
Molecular Neurogenetics of Eye Development in Drosophila 

Thesis by 

Patricia Jean Renfranz 

In Partial Fulfillment of the Requirements 

for the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1989 

(submitted December 15, 1988) 



ii 

For my parents 



iii 

Acknowledgments 

Although for many years I thought the time to write these acknowledgments would 

never arrive, it has now arrived. Firstly, I would like to thank my advisor Seymour 

Benzer for having me in his lab, for his keen interest and his fmely honed wit, and for 

attempting to teach me how to be a scientist. He has provided me with a lot of room in 

which to grow, and although I may not always agree with his approach, it has resulted in 

my becoming more independent. I thank Paul Sternberg for reminding me that thinking 

about one's work can be fun, and the other members of my committee, David Anderson, 

Elliot Meyerowitz, and Mel Simon, for their interest and patience. For fmancial support, I 

would like to acknowledge the National Institutes of Health, the National Science 

Foundation, and the Lawrence A. Hanson Foundation, and Charles Brokaw and Nancy 

Gill, who always seemed to know from where everything was coming. 

The Benzer Lab has changed much since the early days when space was plentiful, 

relatively, time was slow, and Gerald Rubin was but a figment of our imagination. I 

cannot thank Larry Zipursky enough, for his introducing me to the field of eye 

development by showing me that lovely picture of a MAb staining pattern on an eye disc, 

and for his encouragement over the years. There are so many members of the group 

whose friendship I cherish and who have been more help to me than they could ever 

imagine; words are inadequate. I list them here briefly, to insure that the memory can 

always be triggered: T. Venkatesh whose attitudes about life I shall try to remember, 

Dennis Ballinger for being thoughtful, always eager to help, and generous with his time; 

John Pollock for his expertise on the sevenless in situ hybridizations and darkroom 

techniques, and also for being a wonderful person; Roger Hackett, who spoke of 

alternatives and who taught me about Conan the Barbarian; Billy Leiserson for flowers, 

and him and Erich Schwarz for company, advice, and for falling into holes; and Nancy 

Bonini for being here at the end. 

Utpal Banerjee I thank for everything: for introducing me to sevenless, inviting me 



iv 

to join him, and sharing almost all the duties of cloning a gene. He was my second 

advisor, as well as my friend, always on the lookout for my interests even when I was 

not. On the sevenless project, I would also like to thank David R. Hinton for 

collaborating on the EM localization and Bruce Rabin for teaching me how to do 

Westerns. 

Much of this thesis would not have been completed until the next decade without 

the help of the technicians. In particular, I would like to thank Eveline Eichenberger, who 

has always been so kind to me, for her diligent care of the fly stocks; Rosalind Young for 

her excellent EM techniques which we could not have done without, and Marika 

Anderson, Jenny Mao, Julia Chang, Christine Krause, Frances Aguirre and the others for 

everything else. 

There are also the people who made my life out here a life: Paula Watnick, Tina 

Kramer, Chi-Bin Chien, and Mani Ramaswami among others. I wish that I had met 

Melinda Adams long before I did; I can't imagine what these years could have been like 

with someone like her around. Erika Simon, Anne Godfrey, and John Sidney I thank for 

their constant support; even when we are out of touch, I know we still think of each 

other. My sister Peggy I thank for instilling in me a love of the West, and for leading me 

to Canyon de Chelly and for all the feelings that memory engenders. 

Lastly, I would like to thank David Blair, who tried his best to teach me to swim, 

who took me to the Devil's Punchbowl and back, and without whom this thesis would 

never have happened. He inspires in me so many feelings, about joy in science and 

whence it can come, and about life and whither it can go. He reassured me when the 

winds blew in the desert, went on hunts for the best whatever in the universe, brought me 

music, and became my best friend. 



v 

Abstract 

The compound eye of Drosophila melanogaster begins to differentiate during the 

late third larval instar in the eye-antenna! imaginal disc. A wave of morphogenesis crosses 

the disc from posterior to anterior, leaving behind precisely patterned clusters of 

photoreceptor cells and accessory cells that will constitute the adult ommatidia of the 

retina. By the analysis of genetically mosaic eyes, it appears that any cell in the eye disc 

can adopt the characteristics of any one of the different cell types found in the mature eye, 

including photoreceptor cells and non-neuronal accessory cells such as cone cells. 

Therefore, cells within the prospective retinal epithelium assume different fates 

presumably via information present in the environment. The sevenless+ (sev+) gene 

appears to play a role in the expression of one of the possible fates, since the mutant 

phenotype is the lack of one of the pattern elements, namely, photoreceptor cell R7. The 

sev+ gene product had been shown to be required during development of the eye, and had 

also been shown in genetic mosaics to be autonomous to presumptive R7. As a means of 

better understanding the pathway instructing the differentiation R7, the gene and its 

protein product were characterized. 

