotic
systems (Norman, 1971). It has been claimed that caffeine also in-
duces unwinding of DNA template (Chetasanga et al., 1976). Treat-
ment of salivary glands of Drosophila male larvae_with caffeine (50
ug/ml) prior to pulsing the salivary glands with “H-TdR, induces
initiation of DNA synthesis with a higher than normal frequency
(Table 3), but it does not increase the frequency of initiation
in the female. Although the investigation is not yet complete, the
data suggest that the state of organization of the DNA in the chrom-
atin along with the critical level of certain factors might be im-
pqrtant to regulate the initiation.

Table 3. Effect of caffeine (50 ug/ml) on the initiation of DNA
replication in Drosophila melanogaster males. Values
given are mean percent of all nuclei.

Experimental Early Mid Terminal

Condition Sex DD-1C 2C-3C-3D 3D-CL Unlabelled
Control Male 14.4 6.9 37.2 4]1.3
Control Female 29.6 7.0 49.2 13.9
Treated Male 37.0 3.3 24.2 35.6
Treated Female 26.9 6.4 39.8 26.8

FIBER AUTORADIOGRAPHY OF DROSOPHILA DNA AND THE CONCEPT OF REPLICON
AND SUPER-REPLICON IN EUKARYOTES

Analysis of the data from fiber autoradiography, velocity gradi-
ent sedimentation, and electron microscopy from different eukaryotic
systems reveals certain common features distinct from prokaryotic
systems. First, for all eukaryotes examined, the data provide sub-
stantial evidence for multiple initiation sites. Second, the number
of replicons may vary from 103 to 105 (or larger) per cell. Third,
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the number of initiation sites varies in different tissues. Fourth,
the size of the replicons may vary from 2 to 600 um. Finally, the
rate of fork displacement never exceeds 2 ym/min, as compared to a
fast rate of about 14 ym/min for prokaryotes (Lewin, 1974). However,
the replication in both pro- and eukaryotes is bidirectional (Huber-
mann and Riggs, 1968; Weintraub, 1972; Hubermann and Tsai, 1973;
Kriegstein and Hogness, 1974). From this pattern of results, Blum-
enthal et al. (1974) and Painter (1976) proposed an operational defin-
ition specifically for the eukaryotic replicon. According to them
"a eukaryotic replicon is a segment of DNA containing exactly one
site, called the origin, at which initiation of DNA replication be-
gins and from which both parental strands are duplicated". Earlier,
Hubermann and Riggs (1968) proposed the existence of an origin and
two termini for a eukaryotic replicon in a manner similar to that in
prokaryotes (Cairns, 1963). But Blumenthal et al. (1974), Callan
(1974) , and Painter (1976) explained the difficulty that a chromo-
some would have if the idea of fixed termini was accepted. Hand
(1975), using a double labelling technique with radioactive pre-
cursors of high and low specific activities, showed that the presence
of the abrupt end of labelled segments, expected if fixed termini
existed, was rather low. The frequency of such abrupt ends of lab-
elled segments was in the same order as expected on the basis of
some unidirectional chain growth. Hand claimed that this evidence
rules out the existence of fixed termini, and suggested that any
control that might be associated with the rate of chain growth or
fork displacement must involve some other level of action.

Data obtained from various studies indicate that there is a
great deal of variation in the number and size of replicons in eu-
karyotes. One constant feature perhaps is the rate of chain growth.
According to Blumenthal et al. (1974), in Drosophila the rate of chain
growth is 2.6 kb/min/fork. Although there is some variation, the
rate is also more or less uniform for the mammalian cells (Painter,
1976). A comparison of the number and size of replicons and of the
rate of chain growth in different eukaryotes in relation to Dro-
sophila 1s presented in Table 4. Tt is seen from the table that
the fork rates are not too widely departed from each other. The
rate is somewhat low for most of the amphibians studied including
the frog.

As discussed earlier, Mukherjee and his co-workers (Chatterjee
and Mukherjee, 1975; Chatterjee and Mukherjee, 1977a) observed that
in Drosophila polytene chromosomes a number of bands form a composite
unit with respect to initiation and termination of replication. Such
units are considered to constitute a super-replicon organization
which is referred to as a replication series or unit. Blumenthal
et al. (1974) described such a super-replicon organization as a
"cluster of replicons". The existence of clusters of replicons with
synchronous initiation has also been shown for L1929 cells by Hand
(1975) .
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Table 4. Comparative account of the number and size of replicons
and rate of fork development in different animals

Chick
Drosophila Hela Embryo

Parameters melanogaster cells L5178Y CHO Triturus Cells
Number of 10° 103-104 105 (1.5-2.0) - -
replicons X 105
Size of 2.5(Cleavage) 15-30 200 15-30 600 15-17
replicons 9.5(Somatic) (Somatic)
in um
Fork rate 1.0 0.5 0.6-0.9 0.5-2.5 0.33 0.5
ym/min 0.5-1.8 0.5-1.8

(Painter) (Painter)

Our autoradiographic investigations reveal that such a cluster
may be constituted of 1 to 8 bands (and their interbands). Thus,
the segments 1A to 11A of D. melanogaster have been divided into 39
replication units, and the autosome segments of 2R (56F to 60F) into
20 units (Chatterjee and Mukherjee, 1977a). Similar division has
also been made in other species of Drosophila (namely, pseudocbscura
and hydei) (Chatterjee and Mukherjee, 1973 and 1975). 1In all these
cases, both the initiation and the termination of the respective
units are synchronized. Thus, we define a super-replicon complex
(previously termed a replication unit) as a cluster of replicons in
which the adjacent origins are activated at approximately the same
time, and in which the termination events are set synchronously.
Work in progress in this laboratory suggests that the organization
may be further resolved into smaller complexes.

GENETIC DISSECTION OF SUPER-REPLICON ORGANIZATION AND LOCALIZATION
OF REGULATION OF LATE REPLICATION

It has been mentioned earlier that different sites on the repli-
cating chromatin in the giant cells of Drosophila, as also in other
eukaryotes, complete their replication at different times of the S
period. Those which finish the replication in the later stages are
designated as late replicating sites, and probably contain repetitive
DNA, while those which finish replication within the first half are
known as early replicating sites. Since it has been claimed that the
rate of chain growth under normal optimum conditions is more or less
fixed (Blumenthal et al., 1974) and, as shown by Hand (1975), the
existence of fixed termini in eukaryotes is doubtful, it is presumed
that secondary regulation exists at the level of replicon cluster or
super-replicon organization. We examined this possibility by gen-
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etically dissecting the replicon clusters. The idea of genetic dis-
section originated from the work of Arcos-Teran and Beermann (1968),
who showed that certain factors which might be determinants of the
late replication of the white region in Drosophila melanogaster

are possibly located at 3C3-5. Our data, using deficiencies, trans-
locations, inversions, and duplications, for regions in the X chrom-
osome as well as the autosomes, show that such factors are inherently
present in association with each cluster and occupy a specific se-
quence of the DNA segment. The factors act in a cis-dominant manner
(Mukherjee et al., 1978; D. Majumdar, R.N. Chatterjee, C. Chatterjee,
A.K. Duttagupta, and A.S. Mukherjee, in preparation). The results
are briefly summarized below.

We analyzed the replication of the X chromosomes and chromosome
2 of D. melanogaster, in which the replication units complexes 1A1-6,
3C1-7, and certain others have been split at one or more regions by
Geficiencies, inversions, or duplications. As the results in general
lead to the same inference in all cases, only three sets of them are
presented here for the sake of brevity. They are the deficiency
heterozygote. for 1A1-3 [R(1)2/+], the deficiency heterozygote for
3C1-4 [DFf(1)wVYCO/+], the inversion homozygote for 3C1-7 [In(l)wm51bl19]
and the duplication Dp(l:1)Co.

Each of these sites forms one replication unit complex (Lakhotia
and Mukherjee, 1970; D. Majumdar, R.N. Chatterjee, C. Chatterjee, A.
K. Duttagupta, and A.S. Mukherjee, unpublished). In Df(1)wV<O the
complex 3Cl-7 has been split at 3C4-5; in In(l)WM51b19, the 3C1l-7 has
been split at 3C1-2; in R(1)2 the 1A has been split at 1A3-4 (1Al-3
missing); and in the duplication Dp(l;1)Co the 3C1-7, 3D5-E2 have
been split at 3C4-5 and 3D6-El, respectively. The 3C5-3D6 segment
has been duplicated in the last one. 1In all these altered sequences
the terminal patterns of labelling of the altered homologues have
been changed (Figures 14--17) without much effect on initiation. Re-
sults show that the alteration in the time of termination of the
super-replicon. complex, as a consequence of splitting up the se-~
quence, depends largely upon the position with respect to the neigh-
boring sequence. If the altered part of the replication unit com-
pPlex in the new sequence is next to an early replicating unit com-
plex, the new sequence (including the part from the originally late
replicating segment) becomes early replicating (Figures 14-17).
Analysis of the data on frequencies and intensities of grains on
these sites in the autoradiograms suggests that the effect is, in most
cases, on the termination. Results further show that the late repli-
cating property of the 3C1l-7 is requlated by a factor probably lo-
cated at 3C3-4 band-interband. This finding strongly suggests that
there exists a regulation, at the level of determination, of the
timing of termination of the super-replicon and implies that such
regulatory signals behave semi-autonomously and in a cis-dominant
manner. The nature of such signals remains to be determined (Blum-
enthal et al., 1974).
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CONCLUDING REMARKS

From the foregoing presentation it is clear that although a good
deal of progress has been made during the last decade towards under-
standing the reqgulation of DNA replication in the eukaryotic genome,
large lacunae still remain. However, it is apparent that regulation
of DNA replication in these systems exists at different levels. For
the sake of discussion four levels will be considered.

1. The first level .involves factors that are required to control
the switching on of the whole genome into S. Such factors would pre-
sumably determine the activation of new initiation. Blumenthal et
al. (1974) suggest that the heterochromatic parts of the genome might
act as such a determinant. The existence of mutants like "giant"

(gt) in almost all the chromosomal arms of Drosophila melanogaster
suggest that the nature of the determinants could not be anything

more than intercalary heterochromatin. This series of mutants in-
dividually induces an extra round of DNA replication in the larvae.

2. There is a second level, whereby a regulated activation of
limited but multiple primary initiation sites takes place. The num-—
ber and location of these primary sites are probably fixed in the
polytene chromosomes of Drosophila. Very likely these sites are
present in the sequences of specific interband DNA. The regulation
is probably mediated through a protein factor as suggested by Rao
et al. (1977). The initiation of the remaining replicons would
follow soon after the initiation of the primary ones. After these
two sequential steps, the chain elongation would then proceed al-
most automatically. No signal for termination of the individual
replicon would seem mandatory. Whenever and wherever two adjacent
growing forks would meet, the termination of both the replicons
would be achieved (Painter, 1976; Hand, 1975).

3. Yet a third level of regulation appears to be present in
many eukarvotes and specially so for Drosophila polytene chromosomes.
This regulation involves the control of a set of replicons forming
the cluster, here termed super-replicon complex. Such a control
should have the responsibility to determine the synchronous termin-
ation of the cluster of replicons. This would be possible by con-
trolling the rate of fork development at the end without altering
the average rate of chain growth of 2.6 kb/min/fork (Blumenthal
et al., 1974). Our results on the genetic dissection of the super-
replicon complex and the consequent pattern of change in the time
of the replication of the complex seem to have indicated the exis-
tence of such factors.

4. Finally, there seems to exist yet another level of control
that prevents the reinitiation of any potential site before comple-
tion of the replication of the whole genome. The possibility of dis-
ruption of such controlling machinery by such agents as puromycin or
actinomycin D reiterates the existence of this level of control.
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No doubt, we still have much to understand about the mechanism
and nature of the interactions among these factors. The problem is
intimately related to the knowledge of the organization of the eu-
karyotic genome. Parallel investigations on the two aspects would
hopefully bring about the conclusion of the drama.
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A COMBINED GENETIC AND MOSAIC APPROACH TO THE STUDY OF OOGENESIS IN

DROSOPHILA

Eric Wieschaus
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Heidelberg
Federal Republic of Germany

INTRODUCTION

An embryologist usually becomes interested in oogenesis with

the realization that many of the decisions made by the cells in the
early embryos reflect a distribution of determinants present in some
form already in the egg prior to fertilization. This allows us to
reduce the question of why different regions of the blastoderm have
different embryonic fates into two subquestions: (1) How do the dif-
ferent regions of the egg cytoplasm become different from each other?
(2) How are these initial cytoplasmic differences interpreted by the
individual blastoderm cells in choosing their particular fates?

In this paper, I will deal mainly with the first question and in
particular will describe a set of genetic experiments designed to
study the establishment of dorsal-ventral polarity in the oocyte.

One of the advantages of using Drosophila for this work was obviously
the ease with which mutations affecting oogenesis can be obtained.

By identifying specific functions necessary for oogenesis, such mu-
tations allow us to reconstruct its course in a manner similar to a
prokaryote geneticist's reconstruction of a biosynthetic pathway.
Oogenesis, like most processes in higher organisms, involves a num-
ber of different cell types, each with its own defined role, roles
which may depend on and interact with others in a defined temporal
sequence. This points up a second advantage of Drosophila, namely
the variety of techniques available for construction of genetic mo-
saics. By studying the egg production of mosaic females in which
only specific cell types are mutant, we can assign oogenetic func-
tions to specific parts of the ovary. Moreover, as will be described
in the last section of this paper, such mosaics allow us to test
whether mutations which normally have major effects on the viability
of whole flies also play a role in oogenesis.
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fs(1)K10 and the Establishment of Dorsal-Ventral Polarity in the
Qocyte

In Drosophila, the dorsal side of the unfertilized egg can be
most easily identified by the pattern of the outermost egg covering,
the chorion. 1In addition to the more elongated appearance of the
follicle cell imprints in this region of the chorion, the dorsal side
of the egg also possesses two respiratory appendages which jut out
diagonally to either side of the egg at about 30% egg length from the
anterior end. Normally, the dorsal side of the embryo develops in
the region of the egg cytoplasm underlying the dorsal side of the
chorion, just as the anterior end of the embryo develops at the an-
terior end of the egg as defined by other chorion landmarks. Since
it is possible to remove the chorion without affecting the course
of embryonic development, it is unlikely that the chorion actively
directs the development of the underlying embryo. Instead the cor-
respondence between the chorion pattern and embryonic development
probably indicates that both the secretion of the egg shells and the
laying down of embryonic determinants are controlled by the same
organizing principle during oogenesis: most likely, that they both
result from a dorso-ventral polarity in the developing oocyte. ' A
mutation which alters this initial organizing polarity would be ex-
pected to produce a consistent alteration in both the chorion pattern
and the subsequent embryonic development. In the past ten years an
impressive number of mutations have been isolated which cause female
sterility and thus seem to play a major role in oogenesis. A small
number of these affect the embryonic pattern and only one, fs(1)K10,
has been reported to affect both embryonic development and chorion
pattern.

fs(1)K10 (= K10) is a recessive maternal effect mutation located
at the tip of the X-chromosome. Homozygous females lay eggs which
lack the two simple appendages normally found at the anterior end of
the wild type egg (Figure 1). Instead, the dorsal appendage material
is secreted in a ring around the egg as though the entire circumfer-
ence has become dorsalized. Although the most obvious effect of the
mutation is observed in the appendage material at the anterior end
of the eqgg, it is also possible to detect alterations in other regions
of the chorion by comparing the pattern of follicle cell imprints in
wild type and K10 eggs. ' Very little mutant effect is noted in the
posterior regions of K10 eggs but here the difference between dorsal
and ventral sides of wild type eggs is very slight and a dorsaliza-
tion would be difficult to detect. It is worth emphasizing that K10
does not result in a total abolition of polarity since the dorsal
side of a K10 egg can always be recognized by the interruption in
the appendage material and the somewhat more elongated appearance
of the follicle cell imprints in that region. 1Instead, the mutation
results in a reduction in the range of dorsal-ventral values such
that the entire circumference of a K10 egg represents values found
only in the upper sixth of a wild type egg.
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Figure 1: The chorion pattern of wild-type eggs (upper drawing)
and K10 eggs (lower drawing). The arrows indicate the dorsal side
of each eqgq.

The excess of appendage material prevents most K10 eggs from
being fertilized. Those which are fertilized, however, show the
same restricted dorsalized range seen in the chorion. The first
sign of a dorso-ventral distinction in a normal embryo occurs at
the onset of gastrulation when cells along the ventral midline fold
in to give rise to mesoderm. KI0 embryos do not make this invagin-
ation and, in the anterior region of the embryo, the ventral and
lateral regions of the egg are thrown into folds characteristic of
the dorsal side. Although gastrulation is thus abnormal, the K10
embryo does not die but continues to develop until it reaches an
abnormal larval stage (Figure 2). The anterior ends of such animals
contain no internal organs but consist instead of a hollow tube of
skin with the hair pattern? characteristic of the dorsal side.
Posteriorly the pattern of the larvae becomes more ventralized and
typically the last few segments of a kK10 larva show the bands of
denticles normally found only in the ventral hypoderm.

At present we have no explanation why the extent of dorsaliza-
tion in the embryo varies along the anterior posterior axis. Given
the lack of dorsal-ventral landmarks in the posterior chorion, it is
possible that the same anterior-posterior variability applies to the
chorion of K10 eggs. In any case the general correspondence between
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Figure 2: An abnormal larva which developed from a fertilized K10
egg. The anterior end of the larva is at the upper right, the pos-
terior end at the lower left. The ventral denticle belts are indi-
cated with arrows.

the chorion and embryonic pattern indicates that K10 may affect some
aspects of the primary polarity in the developing oocyte and that
the mutation may thus be useful in determining the cell type in the
ovary responsible for that polariy.

The first obvious morphological effect of the mutation is ob-
served in ovaries late during oogenesis at about stage 10 of King.3
At this point each developing follicle consists of three cell types:
the oocyte itself, the 15 interconnected nurse cells and the over-
lying follicle cell epithelium.a’" The oocyte and nurse cells are
sister cells, still interconnected by a system of ring canals formed
during the mitosis which gave rise to the cluster. The follicle
cells are somatically derived and had initially covered the entire
nurse cell oocyte complex with a single cell-layered epithelium. By
stage 10 most of the follicle cells have migrated away from the nurse
cells and surround exclusively the oocyte, except at the oocyte's
anterior end where the ring canal maintains a connection with the
nurse cells. The follicle cells will eventually secrete the egqg
coverings at the end of oogenesis.

The follicles of normal ovaries have a clear dorsal-ventral
polarity at this stage (Figure 3). The oocyte nucleus is acentric
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Digure 31: Skage LG ooeykbed from wild bype females (upper] and TG
females {lLower). The arrowd Lndicake the dJargal side of the wild
type cocyte and the Gregused dorsal side of a K10 aocyle judging
from the position of the cocyte nucleas.

and lies near tha surfass at the dorsal side. The trexlying follicle
celle area much thickex in thie re3icn than thoae on the ventral side
af the otcyte. This difference ip most sfparent in the anterier
regqicm of the ey whers the dersal appendage will eventoually be
gmoreted. I follicles fram X100 oocytea, most af the indfcations of
dorgal=ventral polarity are abaenk. Although the ooeybe hwelews 18
ptill acentric, the [ollliele calle over the entire clroumlfersnoe of
the egg ghow the thickemed appearance normally foumd ocnly on the
dorsal side. The shkzpe of the oocyte is almo different, probably due
to the absanre of the thianer wantral follicle rells which wold
spparate tha cacyte from tha nurse cells.

The most obwioua alteration in XIO ovaries is the position of
the Zollicle c=l1lla purroding the acty¥ie. It would ke falde how-
cror to tanelwic that the primery cffcet of the matation is thoso
o=lls, and inde=d judging from the results of mogaic studics , the
contrary seemsz to ba the case. These mogaics were constrocted by
traneplanting the derm eell preacursore ("oole oalle"} habtwean mutank
and wild Lype sobryos, Bi-qwe Lhe pole cells ewvenlsally give cige
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to the oocyte and nurse cells, but not to the follicle cells, it thus
becrmes possible to construct mosaic ovaries in which either the fol-
licle cells or the underlying germ cell derivatives are mutant in
genotype. In both types of mosaics, the final pattern of the egg de-
pended only on the genotype of the germ cell and was independent of
that of the follicle cells. When the germ cell was mutant, the eggs
were of the KI0 type; when it was wild type, the eggs were normal.

It is also possible to make mosaic ovaries using mitotic recom-
bination in females heterozygous for K10. Here a chromosomal ex—
change produces a homozygous germ cell in an ovary whose somatic
cells have remained heterozygous and thus wild type. The eggs which
develop from homozygous germ cells show the K10 phenotype, even when
the homozygosity arose in a germ cell during the last stem cell div-
ision prior to the onset of oogenesis.5 This confirms the results of
the pole cell transplantation and also indicates that the necessary
activity at the K10 locus is probably restricted temporally to oo-
genesis.

The results of the pole cell transplantation experiment indi-
cate that the KI0 mutation blocks a function which normally must
occur in the germ cell in order that the developing egg shows normal
dorso-ventral polarity. From the ovary preparations described above
(Figure 3), it was concluded that the first morphological change ob-
served in K10 ovaries concerns the migration pattern of the follicle
cells over the surface of the oocyte. Given the germline dependence
of K10 it is tempting to speculate that this migration is dependent
on positional cues provided by the underlying germ cell, perhaps
embedded in the surface of the oocyte itself.

If the follicle cells are indeed following germline cues in the
secretion of the chorion, one would expect two classes of mutations
affecting chorion pattern. The first class would include germline
dependent mutations like K10 which presumably alter the positional
cues provided by the oocyte. The second set would include somati-
cally dependent mutations affecting ability of the follicle cells
either to follow the positional cues and make a normal pattern or
their ability to secrete the final chorion. The number of muta-
tions altering .chorion morphology is at present very small. Of
the even smaller number affecting chorion pattern, none has yet
been tested for its somatic dependence. One female sterile muta-
tion on the X-chromosome, f(1)384, causes homozygous females to
produce eggs in which the dorsal appendages are rudimentary and
the entire surface of the chorion appears vacuolated and abnor-
mal.® The eggs usually collapse immediately after being laid and
none has been observed to develop even to the earliest embryonic
stages. By combining 384 with K10, we have been able to use mitotic
recombination to demonstrate its somatic dependence.7 Heterozygotes
for both mutations (K10 384/+) were X-irradiated as young larvae.
Homozygous clones produced in the germline of these individuals could
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be identified when the animals had developed to adults by the pro-
duction of X10 eggs. Since the clones should be homozygous for both
mutants, if 384 like K10 were also germline dependent, we would ex-
pect these clonally derived K10 eggs also to show the chorion defects
associated with 384. This however was not the case, and all showed
normal chorion differentiation, although of course arranged in the
typical K10 pattern. The 384 defects must therefore depend on somatic
rather than germline derived cell type,and the best candidate for this
role would be the follicle cells which actually secrete the chorion.
That this is probably the case is indicated by a second class of mo-
saics produced in these experiments. These females laid non-KI10 ‘eggs
which showed partially or wholly the 384 phenotype (Figure 4). In

the partial 384 eggs the boundary between mutant and wild type morph-
ology is what one would expect of clones induced in the larval pre-
cursor for the follicle cell epithelium overlying the oocyte.