The sev+ gene was cloned by P-element transposon tagging, and was found to 

encode an 8.2 kb transcript expressed in developing eye discs and adult heads. By raising 

monoclonal antibodies (MAbs) against a sev+-~-galactosidase fusion protein, the 

expression of the protein in the eye disc was localized by immuno-electronmicroscopy. 

The protein localizes to the apical cell membranes and microvilli of cells in the eye disc 

epithelium. It appears during development at a time coincident with the initial formation of 

clusters, and in all the developing photoreceptors and accessory cone cells at a time prior 

to the overt differentiation of R7. This result is consistent with the pluripotency of cells in 

the eye disc. Its localization in the membranes suggests that it may receive information 

directing the development of R7. Its localization in the apical membranes and microvilli is 
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away from the bulk of the cell contacts, which have been cited as a likely regions for 

information presentation and processing. Biochemical characterization of the sev+ protein 

will be necessary to describe further its role in development. 

Other mutations in Drosophila have eye phenotypes. These were analyzed to fmd 

which ones affected the initial patterning of cells in the eye disc, in order to identify other 

genes, like sev, whose gene products may be involved in generating the pattern. The adult 

eye phenotypes ranged from severe reduction of the eye, to variable numbers of 

photoreceptor cells per ommatidium, to sub de defects in the organization of the 

supporting cells. Developing eye discs from the different strains were screened using a 

panel of MAbs, which highlight various developmental stages. Two identified matrix 

elements in and anterior to the furrow, while others identified the developing ommatidia 

themselves, like the anti-sev MAb. Mutation phenotypes were shown to appear at many 

stages of development. Some mutations seem to affect the precursor cells, others, the 

setting up of the pattern, and still others, the maintenance of the pattern. Thus, additional 

genes have now been identified that may function to support the development of a 

complex pattern. 
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Chapter I 

An Introduction: 

Structure and Development of the Compound Eye 
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During nervous system development, a small population of stem cells gives rise to 

a great diversity of neurons and glia. Steps in the process of neurogenesis include the 

generation of a precursor cell population, the routing of daughter cells into appropriate 

developmental pathways, and the establishment of neural connections with specific spatial 

properties. Recent studies suggest that different types of neurons and glia of the vertebrate 

nervous system can be derived from a pluripotent precursor (Turner and Cepko, 1987; 

Holt et al., 1988; Wetts and Fraser, 1988). Multipotent nervous system precursor cells 

have also been demonstrated in insects by genetic and laser ablation studies (Ready et al., 

1976; Lawrence and Green, 1979; Taghert et al., 1984). Thus in both vertebrates and 

invertebrates, the major determining factors for cell-type specification and pattern 

formation may lie in the particular location that a stem cell occupies, including its contacts 

with other cells and the extracellular matrix in which the cell is embedded The 

environment may provide proliferative as well as determinative cues and may itself change 

in response to the developmental states of neighboring cells. The study of neural 

development in invertebrate systems allows for the identification of mutations that affect 

development, and therefore genes and gene products that may function in the 

determinative events. This thesis describes studies on the processes of controlled 

generation of diversity and establishment of ordered cellular arrays during development of 

the retina of Drosophila melanogaster. In this chapter, first the structure, then the 

morphogenesis, of the adult eye is discussed. In the latter sections, experimental 

manipulations of the developmental phenomena are described. 

The adult visual system 

The visual system of most dipterans consists of the compound eye (retina) and the 

underlying optic lobes, comprising the lamina (first optic ganglion), the medulla (second 

optic ganglion), the lobula and the lobula plate (for review, see Meinertzhagen, 1973; 

Kankel et al., 1980). The system also comprises the ocelli, three visual organs on the 
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dorsal aspect of the head and the interneurons thereof. A large amount of the extracellular 

surface of the head is made up of retinal facets (Fig. lA and B). Each adult compound eye 

comprises approximately 800 facets, or ommatidia, and the external morphology of each 

of these units is remarkably conserved from one to another. As can be seen in Figure 1 C, 

the internal structure of each ommatidium is also reiterative. Each ommatidium is made up 

of 22 cells of several different types: eight photoreceptor neurons (retinula, orR, cells), 

four non-neuronal cone cells, two primary pigment cells, three secondary and one tertiary 

pigment cells that are shared between neighboring ommatidia, and one hair-nerve group 

comprising four cells (Ready et al., 1976). Errors in the structure are rare, and are found 

almost exclusively at the perimeter of the eye (f.E. Hanson, unpubl. data). 

Each R cell has a light-collecting organelle, the rhabdomere, which extends on a 

stalk into the interretinular space (IRS). In Drosophila, unlike some other dipterans, the 

rhabdomeres from the photoreceptors within each facet are not fused with each other, and 

their structural characteristics do not vary between ommatidia It is likely that the opsins, 

the phototransduction enzymes of the R cells, are localized in the rhabdomeres, since the 

vertebrate rod photoreceptor cell opsin is localized in the rod outer segments (reviewed in 

Stryer, 1986). The six outer rhabdomeres arise from photoreceptor neurons R1-R6; these 

cells express the opsin Rhl (OTousa et al., 1985; Zuker et al., 1985). Depending on the 

plane of section, the central rhabdomere arises from either R7 or R8. The R7 cell body 

and rhalxiomere are distal to the R8 cell body and rhabdomere. Both R7 and R8 

rhabdomeres extend into the center of the ommatidium. Therefore, in any one plane of 

section, one usually sees only the R7 cell and its rhabdomere extending between R1 and 

R6, or the R8 cell and its rhabdomere extending between R1 and R2. Each R7 cell 

expresses one of two unique opsins, Rh3 or Rh4 (Fryxell and Meyerowitz, 1987; Montell 

et al., 1987; Zuker et al., 1987). R8 is presumed to express a unique opsin but it has not 

yet been identified. The R cells can be divided into three groups, R1-R6, R7 and R8, on 

the basis of these opsin differences, on mutations that differentially affect each subset of 
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cells, and on different connectivity patterns of the different R cells in the optic lobe (see 

below). 

The microvillar array that makes up the rhabdomeres of the Drosophila R cells is 

parallel to the stalk supporting them. In other dipterans, the morphology of the 

rhabdomeres can provide further visual specialization. For instance, in Sympycnus 

lineatus, an active predatory dipteran that lives and hunts on or near water, the illuminated 

facets vary in color from one row of ommatidia to another; the color alternates between 

red and yellow. Upon investigation of the internal structure of the retina, Trujillo-Cen6z 

and Bernard (1972) found that the R7 rhabdomere could have either of two microvillar 

orientations (polarities), which varied between rows. The Rl-R6 rhabdomere microvilli 

were consistently parallel to the stalk, and the R8 microvilli lay in a plane perpendicular to 

the stalk. In rows that appeared red, the R 7 microvilli were parallel to the stalk, and hence 

were orthogonal to the underlying R8 rhabdomere (termed Type A structure). In rows that 

appeared yellow (termed Type B), the R7 microvilli were perpendicular to the stalk, and 

hence were parallel to the R8 microvilli. The authors propose that this refmement in 

microvillar structure could confer a survival advantage by screening out horizontally 

polarized light from the surface of the water, and I or by providing enhanced color or 

polarization contrast. 

The Drosophila eye is divided into dorsal and ventral halves by the equator, which 

runs from posterior to anterior across its center (Fig. 1 C). On either side of the equator, 

the polarity of the ommatidia are in mirror symmetry to each other. On the dorsal side of 

the equator, the R7 rhabdomere, extending into the IRS from between Rl and R6, enters 

the ommatidium from the ventral aspect. Accordingly, on the ventral side of the equator, 

the ommatidia are arranged such that the R7 rhabdomere enters from the dorsal aspect. 

The equator is not found in all dipteran eyes; ommatidia from the "true bug" Oncopeltus 

all have the same polarity (Shelton and Lawrence, 1974). 

In order for visual information to be processed, the response to light in the R cells 



5 

must be relayed to the optic lobes. The transfer occurs in a spatio-specific array called the 

optic cartridge (Braitenberg, 1967; Trujillo-Cen6z and Melamed, 1973; Meinertzhagen, 

1973). As shown in Figure 1D, the axons ofR1-R6 terminate in the lamina. The axons 

from R7 and R8 pass through this structure to terminate at different levels in the medulla. 

As described by Braitenberg (1967), the projection pattern of R1-R6 onto the lamina in 

flies is quite specific. Because of the curvature of the eye, the R1-R6 cells in one 

ommatidium do not receive light from the same point in space. However, in any 

trapezoidal array of six neighboring ommatidia, one R cell from each does receive light 

from the same point. This group of six R cells comprises an interommatidial set, in which 

each R1-R6 cell type is represented. The axons of one ommatidium leave the retina 

bundled together. Upon reaching the lamina, however, the R1-R6 axons each innervate a 

different lamina cartridge. Each lamina cartridge receives input from the interommatidial 

set of six photoreceptors that have the same point of view. Hence, the image of the 

outside world is reestablished by the connections of the R cells in the first optic ganglion. 