It is likely that 384 blocks some step in the synthesis or final
differsntiation of the chorion, and therefore it is perhaps not sur-
prising that the phenotype of the mutation might depend on the fol-
licle cells which actually do the final secretion. The more promis-
ing aspect of the experiments is that they demonstrate the feasi-
bility of making clones in other cell types involved in oogenesis,
thus leading to a refined analysis of the process. Such analysis
should allow a more clear designation of different roles during oo-
genesis and potentially allow a study of the interaction between the
germ cell and the follicle cell epithelium.

The Use of Mosaics to Study the Effects on Oogenesis of Lethal Mu-
tations.

Although the most dramatic alterations in early embryonic de-
velopment are probably produced by maternal effect mutations, a num-
ber of loci are known which alter the embyronic pattern but are de-
pendent on the genotype of the embryo itself. An important example
of such zygotic effects is provided by the embryonic lethal Krippel.8
Embryos homozygous for Kriippel develop into larvae with abnormal
segmentation and polarity. A normal Drosophila larva possesses an
involuted head, three thoracic and eight abdominal segments. Kriippel
embryos have normal heads, a normal 8th and 7th abdominal segment,

a somewhat enlarged sixth segment and sometimes a fifth. This is
followed by a plane of mirror image symmetry, a reversed sixth and
sometimes a reversed 7th. Occasionally, the mirror image symmetry
is so complete in the dorsal region of the embryo, that posterior
spiracles are found in the region of the embryo immediately adjacent
to the head. Studies on the development of Kriippel indicate that
the failure to form thorax and anterior abdomen is not due to death
of the respective primordia during early embryogenesis. Instead,
the final pattern in Kriippel embryos results from an alteration in
the developmental program of the blastoderm cells, such that the re-
gion of the embryo which normally would give rise to three thoracic
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Figure 5: Schematic representation of mitotic recombination to pro-
duce germline clones homozygous for Krilppel (=Kr). The Kr chromo-
some has also been marked with brown (=bw) so that the clone will
also be homozygous for that marker and all the clonally-derived prog-
eny will have brown eyes.

phenotype as those from heterozygous mothers indicates that the
phenotype depends on the genotype of the embryo and exclude the role
of any dominant maternal effect in the final pattern.11

The cross outlined above does not exclude the possibility that
Kriippel might play some role in oogenesis in addition to its effect
during embryogenesis. Mosaics have been particularly useful in
ruling out this possibility. Normally embryos homozygous for Kriippel
die at the end of oogenesis. Heterozygotes, however, survive and
it is possible to irradiate these individuals as larvae and produce
clones in the germline homozygous for the mutation. The experiment
is simplified by the introduction of a dominant female sterile mu-
tation (Fs(2)D) on the homologous chromosome in trans with Kriippel
(Figure 5). Under these conditions, the mitotic recombination which
produces the Kriippel clone also results in the elimination of the
female sterile effects. Only flies which have lost Fs(2)D from part
of their germline will lay normal eggs; this provided a simple and
practical means of identifying 8 mosaic females among the 200 flies
in the irradiated population. Since all potentially fertile eggs
from these mosaic females were derived from clones homozygous for
Kriippel, the normal morphology and development of these eggs indi-
cates that the wild type Kriippel genes play no necessary, irreplace-
able function during oogenesis.
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INTRODUCTION

The genetic dissection of reproduction started several years
ago with the characterization of mutations which interefere with
fertility (Gans et al., 1975; Postlethwait et al., 1976; Khipple
and King, 1976; Landers et al., 1976; Rizzo and King, 1977; Bownes
and Hames, 1978; King et al., 1978; Postlethwait and Handler, 1978;
for reviews see King, 1970; King and Mohler, 1975). Among these
the female sterile mutations identify genes which are responsible
for the synthesis of molecules produced and used in oogenesis and
embryogenesis. Special attention is paid to the maternal effect
lethal (mel) mutations which cause failure of development in eggs
laid by homozygous females (Rice and Garen, 1975; MacMorris Swanson
and Poodry, 1976; Mohler, 1977; Fausto-Sterling et al., 1977; for
review see King and Mohler, 1975). These eggs are defective in some
compound which becomes part of the ooplasm during oogenesis and
reveal genes which are determinative for the development of the em-
bryo.

A number of mutations have been characterized which interfere
with the development and function of those organs which play a role
in the egg production of Drosophila females (King, 1970; King and
Mohler, 1975; Postlethwait and Handler, 1978). Mutations in genes
specific to oogenesis have probably no influence on viability and
are without apparent defect in adult structure. Mutations in genes
involved in functions other than oogenesis can also result in fe-
male sterility. Some female sterile mutations certainly have pleio-
tropic effects on the morphology of adult structures (King, 1970).

95
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The genes essential to oogenesis can be expressed in different
organs and tissues of the body. There are known female sterile mu-
tations which affect genes active in the hormone-producing corpus
allatum (ap4, Postlethwait and Weiser, 1973; Postlethwait et al.,
1976; Postlethwait and Handler, 1978) and in the vitellogenin syn-
thesizing cells of the fat body (Bownes and Hames, 1978; Postle-
thwait and Handler, 1978). Many genes are expressed in the ovary
itself (¥ing, 1970; King and Mohler, 1975; Postlethwait and Handler,
1978). Mutations in these genes might bring about female sterility
by causing a defect in the differentiation of ovarioles (Bakken,
1973), in cystocyte divisions, nurse cell function (King, 1970),
follicle cell development (Rizzo and King, 1977) or uptake of vit-
ellogenin (Bownes and Hames, 1978), etc. For reviews see King (1970)
and King and Mohler (1975).

The organ in which the mutated gene will be expressed (inside
or outside the ovary)can be determined by a reciprocal transplanta-
tion of ovaries between the sterile and wild type flies (King and
Bodenstein, 1965; Postlethwait and Handler, 1978). Whether the mu-
tant phenotype depends on the genotype of the germ line or the fol-
licular cells can be established by the analysis of the development
of mosaic egg chambers where mutant germ line cells are surrounded
by wild-type follicular cells (Illmensee, 1973; Marsh and Wieschaus,
1977; Marsh et al., 1977; Wieschaus et al., 1978; Regenass and Bern-
hard, 1978; Wieschaus and Szabad, 1979).

Among the EMS-induced X-linked recessive mutations which showed
delayed development we found fs(1)1867 which has proved to be female
sterile. The fs(1)1867 homozygous females do not lay eggs. Egg
chamber development proceeds through stage 10 and thereafter the
chambers become resorbed. fs(1)1867 has pleiotropic effects on de-
velopment as well as on bristle morphology. This report describes
the characterization of the fs(1)1867 mutation:

-its effects on development and on bristle morphology
-identification of the tissue in which the 1867% gene is ex-
pressed

RESULTS

fs(1)1867 (abbreviated fs1867) is an EMS-induced X-linked re-
cessive mutation. It maps to 62.9 (0.4 to the right of car). fsl1867
affects development, bristle morphology and causes female sterility.
These phenotypes could be the result of two independent mutations
which have not been separated to date. There is no sign of a dele-
tion in the salivary gland chromosome. The expressivity and pene-
trance are 100%. The viability of the fs1867 individuals is good.

Development and Bristle Morphology

The body size of the mutant flies is almost normal. The color-
ation is lighter than in wild type. Bristles are Minute-like: they
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are shorter and finer than wild type and are often missing. The
bristle phenotype is best expressed on the scutellum.

The development of the mutant individuals and the autonomy of
the bristle phenotype was tested by crossing y w fs(1)1867/Binsn
females with In(l)ch/Y.y+ males (for description of the mutations
and chromosomes see Lindsley and Grell, 1968). Flies bearing the
Binsn balancer chromosome and the y w fs(l)l867/In(l)wVC females
eclosed 10 days after oviposition (Figure 1). The development of
the y w fs(1)1867 males took about 14 days (250C);i.e.there is a

DAYS AFTER QVIPOSITION

Figure 1: The time course of eclosion. Curves 1-3 show the 3

classes of flies eclosed from the cross: y w fs¢(l1)1867/Binsn x

In(l)wvC/Y.y*. (1) represents all Binsn-bearing flies plus y w
£s(1)1867/In(1)wvC females. (2) =y w fs(1)1867 males. (3) =

y w £s(1)1867 gynandromorphs. (Based on 1939 flies).

4 day delay in the development of the fs1867 individuals. fsl867
gynandromorphs were generated among the y w fs(1)1867/In(1)wvC
zygotes by elimination of the unstable X chromosome In(1)}wVC for

a review see Janning, 1979). The first gynandromorphs eclosed on
the 10th day and the last ones 17 days after oviposition (Figure 1).
In general the cuticle of the early gynandromorphs was mostly fe-
male, nonmutant as compared to the late ones whose cuticle was
largely male (Figure 2). If we consider those gynandromorphs which



28 Szabad and Szidonya

O MALE
@ FEMALE
R O MOSAIC
801
60t
401
20}
) O O
1 — —
o —O—pr—-0
10 14 18

DAYS AFTER OVIPOSITION

Figure 2: The contribution (in %) of mutant (male), non mutant (fe-
male) and mosaic structures to the cuticle of the y w £s(1)1867
gynandromorphs which eclosed on different days after oviposition.
(Based on 121 gynandromorphs with 22 structures scored on each of
them.)

eclosed on the same day, the different cuticular regions originating
from different imaginal discs or histoblasts were mutant and nonmu-
tant in equal frequency. This result suggests that there is no
"focus" which would be responsible for the rate of development of
the mutant individuals. Rather the ratio of the mutant and non-
mutant tissues seems to be in correlation with the time of develop-
ment. Whether competition occurs between mutant and nonmutant cells
within compartments of a mosaic primordia (Ferrus and Garcia-Bellido
1977; Simpson, 1979) has not yet been decided.

Female Sterility

The fs(1)1867 homozygous females never lay eqggs. The fertility
of the males is unaffected. Both internal and external genitalia
of the females are normal. The number of ovarioles does not differ
significantly between fsl1867 homo-and heterozygous individuals
(P>0.01; 13.0+1.7 versus 14.0+2.3 ovarioles per ovary, n = 26).
Egg chamber maturation proceeds normally up to stage 10 (according
to King, 1970), when it is terminated. Egg chambers subsequently
degenerate and become resorbed. Residual material is left at the
terminals of the ovarioles.
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Transplantation of imaginal ovaries. To check if the fs1867
mutation affects the ovary or other internal tissues of the body,
reciprocal transplantations of mutant and wildtype ovaries of young
females (less than 2 hours after eclosion) were carried out (King
and Bodenstein, 1965; Postlethwait arid Handler, 1978; Bownes and
Hames, 1978). The ovaries of the freshly eclosed females contain
only immature egg chambers. In 2 to 3 days the implanted ovaries
contain matured follicles indicating that the host environment can
support egg development in the implanted ovary. The results of the
imaginal ovary transplantations are summarized in Table 1. Donor
ovaries were homozygous for the egg shape marker mutation fs(1)K10
(abbreviated K10), which does not interfere with egg maturation
(Wieschaus et al., 1978; Wieschaus and Szabad, 1979) and white (w),
a marker of the eyes and the Malpighian tubules (Lindsley and Grell,
1968) .

Table 1. Development of Egg Chambers in the Implanted Ovaries After
Transplantation of Imaginal Ovaries.

HOST
Donor + n fs(1)1867 n
+ Yes 9 Yes 5
No 53
fs(1)1867 vesa 13 No 5

@ After > 5 days.

When K10 ovaries were transplanted into the abdomen of young
wild-type females, egg maturation was complete after 3 days. There
were about 50 mature eggs observed in each of the implanted ovaries.
The fs1867 hosts could support development of the K10 ovaries just
as well as the wild-type milieu. However, the host fsl867 ovaries
did not develop; they showed the egg resorption phenotype. When
fs1867 ovaries were transplanted into wild-type flies, no egg mat-
uration could be observed within 4 days (28 cases). However, when
the implanted fsl867 ovaries were cultured in the wild-type abdomen
for > 5 days in 13 out of 38 ovaries a few (2.2 *1.7 per ovary) egg
chambers reached stages 12-14. The internal structuring of these
egg chambers was abnormal. These results indicate that the block
in the reproduction cycle of the fs1867 females is in the ovary.

Transplantation of larval ovaries. We wished to exclude the
possibility that the failure of egg production of the fs1867 females
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is due to malfunction of the oviducts or other derivatives of the gen-
ital discs (Shilpbach et al.,1978a). For this reason reciprocal trans-
plantations of ovaries of fs1867 mutant and nonmutant larvae were
performed (Clancy and Beadle, 1937; Garen and Gehring, 1972). The
fs1867 chromosomes were marked by KI0 and w. The £s1867% individu-
als were homozygous for the mutation mal, a marker mutation which al-
lows histochemical identification of the mal tissues (Janning, 1976).
The results of the larval ovary transplantations are summarized in
Table 2. There were 3 kinds of transplantations done. (1) When

K10 w ovaries were transplanted into mal host larvae, 9 females (out
of 13) laid eggs of two types: K10 abnormally shaped eggs originating
from the implanted donor and normal eggs from the host ovary. (2)
The mal females which received K10 w fs1867 ovaries laid only host
(mal) eggs, even though the K10 w fs1867 ovaries were attached to

the oviduct (Figure 3). The fslI867 ovaries invariably showed the
egg resorption phenotype. (3) Ovaries of mal larvae were trans-
planted into KI0 w fs1867 host larvae. Each of the 4 females (out

of five) where the donor ovary was attached to the fs1867 oviduct
laid many eggs originating from the donor ovary but none from the
host ovary. These results indicate that the fs1867 oviduct is able
to support egg deposition, and confirm the conclusions of the imag-
inal ovary transplantations i.e. that the reason for the malfunction
of egg production is an autonomous feature of the fsI867 homozygous
ovaries.

Table 2. Egg Production of Females after Transplantation of Lar-
val Ovaries

Origin of Eggs

Donor Host na Donor Host
+ + 9 Yes Yes
fs(1)1867 + 4 No Yes
+ fs(1)1867 4 Yes No

a . .
Cases when the implanted ovary was attached to the host oviduct.

Is the egg resorption phenotype germ line or follicular cell de-
pendent? This question can be answered by an analysis of mosaic
egg chambers in which mutant germ line cells are surrounded by
nonmutant follicular cells. If an egg can develop from such a
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Figure 4: Schematic representation of induction of mosaicism in
the germ line.

a) Mitotic recombination in the proximal heterochromatin results in
fs(1)K10 fs(1)1867 and mal homozygous cells.

b) Mitotic recombination distal to mal results in fs(I1)K10 homo-
zyogous cells only. For details see text.

heterochromatin, a twin spot composed of KI0 fsl867 and mal homozy-

gous cells is generated (Figure 4a). If, on the other hand, the
mitotic recombination takes place distal to mal, only X10 homozygous
cells are produced (Figure 4b). The site of mitotic recombination

can thus be determined by the presence or absence of the mal homo-
zygous cysts in the ovarioles. The mosaicism of the germ line of
those females which were irradiated as larvae was tested according
to Wieschaus and Szabad (1979). As an indication of mitotic re-
combination in the germ line, the mosaic females laid KI0 eggs.
Ovarioles of these females were subsequently stained for aldehyde
oxidase activity for the detection of mal cysts. The results of
the mosaic analysis are shown in Table 3. K10 eggs producing mosaic
females were recovered with the same frequency in the control as in
the experimental series (23 mosaics were found among the 115 control
and 15 among the 61 females which were heterozygous for the mutation
fs1867). Six of the 10 K10 egg-producing control mosaic females had
mal cysts. Out of 16 K10 egg-producing fsl867 heterozygous females,
11 had mal cysts in the ovarioles. These results clearly indicate
that mitotic recombination took place in the proximal heterochroma-
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Table 3. Germ Line Mosaicism in fs(1)K10 fs(1)1867/mal Hetero- a
zygous Females after Induction of Mitotic Recombination

K10-Mosaicism mal-Mosaicism
Genotype Tested Mosaic ] Tested Mosaic
b
fs(1l)K10/mal 115 23 10 6
fs(1)K10 fs(1)1867/mal 61 15 16 11

3 1000r; 50 kv,1 mm Al filter, 330 r/min, 48 hours after oviposition.

b Data from Wieschaus and Szabad (1979).

tin in these 11 mosaic females, and thus the K10 eggs laid by these
females had to be homozygous for fs1867. Consequently, egg chambers
can develop if their germ line constituents are £s1867 homozygous
and the follicular cells are normal in function, i.e. the fs1867

egg resorption phenotype is follicular cell dependent.

Mitotic recombination was also induced in young K10 fsl1867/mal
embryos. Of the 12 K10 producing mosaic females, 9 had mal homo-
zygous cysts in their ovarioles. The frequency with which mal
cysts bearing mosaic females were recovered (6/10; 11/16; 9/12) is
as expected. It had been shown earlier that about 70% of the mi-
totic recombinations of the X chromosome take place in the proximal
heterochromatin (Garcia-Bellido, 1972; Becker, 1977; Wieschaus and
Szabad, 1979).

Histology

Egg chamber development proceeds normally in the fsl1867 ovaries
up to stage 10 (King, 1970). Typical oocytes and nurse cells de-
velop. The deposition of yolk material into the cytoplasm of the
oocyte can also be seen. Early follicles are covered by typical
follicular cells. Follicular cells retract from the nurse cells
and cover only the ococyte at the correct stage. The first signs
of abnormalities are observed during the shape transition of the
follicular cells which surround the oocyte; the formerly cuboidal
follicular cells become columnar in shape in the case of the wild-
type egg chambers. This step does not occur in the fs1867 egg
chambers. Egg chamber disintegration is succeeded by the formation
of agglomerates in the oocyte cytoplasm. This is followed by pyc-
notic processes which involve both nurse and follicular cells. As
a result of egg resorption some residual material is left at the
terminals of the ovarioles.
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DISCUSSION

fs(1)1867 is a recessive mutation which influences developmental
rate and bristle morphology and causes female sterility. The slow
development and the bristle morphology phenotypes behave autonomous-
ly in gynandromorphs. There is no sign that the slow development is
associated with any region ("focus") which would govern the rate of
development. Rather the relative amount of the mutant tissues has
determinative importance.

A focus could be found for the female sterility phenotype. It
is located in the ovary, as shown by reciprocal transplantations of
mutant and wild-type ovaries. That a few egg chambers of the mutant
ovaries could develop in the wild~type abdomen might reflect some
nonautonomy of the egg resorption phenotype; diffusible materials
are produced in the wild-type host ovaries (in the oocyte nurse cells
and/or in the follicular cells) which can rescue the mutant phenotype
(Tokunaga, 1972; Garcia-Bellido and Merriam, 1973). In general, in
the course of ovary transplantations, the mutant ovaries can develop
in the wild-type milieu. There are two possible meanings of this
result: 1) The defect is not in the mutant ovary (Postlethwait and
Handler, 1978); 2) The defect is in the mutant ovary, but the pheno-
type is not cell autonomous. This latter possibility can be tested
by the use of host females lacking either the germ line or the folli-
cular cells or both components of the ovaries (Thierry-Mieg et al.,
1972; Graziosi and Micali, 1974; Wieschaus and Szabad, 1979). An
alternative solution is the transplantation of different wild-type
organs into mutant females, expecting in this way to rescue the mut-
ant phenotype.

Mosaic analysis of the egg resorption phenotype suggests that it
is not germ line but rather follicular cell dependent; eggs did de-
velop from those egg chambers in which the mutant oocyte and nurse
cells were surrounded by nonmutant follicular cells. There are two
reservations, however, which we must be aware of. '

1. The f£s1867 phenotype might be germ line dependent but non-
autonomous. In the mosaic analysis based on mitotic recombination,
the majority of the follicles contain normal germ line cells. Dif=-
fusible materials from these cells might rescue the mosaic ones and
consequently, eggs would develop from egg chambers where only the
follicular cells were genotypically normal. The degree of rescue
might depend on the site of the mutant and nonmutant tissues. In
the case of ovary transplantations, the diffusible materials have
to pass through the membranes covering both the host and the mutant
ovarioles which may interfere with the rescue of the mutant pheno-
type. In the case of mosaic analysis some egg chambers contain
mutant germ line cells; others, nonmutant ones. These line up with-
in the ovarioles (Schupbach et al., 1978b; Wieschaus and Szabad,
1979) , a situation which may be favorable for the rescue of the mu-
tant phenotype.
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The role of follicle cells in the manifestation of the mutant
phenotype could be directly established by the analysis of mosaic
females whose ovaries contain only mutant follicular, and nonmutant
germ line cells. Such mosaics can be produced by the transplantation
of nonmutant germ line cells into mutant blastoderms. The role of
germ line cells could be studied in mosaic females whose ovaries are
made of nonmutant follicular and exclusively mutant germ line cells.
Such mosaics could be generated by pole cell transplantations where
mutant blastoderms serve as donors and blastoderms which lack pole
cells (Thierry-Mieg et al., 1972; Wieschaus and Szabad, 1979) as
recipients.

2. A perdurance of the 1867+ gene might also rescue the fol-
licles which contain mutant oocyte and nurse cells surrounded by
nonmutant follicle cells. If the product of the 1867F gene is pre-
sent in the cytoplasm of the fsl1867 heterozygous mother cells at the
time of induction of mitotic recombination, and does not dilute out
from the fs1867 homozygous daughter cells by the time of follicle
differentiation, expression of the mutant phenotype might not take
place (Garcia-Bellido and Merriam, 1971). To allow enough time for
cell proliferation, the fs1867 homozygous germ line cells were gen-
erated in young embryos, allowing at least 5 cell divisions before
final differentiation (Wieschaus and Szabad, 1979). The fact that
such cells were still able to support egg development indicates that
either (1) the 1867 product has long perdurance, or (2) the fsl867
phenotype is follicle cell dependent. This latter possibility is al-
so supported by the fact that the first visible sign of egg degenera-
tion is seen in the follicular cells. It has to be mentioned, how=-
ever, that the abnormal chorion morphology of the K10 mutation was or-
iginally expected to depend on the genoytpe of the follicle cells
which produce the chorion. Despite expectations, K-10 is clearly germ
line dependent (Wieschaus et al., 1978; Wieschaus and Szabad, 1979).
There is most probably an extensive cooperation between the germ line
and the follicular cells during oogenesis. Disharmony of this co—
operation can lead to female sterility resulting in abnormal egg
chamber development or death of the embryos.

SUMMARY

The X-linked 1867+ gene seems to be a pleiotropic one. Muta-
tion in this gene causes delay in development and abnormal bristle
morphology. These phenotypes are expressed autonomously in genetic
mosaics. There is no focus for the delay. The female sterility
could be localized to the ovary (based on ovary transplantations).
It seems that the 18671 gene is expressed in the follicular cells
at one of the last steps of oogenesis. This is suggested by the
results of mosaic analysis based on mitotic recombination. Pos-
sible drawbacks of the mitotic recombination type of analyses are
also discussed.
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DISCUSSION

A. Shearn: Is the mutation localized near any of the known Minute
locations?

J. Szabad: There are nine Minute mutations known in this part of
the chromosome, but none of these are associated with this mutation.
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INTRODUCTION

Over the last few decades, studies of pattern formation in
Drosophila imaginal discs have been proceeding along two rather
separate lines. One line of research includes the studies initiated
by Vogt, Bodenstein and the Hadorn group on the experimental embry-
ology of imaginal discs, where the ability of disc fragments to
grow, to regenerate, and to duplicate has been documented (see
Bryant, 1978 for review). This has led to a number of theories
involving first, gradients of developmental capacity (Bryant, 1971)
and second, a polar coordinate system in which any discontinuities
are eliminated by intercalation (French, Bryant, and Bryant, 1976).

The other approach to pattern formation in Drosophila is one to
which this organism is especially well suited. This involves studies
of the effects of various mutations on patterns, either in entirely
mutant animals or in a variety of genetic mosaic situations. This
approach has led to the concept of a prepattern underlying pattern
formation (Stern, 1968) and, more recently, to the idea of sequential
gene activation coincident with progressive compartmentalization of
the growing cell population (Garcia-Bellido, 1975).

The theories arising from these two approaches to pattern forma-
tion are quite different from one another, and it is difficult to
see how they can be integrated. 1In this paper we do not propose a
resolution to this problem, but we do describe recent work on some
mutants which promisés to bring the two approaches closer together.
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SOME GENETIC ABNORMALITIES OF PATTERNS

We have chosen to concentrate our efforts on a selected group
of mutations: those causing the types of abnormalities which might
be expected according to some of the recent theories on pattern regu-
lation in imaginal discs. The abnormalities are as follows:

(1) Pattern deficiencies. These are, of course, predicted by
practically any theory of pattern formation, provided it is assumed
that they are produced by degeneration and that this degeneration
occurs so late in development that it cannot be compensated for by
pattern regulation. Production of a partial pattern ab initio, with-
out degeneration, is more difficult to explain according to most
theories.

(2) Pattern deficiency/duplications. This refers to situations
where part of an imaginal disc derivative is missing, as in the de-
ficiencies, but where the remaining derivatives are duplicated with
mirror-image symmetry. It is useful to call the part of the pattern
with normal symmetry orthodromic, and the part with reversed symmetry
antidromic (Figure la and b; Jurgens and Gateff, 1979). 1In some
cases, mutations producing this phenotype can also produce simple
pattern deficiencies, but this is not always the case. The defici-~
ency/duplication phenotype is easy to understand for mutations which

Normal Duplication Triplication

Ortho- Anti- \‘:\ Para-
dromic dromic NN dromic
Anﬁ-\\t\\\\
Ortho- dromic \‘\\\\’
dromic
(a) (b) (c)

Figure 1l: The morphology of abnormal legs in Drosophila mutants
(Jurgens and Gateff, 1979). (a) Normal leg. (b) Deficiency/dupli-
caton. The part with normal asymmetry is termed orthodromic,
whereas its partner, with reversed asymmetry, is termed antidromic.
(c) Triplication. This is essentially a normal leg (the orthodromic
part) carrying a symmetrical outgrowth (the anti- and paradromic
parts).
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remove part of the imaginal disc through degeneration, since surgical
removal of parts of discs can also produce fragments which duplicate
if given an opportunity for growth (see Bryant, 1978). Thus, any
theory which can account for pattern duplication in imaginal disc
fragments, such as the polar coordinate model (French et al., 1976)
can also account for the pattern abnormalities caused by these muta-
tions if it is assumed that extensive degeneration occurs so early

in development that pattern regulation can occur in response to it.

(3) Pattern triplications. An abnormality of this type is
equivalent to a completely normal imaginal disc derivative bearing
an outgrowth which is itself mirror-symmetrical (Figure 1lc). The
part of the outgrowth which has reversed symmetry is called anti-
dromic, whereas the part with normal symmetry is called paradromic
(Jurgens and Gateff, 1979). Such defects have occasionally been
produced surgically by cutting leg discs in situ (Bryant, 1971), but
we have recently discovered that they can be more easily produced
at a high frequency by applying pulses of high temperature to lar-
vae carrying the temperature-sensitive cell-lethal mutation 1(1)ts-
726 (J.R. Girton and P.J. Bryant, unpublished). In the latter ex~
periment. it is assumed, as with the deficiency/duplications, that
the primary defect is local degeneration and that the symmetrical
outgrowth is produced in response to the degeneration.

THEORY OF PATTERN FORMATION

The polar coordinate model for pattern formation (French et al.,
1976) does not account directly for the symmetrical outgrowths pro-
duced by the temperature-sensitive cell lethal described above, nor
does it account for the very similar symmetrical outgrowths produced
from surgically-created symmetrical bases in cockroaches and amphib-
ians (Bohn, 1965, 1972; S.V. Bryant, 1976; Bryant and Baca, 1978;
French, 1978; Tank, 1978). This failure of the basic model 1led to
the following revision of the part of it which deals with distal out-
growth (S.V. Bryant, P.J. Bryant and V. French, unpublished).

In an asymmetrical epimorphic field such as an amphibian or
cockroach leg, or a lateral imaginal disc of Drosophila, when either
distal or proximal parts of the pattern or presumptive pattern are
removed, subsequent growth usually generates the parts of the pat-
tern which are normally distal to the cut edge. When the piece from
which this process occurs is a proximal piece, such as a peripheral
ring from an imaginal disc, the result is regeneration of the missing
distal parts. When the piece undergoing this process is a presump-
tive distal piece such as the central fragment of an imaginal disc,
the result is usually duplication of the existing distal parts (see,
for example, Bryant, 1975). 1In order to emphasize that this kind
of pattern formation always generates more distal elements, it has
been termed distal transformation (Rose, 1962). However, since
the addition of distal parts appears to depend on addition of new
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cells rather than alteration of old ones, we call the phenomenon
distal outgrowth.

We propose that the basic cell interaction leading to distal
outgrowth is between cells having different circumferential posi-
tional values which come together as the amputation site heals
(Figure 2a). This leads to circumferential intercalation according
to the shortest intercalation rule (French et al., 1976), and if a
complete circle of positional values was present at the amputation
site, a new complete circle will be generated by this mechanism. An
important point to recognize is that although a specific kind of
wound-healing is used as an example in Figure 2a, the same outcome
is predicted by practically any other set of circumferential confron-
tations that might occur. Any kind of wound closure must involve
cell displacements that will lead to the generation of more complete
circles.

We now propose that the new cells generated during circumferen-
tial intercalation at the growing tip of the appendage must adopt
positional values which are more distal than the preexisting ones
at the wound edge. Furthermore, we propose that this comes about
as a result of strictly local interactions. If a cell which is pro-
duced during circumferential intercalation is assigned a circumfer-
ential positional value identical to that of an adjacent cell, we
suggest that the new cell must adopt a radial positional value which
is more distal. We will call this process distalization. Repeated
rounds of circumferential intercalation with distalization, with
some provision for stopping at the distal tip, will give an outgrowth
which is both circumferentially and distally complete.

For symmetrical epimorphic fields such as amphibian tails, or
in cases where growth occurs from a base which is made symmetrical
by surgical means such as in double-half limbs in amphibians or
cockroaches, the above model predicts that distalization will occur
from the symmetrical partial circumferences, but that the extent of
distalization will depend upon the orderliness and direction of
wound-healing at the amputation site, on the number of different
positional values present at the cut edge, and on the number of
radial values to be replaced.

Figure 2b shows how the extent of distalization from symmetri-
cal partial circumferences would depend upon the mode of wound-
healing at the amputation site. With mode 1 healing there are no
positional-value confrontations, and no growth or distalization is
expected. The opposite extreme is mode 3, where the maximum degree
of positional-value confrontation occurs. Circumferential inter-
calation with distalization gives a tapered symmetrical outgrowth
which is distally incomplete in this case. We have arbitrarily
adopted a model with twelve circumferential and five radial posi-
tional values, and models with different ratios of the two would
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predict different degrees of distalization. If, for example, there
were only three radial positional values, then the mode 3 example
in Figure 2b would be distally complete. An intermediate type of
wound-healing is mode 2, which again produces tapered symmetrical
outgrowths, but in this case, they are less distally complete than
with mode 3.

Another variable which is expected to affect the extent of
distalization from a symmetrical circumference is whether there is
more or less than half of a complete circumference of positional
values on either side of the line of symmetry. ‘In cases where each
side of the symmetrical circumference contains less than half of a
complete circumference, as in the examples in Figure 2b, shortest
intercalation between extreme values could never lead to generation
of new positional values but only to duplication of existing ones.
On the other hand, in cases where there is more than half of a com-
plete set of positicnal values on each side of the line of symmetry,
intercalation by the shortest route between extreme values would
generate new positional values, as shown in Figure 2c. The two sym-
metrical complete circles which are thus produced are expected to
lead to the generation of two complete distal outgrowths which are
mirror-images of each other. At the point where the two complete
circles are established, the appendage is expected to branch.

In general, the degree of distal outgrowth will depend upon
the number of positional values present in each half of the double-
half circumference, relative to the number of positional values in
the proximal-distal sequence. The distalization rule makes the
"complete circle rule" (French et al., 1976) dispensable, since the
differences in degree of distalization under various circumstances
now follow simply from the geometrical properties of complete cir-
cles compared with double partial ones.

THE DEFICIENCY/DUPLICATION PHENOTYPE

Many imaginal disc fragments produce mirror-image pattern dup-
lications when they are given the opportunity for growth by cul-
turing them in adult flies before transfer to larvae for metamor-
phosis (see Bryant, 1978). This duplication, as well as the regen-
eration which occurs in cultured complementary fragments, can be
understood as a result of intercalation between different parts of
the presumptive pattern which come together during wound healing
and behave according to the shortest intercalation rule (French
et al., 1976). 1In general, for duplication to occur the fragment
must contain less than half of the circumferential positional values,
even though, at least in the case of the leg disc, this need not
correspond to less than half of the disc in physical terms (see
Strub, 1977a).
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Figure 2: Model of distal outgrowth in asymmetrical and symmetrical
epimorphic fields (S.V. Bryant, P.J. Bryant and V. French, unpub-
lished). (a) The tissue remaining after removal of levels B, C, D
and E of the pattern is shaded and the wound edge is outlined by the
circle. This diagram could represent an imaginal disc with the cen-
ter removed or the stump of an amphibian or cockroach leg after amp-
utation of the terminal parts. It is proposed that during the process
of wound healing, different parts of the circumference come into con-
tact, and the second diagram shows one way in which this might occur.
Circumferential intercalation (*) produces cells with circumferential
positional values identical to those of pre-existing adjacent cells,
so the new ones are forced to the next most distal level B (distali-
zation). Subsequent intercalation completes the B level, and reiter-
ation of the whole process generates the remaining distal levels.

The process is essentially independent of variations in the direc-
tions of wound healing. (b) When the starting configuration is sym-
metrical, as in a double-half limb, the outcome depends on the kind
of wound-healing which occurs. Mode 1 healing gives no positional-
value confrontations and no distal outgrowth, whereas modes 2 and 3
give limited distalization corresponding to symmetrical and distally
incomplete outgrowths. Mode 3 gives a more complete outgrowth than
mode 2. (c) When the starting configuration consists of two sym-—
metrical copies of more than half of the circumference, the shortest
intercalation rule (French et al., 1976) predicts that certain kinds
of wound healing (mode 3 of Figure 2b) will lead to the production of
two symmetrical complete circles. This will give rise to a pair of
diverging, branched, distally complete outgrowths.

The mutations scallopedUCI, vestigial, wingless and tetraltera
produce, in some animals, a deficiency/duplication phenotype in the
wing disc derivatives. In most cases the wing itself is missing and
the remaining notum or parts of it are duplicated with mirror-image
symmetry (Figure 3b). The position of the line of symmetry relative
to the pattern is variable in all of these mutants, and parts of
the wing are sometimes included (A.A. James and P.J. Bryant, unpub-
lished). In scallopedUCI and vestigial, a range of different pheno-
types is produced including a variety of simple deficiencies of the
wing margin (Figure 3a), but only the deficiency/duplication pheno-
type is seen in wingless and tetraltera.

We have recently confirmed Fristrom's (1968) finding for vesti-
gial, and shown for scallopedUCI, that extensive degeneration occurs
in the presumptive wing region of the wing disc during the third
larval instar, thus accounting for the deficiency phenotype (Figure
4; A.A. James and P.J. Bryant, unpublished). We assume that more
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extenpive degeneratlon accomts four the deflclency/thplication shedo—
type of the matant=s. B Btudy of the extent of the pattern deficisn—
cing showed thak a certain threshold level of defigiency had to ba
praggnt in ordgr for dnplig.q:l:im to o2cur. This thrashold lesal
cerregponds to about half of the clrcumferenee of the dixc, which

is pradicted Ly the thecry and whieh corvesponds te the amount of
the diac which hag o be emoved in the surglcal escperimgnts o

give a frament which will duplicate Tather than regenerate, TPre-
EomAably in the mutants wiwn the deflcleocy is sube-threehold, any
attempt tg regeoerate ix counteractad by degeneratioan oFf that parct
of thw preswiptive pattern,

The deficlency/duplicaticn ghanoctypes of winglegs and tafraltapa
are also consiptent with the known requlative behavior of the wing
dime in that the part of the patcern which 1z present wonld be ex-—

Pigure 3: {From A.A. Jamsp and B.J. Bryant, unpobllshed).

(a] Daficiancy of the wing margin preduced by the scellopedVeX
mitakian,

b} Deflgisncy dupiication phenotype prodoced by the sopllopagUCl
Tutatios, The wing and part of the hotum are Bigsing, and the re-
tainibg part of the notom 1e doplicated with mirror-image symmatlry.
Bpghad line shows the poeiticn of the Jine of symmetry. .

pg L
PLC
Pigure 4; Iocalized call death in a wing disc fiom soellapadtCl

[A.A. Jemes and P.J, Bryant, uboubilshed). 2D, adepithelisl cells;
o7, dead cella; B, peripodial gawvity, Bar rapresents 50 pm.
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pected to be produced by a duplicating fragment. However, we have
not detected excessive cell death during the third larval instar of
these mutants and we have to conclude that if it occurs, it occurs
only during early developmental stages. The fact that simple de-
ficient phenotypes are not seen could be accounted for by assuming
that the early degeneration would be followed either by complete
duplication (giving the deficiency/duplication phenotype) or complete
regeneration (giving a normal phenotype) depending on the size and
location of the degeneration. However, a clonal analysis of wingless
by Morata and Lawrence (1977) provided evidence against a degeneration
mechanism for this mutant. More work needs to be done on tetraltera
in this respect.

The deficiency/duplication phenotypes in leg-disc derivatives
produced by the temperature-sensitive cell-lethal mutation 1(1)ts-726
have been studied in a similar way. Here it is known that the pheno-
type is a secondary response to degeneration in the leg disc of heat-
treated larvae, since degeneration has been documented histologically
(Clark and Russell, 1977) and in a mutant/non-mutant genetic mosaic,
the antidromic part of the duplication can include non-mutant tissue
(Russell, 1974). The deficiency/duplication phenotypes were shown
to be consistent with the known reqgulative behavior of leg disc frag-
ments, except that some duplications were found associated with sur-
prisingly small deficiencies. This led Russell et al., (1977) to
favor a radiating-gradient model for the leg disc, in which the high
point of the gradient was located at the medial edge of the disc, in
the deficient area associated with the largest duplications. A radi=~
cal distortion of positional-value spacing would be necessary to
bring these results into line with the predictions of the polar co-
ordinate model.

DUPLICATION AND DISTAL OUTGROWTH IN IMAGINAL DISCS

Small fragments taken from the edge of the wing or leg imaginal
disc generally duplicate during culture (see Bryant, 1978). Since
such a fragment contains presumptive proximal parts of the pattern
but is missing distal structures, it can be considered as potenti-
ally the base of a symmetrical distal outgrowth as in Figure 2, pro-
vided the appropriate wound-healing and cell interactions can occur.
Conceivably, such distal outgrowth could occur before, during or
after the circumferential duplication which occurs in these frag-
ments. In the case of the wing disc, many presumptive proximal
fragments (actually "edge pieces" obtained by a straight cut across
the disc ) underwent "conservative'" duplication without showing
distalization (Bryant, 1975). However, some of these fragments,
though not others, regenerated a variable number of the more dis-
tal (and other proximal) structures during a more extended adult
culture period (Duranceau, 1977; B.Kirby, personal communication; J.
Karlsson, personal cammunication)., The distal regeneration shown by
these pieces may be analogous to the similarly variable distal regen-
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eration shown by double half-limbs in amphibians and cockroaches.
However, the problem has been studied directly by Schubiger (1971)
and Strub (1977a,b) and Schubiger and Schubiger (1978) using the male
foreleg disc. These authors studied the behavior of various sectors
of the presumptive proximal part of the leg disc during adult culture
and showed that even when these fragments underwent duplication (and
by implication carried only a minority of the circumferential posi-
tional values), they nevertheless could regenerate distal structures
at certain frequencies. Upper lateral or lower lateral % proximal
sectors showed no distal regeneration in Strub's (1977a,b) studies,
but 16% of lower medial gquarters regenerated claws (the most distal
pattern element). When the starting fragment comprised half of

the disc, claws were regenerated in 19% (lateral half) or 25% (lower
half) of cases (Schubiger and Schubiger, 1978). With 3/4 of the
circumference present, 87% of fragments produced claws (Schubiger
and Schubiger, 1978). Since these fragments all duplicate their
patterns, they are assumed to carry less than half of the circum-—
ferential positional values in both ortho- and antidromic halves,

so the regenerates provide evidence for distal outgrowth from in-
complete circles. Furthermore, the series of results taken to-~
gether suggests that the probability and completeness of distal
outgrowth is a function of the proportion of the circumference
present in the presumptive proximal tissue. In addition, Schubiger
and Schubiger (1978) found that both anterior and posterior com-
partments of the disc (Garcia-Bellido et al., 1973) must be present
for distal outgrowth to occur, as also seems to be the case in the
wing disc (J. Karlsson and M. Wilcox, personal communication). Dis~
tal outgrowth in wing-disc fragments can occur before circumferential
duplication begins (J. Karlsson and M. Wilcox, personal communica-
tion), a result which is consistent with the view of distal outgrowth
presented here.

Ssome further information on pattern regulation in the leg disc
comes from surgical operations performed in situ on developing larvae
(Bryant, 1971). Complete bisection of the leg disc gave one regen-
erating and one duplicating fragment as in the transplantation
studies (Schubiger, 1971). However, these operations sometimes
failed to completely sever the disc, and pattern triplications were
obtained in several cases. Such a triplication consisted of a nor-
mal, asymmetrical and complete leg in normal orientation (the ortho-
dromic part) together with a symmetrical outgrowth (the anti~ and
paradromic parts) (Figure 1lc). These results can be interpreted
according to the distalization model described earlier. An incision
in the leg disc which is closed at both ends would have a wound sur-
face which is symmetrical with respect to circumferential positional
information, and which therefore could produce a symmetrical regen-
erate (Figure 5). Whether or not the regenerates were distally com-
plete would depend on how much of the presumptive circumference was
present at the wound site and on the speed and directions of wound
healing before and during growth.
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Triplication of wing-disc derivatives with symmetry relation-
ships similar to those in the leg have been produced by surgical
operations or irradiation in Drosophila (Bryant, 1971; Postlethwait,
1975) and by surgical operations in Ephestia (Rahn, 1972).

Figure 5: Diagram to show how a cut in an imaginal disc (a;shaded)
could lead to a symmetrical, distally incomplete outgrowth (b;
shaded) by the distalization process described in this paper. O,
orthodromic; A, antidromic; P, paradromic sections of the pattern.

DUPLICATION AND DISTAL OUTGROWTH IN TEMPERATURE-SENSITIVE CELL-
LETHAL MUTANTS

Several workers (Russell, 1974; Arking, 1975; Simpson and
Schneiderman, 1975) have recently discovered that pattern dupli-
cations can be produced at high frequencies by applying pulses of
high (restrictive) temperature to developing larvae of strains
carrying mutations which cause cell death at the restrictive temp-
erature. Two mutations of the su(f) locus have been studied in
detail: 1(1)ts-726 (Russell, 1974; Russell et al., 1977; Postle-
thwait, 1978) and 1(1)madtS (Jurgens and Gateff, 1979). Although
direct evidence for temperature-induced cell death has been ob-
tained only for 1(1)ts-726 (Russell, 1974; Clark and Russell, 1977),
the results obtained with the two alleles are so similar that it
seems likely that they cause similar primary defects. The most
common result of an early restrictive-temperature pulse is leg
duplication, where the abnormal leg comprises a bidorsally (Russell
et al., 1977; Jurgens and Gateff, 1979) or bilaterally (Postle-
thwait, 1978) symmetrical partial leg with the ventral or medial
structures, respectively, missing. That the orthodromic part of
the pattern represents the surviving tissue after degeneration in
the original leg disc, whereas the antidromic part has grown out from
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the orthodromic part by epimorphic duplication, seems highly likely
from histological work (Russell, 1974; Clark and Russell, 1977) as
well as genetic mosaic analysis (Girton and Russell, 1980). That
being the case, the patterns found provide evidence about the cir-
cumferential requirement for distal outgrowth. In particular, Post-
lethwait (1978) showed that the antidromic part was distally incom-
plete in all cases where it was circumferentially incomplete (and

in some cases where it was circumferentially complete) at the prox-
imal level, thus supporting the idea of a complete circle require-
ment for complete distal outgrowth.

TRIPLICATIONS IN TEMPERATURE-SENSITIVE CELL-LETHAL MUTANTS

Another abnormality produced mainly by later restrictive-temp-
erature pulses applied to temperature-sensitive cell-lethal mutants
is triplication similar to that described above as resulting from
surgery in situ. Such abnormalities are assumed to be complete
legs (the orthodromic part) from which a symmetrical outgrowth (anti-
and paradromic parts) has arisen(Figure lc;Jurgens and Gateff,1979).
We are presently testing this assumption by c¢lonal analysis. The
outgrowths produced after late heat pulses in 1(1)ts-726 are often
converging; that is, the two symmetrical partial circumferences of
the outgrowth become less complete (have fewer bristle rows) towards
the distal end (Figure 6b; Postlethwait, 1978; Jurgens and Gateff,
1979; J.R. Girton and P.J. Bryant, unpublished). They are also some-
times diverging, indicated by the presence of more bristle rows in
the two symmetrical partial circumferences towards the distal end
(Figure 6a; J.R. Girton and P.J. Bryant, unpublished). Converging
outgrowths usually terminate before the true distal tip is reached,
and therefore do not produce a claw. Diverging outgrowths, on the
other hand, usually diverge to the extent that they contain two
complete circumferences (two full sets of bristle rows) and at that
point they always branch (Figure 6a). The two branches almost al-
ways have normal morphology, are symmetrical with one another, and
are distally complete as is indicated by the terminal claw. Occa-
sionally, one of the branches bears an additional small converging
outgrowth.

The diverging outgrowths, together with the normal leg from
which they emanate, all provide a striking confirmation of "Bateson's
rules"”, devised by William Bateson in 1894 to illustrate the sym-
metry relationships of supernumerary legs found in insects in nature.
He found that triple extremities were one of the most common of the
abnormalities and noted that the three distal patterns always fol-
lowed certain rules of symmetry. The appendage next to the one in
the normal position was always a mirror-image of it, and the one
farther from the normal was always a mirror-image of the nearer.
Bateson constructed a mechanical model to illustrate this principle,
which also demonstrated that the symmetry relationships applied to
longitudinal planes of symmetry at various directions in the appen-
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Flgure &: Outgrowth of part=s of the frosophila leg produced by a
dB=heour pulase of 299C applled to early third Instar 2 (2)ew-326
larae (J.R.Girkon and P-J. Bryant, unpublished). (21 Dlvergant
distally complete first leg cutgeowth. (b Conwergent, diatally
incomplete thiml ley outgrowlh. O.A,F, ortho—, anti~, and parda=
dromic parts of the pattern.

fdaga. Tt ig sapy to mee that thess are exactly the symntry ve-
laticnships of the ortho-, antl= and paradromlic elements of tha
Loiplications prodoced by sturgical damsge or tempecdallre-—sengilime
cell-lethal motations id Deegophils imdginel disce.

The aimilarities hetwean the natorally sceurving abbormeldtd e
deacrlbed Ly Bateson and the resaponaes to aurglical damass in cock-
roaches {Bohn, 1272] and Prosophila (Bryant, 1971} snagest that many
of the natural triplicationg might ke explained as the resolts of
accidantal damage to the appendages garliar in the life of the ami-
mal. Mogt of the abharmalitiss produced in eat-pulsed I{I)te=FI&
animala can alss he aceeumtad For 1 it 1a asswsd, as the histolomqy
indicales {(Mlark and Fussell, 1977), that th= primary effect of the
mibtalicn 1l Lo ceuse legal degepsralich io the imaginal di=s<. But
whermas the deficiency/duplications produced by early heoat pulses
are probakly the result of degeneratlion extending to the edge of
the imaginal diec, 1t sceme likely that the triplicaticne ari=e Erom
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an internal zone of degeneration which does not reach the edge of

the disc. We can then account for most of the outgrowth patterns

if we assume that they represent the outcome of variable and sym-

metrical distal outgrowth from the margin of the degenerated zone

as in Figure 5. If this is indeed the mechanism of outgrowth pro-
duction, then several predictions can be made and tested:

(1) When the base of the outgrowth contains less than half of
a circumference in each of its two symmetrical parts, the outgrowth
will be either parallel (neither converging nor diverging) or con-
verging and distally incomplete.

(2) Wwhen the base of the outgrowth contains more than half of
a circumference in each of its two symmetrical parts, the outgrowth
may converge and be distally incomplete, or it may diverge, branch
and be distally and circumferentially complete in each of the two
branches. Bateson's rules of symmetry should be followed.

(3) Outgrowths with distal bases should be more likely to
diverge than those with more proximal bases. This is based on the
assumption that the sizes of cell-death patches are approximately
the same in presumptive proximal and distal segments. Since the
presumptive segments are arranged concentrically in the leg disc,
with the most distal presumptive segments towards the center, a
cell-death patch of a given size would cover more of the circum=-
ference in distal presumptive segments than it would in more prox-
imal presumptive segments.

The data from 1(1)ts-726 are consistent with some of these
predictions, although not all of them, and they show some addi-
tional interesting regularities. The data are summarized in
Figure 7, where the arcs show the positions and sizes of the bases
of (a) diverging and (b) converging outgrowths of the tarsus. It
can be seen that diverging outgrowths always have relatively large
bases but that a large base does not necessarily give a diverging

Figure 7: Arcs showing the positions and extents of outgrowth bases
in legs of adults from heat-treated 1(1)ts-726 larvae (from J.P. Gir-
ton and P.J. Bryant, unpublished). (a) Diverging outgrowths. (b)
Converging outgrowths. The bases are plotted on a planar map of the
tarsus, in which the more proximal segments are peripheral and the
distal tip is central. Tarsal segments are numbered in the concentric
circles, and bristle rows are numbered around the outside. The
cross-hatching between rows 1 and 8 represents a characteristic tri-
chome patch.
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outgrowth. When the base is very small (% of the circumference

or less), the outgrowth converges in all cases. Divergence is
mostly limited to tarsal outgrowths and only rarely do those with
more proximal bases diverge. All of this is as expected. How-
ever, the data seem to indicate that a diverging outgrowth can
emanate from a base in which each of the symmetrical halves com-
prises less than half of a circumference of positional information.
This can be clearly seen by comparing outgrowths in which the base
contains bristle rows 7, 8 and 1l,with those in which the base
contains bristle rows 4, 5, 6 and 7 (row 7 being on the line of
symmetry, at the extreme edge of each half of the base). These

are nonoverlapping arcs which together make up less than a com-
plete circumference, so that at least one of them must contain less
than half of a circumference. Although such cases are not common,
they are inconsistent with the model proposed earlier. They can
only be accommodated into the theoretical framework we have described
by assuming that the shortest intercalation rule is not always obeyed
when the size of the positional information discontinuity is close
to one half-circumference. This is actually known to be the case
from strip-grafts with cockroach legs (French, 1978). A symmetrical
base which comprises two halves of slightly less than a half-circum-
ference could then sometimes undergo divergence and branching, but
would be more likely to show convergence.

A surprising feature of our results with 1(1)ts~726 is that
the bases of outgrowths are not randomly localized with respect to
the circumference. On the one hand, the bases of all of the diver-
ging outgrowths either include row 7 in each half or include row 7
on the line of symmetry. On the other hand the converging outgrowths
never include row 7. Although this might reflect nonrandomness in
the distribution of cell-death patches of different sizes or shapes,
the fact that many converging outgrowths have a large base containing
rows 2-6 suggests that large .cell-death patches can occur in this part
of the disc although they do not lead to diverging outgrowths. It
therefore seems more likely that this result reveals inhomogeneity
in the pattern regulation system that is responding to the cell
death. We hope that a histological analysis of cell death in heat-
pulsed 1(1)ts~726 larvae will resolve this question.

Another intrigqguing feature of our results is that in all diverg-
ing outgrowths and most of the converging ones, the bases extend in-
to both anterior and posterior compartments, the boundaries of which
are between rows 1 and 8 and between rows 3 and 4. This feature
supports the conclusion of Schubiger and Schubiger (1978) that
cells from both anterior and posterior compartments must be present
in order for distal outgrowth to occur. If this is the correct in-
tepretation, it must be the case that the contributions from the
two compartments can be very unequal, since in some examples al-
most all of the outgrowth base is in one compartment.
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CONCLUSIONS

The main advantages presented by the use of temperature-sen-
sitive cell-lethal mutations in the study of pattern formation is
the facility with which large numbers of defects can be produced, and
the greater scoring accuracy which is possible with defects in situ
compared to those in transplanted fragments. As we have shown in
this paper, some aspects of the phenotypes produced are as expected
from theory derived from surgical experiments. Others are yet to be
fully explained and will undoubtedly contribute substantially to the
development of future theories. Although with temperature-sensitive
cell-lethal mutations it is possible to control the timing of events
by varying the temperature treatments, the location and extent of
the degeneration seems to be characteristic of the mutation itself.
A detailed knowledge of the degeneration patterns in the mutants al-
ready studied, and comparable studies of the patterns produced by
mutants with different degeneration patterns, will be necessary in
order to determine which features of the results are unique to a
given mutation, and which features will reveal .important clues to
the mechanism of pattern formation.
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DISCUSSION
A. Shearn: Have you examined patterns of cell death?

P.J. Bryant: Clark and Russell have examined this for earlier pul-
ses. The cell death is very patchy and the patches are in different
places for different discs without much regularity. We have not
looked at histology from later pulses yet.

A.S. Mukherjee: Does your model assume that the positions of the
bristles on the tarsal segments are fixed at a very early stage?

P.J. Bryant: Not really. We are assuming that there is positional
information on the disc at the time when it responds to a temperature
pulse during the early third larval instar. In fact, there is other
evidence that this is the case. When you transplant imaginal disc
fragments from these stages, you produce specific structures.

D. Byers: Do you get triplications in the eye and the antenna?

P.J. Bryant: Eye and antennal duplicatiomns are produced by early
pulses, but we have found triplications from later pulses.
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INTRODUCTION

Very little is known about the way in which growth is monitored
in developing animals. The control of growth and size, although an
important subject, is poorly amenable to experimental analysis. Dif-
ferent aspects of this topic such as: the control of different events
in the cell cycle (Hartwell, 1974), changes in the cell surface
throughout development and the possible intermediary role of the cyto-
skeleton between cell surface receptors and the nucleus (Edelman, 1976;
Nicholson, 1976) have been investigated. However, since cell-cell
interactions are of prime importance throughout growth and many events
must occur at the level of the entire cell population (Wigglesworth,
1959) , one rather neglected aspect of the problem has been the study
of the behavior of cell populations.

The imaginal discs of Drosophila offer a good model system for
studying growth from this point of view. Here we will briefly re-
view evidence that growth is controlled intrinsically by the imaginal
discs, and that compartments (Garcia-Bellido et al., 1973) may re-
present the units for size control. The phenomenon of cell competi-
tion (Morata and Ripoll, 1975) and its possible relation to growth
control will be described and discussed.

CELL COMPETITION

Cell competition was first described by Morata and Ripoll (1975).
These authors studied a group of mutations in Drosophila, the Minutes
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and showed that their extended period of development was the result
of a cell-autonomous slower rate of division. Flies bearing Minute
mutations are of normal size, show moderate to good viability and
have no abnormalities other than smaller, thinner bristles (the term
"Minute" refers to the bristle phenotype). When clones of Minute
cells are produced in non-Minute animals however, they do not survive.
The elimination of these slowly-dividing non-lethal cells was termed
cell competition.

When Minutet clones are produced in a Minute animal, they grow
to be very large as a consequence of their advantageous growth rate.
During the growth of a large Minutet clone, the surrounding Minute
cells in the same compartment are progressively eliminated by cell
competition in the same way that Minute clones are in a background of
Minutet cells. Mosaic compartments are always normal ‘in size and
shape. Cell competition appears to be necessary to obtain appendages
of normal size, since Minute® clones grow to be so large. The process
of cell competition is therefore closely correlated with the control
of size.

The Intensity of Competition is a Function of the Disparity Between
Rates of Cell Division.

Recent unpublished observations have revealed that cell compe-
tition is more intense the greater the disparity in growth rate.
Clones of two different Minutes, M(1)Bld and M(2)c, were induced to~
gether with control Minutet clones, in Minutet flies. M(1)Bld is a
very extreme Minute with a developmental delay of 76 hours, whereas
M(2)c is delayed by 49 hours (Ferrus, 1975). The results of this
experiment are shown in Figure 1, where it can be seen that clones
of the more extreme M(1)Bld are eliminated sooner than those of the
less extreme M(2)c.

To test further the hypothesis that competition is a result of
the slower rate of growth of the Minute cells, we produced M(Z2)c
clones within M(3)i55 animals. These two Minutes develop at approx-
imately the same rate. Flies bearing both M(3)155 and M(2)c develop
at the same rate as either M(3)155 or M(2)c flies. As can be seen
in Figure 2, in this instance the M(2)c cells are not outcompeted pre-
sumably because the M(3)155 cells around them are also dividing at a
reduced rate.

Competition is a Result of Local Cell Interactions

Preliminary results in our laboratories show that competition
occurs where there is contact between Minute and non-Minute cells.
We have obtained evidence for regional differences in growth within
large Minutet clones. Apparently more growth occurs at the edges of
such clones than in the middle. Cell competition occurs at those
edges where the cells are rapidly dividing. Minute cells further
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Figure 1: Semilogarithmic plot of the average sizes of clones re-
sulting from X-irradiation (1000r) of females of the genotype

y £f36a/T(1;2)Bld/pwn ; mwh/+, at different times throughout develop-
ment of the wing discs. These females are both M(1)Bld't and M(2)ct,
The solid line represents mwh control Minutet clones that grow nor-
mally. The dashed-dotted line represents pwn M(1)Bld clones and the
dashed line f36a M(2)c clones; these clones are eliminated by cell
competition. mwh, pwn and £36a are cuticle cell markers.

away from this mosaic borderline are not eliminated. The process
therefore relies upon local cell interactions.

At the mosaic borderline where competition is occurring, cer-
tain morphological changes can be seen. The outlines of Minutet
clones growing in Minute flies are far more indented than those of
Minute clones growing in Minute flies. In some cases small islands
of Minute cells are seen trapped within the Minute' clone. In a
similar fashion, Minute clones induced in Minutet animals were also
observed to become dispersed (Simpson, 1979). Figure 3 illustrates
this clone dispersion.

. +
The Pattern of Overgrowth of Minute Clones

Minutet clones growing in a Minute compartment grow first in a
proximo-distal direction, i.e. parallel to the long axis of the wing,

and then later fill out breadthways (unpublished observations). Such
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Figure 2: Semilogarithmic plot of the average sizes of clones re-
sulting from X-irradiation (1000r) of females of the genotype Dp(3;1)
mwh' vety £36a/7(1;2) 2252/+ ; mwh M(3) P5/mwh ve h, at different times
throqghout the development of the wing discs. These females are
M(3)1 5 and M(2)c*. The solid line represents mwh control recombin-
ants that remain M(3)i55 like the rest of the animal. The dashed
line shows f36aM(2)c clones that are also M(3)i55. It can be seen
that there is no difference between the growth of the f£36am(2)c
clones and the control clones. £362 and mwh are cuticle cell
markers.

a pattern of growth explains the distribution of remaining Minute
cells in compartments mainly occupied by large Minute® clones. The
Minute patches are seen mostly at the edges of the compartments:
costal region, alar lobe and along the anterior-posterior compartment
boundary. It was observed earlier that Minute clones in Minutet
flies survive longest at the edges of compartments (Simpson, 1979).

We visualize that cell competition takes place in the following
way: the Minute cells, which are dividing more slowly than the Min-
utet cells around them, dissociate from one another upon contact with
the Minutet cells and are dispersed and then later eliminated. This
process of clone dispersion may result from a difference in cell af-
finities. It is possible that because of their slow growth the Mi-



GROWTH CONTROL IN IMAGINAL DISCS 133

Figure 3: Clones produced on the wing of a female of genotype

y £7°4/M(1)n ; mwh/+. The shaded area shows a large y f£36a M(1)n*
clone induced by X-irradiation (1000r) at 48 hours after egg laying.
The black patches represent a single mwh M(1)n clone induced by a
second irradiation at 120 hours after egg laying. It can be seen
that the cells of Minute constitution become dispersed where they
are in contact with Minutet cells.

nute cells become less cohesive, perhaps because they are develop-
mentally younger relative to the Minutet cells.

There is No Competition Across Compartment Boundaries

The imaginal discs of Drosophila are progressively subdivided
into compartments during development (Garcia-Bellido et al., 1973
and 1976). Compartments are believed to be independent units of
development and to be under the control of a discrete set of selector
genes (Garcia-Bellido, 1975; Morata and Lawrence, 1977). Although
cell competition relies upon cellular interactions, there is no com-
petition across compartment boundaries. Cells of different compart-
ments are Kknown to be touching one another, so physical proximity,
although necessary for cell competition, seems not to be the only
requisite. It is possible that compartments may be the units for
size control in Drosophila (see next section). If this is the case,
then competition across compartment boundaries would not be expected.
This supports the idea of a relationship between cell competition
and growth control.

Compartments as the Units of Size Control

It was suggested by Crick and Lawrence (1975), that compartments
may be the units of size control. Some evidence for this is avail-
able from observations of gynandromorphs in which the female tissue
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is normal but the male tissue hemizygous for a temperature-sensitive
mutation, I1(1)ts 1126, which reduces mitotic rate (Simpson and
Schneiderman, 1976). In gynandromorphs that pupariate at the normal
time when grown at the restrictive temperature, the size of the an-
terior or posterior wing compartments that are composed entirely of
1(1l)ts 1126 tissue is drastically reduced relative to those of wild
type tissue (see Figure 4). However, when pupariation is delayed,
both compartments, mutant and wild type, are of normal size. The
anterior and posterior compartments must therefore grow independently
from one another. No evidence of a similar kind is available for
other, late-occurring, compartments. However, since these are clon-
ally restricted in the same way as the anterior and posterior (Gar-
cia-Bellido et al., 1976), it is probable that they also grow inde-~
pendently.

Growth is Controlled Autonomously by the Imaginal Discs

It is important to know to what extent growth of the imaginal
discs is governed by the hormonal environment in the larva. The role
of hormones during growth in Drosophila and particularly the neces-
sity for ecdysone, has been extensively reviewed elsewhere (Wiggles-
worth, 1959; Oberlander, 1972; Doane, 1973; Slama et al., 1974).

Our only purpose here is to examine those aspects pertaining to the
final size of the imaginal discs. The discs stop dividing at the
onset of pupariation. We have recently shown, however, that the
intervention of pupariation is itself dependent upon growth of the
discs. In the following discussion we will argue that the cessation
of growth is independent of hormonal control.

Use was made of the fact that experimentally-induced lesions in
the imaginal discs in situ lead to extra growth during the ensuing
regeneration, which in turn retards pupariation (Russell, 1974;
Simpson and Schneiderman, 1975). Studies on gynandromorphs bearing
sex-linked recessive temperature-sensitive cell lethal mutations
have revealed that it is sufficient for only two of the discs of an
animal to be damaged in order for larval development to be prolonged.
The complete absence of one or more discs in a larva however, is
without any effect upon the time of pupariation (Simpson et al.,
1980) . Therefore, it appears that discs that have not completed a
certain amount of growth are able to inhibit pupariation.

Pupariation can only be delayed by such experimental interven-
tion at or before a certain critical stage in development, around
the beginning of the third larval instar (Simpson and Schneiderman,
1975 and 1976) , when the imaginal disc cells are still actively
dividing. This critical period coincides with the release of a
small peak of ecdysone, and experimentally delayed pupariation is
accompanied by a similarly retarded secretion of this ecdysone peak
(Berreur et al., 1980). Therefore, the direct relationship between
growth of the imaginal discs and the timing of pupariation may in-
volve the prevention of an elevated ecdysone titer by immature discs.
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Pigure 4a: Photograph of the wing of a Bf1)2WWo/i{1)ts 1126 £IGa
gynandromorrh grown at 229%C for three days and then shlfted up to
2090, The antericr conpartmeot ip female and is. composed of wild

t¥pe tlspue. The posterior compartment is male, coanposed of I7I)ts
1175 FI68 gigage and iz conaidersably amaller.

b

Figure db: Wing of wild type Drossphila.
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It is noteworthy that the duration of the extended period of larval
life is correlated with the amount of extra growth that occurs during
the regeneration. The nature of the feedback from the imaginal discs
to the hormonal centers is unknown in the Diptera. A similar situ-
ation prevails in cockroaches where there is evidence that leg auto-
tomy may result in a nervous stimulation of the brain affecting the
subsequent release of brain hormone (Kunkel, 1977).

A large number of mutants have been described which display ab-
normal discs. In these mutant pupariation, may, or may not, be de-
layed or deficient. It is worth pointing out that the phenotype of
many of these is consistent with the above scheme. In mutants in
which there is a hypertrophy of the imaginal discs, pupariation is
very delayed or does not take place (Bryant and Schubiger, 1971;
Stewart et al., 1972). Although some may have pleiotropic effects
on both the discs and the endocrine organs, we would predict that
the prolonged larval development of many such mutants is a result
of the extra disc growth, and that it is not a continued hormonal
stimulus that causes the extra growth. On the other hand, mutations
leading to a complete absence or a total degeneration of the imaginal
discs are generally able to pupariate (Hadorn, 1961; Shearn et al.,
1971; Stewart et al., 1972). 1In one case it was shown that the lar-
vae of a "disc-less" mutant were capable of supporting development
of implanted wild-type discs (Shearn and Garen, 1974). This pheno-
type is also consistent with the idea that growing imaginal discs
prevent pupariation.

In a fly in which pupariation is retarded because of lesions
in only some of the imaginal discs, the other intact discs have an
extended period of time for growth before the onset of metamorphosis.
They do not, however, give organs or appendages that are any larger
than the usual size (Simpson et al., 1980). The hormonal conditions
necessary for growth are fulfilled nonetheless, since growth and re-
generation proceed in the damaged discs. Experimental evidence
for the production of giant adult insects by prolonged feeding due
to juvenile hormone treatment is not convincing. 1In all cases growth
of the larval body decreases and eventually stops with each supernum-
erary larval instar. Less than 1% of the large larvae metamorphose
and when they do, the resulting adults are abnormal (Slama et al.,
1974) . The one reported instance of an additional moult in the Dip-
tera was not followed by adult differentiation (Z2darek and Slama,
1973). The so-called giant mutant in Drosophila owes its slightly
enlarged body size to an increased cell size and not to an additional
number of cells (unpublished observations). In cases in which en-
larged imaginal discs have been described, these discs either dif-
ferentiate abnormal or duplicated patterns (Bryant and Schubiger,
1971; Martin et al., 1977) or else prove incapable of differentiation
(Gateff and Schneiderman, 1969; Stewart et al., 1972; Garen et al.,
1977) .
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Although there is no doubt that the correct hormonal stimulus
is indispensable for growth to take place, it appears that the sig-
nal for the cessation of growth is not dependent upon humoral factors.
Therefore, we conclude that the control of growth is intrinsic to the
imaginal discs.

CONCLUSION

It can be seen from the foregoing observations that pattern de-
velopment is independent of the number of mitoses accomplished by
any particular cell, since Minute/Minutet mosaic compartments are
of normal size and pattern. So far it has not been possible to dis-
sociate pattern and normal size in order to obtain experimentally a
larger pattern size; extra growth inevitably results in pattern ab-
normalities. The feedback interactions between growth and pattern
size in Drosophila imaginal discs are independent of humoral con-
trols; they may result from the same type of local interactions that
initially regulate the pattern itself.
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DISCUSSION

P.J. Bryant: I would like to comment on your last point. We have
looked at two mutations which have overgrowing imaginal discs during
the extended larval period. To determine whether this is a hormonal
defect or an intrinsic disc defect we have transplanted discs into
adult hosts. In both cases, the growth control defects were autono-
mous to the discs. Therefore, we believe that the extended larval
period results from a disc defect.

Y. Hotta: I would like to comment regarding this disc defect autonomy.
Such a defect in a disc may not necessarily mean a primary disc de-
fect. The possibility is not excluded that the defect occurs very
early in disc formation. Here the effect would show autonomous be-
havior although it lies outside the disc. There are autonomous disc
defects which map, by mosaics, to a place away from the disc.

A. Shearn: What happens in control experiments where you do not have
the Minute mutation and are just looking at multiple wing hair clones?
Is there any difference in the size and shape of clones that are found
in different parts of the wing?

P. Simpson: I don't think there are significant differences but I
have not really looked at a large enough number.
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INTRODUCTION

0f the homeotic mutants known in Drosophila, those of the bi-
thorax system are by far the best known genetically, thanks to the
extensive analyses by E.B. Lewis (1963, 1964, 1967, 1978). The in-~
terest of their study lies not only in their effect on the develop-
ment of certain segments (see Morata and Lawrence, 1977) but also
in the genetic structure of the system; it has been shown that the
bithorax genes are organized in a gene complex which includes sev-
eral adjacent loci: bithorax (bx), Contrabithorax (Cbx), Ultrabi-
thorax (Ubx), bithoraxoid (bxd), postbithorax (pbx), Hyperabdominal
(Hab) , Ultraabdominal (Uab), and probably others. These genes seem
to be under the same control elements. (See Lewis, 1978 for a re-
cent review.) This gene complex is one of the few examples studied
and characterized in eukaryotes. 1In general (but not always) each
of these loci is associated with one particular type of homeotic
transformation; a specific segment or half-segment is transformed
into another.

Mutations in the locus bx, for example, produce a transforma-
tion of the anterior metathoracic into the anterior mesothoracic
segment (Figure 1). The extent of the transformation depends on
the allele and genetic combination used and ranges from very weak
showing only few mesothoracic elements, to very strong producing
almost a replica of the anterior mesothorax. A similar transforma-
tion is also produced by the alleles of the gene Ubx. In this paper
we describe in detail the mesothoracic transformation produced by
different alleles of the two loci and by combinations between them.

141
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Figllte ly (&) The daraal part &f the ad1lE mAdathoreacic and mets—
thoracic cuticle. The dorsal mpescthorax consists of & proximal ==g-
icn called notem (H) and the wing blade. The wing contains bristles
in the margin. Thaose 1o the moeet prozximal reglon, Coata (Co) brilst-
les, are differant Frem theose of the medial and Afatal part af the
margin thot Farm the triple row (TRE]. The darsal setartharax ecmalsts
af a proximal part, the metanaotwn (MT), & featurelass pisce of cutl-
cla devoid of bristles and trichomes, and the distal appendadge or
halters (H). [b} Example of maximal transfiormetion of anterior meta-
thoraw inta anterlor mescthorax produced by ba?/Ubxl3?, The metano—
tum hecomes almaet identiczal teo the notum and the anterior haltere is
transformed into anterior wing. In the £ly shown in the picture the
wings of the nomnal mescthocrax have been removed-
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The aim of this analysis was to characterize the mutant alleles both
genetically and developmentally.

MATERIALS AND METHODS

The degree to which each genetic combination shows the mutant
phenotype ("expressivity") has been evaluated by estimating the
amount of anterior mesothoracic structures that appears in the mu-
tant metathorax. We have considered three clearly distinguishable
mesothoracic patterns that extend along the proximo-distal axis: the
notum, the costa and the triple row (Figure 1). Individual elements
of these three patterns can be readily identified in isolation. To
quantify the amount of mesothoracic tissue we have counted the num-
ber of notum, costa and medial triple row bristles. We are aware of
the problem that the number of bristles may not give an accurate
estimation of the extent of mesothoracic transformation, especially
for the distal transformation into wing. This is because the margin
of the haltere (where the bristles appear) is transformed more often
than the more internal cuticular regions which, if transformed, only
produce wing trichomes (Morata and Garcia-Bellido, 1976). However,
the transformation cannot be estimated in terms of number of wing
trichomes because very often these are intermediate between haltere
and wing (see Morata, 1975). The number of mesothoracic bristles is
given as a percentage of the average number of bristles in the same
structures in the normal mesothorax. Except when otherwise stated,
all the crosses were performed at 25°C.

We have used three recessive alleles of the bithorax locus;
bxl, bx3 and bx34e are all considered to be point mutants and are
not associated with gross chromosomal aberrations (Lindsley and
Grell, 1968). For the Ultrabithorax locus we have studied four mu-
tant alleles. Two of these, Ubxl and Ubx9-22 (recently isolated in
the Madrid laboratory) are apparently point mutants with normal
polytene chromosomes and the other two, ubx130 and ubx6-26 (also
newly induced) are chromosomal rearrangements with breakpoints in
(or very close to) the region 89El1-4 where the bithorax genes are
located.

All the Ubx mutations are recessive lethals but show the bi-
thorax transformation when in a "trans" configuration with the bx
alleles. They also show the respective mutant phenotype over the
recessive alleles of the mutants postbithorax and bithoraxoid (Lewis,
1963 and 1964) . Thus, the Ubx alleles behave as recessive markers
with respect to bx, pbx and bxd alleles so that they can be used
for complementation analysis. They are considered as dominant only
because when heterozygous they produce a slight enlargment of the
haltere that makes the mutation detectable in one dose.

We have used the chromosome Df(3R)bxd100 (which is deficient
for the bithorax and Ultrabithorax loci) to examine the chosen bx
pseudoalleles in hemizygous condition.
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RESULTS

Genetic Interactions

The expressivity of the transformations produced by the three
mutants has been studied in homozygous and hemizygous conditions.
(The latter was in "trans" over the physical deletion of the wild-
type gene, in this case Df (3R)bxd100) . The results are shown in
Table 1. In general bxl is the weakest mutant; it shows mainly
notum and little costa and medial triple row. The amount of notum
and costa in bx34e is similar to bxl but the percentage of medial
triple row is greater. The bx3 allele is the strongest for the
three structures considered.

In combination with the Df(3R)bxdl00, both bx34€ and bx3 show
transformations stronger than in the respective homozygotes, al-
though in the case of bx3 there is little difference between the
two phenotypes. These results indicate that the two mutants are
hypomorphic, bx3 being closer to the amorphic condition. However,
when bxl is over the deficiency, it shows a phenotype weaker than

Table 1. Expressivity of the bx alleles

Genotype n N Co MTR
Wild-type 36 100(114* 9)  100(59%4) 100 (87 6)
Mesothorax

bxlpxl 70 41( 46+28) 15( 9+9) 13(11+18)
bx34e px34e 36 26( 30+ 5) 13( 8+1) 29(25+ 5)

3

bx” /bx3 18 56 ( 63+ 4) 39(23+8) 72 (63+ 4)
bxl/pf pxdl00 59 3( 4%11)  0.8(0.5%3) 8( 7+ 7)
bx34€/pF pxal00 24 50( 56+ 5) 27(16%£3) 58 (51* 6)
bx3/Df bxdl00 25 73( 83+ 5) 49 (29+3) 87(76+ 3)

n = number of hemithoraces studied; N = notum; Co = costa; MIR =
medial triple row.

The average number of bristles of each type are expressed as a per-
centage of the number found on wild-type mesothorax. The numbers in
parentheses give the average number of bristles * the standard de-
viation.
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when homozygous. Clearly bx! is a different kind of mutant that
cannot be considered hypomorphic despite its weak phenotype.

Close examination of the mutant structures reveals some clear
differences between bxl on the one hand and bx34€ and bx> on the
other. The first difference is that while bx34€ and bx3 show a very
consistent transformation with little variability (note the low
standard deviation values in Table 1), the mutant bxl shows a highly
variable and erratic phenotype so that even in the same fly one side
may be almost wild-type and the other may show a large mesothoracic
transformaton. (Note also the high standard deviation values of bxl
in Table 1.) Another difference between the two sets of mutants is
the expression of the transformation in the trichomes; the trichomes
of the normal wing are longer and more widely spaced than those of
the haltere. In the case of bx3 the trichomes produced in the anter-
ior haltere are all equal in size and indistinguishable from those
of the wing. Those of bx34e are all equal and of intermediate size
between haltere and wing. However, those of bxIl are not intermedi-
ate; although most of them are normal haltere trichomes, when they
are transformed , they usually form perfect wing trichomes. These
wing trichomes are often invaginated inside the haltere territory
(Figure 2) probably as a result of differential cell affinities
(Morata and Garcia-Bellido, 1976; Garcia-Bellido and Lewis, 1976).
It is also common to find bxI halteres where the only mesothoracic
structures that can be seen are the bristles. This differential
behavior of bristles with respect to trichomes has been described for
Contrabithorax (Morata, 1975).

Each mutant also produces different regions in the homeotic
mesonotum. In the case of bx34€ there is preferential production
of scutellum and also the part of the notum close to the wing hinge.
In bxl the different notum structures appear with the same proba-
bility.

The combinations of the different bx alleles produce only an-
terior transformations. The expressivity of the transformation
varies with the different genotypes (see Table 2). In general the
results obtained are in accordance with the expectations from the
expressivity of the individual mutants as shown in Table 1. The
only exception is the combination bxl/bx34e which presents a pheno-
type weaker than those of either mutant in homozygous condition.
This result suggests that there is partial complementation.

As a rule, all the trans combinations of bx and Ubx alleles
show mesothoracic transformation. The expressivity of the different
genotypes is shown in Table 3. There are two main points that should
be emphasized from these data: the first is that the transformations
produced by the two point Ubx alleles are clearly weaker than those
produced by the Ubx rearrangements. The second point is that the
interactions of the Ubx alleles with bxIl are quite erratic. Three
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Table 2: Trans combinations of bx alleles

Genotype n N Co MTR

1, 34e
bx" /bx 56 9(11+15) 0.3(92%0.5) 0.5( 0.5%0.8)
bxl/bx3 54  37(42%28) 4 ( 3%x2 ) 7 (6 %5 )
b px® 20 49(Ser 7) 15 ( 9%2 ) 59 (51 5 )

See footnote to Table 1 for explanation of column headings.

combinations (bx1l/ubxl,bxl/ubx9-22 and bxl/ubx130) are weaker than
bxl homozygotes, whereas bxl/Ubx6-26 is stronger. In the case of
bx1l/ubx! and bxl/be9'22 the phenotype is close to that of the Ubx
heterozygote.

The analysis of the type of mesothoracic structures produced
by the different combinations reveals that the two rearrangements
ubx130and upx6-26 give rise to strong transformations over bx3 and
bx34e. The amount of notum, costa and medial triple row is in-
creased when compared with the homozygotes. The percentages of.
transformation are similar to those found for the combinations of
bx3 and bx34e with the Df(3R)bxdl00 (compare with Table 1). How-
ever, over the same two mutants Ubxl and Ubx9-22 show a different
pattern of regional transformation. While the amount of medial
triple row that they produce is not such less than Ubx6=26 or ybx130
(Table 3) and equal or greater than the corresponding homozygotes
(bx34e or bx3), the amount of notum tissue is much reduced. bx34e/
bx34e, for example, produces 26% notum and 29% medial triple row
(Table 1), but bx34e/ubx?~22 produces 2% notum and 53% medial triple
row (Table 3). Therefore, the transformation produced by Ubx9-22
is weaker for the notum and stronger for the medial triple row.

Figure 2: Different degrees of perfection in the formation of the

TR pattern. a) bxl homozygous haltere showing a group of unpatterned
MTR bristles. b) An imperfect pattern of TR bristles in a bx34e
homozygous haltere. Although the relative position of each type

of bristle is like the normal wing, the bristles are not following
straight lines. c) Bristle alignment is better in bx3/bx34€ hal-
teres and virtually perfect in bx3/Ubx100 (d).
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Table 3. Trans combinations of bx and Ubx alleles.

Genotype n N Co MTR

1, 1

Ubx” /bx 64 0.0 0.0 10 ( 9% 6)

ubxl /x> € 26 0.6( 0.7+ 1)  19(11% 2) 54 (48t 4)

ubxl /bx> 40 21 (24 +11)  26(16* 3) 66 (57+ 4)

be9'22/bxl 40 0.0 0.0 0.5( 0.4%1)
-22

vbx" 22 il 40 2 (3 £2) 20(12% 2) 53 (46+ 5)
9-22 3

Ubx. << /bx 37 26 (30 +11) 29(17¢ 3) 63 (55+ 7)

bel30/bxl 49 4 (5 #11) 0.0 8 (7% 4)

3

vbx 120 spx’4e 24 59 (67 + 4)  37(22% 2) 76 (67t 4)

ubxt30 /by’ 16 72 (82 * 3) 60(36+ 4) 86 (75% 3)
6-26, 1

ubx° "% /bx 32 61 (69 +25)  30(18%10) 27 (23t14)
6-26 . 3de

ubx" " /bx 34 69 (79 *11)  41(24% 3) 68 (59t 6)
-2

ubx® %8 /by’ 37 84 (96 +13) 68(40% 3) 86 (75t 6)

See footnote to Table 1 for explanation of column headings.

Characteristics of the Mesothoracic Patterns Produced in the Mutant
Metathorax

In tgsocase of extreme combinations like bx3/bel30 or bx3/

Df (3R)bxd , the mesothoracic structures developed in the mutant
are virtually identical to the normal ones (Figure 1). However,

in the case of the weak or intermediate mutations there is a re-
duced number of elements and consequently the mesothoracic pattern
is incomplete. We have studied some of these defective patterns in
detail on the presumption that we could learn something about how
normal patterns are formed. In particular, we have analyzed the

=

Figure 3: Sorting out of wing and haltere cells. 1In bxl homozygous
halteres it is frequent to find wing trichomes forming: a) invagin-
ations that eventally separate completely from the haltere trichomes;
b) forming isolated spheres of wing trichomes inside the appendage.
In other cases there are haltere trichomes which are invaginated
inside the appendage (notice the sensilla trichoidea, typical of

the haltere) c¢) or evaginated outside d).
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type of triple row structures formed in the mutant halteres.

Normally the triple row (TR) pattern is formed by one row of
bristles differentiated by the ventral wing compartment (ventral
triple row or VIR) and two rows from the dorsal wing compartment
(medial and dorsal triple rows, respectively MTR and DTR). It is
a highly ordered and invariant pattern; the number and arrangement
of the elements is constant. The three rows of bristles form per-
fect straight lines (Figure 3).

Flies mutant for bx! and bx34€ and other combinations of them
show a variable number of elements of the TR in their halteres, and
we can ask several questions about the type of patterns that they
form. For example, do the individual elements of each type of dif-
ferentiation appear in isolation? As can be seen in Figure 3, in
some cases mutant halteres show only MTR bristles; thus individual
elements can differentiate autonomously. This is not surprising
since it is known that mutant bx3 bristle cells can differentiate
autonomously even when completely surrounded by haltere cells
(Morata and Garcia-Bellido, 1976).

Do the individual elements form straight lines as in the nor-
mal TR? The answer to this question is shown also in Figure 3. Al-
though the individual differentiation of the bristles is perfect,
they do not form a straight line. The appearance of unpatterned
groups of TR bristles is very common in the case of mutations pro-
ducing weak wing transformations such as bxl. This observation
suggests that there are two separate processes during the forma-
tion of the TR: 1) the differentiation of the individual elements
and 2) the spatial arrangement of them.

As the number of TR elements increases the pattern becomes more
normal. The gradation togggds the normal pattern is shown in Fig-
ure 3. In the case of bx , where the MTR transformation is about
28% (Table 1), the TR pattern is still very imperfect although it
can be seen that relative position of the three types of bristles
is like in the normal TR; the medial bristles have the dorsal and
ventral ones on each side (Figure 3). However, the bristles do not
form straight lines; instead they are spread over an area. In bx3/
bx34e or bx34€/Uubxl, where the amount of MTR is 59% and 54% , re-
spectively, and the TR pattern is more perfect than in bxl, the
bristles still do not align properly. In the case of the most ex-
treme combinations, the TR pattern is indistinguishable from the
normal one (Figure 3}.

Effect of Temperature

We have done experiments to study the effect of different tem-
peratures on the expressivity of some of these combinations. In
general although we have detected differences in the expression of
some mutant combinations, the pattern of temperature effect is not
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Table 4. Effect of the temperature on the expressivity of bxl/bxl

Temperature n N Co MTR
20 72 36(41+£27) 3( 2+ 4) 1( 1+ 4)
25 70 41(46%28) 15( 9+ 9) 13(11+18)
30 70 34 (38+29) 32(19+12) 33(29£35)

See Footnote to Table 1 for explanation of column headings.

very consistent and therefore we have not followed this in detail.
Only in the case of bxl homozygotes have we found a clear-cut and
consistent effect of the temperature. As shown in Table 4, at 20°C
bxl homozygotes show notum structures and practically no costa or
MTR. However, at 25°C and especially at 30°C the amount of costa
and MTR increases substantially while the notum remains constant.
Thus, there is a specific effect of the temperature on the distal
components of the transformations.

DISCUSSION

The expressivity of bx3 and bx34€ (in homozygous condition, in
combinations between them, and in interaction with Ubx alleles and
over the deficiency) suggest they are typical hypomorphic mutants.
The classical deficiency test suggests that bx3 is closer to the
amorphic condition. The following results obtained with these two
mutants are consistent with this conclusion: 1) they are recessive;
2) the combinations over the deficiency are more extreme than when
the alleles are homozygous; and 3) the expressivity of the trans
heterozygote bx3/bx34e is intermediate between those of the re-
spective homozygotes.

A different picture emerges from the study of bxl. 1t has some
of the features associated with hypomorphic mutants: it is completely
recessive and its phenotype is weak and affected by the temperature.
But its interactions with the other bx and Ubx alleles and the de-
ficiency are different from those of bx34e and bx3. The phenotype
over the deficiency is weaker than the homozygotes. It also shows
very weak phenotype over most of the Ubx alleles and shows partial
complementation with bx34e, Thus, bxl is a different type of mu-
tant and cannot be considered as hypomorphic although it certainly
afgects (at least in part) the same function impaired by bx34€ and
bx7.

All the Ubx alleles studied show bx phenotypes over the bx
alleles. The two mutants associated with rearrangements, Ubx130
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and be6_26, show very strong transformations similar to those pro-
duced by the deficiency (compare Table 1 and Table 3). Thus, these
mutants can be considered as genetic deficiencies for the bx gene.
They behave like completely amorphic bx mutants. They probably also
represent the amorphic condition for pbx and bxd as well, since
they also fail to complement pbx and bxd alleles (Lewis, 1963 and
1964) . The two point alleles, Ubxl and vbx9-22, show weaker pheno-
types over the bx mutants (Table 3). However,when compared with
the Ubx rearrangements, the reduction in expressivity affects mostly
the notum structures. Consider, for example, the phenotypes over
bx34e; in bx34€ /ubx130 the notum transformation is 59% and 76% for
the MTR (Table 3). In the case of bx34€/Ubxl the notum transform-
ation is dramatically reduced to 0.6% whereas the MTR is 54%, not
much less than in bx34e/Ubx130, The other point mutation Ubx9—22
gives similar values (2% and 53% respectively) to those of Ubxl.

The comparison of the phenotypes of the point Ubx alleles over
bx>4€ with the bx34e homozygotes (Tables 3 and 1) shows a different
pattern of mesothoracic transformation; the two Ubx alleles over
bx34€ show more MTR but less notum than bx34€ on its own.

In conclusion, the effect of the Ubx rearrangements is indis-
tinguishable from that of the deficiency and affects equally all
the mesothoracic structures considered. By constrast the two point
Ubx alleles affect almost exclusively the production of the most
distal mesothoracic structures: the costa or MTR. We do not know
if this is a general effect of all the point Ubx alleles. It is
worth pointing out that although the phenotype that the Ubx point
mutants produce over bx alleles is weak, they also interact with
the genes bxd and pbx (Lewis, 1963 and 1964). By contrast, a strong
bx allele such as bx3 has no effect on the other genes of the system.

The amount of mesothoracic tissue produced in the bithorax
mutants is very variable; some combinations like bxl/ubxl or bxl/
bx34€ are almost wild~type; whereas in others like bx3/Ubx130 or
bx3/Df (3R)bxd100 the anterior metathorax virtually disappears and
is replaced by a replica of the anterior mesothorax. Nevertheless,
it is not possible to establish a gradation of transformation pro-
duced by the genotypes under study. The reason is that there 1is
not a consistent pattern of mesothoracic transformation. Some
genotypes such as bxl/bx34e or bxl/bx3 produce basically notum trans-
formation and show very little or no transformation of the haltere
into wing. On the contrary bx34e/be1 or bx34e/Ubx9-22 only show
haltere transformation into wing, and there is practically no notum
transformation. Thus, we cannot compare directly these genotypes
since their effects are different according to position.

The fact that we cannot order these genotypes into a hierarchy
of effects, immediately suggests that the bithorax function is of
a complex nature. We can distinguish between an effect of notum
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transformation and an effect of wing (costa and MTR) transformation.
While certain genotypes show the two effects, others predominantly
only have one. The distinction of these two effects is also sup-
ported by the temperature effect on bxl. The fact that the wing
transformation is temperature-sensitive while the notum transform-
ation is not, suggests a difference in the gene function in the two
regions. One might speculate that the bx gene could be composed of
two genes: one responsible for the proximal and other for the distal
metathoracic development. It has been shown (Garcia-Bellido et

al., 1973 and 1976) that there is a compartment boundary separating
distal and proximal mesothoracic structures. The idea of genes
controlling the development of specific regions is not unreasonable;
two well-defined genes of the bithorax system, bx and pbx, are in
charge of the development of two different regions within the meta-
thoracic segment.

The perfection of the mesothoracic patterns in the mutant meso-
thorax increases with the number of mesothoracic structures. We can
establish a distinction between differentiation of individual pat-
tern components and the arrangement of them. Clearly, the differ-
entiation of MTR bristles is a cell autonomous character which is not
affected by the cellular environment (Morata and Garcia-Bellido,
1976), but the disposition of the elements seems to depend to some
extent on the genotype of neighboring cells. This is suggested
by the observation that while the TR pattern in the extreme bx geno-
types is very similar to the TR pattern normally produced in the
wing, clones of cells of the same genotypes are not able to repro-
duce the normal TR pattern, presumably because they are surrounded
by metathoracic cells (Morata and Kerridge, unpublished).

In the clonal analysis of the TR in normal wings it has been
suggested that movement of bristle cells is associated with the ac-
quisition of the final pattern (Lawrence et al., 1979). Similar
observations have been made for the sexcomb of the foreleg (Tokunaga,
1961) and the tarsus (Lawrence et al., 1979). It could be that
the imperfect TR patterns found in the bx mutants results from some
abnormality of migration of presumptive bristle cells.
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WHAT IS THE NORMAL FUNCTION OF GENES WHICH GIVE RISE TO HOMEOTIC

MUTATIONS?
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WHAT IS A HOMEOTIC MUTATION?

A homeotic mutation may be defined as one which causes a trans-
formation of the determined state of some or all of the cells of a
particular imaginal disc or disc compartment of the determined state
characteristic of some other disc or disc compartment. Mutations
such as these have been intriguing geneticists and developmental
biologists for more than fifty years because they seem to offer in-
sight into how genes control developmental processes. A fundamental
question raised by their very existence concerns the nature of the
normal functions of those genes which can give rise to such homeotic
mutations.

WHAT PROCESSES OCCUR DURING NORMAL IMAGINAL DISC DEVELOPMENT?

Table 1 lists those processes which we believe occur during
normal imaginal disc development and indicates the class and time
of action of genes whose function we believe is essential for each
process.

During oogenesis, under control of the maternal genome, posi-
tional information is encoded in the cortex of the egg. Totipotent
nuclei which migrate to the cortex incorporate this information when
they become cellularized. This information must then be interpreted
into a form which can be transmitted by cell heredity. The result-
ing cells are said to be determined. During the proliferative phase
of imaginal disc development which occurs throughout the larval per-
iod, the determined state is transmitted from one cell generation to
the next, but in addition, differently determined cells express dif-
ferent sets of gene functions. One obvious manifestation of this
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Table 1. Processes which occur during normal imaginal disc develop-

ment.
N Expect
Process Gene Class Time of Action Homeosis ?
Placement of positional Maternal
. . Yes
information (Inductor)
Interpretation of posi- Zygotic .
. . . . Early embryonic Yes
tional information (Activator) o b
Transmission of Zygotic Late embryonic- Yes
determined state (Selector) puparium formation
Expression of Zygotic Late embryonic- 5
determined state (Realizator) puparium formation )
Terminal dif- Zygotic After puparium No
ferentiation formation

* The names in parentheses are those given by Garcia-Bellido (1977)

for equivalent classes of genes.

differential gene expression is the distinctive size and shape of
each pair of imaginal discs. During metamorphosis proliferation
ceases and the process of terminal differentiation occurs. Each
disc evaginates and secretes a specific pattern of bristles, hairs

and sense organs.

DEFECTS IN SEVERAL OF THESE PROCESSES COULD LEAD TO HOMEOSIS

It is easy to imagine that genetically caused defects in the
encoding or decoding of positional information could lead to home-
otic transformations. 1Indeed it is quite possible that the speci-
ficity of such positional information can be inferred from the spe-
cificity of homeotic transformations caused by maternal-effect mu-
tations. In fact, however, few mutations of this type have been
identified. The maternal-effect mutations discussed in this volume
by Eric Wieschaus may be examples of mutations affecting the en-
coding of positional information. If so, they seem to indicate that
the positional information provided to the embryo is not extremely

fine-~grained.

It is not necessary that defects in the transmission or expres-—
sion of the determined state should lead to homeosis. 1If, for ex-
ample, each determined state were independent of each other, muta-
tions in genes which act during the larval period would be expected
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to cause developmental defects, but would not be expected to cause
switching to different determined states. However, nearly all of the
homeotic mutations that have been examined are in genes which norm-
ally act during the larval period (reviewed by Shearn, 1978). From
this we infer that each determined state is not independent. The
fact that defects in the transmission or expression of the determined
state can lead to alternate states implies that there exists under-
lying regulatory switches which relate each determined state to the
other (Kauffman, 1973).

TRANSDETERMINATION ALSO SUGGESTS THE EXISTENCE OF SUCH SWITCHES

Aside from homeosis there is another phenomenon called trans-
determination which can lead to changes in the determined state of
imaginal disc cells (reviewed by Hadorn, 1978). This occurs when
mature discs are prevented from continuing their normal course of
development and instead their proliferative phase is extended by
culturing them either in vivo in the abdomen of adult females or
in vitro in a tissue culture medium we developed (Davis and Shearn,
1977) . Transdetermination is detected by injecting such cultured
discs into metamorphosing larvae which allows terminal differenti-
ation to occur.

As with homeosis, the mechanism of transdetermination is not
yet known. Nevertheless, the fact that it occurs also points to
the existence of mechanisms for switching between alternative states
of determination. The similarities in the directions of the ob-
served transformations via homeosis or transdetermination suggest
that the same switches are involved in both cases (Ouweneel, 1976).
One argument that could be raised in opposition to that view is
that while the patterns are similar, they are not identical. I
believe that this is only because the complete range of transforma-
tions which could be caused by transdetermination (or homeosis) is
not yet known. For example, transdetermination from leg to antenna
or to wing has been known to occur for years; however, only recently
we observed that leg discs can also transdetermine (in vivo or in
vitro) to genital structures (Shearn et al., 1978a). So more trans-—
formations may yet be found.

HOMEOTIC MUTATIONS MAY AFFECT SWITCHES INDIRECTLY

Once we accept the idea of switches linking different determined
states, it is easy to imagine that genetically caused defects in such
switches could lead to homeotic transformations. I will call this
direct homeosis. An example of this type might be mutations at the
bithorax locus which are discussed in this volume by Dr. Morata. I
will call indirect homeosis those transformations which result from
genetically caused defects in the metabolism or behavior of imaginal
disc cells. Indirect homeosis may be considered to be in situ trans-
determination. I will discuss one example of this type.
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Several years ago we induced a set of lethal mutations on the
third chromosome, screened them for ones which die after the second
larval molt and examined these late lethals for imaginal disc abnor-
malities (Shearn et al., 1971). The largest class of mutations re-
covered caused a small-disc phenotype. BAll of the discs in such
lethal larvae are smaller than those in normal larvae and cannot
differentiate recognizable adult structures when injected into nor-
mal, metamorphosing larvae. Recently we isolated temperature-sensi-
tive alleles of one of these small-disc mutants and found that ex-
posure to the restrictive temperature for two days during the lar-
val period caused all of the legs to be transformed to first legs
(Shearn et al., 1978b). This is a clear example of what I call in-
direct homeosis.

I would like to summarize these general remarks with three
points:

A. Both homeosis and transdetermination indicate the existence
of regulatory switches which connect alternative states of determin-
ation.

B. Most homeotic mutations known are in genes which are es-
sential continuously during the period of imaginal disc prolifera-
tion which suggests that these switches must be reset after each cell
division. The phenomenon of transdetermination suggests that the
resetting is not as accurate in cells which have divided much more
than normal.

C. These switches may be revealed even by homeotic transform-
ations which are caused by mutations in genes whose products may
not be directly involved in the mechanism of such switches.

To understand how determined states are maintained and trans-
mitted we must discover how many of these switches there are and
which gene functions are directly involved in the switch mechanisms.
But in addition to understanding how the switches work we must dis-
cover what kinds of perturbations in cell metabolism and/or cell
behavior can interfere with their normal action.

STUDIES OF LETHAL HOMEOTIC MUTATIONS.

I would like now to describe some of the work we are doing with
lethal homeotic mutations. The phenotype of these mutations has
revealed several homeotic transformations not previously observed as
well as many that are familiar. I will present evidence that these
mutations are in zygotically acting genes which normally act con-
tinuously during the larval period, and that these mutations cause
cell autonomous switches in developmental pathways. According to
the scheme presented in Table 1 this means that these mutations are
in genes that are involved either in the maintenance or the expres-
sion of the determined state. I will conclude by presenting our
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approach towards distinguishing whether these mutations act directly
or indirectly on switches of the type that have been hypothesized.

The four mutations which I will discuss were from the same group
of third chromosome late lethal mutations mentioned above (Shearn
et al., 1971). Complementation tests indicate that these four mu-
tations are actually two pair of alleles. One pair maps to a locus
on the proximal left arm and the other to a locus on the distal
right arm (Shearn, 1974). The imaginal disc phenotype caused by
these mutations has been examined by injecting mutant discs into
normal metamorphosing larvae and by examining the morphology of
pharate adults for those alleles which survive to that stage. The
entire range of transformation is summarized in Table 2. Every disc
but the eye shows some kind of transformation. The wing and second
leg do not show inter-disc transformations, but their posterior com-
partments are transformed to anterior as is found among engrailed
mutants (Morata and Lawrence, 1975). All of the other discs tested
do undergo inter-disc homeotic transformations. Some of these trans-
formations (Table 2, row B) are also found in other mutants. Mutant
antenna discs can give rise to tarsal structures as found in Antenna-
pedia and aristapedia mutants (Le Calvez, 1948; Balkashina, 1929);
mutant labial discs can give rise to antenna and leg structures as
found in proboscipedia mutants (Bridges and Dobzhansky, 1933); mutant
prothoracic discs can give rise to wing structures as found in Hexa-
ptera mutants (Herskowitz, 1949); mutant haltere discs can give rise
to wing structures as found in bithorax mutants (Lewis, 1963); and
mutant third leg discs can give rise to second leg structures as
found also in bithorax mutants. In addition to these, some of the
transformations caused by mutations at the III-10 and 703 loci have
not been found to be caused by mutations at other loci (Table 2,
row A). Mutant haltere discs can give rise to an antennal struc-
ture; mutant first leg discs can give rise to second leg struct-
tures and at a lower frequency, antennal structures; and mutant
genital discs give rise to second leg and antennal structures. If
it is true that homeosis and transdetermination are probes of the
same regulatory mechanism, then the transformations from genital to
leg and to antenna should have been expected since the genital disc
transdetermines to leg and to antenna (Hadorn, 1963). These trans-
formations indicate that the mutations we are studying do cause
switches from one developmental pathway to another.

Clonal analysis has shown that these mutations cause cell auto-
nomous transformations and are in genes which act continuously dur-
ing the larval period. To perform this analysis we produced male
flies hemizygous for y on the X chromosome and heterozygous for
y*M(3)55 and mwh IIT-10 third chromosomes (Figure 1). Among the
wild-type male progeny we recovered after y irradiation we observed
wing-like patches on halteres and first and third legs with apical
bristles. These transformed patches were in areas of yellow bristles
and/or mwh trichomes. Similar transformed clones were recovered on
flies which had been irradiated at various larval stages.
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Table 2. Homeotic transformations caused by III-10 and other muta-
tions.

Eye Ant Lab Pro Wing Hal L1l L2 L3 Gen

A.
III-10 but Ant L2 L2
not others Ant Ant

B.
III-10 L(?) Ant Wing P->A Wing P> L2
and others L(?)

C.
others but Wing Gen Hal Abd Ll Ll
not III-10 ’ L3

D.

transdeter- Ant Wing
mination, Leg

but not

mutation

Based on these experiments we conclude that these mutations
cause switches to alternate developmental pathways, are cell auto-
nomous, and are in genes redquired throughout the proliferative stage.
These characteristics, however, do not distinguish between direct
or indirect homeosis. We are using genetic approaches in order to
make such a distinction.

yt M(3)55 ¢ . mwh ITI-10 red e
TM1 — TM3,Sb e Ser

RJX L\\* s Y. mwh . IITI-10 red e

Y rays B e T

2 ¥,
y

Figure 1: Genetic cross used to generate heterozgyous mutant pro-
geny for testing cell autonomy

If mutations at both loci caused direct homeosis, then one
might expect that homzoygosis for mutations at both loci would cause
a phenotype similar to homzoygosis for either single mutation since
their phenotypes are similar to each other. All possible double
mutants have been examined and they all have more extreme phenotypes
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than any of the single mutants. In fact one of the double mutants
expresses a small-disc phenotype. This probably means that mutations
at one of the loci, at least, must cause indirect homeosis.

If mutations at either locus cause indirect homeosis, then non-
leaky or amorphic alleles might be expected to express a more severe
phenotype. To examine this point, we have begun to isolate addition-
al alleles at both loci. So far we have five new alleles at the
ITI-10 locus and one new one at the 703 locus. Most of these alleles
are not more extreme, but one of the III-10 alleles does appear to
be more extreme. RF605 causes lethality in the first larval instar.
Our work in this regard is still preliminary. But I believe that the
analysis of multiple alleles should be adequate for distinguishing
between direct and indrect homeosis.

To summarize, we have isolated mutations in two genes which
reveal several new switches. If, as seems likely, these will be
shown to cause indirect homeosis, then we will begin to examine the
nature of the primary cellular defect which these mutations cause
to probe the perturbations to which these switches are sensitive.
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DISCUSSION

P.A. Lawrence: What is the operational distinction between direct
and indirect homeosis?

A, Shearn: Among genes in which mutations can cause cell-autonomous
homeosis, null alleles of those which give rise to direct homeosis
should only express extreme homeosis, whereas null alleles of those
which give rise to indirect homeosis should express other phenotypes
such as discless or small discs. Thus to make such a distinction

it is necessary to isolate a number of alleles, to identify those
which are nulls and to examine their phenotype.

I. Kiss: 1Is it possible that some aspects of imaginal disc determin-
ation depends upon non-imaginal, larval tissue?

A. Shearn: Certainly it is possible. Although there are no examples
known, if such a non-autonomous influence caused a homeotic pheno-
type it would be a clear example of indirect homeosis.
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INTRODUCTION

Metamorphosis is a dramatic phase of the holometabolous insect
life cvcle, during which a reconstruction of the whole body morphol-
ogy takes place. The transformation process involves degeneration
and autolysis of most of the larval tissues as well as growth and
differentiation of the adult organ rudiments. In the Diptera, which
show the most extreme example of metamorphosis, both the initiation
and the later processes are basically regulated by the steroid hor-
mone ecdysone (Zdarek and Fraenkel, 1972). Metamorphosis probably
involves stage-specific gene activation and repression, as exempli-
fied by the ecdysone-induced puff-series on the salivary gland
giant chromosomes of Dipteran larvae (Ashburner and Richards, 1976).

The studies reported on here deal with the initial regulation
of metamorphosis, and were made by the Szeged and Novosibirsk, lab-
oratories in cooperation. Although the initial interests of the two
groups were different, their experimental approaches eventually con-
verged in an analysis of the genetic and developmental functions of
the 2B5-6 early ecdysone-specific puff and the surrounding region.
The present paper summarizes the preliminary results and tries to
follow the "historical path" at the same time.
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MATERIALS AND METHODS

Stocks were maintained on a standard yeast-cornmeal-agar medium
at 25°cC.

Mutations were induced with ethyl-methanesulfonate (EMS),
according to the method of Lewis and Bacher (1969). Mutants were
recovered on the X-chromosome using standard selection schemes as
previously described (for the npr mutants: Kiss et al., 1976a; for
the 2B1-10 region: Belyaeva et al., 1978). Mutant chromosomes were
marked with y or y and w and maintained over the Binsn or FMé6 1697
balancers (for the genetic symbols, see Lindsley and Grell, 1968).

. . . . \ 697

Cytological localization was made by crossing y i/FM6 1 fe~-
males with males carrying different deletions and/or duplications
(see Figure 2).

. . 697
For the complementation analysis, y la/FM6 1 J females were
crossed with y 1¥/Dp y2 Y67g males. 1In the case of complementing
mutants, y 18/y 1b females remained alive in the F] generation.

Genetic mapping was done using a ycv v f car standard chrom-
osome.

Gynander mosaics were produced using the unstable ring-X chromo-
some R(1)wYC in the cross y w 1/Binsn %% X R(1)wVC/y*y 99, F;
progeny were screened for adult and (in the case of npr mutants)
larval-puparial mosaics. The "expected number" of y w 1/R(1)wYC
adult mosaics was calculated by using the ratic betweeen non-lethal
y w/R(1)wVC and Binsn/R(1)w"C gynanders which was found to be 1.7
(Kiss et al., 1976a). Adult mosaics were scored with respect to
30 landmarks on the body surface (Table 5), and the mosaic frequen-
cies were used to delineate the mutant foci (Janning, 1978).

RESULTS AND DISCUSSION

The Non-Pupariating (npr) Phenotype

If we accept that metamorphosis involves stage-specific action
of genes, we can suppose that the initiation of the process depends
on the action of such genes. The function of these genes could be
connected with the regulation of the high ecdysone titer immediately
before puparium formation (Hodgetts et al., 1977) or with the early
steps of the hormone action - provided that the ecdysone induces a
cascade-type series of reactions. Mutations in such genes would
either inhibit, or seriously delay, the onset of metamorphosis. Ex-
pression of the mutant phenotype would also be stage-specific; such
mutants should have a normal embryonic and larval development but
should be blocked in puparium formation. With this in mind, we
looked for mutants on the X-chromosome which have a normal larval
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development but are inhibited or delayed in pupariation.

After screening more than 1500 independent lethal isolates, we
found 3 npr mutants (Kiss et al., 1978). Their basic characteristics
are shown in Table 1. They all have a good larval viability (the
frequency of y w 1/Y mutant larvae on the 4th day after hatching
was near to the 25% maximum). npr larvae survive 10-15 days after
pupariation of their normal heterozygous sibs. The larval anatomy
is by and large normal on the 4th day of larval life except for the
imaginal discs which show various abnormalities (Table 1). Discs
of npr-1 and nrp-2 seemed to be normal on the 4th day. By the 6th-
7th day they became bloated with a short, distorted structure in-
side which was probably the result of a mutant evagination stopped
at a very early phase (Figure 1A). A thin, structureless cuticle
was deposited inside these discs after the 10th day of larval sur-
vival (Figure 1B). It probably represented the pupal cuticle. No
cuticle was deposited on the abdomen. Apart from the imaginal discs,
no signs of metamorphosis could be observed in other tissues of these
larvae.

Autonomy of the mutant phenotype was tested in gynander mosaics,
and by implanting wild type ring glands (the main ecdysone-producing
organ in Dipteran larvae) into mutant larvae. As Table 2 shows, not
one adult gynander was found in all the mutants although a signifi-
cant number was expected. This probably means that the focus of the
adult lethality is very large or multiple, and that viable mosaic
combinations are therefore very rare. 1In the case of npr-l and npr-2,
however, larval-puparial gynanders (LPGs) were recovered (Kiss et
al., 1976b; Kiss et al., 1978). In such specimens, the cuticle re-
mained soft and colorless on the mutant parts while it became norm-
ally tanned and sclerotized on the wild type parts. The boundary
between them was rather sharp. Coincidence of the mosaic boundaries
in the cuticle and the larval epiderm was proved by using the mal
marker mutation which lacks aldehyde oxidase activity (Kiss et al.,
1976b) .

In older LPGs, mosaicism of tissues other than the epiderm also
became apparent because metamorphosis began in the wild type parts
while mutant parts showed the npr mutant phenotype. Wild type imag-
inal discs evaginated and secreted the pupal (sometimes even the
adult) cuticle. Mutant discs showed instead the characteristic
mutant morphology. Pigments were deposited in the wild type eye
discs. Apolysis and secretion of the pupal cuticle could be ob-
served on wild type parts of the abdomen. Mosaicism of the histo-
lysis of fat body and salivary glands was also apparent. These
observations suggest that: (i) the npr-I mutant function is auto-
nomously expressed in different larval and imaginal tissues inhibi-
ting or delaying the tissue-specific metamorphosis in a pleiotropic
way; (ii) the mutant phenotype is not caused by the lack of the neces-
sary ecdysone concentration, as there was clearly enough ecdysone in
LPGs to induce pupariation and metamorphosis of the wild type parts.



Table 1. General Characteristics of the npr Mutants.

Develop- Frequency Imaginal Discs E
mental of Pupari- P
Mutant Time? ation (size, structure) m
1(l)npr-1 4 0 normalb
large, abnormal®
1(1)npr-2 4 0 normalP .
large, abnormal
1(1l)npr-3 4 0 very small, structurelessb

very small, structurelessC

a The time needed to reach, under optimal conditions, the size of a matu

b On day 4 of larval life.

€ pata refer to the 8th-10th day of larval life.



Table 2. Autonomy of npr Mutant Phenotypes

Gynander mosaicism Implantation of wil
Mosaics found No. of Larvae
Larval- Mosaics Surviving Injection
Mutant Adult Puparial expected? Experimental Control
1(1)npr-1 0 71 165 16 7
1(1)npr-2 0 8 10 33 9
1(1)npr-3 0 0 41 31 11

a No. of y w l/R(l)wVC mosaics expected = 1.7 x (No. of Binsn/R(l)wVC mos
et al., 1976a.)
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The latter conclusion was further supported by the implantation of
wild type ring glands. While this treatment induced puparium form-
ation and histolysis in npr-3 larvae, it remained ineffective in
npr-1 and npr-2 (Table 2).

In another experiment, npr-1 and npr-2 mutant ring glands were
implanted into npr-3 larvae. Similarly to the wild type ring glands,
they were able to induce pupariation, i.e. to secrete ecdysone.

This fact, taken together with the deposition of pupal cuticle in
the npr-1 imaginal discs in situ, suggests that there is an internal
ecdysone production in npr-1 larvae, and the lack of metamorphosis
is caused either by a relative insensitivity of the tissues to the
hormone or by a general block of its early mechanism of action.

Genetic Structure of the 2B1-10 Region

To study the early action of ecdysone, the Novosibirsk group
made a more direct approach; they chose one of the early ecdysone-
specific puffs (2B5-6) on the X-chromosome and "saturated" its
region with lethal as well as morphological mutations.

In the map of Bridges (see Lindsley and Grell, 1968), there
are 10 bands in this region. Using the alcohol:acetic acid (3:1)
fixative, only 6 bands could be detected (Figure 2): 4 thick (2B1l-2,
3-4, 7-8, 9-10) and 2 thin ones (2B5 and 6).

B1-2 B3-4 B5 B6 B7-8 B9-10

1 | NEEEEEEN)

2A3 A4 ; BN B127 B3 2C1-2
1
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' t
- Df{1)RA-19
\ 1 ! E
I b
] b b Df(1)sta
1 ] il
P b
ones——— ! : Df{1)pn-7b
P
o
E——
‘: :' Dstgbyz
o
seEE————— Dp67g24.2Y

5 Oy ——) Dpy2Y67g

Figure 2: Cytology of the 2Bl-10 region and right break points of
the rearrangements used. Unfilled bars represent the uncertainty
of determination.
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The latter two can be seen only at puparium formation (puffing
stage PS10-11), when the region is maximally condensed. Arrange-
ment and morphology of the 6 bands show some kind of mirror-image
symmetry, suggesting the presence of a "reverse repeat" (Bridges,
1935).

At 96-100 hours after egg-laying, when the giant chromosomes
show the "larval" puffing pattern (PS1l), one small puff can be
found in the region; it apparently includes the decondensed 2B5 and
2B6 bands (Ashburner, 1972). At PS2, when the early ecdysone-spe-
cific puffs appear, decondensation of the region reaches its maxi-
mum and the neighboring thick bands also become loosened up. Fol-
lowing incorporation of 3H-uridine, the label is uniformly distrib-
uted through the whole 2B1-10 zone. At PS4 a new puff starts to
develop near the region of the 2Cl1l-2 band. By PS9-10 the puff in
2B1-10 completely disappears and the other one in 2C1-2 decreases.
A third puff becomes evident at this time in 2B11. The latter two
puffs were described as one (2B13-17) previously (Ashburner, 1972).
At the moment of pupariation (PS11l), all 3 puffs regress and incor-
poration of 34-uridine ceases. A second wave of puffing activity
appears in the region at PS18-20 (8-12 hours after puparium forma-
tion). A detailed description (including electron microscopic
studies) of the structure and puffing activity of the region will
be published elsewhere (E.S. Belyaeva, M.G. Aizenson, V.F. Semeshin,
I. Kiss, I.F. Zhimulev, and K. Koczka, in preparation).

By screening 17,120 mutagenized X-chromosomes, 98 mutants were
recovered within the territory of Df(1)RA-19 (1lF1-2 -~ 2B1l0, see
Figure 2). Df(l)sta (lE1-2 - 2A3-4) uncovered 64 of them, i.e.
they were located between 1F1-2 and 2A3-4, while the other 34 mutants
were located outside of the deficiency between 2A3-4 and 2B10. The
present study is focused on this latter group of mutants.

As previously known, alleles of dor and br are also located
between 2A3-4 and 2B10. This raised the total number of mutants in
our study to 42. According to the complementation test, they be-
long basically to 3 complementation units (Figure 3): 2 of them
(dor and swi groups) seem to be "regular" complementation groups,
while the third is a large complex containing 4 subgroups (rbp, br,
1(1)pp-1, 1(1)pp-2) and "overlapping" alleles which do not comple-—
ment with alleles of more than one subgroup. Alleles belonging to
different subgroups show a full complementation with each other.

As for the "overlapping" alleles, they can show two kinds of com-
plementation patterns; there are 5 alleles which do not complement
with any other mutation in the complex ("long overlapping" alleles).
npr-1, npr-2 and 1(1)d.norm.-12 (the latter isolated in J.W. Fris-
trom's laboratory, see Stewart et al., 1972) belong to this class.
Another 4 alleles overlap the rbp and br groups only ("short over-
lapping” mutants). The complementation pattern seems to be the same,
irrespective of the temperature (18, 25 or 30°C) the crosses were



dor, (10) ,eL swi,{6) ,A npr-1,(5),1L
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Figure 3: Mutant complementation groups in the 2Bl1-10 region. The nuw
the number of alleles in the group. Effective lethal phase is shown
el,, early 3rd instar larva; 1L, late 3rd instar larva, P, pupa; PA, O
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made at, except that at 30°C a reduced viability was found in hetero-
zygotes carrying t4 and I1(1)pp-1 alleles. This suggests a partial
overlap between the two groups.

While the majority of the mutants are lethal in homozygous or
hemizygous condition, there are alleles which are viable and which
show morphological abnormalities. (Some of the groups were named
after these aberrations, e.g. swi: "singed wings", rbp: "reduced
bristle number on palpus", etc.) Seven mutants are lethal or show
a morphological phenotype in heterozygotes with Df(1)RA-19 but are
viable and normal in homo- or hemizygous condition ("haplo-mutants").
The 1(1)pp-2 complementation group is represented by a single "haplo-
mutant” allele. Since the positions relative to each other of the
complementation groups are not known, their sequence given in Figure
3 is arbitrary.

A more precise cytological localization of the complementation
groups was made by using different duplications and deficiencies
(Figure 2). All the groups were overlapped by Dp67g24.2Y but none
of them was complemented by Dpy59by2. Heterozygotes carrying
Df(1)pn-7b and mutations of the dor, swi, 1(1)pp-1, or 1(1)pp-2
groups are viable and normal. However, the "overlapping” mutants
and the br and rbp alleles are lethal or have a mutant phenotype
when heterozygous with Df(I1)pn-7b. This interaction might indicate
an overlap between the deficiency and rbp and br, but the existence
of an independent br or rbp mutation on the Df(1)pn-7b chromosome
can also not be excluded. According to the right breakpoints of
the rearrangements used, the probable boundaries of the mutant re-
gion can be delineated. They can be 2B5 or the right half of 2B3-4
as well as 2B6 or the left half of 2B7-8. It is interesting that,
by using a large deletion such as Df(1)RA-19, all the mutants seem
to be located in the center of the region. Detailed results of the
above-mentioned studies will be described elsewhere (E.S. Belyaeva,
M.G. Aizenson, V.F. Semeshin, I. Kiss, I.F. zZhimulev and K. Koczka,
in preparation).

Lethal Phenotypes in the Complementation Groups

Developmental characteristics of the representative alleles of
each complementation group are summarized in Table 3. Homo- and
hemizygous lethal alleles showing the most severe phenotype were
mostly chosen. The 1(1)pp-2 group is not included because its
single allele is homozygous viable.

t81 (dor) hemizygous larvae grow slowly and die at a develop-~
mental age corresponding to the early 3rd istar. None of the larvae
reach larval maturity and form puparium.

t200 (swi) develops normally up to adult eclosion. The pharate
adult seems to be perfect but so weak that it is usually unable to



Table 3. Developmental Characteristics of Mutants of the 2B1-10 Region1

Larval

development Disc
Mutant Time Final Pupari- Prepupal evagin- Pupal Adu.

(days) Size ation Moult ation Cuticle Cutic
t324 4 n 0 0 0 + 0
t4 4 n + + + + 0
(rbp) t99 4 n + + + : + . +
£35 4 n + 0(+)? + +(+)2 +(+
(br)
tio 4 n + + + ' + 0
(1(1)pp-1
t81 5 <n 0 0 0 0 0
(dor)
t200 5 n + + + + +
(swi)

1

- Abbreviations used: +, yes; + not complete; 0, none; n, normal
2 -

- Data in brackets refer to the abdomen (see text)
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leave the puparial case or dies soon thereafter.

As for the complex group, normal larval development is a common
characteristic of all the mutants. The effective lethal phases are
different, however.

The "long overlapping" alleles show a phenotype very similar
to that of npr-l1 (see t324 in Table 3). Similar symptoms were also
described for 1(1)d.norm.-12 by Murphy et al., (1977).

The "short overlapping” alleles (t4) are early pupal lethals;
their development is blocked right after the pupal moult. The
testicular cysts remained completely larval. No sign of spermatid
differentiation could be observed.

t99 (rbp) 1s a late pupal lethal; most of the animals reach an
advanced stage of adult differentiation or the pharate adult stage.

t35 (br) shows a peculiar phenotype. After a normal larval
development, puparial contraction is normal but tanning and sclerot-
ization of the puparial case is rather imperfect; the cuticle remains
yellowish and rather soft. Puparia dry out quickly. Imperfect pu-
parium formation seems to be autonomously expressed in gynander mo-
saics. The imaginal discs seem to be normal at pupariation but 24
hours later become strongly bloated with a half-evaginated structure
inside the peripodial membrane (Figure 4A). In 5-6 days, pupal and
adult cuticles were laid down and tanned inside the discs (Figure
4B); eye discs became pigmented. Continuous pupal and adult cuticle
was never found on the head and thorax. This is probably caused by
the abortive morphogenesis of the imaginal discs which prevents the
formation of a continuous adult epiderm. On the contrary a normal
pupal and, sometimes, adult cuticle was found on the abdomen, forming
a sack-like structure all around with a sharp boundary at the thorax.
This suggests a relatively normal function/differentiation of the
abdominal histoblasts. Histolysis of the internal larval tissues
takes place normally but the adult organ rudiments apparently do not
grow dand differentiate.

tl0 (1(1)pp-1) is an early pupal lethal. However, the testes
became slightly coiled containing elongated sperm bundles.

Trans-heterozygotic combinations containing an "overlapping”
and an "overlapped" lethal allele remain lethal and generally show
the phenotype of the more advanced partner. There is one exception,
however; npr-1/tl10 trans-heterozygotes develop into an apparently
perfect adult except that the head is not everted but differentiates
in its original positiont. Such specimens cannot eclose. Since
npr=~l is a larval and tl0 an early pupal lethal, the adult develop-
ment in the heterozygote can be regarded as partial complementation.



AN BARLY BECDYSOWE-TMIICTRLE PUFFTHG FEGION 175

A

% 1Dﬂﬂ
Figurs 4: Imaginsl dlgpg of £35 sutant pupme,

Ar Lag diwe 4 days after pupariation. R half-evaginated
wtroctore iz visible inwide.

B: Pupal and adult guticle ineids a leg disc 10 days
after pupariation.



176 Kiss et al.

On the basis of the above-mentioned facts we can conclude that,
at least in the complex group, the mutations are expressed in a
stage-specific way and the developmental block occurs during pupari-
ation or after the pupal molt, i.e. following the main active periods
of the 2B5-6 puff (late larva and late prepupa).

Gynander Mosaic Analysis of the Mutant Groups

As contrasted with the "long overlapping" alleles which did not
survive in adult gynanders (see npr-1 and npr-2 in Table 2), lethal
alleles of all the other groups gave viable mosaic flies. This made
a comparative mosaic analysis of the different mutant groups possible.
Our aim was to see whether lethal foci characteristic for the sub-
groups of the complex could be determined, and if they showed differ-
ent tissue specificities.

Table 4. % Viability of Mutant Gynanders

Cross: y w sn3 1o x R(l)wvc i
Binsn yty
yw sn3 1 99
R(1)wYC Binsn
Mutant Expected! Found (%) R(l)wVC
(gozt;c;% 1 - 371 219
td4 119 14 (11.7) 70
t99 44 23 (52.3) 26
t336 73 15 (20.5) 43
t10 124 60 (48.4) 73

! The same as in Table 2

Viability of the mutant gynanders carrying representative al-
leles of the different groups was drastically decreased (Table 4).
This suggests that only certain mosaic combinations can survive and
that the lethal phenotypes have some kind of tissue specificity in
their expression.

To examine the data from gynanders in more detail, 29 adult sur-
face structures evenly distributed on the blastoderm fate map were
scored for being mutant or mosaic. A representative example of these
results (with t10) is given in Table 5. Two conclusions can be drawn
if we compare the mutant data with those of the control: (i) the ti0
mutation has a general influence on all the structures scored, de-
creasing the viability when they are mutant, and (ii) this effect is
more pronounced in the abdomen, reaching its maximum in the region
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Table 5: % Frequency of Surface Structures Being Mutant or Mosaic
in Control and tl10 Gynanders

Region Landmark Structure y w sn3 1+ control y tlo w sn3

Mutant Mosaic Mutant Mosaic

Head postorbital bristle 58.7 - 20.9 -

vibrissa 61.7 - 17.0 -

antenna 58.0 2.6 17.1 3.4

anterior orbital bristle 58.9 - 20.2 -

outer vertical bristles 54.9 1.4 19.1 3.5

postvertical bristle 55.9 - 23.4 -

proboscis 56.3 6.7 16.4 2.3

Dorsal humeral bristles 64.7 0.8 18.4 0.0

thorax anterior scutellar bristle 8.9 - 22.6 -

posterior supraalar bristle 67.9 - 21.1 -

anterior notopleural 69.8 - 23.9 -

bristle

wing 67.0 1.0 18.6 1.2

Ventral sternopleural bristles 67.0 4.5 18.5 1.5
thorax leg 1 60.4 12.5 14.1 10.4
2 61.7 5.7 15.7 6.5

3 61.0 6.3 10.9 11.9

borsal tergite 1 60.9 5.6 11.6 4.2
abdomen 2 56.9 11.8 11.5 13.1
3 55.8 12.7 10.5 19.9

4 51.9 15.5 11.1 20.0

5 51.7 14.4 11.0 20.4

6 49.3 15.0 7.9 14.3

7 46.9 10.4 3.7 4.8

Ventral sternite 2 60.2 6.9 8.6 3.2
abdomen 3 59.8 8.8 8.5 7.5
4 57.1 9.1 7.5 7.5

5 53.7 8.4 5.9 9.6

6 50.8 7.2 4.3 5.9

anal plate 51.5 7.5 2.3 2.9

external genitalia 40.6 20.9 0.0 2.9




Table 6. Average Frequency (%) of Structures Being Mutant in Gynanders

% Frequency of landmarks being muta

Number of Thorax Abdo
Mutant gynanders Head
scored Dorsal Ventral Tergites Sterni
Control 371 58.7 66.6 66.2 59.5 59.5
(y w sn3 1%)
t4 120 6.0 9.5 7.7 20.0 15.2
t99 115 13.6 30.0 29.6 33.5 26.0
t336 95 8.0 7.3 6.3 17.7 13.3
t10 123 20.1 20.6 18.6 16.5 . 10.3

lBefore calculating the average %, half of the mosaic value was added
each structure. See Table 5 for the landmarks scored.
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of the anal plate and genitalia, i.e. some kind of lethal focus can
be confined to this region. Both effects are also shown by the other
3 mutants tested, except that the separation of the lethal "focus"

is not so clear as in the case of tl0. The general effect of the
mutations is further supported by the observation that the size of
the mutant spots was generally decreased in all the cases irrespec-
tive of their positions on the body.

Average frequencies of structures being mutant in gynanders are
given in Table 6. As it can be seen, the lowest mutant percentage
was found in different body parts of the different mutants. The
sensitive area was located in the head and thorax for t4 and t336,
in the head for t99 and near the end of the abdomen for ti0. Al-
though we do not know which tissues/organs are included in the "sen-
sitive area", the mutants clearly form two groups in this respect:
one includes t4, t99 and t336; the other tl10. The shows an inter-
esting parallelism with the complementation map (Figure 3): t99
(rbp) and t336 (br) are "overlapped" by t4, while tl10 (1(1)pp-1)
can complement all these three and is clearly separated from them.
Another case of parallelism is shown by the "long overlapping" al-
leles (e.g. npr-1) which do not complement with any other subgroup
in the complex and do not yield any viable gynander mosaic combin-
ation.

CONCLUSIONS

Before drawing conclusions, we can summarize the facts as fol-
lows:

1. There is an early ecdysone-inducible puff in the region
studied which apparently develops from the 2B5 and 2B6 bands and
includes, during its maximal extension, the 2B1-10 region. The
main active periods of this puff are a few hours before puparium
formation and pupal moult, i.e. immediately before the major events
of the early phase of metamorphosis.

2. Mutants isolated in the region belong basically to 3 comple-
mentation groups. One of them shows a complex complementation pat-
tern. All the mutants could be confined to the region between 2B3-4
- 2B7-8.

3. Lethal phenotypes within the complex group are expressed in
a stage=-specific way and show two common characteristics: (i) lar-
val development is always normal, (ii) effective lethal phases occur
just before puparium formation or after the pupal moult, i.e. after
the main active periods of the 2B5-6 puff. The lethal phenotype
(inhibition of metamorphosis) is autonomously expressed in the dif-
ferent tissues of the "long overlapping" alleles suggesting the paral-
lel expression of the mutant gene in the different tissues at the
same time.
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4. Gynander mosaic analysis revealed that all the mutations
influenced the viability of the mutant surface structures in two
ways: (i) a general decrease of viability was expressed, irrespective
of the position of the mutant structure in the body; (ii) viability
of certain parts was significantly lower than the average. The posi-
tions of these "sensitive areas" in the different mutants showed an
interesting parallelism with the complementation map.

Two matters should now be discussed with respect to these re-
sults: the genetic organization of the complex locus as well as
the possible relation between the mutants and the 2B5-6 puff.

As for the organization of the complex locus, two possibilities
can be considered: either all the mutations belong to the same gene
and the complementation pattern results from intracistronic comple-
mentation; or the different subgroups represent distinct cistrons,
and the complementation observed is the result of intergenic inter-
action. In the latter case, however, the nature of the "overlapping”
alleles has to be explained. They could represent either deletions
or mutations with a polar effect. The deletion hypothesis is contra-
dicted by two facts. First, no deletion could be detected cytologi-
cally in these alleles; second, npr-1/tl0 trans-heterozygotes showed
a partial complementation which would not be expected if npr-1 were
a deletion. The complex locus might be an operon-like structure in-
cluding several cistrons under a common control and the "overlapping”
alleles would represent regulatory mutants. Phenotypic complementa-
tion and gynander mosaic data are equally compatible with both possi-
bilities. To decide between them will require new genetic variants
and new experimental approaches, e.g. rearrangements with breakpoints
dividing the complex locus or determination of the distance between
the two extreme points of the complex by fine structure mapping.

Work is in progress in both directions.

Coincidence of the mutant groups and the puffing function may
be significant. It is supported by the cytological position of the
mutant groups and, in the case of the complex locus, by the pheno-
typic characteristics of the mutants. In either case the 2B5-6 puff
remains inducible in npr-I (unpublished observations, as well as per-
sonal communication by Dr. M. Ashburner).

We believe that elucidating the genetic organization and the
developmental function(s) of this interesting region will give
deeper insights into the mechanisms regulating the initiation of
metamorphosis and the action of ecdysone.
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* To our deep sorrow Ilan Ivan Deak died on July 29, 1979.
Since his death, his group has continued working on his
muscle development project. This paper represents the
joint efforts of all the members of his group.

INTRODUCTION

These studies were undertaken with the aim of investigating
myogenesis in Drosophila with the special emphasis on the embryonic
origin of precursor cells and the establishment of the ultrastruc-
tural organization during muscle differentiation.

Before taking up specific questions of muscle development, we
will briefly describe the anatomy and organization of Drosophila
muscles. Then we shall concentrate on the two main approaches of
our work: the search for the primordia of the adult indirect flight
muscles, and the detailed analysis of flightless mutants which
should lead to an understanding of the genes involved in muscle
development.

ANATOMY AND ORGANIZATION

Larval muscles are characterized by their large nuclei placed
at the periphery of the fibers (Figure la). Further, each myosin
filament is surrounded by 10-12 actin filaments arranged in a rather
irregular fashion (Osborne, 1967; Crossley, 1968; Dibendorfer et
al., 1978). All larval muscles are highly contractile, shrinking
to 25% of their resting length in the contracted state. This three-
fold change in length is attributed to perforations in the Z-discs
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(Figure 1b) that allow the myofilaments to slide into the neighboring
sarcomeres (Goldstein, 1971; Dubendorfer et al., 1978).

Among the muscle types of the adult fly we chose to concentrate
on the large and well organized tubular and fibrillar muscles. Tub-
ular muscles can easily be recognized since their nuclei are always
in an axial core surrounded by the myofibrils (Figure 1lc¢). The sar-
comeres lie exactly in register, the nuclei are small and elongated,
3-6 um long. Each myosin filament is surrounded by 10-12 actin fila-
ments forming a more regular pattern than in larval muscle (Figure
1d) (Pasquali-Ronchetti, 1970; Dilbendorfer et al., 1978).

Sarcomeres of fibrillar muscles are smaller than those of tubular
muscles and are not exactly in register, so that cross-striation is
not easily seen (Figure le). The nuclei lie scattered throughout the
fiber. The most characteristic feature of fibrillar muscle is the
strictly regular array of their filaments, six actin filaments sur-
rounding each myosin filament (Figure 1f) (Shafig, 1963; Elder, 1975;
Dubendorfer et al., 1978).

The indirect flight muscles, which are fibrillar, constitute the
bulk of the muscle mass in the thorax of a fly (Figure 2a,b). Six
dorsolongitudinal muscles run from the anterior to the posterior
margin of each half thorax (Figure 2a). All other fibrillar muscles
of the thorax run dorsoventrally (Figure 2b). Tubular muscles in
the thorax are the small direct flight muscles and the leg muscles;
among the latter are the large tergal depressor of the trochanter of
the second leg (Figure 2b), which enables the fly to jump (Behrendt,
1940) .

a b
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Figure 2: Diagrammatic sagittal sections (a and b) through the thor-
ax of a fly. TDT = tergal depressor of the trochanter of the second
leg. (Modified from Deak, 1978).

MUSCLE PRIMORDIA

Based on analyses of gynandromorphs Deak (1977) published blasto-
derm fate maps of the mutants heldup (hdp), flapwing (flw), vertical
wing (vtw), upheld2 (up2), and indented thorax (int). Scoring for
ability to jump, morphological defects in the tergal depressor of
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the trochanter, and leg weakness, he mapped the foci of all these
tubular muscle defects (with the exception of vtw) to the site of
the prospective midventral thoracic mesoderm on the blastoderm. The
mutations upheld (up) and heldup2(hdp2)(Hotta and Benzer, 1972),
flightless H (f1t H), and flightless O (fl1t O) (Koana and Hotta,
1978), as well as int, and flw (Deak, 1977), all affecting the fib-
rillar muscles of the thorax, mapped to the same region, as did nine
more flightless mutations isolated in our laboratory. From Poulson's
analysis (1950) it is known that the midventral mesoderm of the
embryo contains the cells of the prospective muscle tissue of the
larva. We conclude therefore that those mutations which have their
foci in this region affect the muscle precursor cells directly and
draw the further conclusion that the precursors of the adult thor-
acic tubular and fibrillar muscles are located in the narrow stripe
‘'of thoracic ventral mesoderm of the embryo at the blastoderm stage
(for further discussion see Deak, 1977).

In addition to the early embryo, we also studied the anlagen of
adult muscle in third instar larvae. From transplantation and ex-
tirpation experiments by Zalokar (1947), and Poodry and Schneiderman
(1970), and from surface transplantations by Bhaskaran and Sivasubra-
manian (1970) it became evident that there are precursors of tubular
muscles in the leg discs of the third instar larva. The possibility
that the muscles surrounding the metamorphosed implanted leg discs
had migrated there from the host was excluded by Ursprung et al.
(1972). 1In their experiment they marked donors and hosts with dif-
ferent enzyme markers, and found that the muscles were always of the
donor genotype.

We too have transplanted leg and wing discs of third instar
larvae into metamorphosing hosts, and we always found tubular muscles
around the implants. Even eye, antenna, leg and wing discs, which
Dr. M. Milner cultured for us in vitro, began twitching autonomously
after one day in culture; and the muscles were seen to be tubular
with the phase contrast microscope.

Whether or not imaginal discs of the last larval instar con-
tain any progenitor cells of fibrillar thoracic muscles, proved more
difficult to investigate. We analyzed the transplanted leg and wing
discs with both electron and light microscopy, using interference
contrast afer mechanical dissociation of the implants and digestion
of the cuticular parts by chitinase. Yet we only found fibrillar
muscles in three cases out of 100 implanted second leg discs, and
none at all in wing disc implants. This finding agrees with the
results of Zalokar (1947). When he extirpated wing discs, all the
fibrillar muscles of the thorax developed normally, but after re-
moving second leg discs, the dorsoventral fibrillar muscles were
absent in the adult flies.
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More evidence for the absence of the precursors of fibrillar
muscles in the wing discs came from studies of the mutation wingless
(wg) (Deak, 1978). These mutant adult flies often have extremely
large duplications in the mesothorax and at the same time lack
other parts. If muscle precursor cells were located in a particular
region of the wing discs and this region was either duplicated or
absent in the mutant animal, one would expect to find either an in-
crease or decrease in the amount of that muscle. However, no change
in the amount of fibrillar muscle was observed in adult flies with
nota duplicated or absent, suggesting that the fibrillar muscle
precursors are not part of the wing disc. However, the mass of
tubular muscle varied proportionately with the size of the notum,
thus demonstrating that wg affects the muscles as well as the epi-
dermis, and that the only muscle precursors in the wing disc are
of the tubular type.

Our results and data found in the literature seem to point to
the conclusion that the wing disc does not contain precursor cells
of fibrillar muscle, but that the second leg disc may well contain
the precursors of the dorsoventral fibrillar muscles. This may sug-
gest that in the third larval instar the anlagen for dorsoventral
and dorsolongitudinal muscles are separate. These two types of
adult muscles are morphologically identical and proved indistinguish-
able in the biochemical comparison done in our laboratory. Inter-
estingly, some of our EMS-induced X-chromosomal mutations, which will
be described below, affect only the dorsolongitudinal muscles.

Assuming that there are two anlagen for fibrillar thoracic mus-
cles, the question arises, where are the precursors of the dorso-
longitudinal fibers located in the third larval instar? Tiegs sug-
gested in 1922, based on histological work, that precursors of fib-
rillar muscles are associated with larval muscles. Using the BAO
staining technique we found small (i.e. adult) nuclei in close asso-
ciation with larval mesothoracic muscles. Naturally we would need
much more data in order to ascertain whether these cells represent
developmental stages of dorsolongitudinal fibrillar muscle.
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Figure 3: Distribution of flightless mutations along the X-chromo-
some. Above the chromosome: markers used for mapping, below the
chromosome: mutations isolated in our laboratory (numbered) and
mutations from other laboratories (lettered).
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MONOCLONAL ANTIBODIES IN THE ANALYSIS OF DROSOPHILA DEVELOPMENT

Michael Wilcox, Danny Brower and R.J. Smith

M.R.C. Laboratory of Molecular Biology
Hills Road
Cambridge, England

We are attempting to approach the molecular mechanisms involved
in Drosophila development by using monoclonal antibodies raised
against the surfaces of imaginal discs. It is generally acknow-
ledged that the cell surface plays a major role in development.
Surface components have been implicated, for example, in tissue
induction (Saxen, 1977) and in cell-cell recognition (Moscona, 1975;
Marchase et al., 1975). However, with one or two exceptions (Burger,
1977), little is known of the molecular interactions involved in
these processes. It is not clear whether all, or only some, classes
of surface molecules - proteins, glycoproteins, glycolipids and so
on - participate. Nor do we know whether cellular discrimination
stems from qualitative or quantitative changes in these components,
or even whether the molecules are likely to be major or minor con-
stituents of the surface. Possessing a set of specific "tags" for
surface molecules should enable us to approach these questions. One
advantage of the ;monoclonal antibody technique over conventional im-
munological approaches is that in principle even minor surface com-
ponents can be specifically labelled.

The advantage of Drosophila for such a study comes from the
combination of a number of factors. For example, there is the sharp
sub-division of the fly into compartments, units of clonal restric-
tion which are thought to contribute to developmental control
(Garcia-Bellido et al., 1976). Compartments have been detected,
at this time, only in insects. There is the co-existence, in the
larva, of fully differentiated structures with the relatively un-
differentiated tissues which will give rise to the adult. Some of
these latter structures, the imaginal discs, exist as discrete,
morphologically simple, autonomously developing units. In addition,
a wealth of information is available on the fates and on the level
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of determination (and hence the regulative potential) of the differ-
ent regions of the imaginal discs (Bryant, 1978). While there is

no direct evidence that the cell surface plays a critical role in
Drosophila development, findings from the genetic analysis of the
various homeotic mutants have led to the suggestion that compart-
mentalization is maintained via differential cell affinities (Crick
and Lawrence, 1975). It has also been suggested that the complex
interactions involved in the spatial organization of imaginal discs
and in their morphogenesis require differences in cell surface prop-
erties (Reinhardt et al., 1977; Poodry and Schneiderman, 1971).

Such differences may occur in a graded fashion within the discs
(Nardi and Kafatos, 1976).

We describe here -the early results of our study. The method,
with some modifications which will be discussed later, is similar
to that described by others (Galfré et al., 1973). Initially, mice
are immunized with several hundred thoracic imaginal discs. We are
currently trying several different immunization procedures in an
attempt to optimize the regime. Lymphocytes from the spleen of an
immunized mouse are fused with cells of a non-antibody producing
mouse myeloma cell line and the resulting mixture of cells is plated
out into 3-400 small wells and allowed to grow up in a selective
medium (HAT). Aminopterin in this medium blocks an enzyme in one
of the two biochemical pathways the cell uses for the synthesis of
guanosine monophosphate; the remaining myeloma cells, which lack
the function of an enzyme,hypoxanthine-guanine-phosphoribosyltrans-
ferase (HGPRT), in the alternative pathway, therefore die, while
the hybrid cells, hybridomas, which have received wild-type HGPRT
genes from the lymphocytes, are able to grow. The hybridomas are
transferred as soon as possible to new wells, thus separating them
from spleen fibroblasts which also grow in HAT medium (unfused lym-
phocytes, however, cannot proliferate in vitro). After further
growth, the excreted products of each well are screened for their
ability to bind to intact imaginal discs, and the positive lines then
rigorously cloned by conventional techniques (Cotton et al., 1973).

For screening, we use an indirect immunofluorescence technique
(cf. legend to Figs. 1-4). By this method we are able to detect
antisera with spatially specific patterns of binding. Examples of
such patterns are shown in Figs. 1-4. Before describing these it
is pertinent to describe briefly the morphology of the discs. With-
in the basal lamina, the disc consists of a hollow sac of cells of
two types, a columnar epithelial layer on one side and a cellular
peripodial membrane on the other. The former, which includes the
vast majority of the disc cells, and probably at least part of the
latter (Sprey and Oldenhave, 1974) gives rise to adult cuticular
structures. At various places between the columnar epithelium and
the basal lamina are groups of adepithelial cells; while the fate
of these cells is less certain, it has been suggested that they are
muscle precursor cells (Poodry and Schneiderman, 1970; Reed et al.,
1975).
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Figures 1-4: Fluorescence micrographs showing the binding of var-
ious antisera to D. melanogaster wing discs. Bar is 50 microns.
Antisera were screened by the indirect immunofluorescence technique.
Imaginal discs (or other tissues), either intact or sectioned, were
treated first with the hybridoma antiserum (usually for 45' at 379),
then washed to remove unbound antibody. Retained antibody was then
labelled by subsequent incubation (for 30' at 37°) with fluorescein-
conjugated anti-mouse Ig (immunoglobulin) G. Figures 1 and 2:
Binding of two antisera to intact wing discs. 1In Figure 2, only
the lower part of the disc is shown. Figures 3 and 4: Binding
pattern of a third antiserum on the peripodial membrane and epi-
thelial sides, respectively, of the disc. Figure 3 is overexposed
to enhance the relatively faint specific antibody binding.
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Figure 1 shows an antiserum which seems to bind to the basal
lamina but not to the disc cells themselves. Another antiserum
(Figure 2) binds to the disc in very small patches, producing a
pattern of dots; binding is also observed (arrow) either to the
adepithelial cells or to an extracellular matrix in the same region.
The binding of a third antiserum is res:ricted to particular regions
of both the peripodial and epithelial layers of the disc (Figures
3-4).

Although our initial screening procedure can detect such po-
tentially interesting antisera, it has drawbacks. Most obviously,
it really requires mono-specific antisera, for the binding of an
antibody whose specificity is restricted to one disc or to a region
of a disc would be masked if the antise:rum contained other anti-
bodies which bound strongly, for example, to the whole surface of
all the discs. We have overcome this problem to some extent by
including an early isolation or "precloning" step in our procedure;
small groups of hybridoma cells from the initial post-fusion wells
are transferred early to new wells and it is the antisera from these
second wells which we screen. Of course, positive hybridomas still
require subsequent cloning. A second and potentially less tractable
problem is the inability of some antibodies to reach their respective
antigens. In general, the antibodies do not penetrate far into the
intercellular spaces between the cells of the columnar epithelium.
More importantly, we have evidence that some have difficulty in
penetrating the surrounding basal lamina. This may reflect differ-
ences in the size of the antibodies; some may be IgG's and others
the larger IgM's. With antibodies that do show some activity in the
initial screen such penetration problems can be dealt with by manu-
ally removing the peripodial membrane or by using sections of frozen
discs (cf. Figure 6). Such methods are too time-consuming, however,
to be used during the routine screening of large numbers of anti-
sera, and so we may fail to detect some positive clones.

We have examined the binding of the antibody produced by one
clone, DA.1B6, to a variety of Drosophila tissues and organs. The
antibody binds to all of the imaginal discs of 3rd instar larvae,
and to those we have examined from 2nd instar larvae and early pre-
pupae. Figures 5 and 6 demonstrate the pattern of binding to the
wing disc. The cells of both epithelial and peripodial membrane
layers are clearly fluorescent, as is the ring of imaginal cells
(Bodenstein, 1965) surrounding the larval tracheae attached to the
disc. The adepithelial cells, however, are not recognized by the
antibody. The bulk of the other larval tissues show no antibody
binding. But the rings of imaginal cells (Bodenstein, 1965) in
some of these tissues, particularly those of the salivary gland and
gut, are clearly recognized and stand out against the dark back-
ground of the larval cells of these organs (Figure 7). The brain,
although largely negative, also shows patches of antibody binding
which seem to be associated with extensions of the eye-antennal disc.
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Figures 5-8: Binding of DA.1B6 antibody to Drosophila tissues. Bar
is 50 microns. Figure 5: Binding to the intact wing disc. Figure
6: In frozen disc sections, the antibody binds to cells of both
epithelial (ep) and peripodial membrane (pm) layers and to the
tracheal imaginal cells (tr), but not to the adepithelial cells
(ad). Figure 7: The imaginal cells in the base of each salivary
gland show strong antigenic activity. Figure 8: The antibody binds
to a cap of cells in the female gonad. A second line of binding
activity can just be seen in the lower part of the organ (arrow).
Again, the background of nonbinding gonad cells is enhanced by the
printing procedure needed to demonstrate this latter binding.

The specificity of binding of the antibody to the larval ovary
is particularly interesting. The ovary shows quite large but local-
ized areas of binding (Figure 8). This pattern of binding carries
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over to the adult structure, where there is strong binding to the
follicle cells, particularly those surrounding the early Sogonia.
In contrast, the developing egg and nurse cells are not recognized
by the antibody.

Several other adult epithelia, those of the epidermis and male
genitalia, for example, also bind the DA.1B6 antibody. At the other
end of the ontological spectrum, cells of the cellular blastoderm
lack the antigen. By embryonic stage 12 (post-segmentation, during
dorsal closure; Bownes, 1975), however, several of the embryonic
tissues, including the salivary gland, gut and the entire epidermis,
bind the antibody. During later embyrogenesis the binding activity
gradually disappears until, by the end of the lst larval instar, it
is restricted to the imaginal tissue.

The precise pattern of antigen acguisition and loss during
embryogenesis remains to be elucidated. Nor do we know whether the
abdominal histoblasts carry the antigen. At the present time, too,
we know nothing of the molecular nature of the antigen, or of its
function; nevertheless, we can reach certain conclusions. It is
clear that the antigen is not entirely restricted to imaginal and
adult cells - it is present also on (some) presumptive larval cells
during embryogenesis. It is not spec: . fic for proliferating cells,
since the antibody does not bind to the dividing cells of the early
embryo, or to germ cells or adepithel:al cells during their prolif-
erative phases. Additionally, no binding can be detected to cells
of the K, Drosophila cell line. Rather, the antigen seems to be
restricted to the cells of epithelial sheets. It begins to dis-
appear from presumptive larval epithelia late in embryogenesis, but
remains in the imaginal cells and persists in the differentiated
cells of many adult tissues after metamorphosis. It is possible
then that loss of the antigen is asscciated with the onset of poly-
teny in a cell. 1In this respect it is interesting to note that
antigenic activity diminishes in the adult follicle epithelium at
approximately the time when its cellsi become polytene and function
in vitellogenesis (King, 1970).

The isolation of this antibody highlights the usefulness of
Drosophila for the investigation of the cell surface and its role
in development. Without the unique 3evelopmental history of holo-
metabolous insects, the characterization of this antibody would have
been more difficult and its original identification as something
potentially interesting much more unlikely. All this encourages
us to think that the technique will lead to the discovery of other
molecules of developmental signficance.
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DISCUSSION
A. Shearn: Have you found antibodies which bind to all cells?

M. Wilcox: I don't know that we have any that bind to all cells;
but our screening procedure selects for those which bind to imaginal
discs. There are some which bind to all basal laminae that we have
tested.

K. Kumar: Do the larval abdominal histoblasts bind the DA.186 anti-
body?

M. Wilcox: We tried very hard to find it. However, there is a
problem caused by the autofluorescence of larval cuticle which we
have not yet solved. So far we do not know the answer although the
adult epidermis deriving from the histoblasts does possess the anti-
gen.

A. Sarabhai: After having antibodies bound to these sites, is lar-
val development affected?

M. Wilcox: This is something we are interested in; but we have not
done any experiments yet.

A. Fodor: After adding ecdysone so that the disc starts to differ-
entiate, do you find any differences in the binding capacity?

M. Wilcox: I don't know. We have not done many studies yet, al-
though we do know that the evaginating wing and leg discs still
bind the antibody strongly.

P.J. Bryant: Are the discs sonicated or are they intact when used
as immunogens?

M. Wilcox: We have tried both and it does not seem to make any dif-
ference. Of course, selection for surface-specific antibodies comes
at’ the screening stage.

Y. Hotta: How many clones have you isolated so far?

M. Wilcox: We have screened about 1500 supernatants so far from 5
fusions. Some 300 supernatants have shown binding activity of one
kind or another and we have picked and frozen the 40-50 of these
which seem most interesting.
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INTRODUCTION

Complex biological processes, such as the development of the
central nervous system (CNS) of Drosophila, can be dissected into
logical steps by introducing genetic variations. In the beginning
the major difficulty encountered in this process is that of defining
the elements involved, which in turn is dependent on obtaining
mutants suitable for analysis. The reason for this difficult is
twofold: on the one hand, mutants affecting essential aspects of
neurogenesis are expected to be lethal; on the other hand, the CNS
is an internal structure, and the appraisal of mutant variations
requires the use of special techniques. Drosophila goes through
different developmental stages, embryonic, larval and pupal, before
reaching the final imaginal stage. Assuming a low probability for
neurogenic mutants to develop to the imaginal stage, a reasonable
way of screening for such mutants is to concentrate on the study of
embryos. For neurobiological studies Drosophila embryos are incon-
venient because of their small size, which makes selective staining
of neurones extremely difficult. However, they offer several impor-
tant advantages for our purposes: the CNS of mature embryos is
roughly comparable to that of third instar larvae, disregarding the
proliferation within the imaginal anlagen; techniques have been de-
veloped which allow the simultaneous study of dozens of embryos as
whole-mounts, in which the CNS can be visualized "in toto"; embry-
onic lethality can be used as a previous selection criterium. Wright
(1970) proposed selecting for embryonic lethal point mutants when
searching for mutants affecting embryogenesis; the same strategy
could be pursued for studying neurogenic variations since they are
probably found among embryonic lethals. However, a few arguments
make clear that this approach may be very time consuming. Mutants
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with embryonic pheno-effective periods have been found in 30% of all
point lethals (Hadorn, 1961); furthermore, mutagenesis studies have
demonstrated that about 90% of all genes can mutate to lethal condi-
tions (Judd et al., 1972). Accepting that the total number of genes
in the chromosomal genome of Drosophila is about 5000 (Lefevre, 1974)
a simple calculation indicates that about 1350 genes might show an
embryonic lethal phenotype when mutated.

Another way of screening for genes concerned with neurogenesis
is to use relatively small chromosome deletions and see whether the
absence of a given part of the genome affects the development of a
given part of the embryonic CNS (Poulson, 1940). The use of this
approach should permit a faster screening of the genome than using
embryonic point lethals; moreover, it overcomes automatically the
difficulties posed by any possible hypomorphism present in many EMS-
induced point mutants, and thus facilitates establishment of causal
relationships between the lack of genetic functions, as opposed to
a modified genetic function, and mutant phenotype. Some important
difficulties are, however, inherent to this type of analysis; we
will return to this point in the last section of this paper. Once
any region producing an interesting neural phenotype is found, it
can be further dissected by means of smaller deficiencies, or even
point mutations mapping within it until a more precise localization
of the gene(s) responsible is attained. At this stage of the work
we have no prejudices as to the kinds of phenotypes expected to
appear in embryos carrying deficiencies. Our main focus is on the
genes responsible for specification of the developing CNS, since
our final aim is the analysis of the genetic elements that enable
nerve cell precursors to arise. Therefore, we are in principle
interested in any kinds of modifications encountered in the CNS of
embryos lacking given chromosomal bands, especially when these are
specific modifications of the CNS and not of the remaining organs.

A prerequisite for any extensive screening of the genome for
relevant neurogenic loci is a technique which enables rapid and easy
examination of the CNS in a large number of embryos from each stock
considered. 2Zalokar and Erk (1977) have devised a technique which
permits simultaneous staining of dozens of embryos as whole-mounts
The technique utilizes acidic fuchsin for exclusive staining of cell
nuclei, suppressing that of cytoplasm, so that focusing of well
stained and differentiated internal structures is possible (Figure
1). It must, however, be emphasized that the level of resolution
provided by this technique is relatively low. It only allows the
major parts of the CNS, brain lobes, subesophageal, thoracic and
abdominal ganglia to be distinguished. It further shows single cell
nuclei, but does not allow distinctions among them. Finally, it
shows neither segmental nerves nor neural prolongations, but just a
mass of neuropile. This itself restricts the kinds of detectable
phenotypes to the level of rough organ changes, while many discrete
modifications, for example of individual cell types, would escape
our observation.
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Figure 1: Shows the pattern of the CNS in lateral (A) and dorso-
‘ventral (B and C) orientation of fuchsin stained whole-mounts of
wildtype embryos. Supraesophageal (spg), subesophageal (sbg) and
neuromeric ganglia within the ventral cord (vc) can be distinguished.
The neuropile is visible as a grayish homogeneous mass surrounded by
the darkly stained cortex, B and C are two different focusing planes
through the same embryos. Arrows in B point to the bilateral proto-
cerebral lobes; ph: pharynx. In this, and the following figures
(except in Figure 6) anterior is at the right hand side.

We have been using the approach outlined above for screening
embryonic modifications produced by several chromosome deficiencies
during development. In this report we present the results of our
analysis of X-chromosome deficiencies.
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Figure 2 shows Bridges' revised map (1938) of the X-chromosome
on which the extent and location of the major deficiencies studied
has been drawn. Most of these deficiencies have been isolated by
G. Lefevre; they have been kindly provided by L. Cramer of the
CalTech Stock Center at Pasadena, California. Deficiencies and
duplications of the subdivisions 1A-B were supplied by A. Garcia-
Bellido. Some deficiencies at 3A-C are from the Stock Center of
the University of Texas at Austin; some of those at 7A-C from
Bowling Green Stock Center. Table 1 shows the cytogenetic data
of breakpoints of all deficiences used for the present study (see
Lindsley and Grell, 1968).

Figure 2: This figure shows the major X-chromosome deficiencies
used in the present study. A simplified scale view of Bridges'
revised map of the first chromosome is given, in which the actual
banding pattern has been omitted. Deficiencies have been drawn

as thick lines and the approximate location of their breakpoints

as thin vertical lines. The mutant phenotypes found are indicated
with different symbols. stars: no morphogenic defect stated; one
dot: general morphogenic defects; two dots: very marked morphogenic
defects; asterisks: neural defects without any important general
change.
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Table 1: Breakpoints of deficiencies used in the present study

Df (1) c60 124 ; 1A6 ( )c128 7D1-2
In(1)y3PLsc9R 1A ; 1B2-3 1)RA 7D10 ; 8A4-5

Df (1)sc8 1B2-3 Df(l)KAl4 7F1-2 ; 8C6
In(1)sc8Lgc4R  1B2-3 ; 1B3-4 Df (1) c52 8E ; 9D
In(1l)sc4lsc9R  1B2-3 ; 1B3-4 Df (1) vL15 9B1 ; 10Al

Df (1) scl9 1B1-2 ; 1B4-7 Df (1) ras-v17Gc8 o9g3-4 ; 10a4-5

Df (1)scVl 1A8-C3 Df (1) vL3 9F6-7 ; 10A6-7

Df (1) scS2 1B4-7 Df (1) RA37 10A7 ; 10B17

Df (1) scH 1B4-C3 Df (1)KA7 10A9 ; 10F10

Df (1) 260-1 1B5-6 DE (1)N105 10F7-8 ; 11C4-D1
Df(1)y~74k24.1 1B9-10 Df (1)KA1O 11a1 ; 11A7

Df (1) svr 1B9-10 Df (1) JA26 11a1 ; 11D-E

Df (1)B1d 1B11-14 Df (1)N12 11D1-2 ; 11F1-2
Df (1) S39 1E4 ; 2B11-12 Df (1) c246 11D ; 12Al1-2

Df (1)A94 1E5 ; 2B15 Df (1) gl 123 ; 12E

Df (1)JC19 2F3 ; 3C5 Df (1) HA92 12A6-7 ; 12D3

Df (1) 62918 3a1~-2 ; 3A4-6 Df (1) KA9 12E1 ; 13A5

Df (1) 64c4 3A4-6 ; 3C3-5 Df (1) £¥71b (A59) 15A4 ; 16C2-3

Df (1) 6434 3A8-9 ; 3Bl-2 Df (1)N19 17a ; 18A2

Df (1) 64f4 3A9-Bl1 ; 3B3-4 Df (1)Ja27 18A5 ; 18D1-2

Df (1) N8 3B4-Cl ; 3D6-E1 Df(1)HF396 18E1-2 ; 20

Df (2)N71 3c4 ; 3D-E Df (1) DCB1-35b 19F1 ; 20F

Df (1) dm75e19 3C12 ; 3E4 Df (2L)al 21B8-C1 ; 21C8-D1
Df (1) HF 366 3E8 ; 5A7 Df (2R) Px2 60C5-6 ; 60D9-10
Df (1)C149 5A8-9 ; 5C5-6 Df (3L)Asc  78D1-2-E1-2; 79A3-4-Cl-2
Df (1)N73 5C2 ; 5D5-6 Df (3R) 126¢C 87E1-2 ; 87F11-12
Df (1) ctJd4 7A2 ; 7C1 Df (3R)kar3L 87B15-C2 ; 87C9-D2
Df (1)ct268-42  7a5-6 ; 7B8-C1 Df (3R) P9 89D ; 89E

Df (1) ct4bl 7B2-4 ; 7C2-4

Up to now the effect on neurogenesis of a total of 51 differ-

ent, partially overlapping deficiencies, which cover about 65% of
the first chromosome, has been studied with fuchsin stained 18+2h
old embryos. Histological observations of developing and mature
embryos were confined to those cases which had previously shown
interesting phenotypes in the fuchsin staining. Unless otherwise
stated,Df/+ females were crossed to wildtype males, so that 25% of
the progeny, i.e. the hemizygous Df/Y animals, were expected to show
the mutant phenotype produced by the deficiency. In several cases
the deficiency chromosome was provided by the males, using an appro-
priate duplication to counteract male lethality, and XX/Y females.
Mutant phenotypes were defined as morphological deviations from the
embryonic pattern of the wildtype, which itself is present in about
75% of the siblings in any cross considered. As a rule the mutant
phenotype observed in each case is fairly constant among the remain-
ing 25% individuals, as well as reproducible when the same cross is
repeated. However, with a few deficiencies two different mutant
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phenotypes were found, which seem to represent two different pheno-ef-
fective periods during embryonic development(see Figure 3). The first
one is almost identical within different deficiencies producing it,
although the frequency of such embryos varies among crosses. Par-
ticularly high proportions of embryos of this class are found within
the progeny of Df(1)gl/+ females. Embryos showing this phenotype
contain non-differentiated cells in which no organogenesis has taken
place. The second phenotype is characteristic of each deficiency
considered, consisting of more or less marked morphogenic defects
(see below). The finding of two different mutant phenotypes in fuch-
sin-stained whole-mounts of deficiency-carrying embryos might be re-
lated to recent results concerning maternal information in some of
the eggs derived from Df/+ females, reported by Garcia-Bellido and
Moscoso del Prado (1979). 1If this interpretation is correct, the
early phenotype found in our material might correspond to insuffici-
ency of maternal gene products, and the late one to lack of products
expressed by the zygotic genome. Interesting in this context is the
observation of a few embryos from some of the crosses yielding two
classes of mutant phenotypes in which a mixture of features from both
early and late phenotypes is clearly distinguishable within the same
embryo (Figure 3C), a phenomenon which only occurs in those stocks.
Since such embryos exhibit parts that have reached different stages
of development, they suggest that some maternal products might be un-
evenly laid down in the egg cytoplasm, or that cells have different
needs.

The embryonic phenotypes found in the current analysis can be
classified into three different categories: (i) deficiencies which
apparently do not modify the overall morphogenic pattern shown by
the wildtype; (ii) deficiencies which produce rather general morph-
ogenic defects; and (iii) those which principally affect neurogene-
sis. A further category of its own is represented by Df (1)Notch$8,
and by smaller deficiencies or amorphic point mutants at 3C7 pro-
ducing the N8 phenotype. Poulson (1940, 1968) described modifica-
tions of the N8 embryo, in which there is an initial alteration
of the neurogenic layer leading to a complex syndrome of defects
of the remaining embryonic organs. Thus N shares features of de-
ficiencies from both of the second and the third groups. We are
currently studying neurogenesis of N embryos at the cellular level
(U. Dietrich and J. Campos-Ortega, unpublished), attempting to
understand the cellular basis of the Notch syndfome. However, in
this communication we shall not present any detailed account of
these results, which up to now fully confirm Poulson's original
description (see Wright, 1970).

A total of 10 different deficiencies, from which only six are
contained in Figure 2, do not produce any apparent change in the em-
bryonic pattern. Thre