Early development of the visual system 

The adult visual system of holometabolous insects such as Drosophila develops 

from the two eye-antennal discs and optic lobe anlagen of the larva. Genetic marking data 

in Drosophila showed that each eye-antennal disc arises from approximately 23 cells set 

aside at the embryonic blastoderm stage (Garcia-Bellido and Merriam, 1969). These cells 

actively proliferate through the three larval instars. They appear to be committed to form 

the cell types found in the various head structures that develop from the eye-antennal disc, 

but are not committed to specific tissues until later in development. Clonal patches made 

early in the first larval instar (Morata and Lawrence, 1979) could give rise to both antenna 

and retina of the adult; they were not restricted to a single tissue. Later in first instar, 

clonal patches became restricted to the adult eye, and often had interesting patterns 

(Baker, 1978). The clones often had predominantly dorsal or ventral locations in the adult 
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eye, although the border did not adhere strictly to any morphological boundaries such as 

the equator (see also Ready et al., 1976). Another common clone shape was the sector, 

with the apex of the sector at the center of the eye and the rest radiating anteriorly from it. 

Baker rarely found clones in the extreme posterior of the adult eye, indicating that this 

region had already undergone or had yet to undergo mitoses during which the clones 

could be made. Since the retina develops in a wave of differentiation from posterior to 

anterior (see below), these data may indicate that mitoses occur in waves across the eye 

disc as early as the first larval instar. 

Curiously, these clonal patches are remininscent of patches of position-effect 

variegation of the white (w) gene (Hazelrigg et al., 1984; Levis et al., 1985). In these 

experiments, thew+ gene was transformed into a white mutant genome by 

P-element-mediated transposition. Generally, the transformants were fully rescued for eye 

color. However, in a few cases the expression of thew+ gene was sensitive to cell 

position in the eye, and this sensitivity was dependent upon the site of integration of the 

construct into the chromosomes; i.e., the construct could be remobilized and could fully 

rescue the w phenotype. Often the patch boundary lay upon the dorsal-ventral median of 

the eye (again, not along the equator per se); sector clones were also found. 

Although the patterns seen by the two techniques are very similar, variegation may 

not arise from clonal restrictions in the head. The clonal boundaries may reflect a pattern 

of daughter cell migration rather than a compartmental position restriction. However, the 

two sets of data do suggest that cells within the eye disc have mechanisms for determining 

their position within the epithelium, whether by clonal or non-clonal means. 

In structure, the eye-antenna! disc is a columnar epithelium, with cells arranged 

along the apical-basal axis. The apical surface of the cells is covered by microvilli 

extending into a dense, fibrous extracellular matrix (Waddington and Perry, 1960; Perry, 

1968), which is ensheathed in a peripodial membrane. 

Each eye-antennal disc is attached at its posterior end to the optic lobe by the optic 
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stalk (Fig. 2). Until the middle of the third larval instar, the axonal projections of the 

larval photoreceptor cells course through the optic stalk. The larval photosensitive organ, 

or Bolwig's organ, was first described by Bolwig in Musca (1946), and is located in the 

anterior of the larvae, in the pharangeal/mouth complex. In Drosophila, the larval 

photoreceptor system contains about twelve photoreceptor neurons. The axons from 

Bolwig's organ extend in a bundle from the cell cluster posteriorly along the antenna! 

portion of the disc. Before reaching the eye portion, the bundle dives in between the 

peripodial membrane and the apical surface of the disc, where it continues to extend 

posteriorly. The bundle crosses from the eye disc and enters the optic lobe through the 

optic stalk. Innervation of the optic lobes by the axons from Bolwig's organ during 

development may be linked to the generation of the optic stalk (Steller et al., 1987). In 

their model, the point at which the axon bundle enters the optic lobe is the point at which 

the optic stalk will form. During development of the adult eye, the optic stalk becomes 

filled with a second population of axons, those from the developing photoreceptor 

neurons (discussed below). 

Cellular differentiation in the eye disc 

Cellular differentiation first becomes apparent in the eye disc during the middle of 

the third larval instar in Drosophila. Differentiation of the eye has been described in many 

insects, including Drosophila, in great detail (see Waddington and Perry, 1960; Melamed 

and Trujillo-Cen6z, 1975; Ready et al. , 1976; Tomlinson, 1985). During middle-to-late 

third instar, a transverse groove divides the disc into anterior and posterior sections; this 

morphological landmark sweeps across the disc from posterior to anterior (Fig. 2). 

Autoradiographic studies have shown that anterior to the groove, prospective retinal cells, 

still indistinct from one another, continue to divide. When one of the epithelial cells 

divides, it detaches from the basal surface of the epithelium, and rounds up near the apical 

surface during the S phase. After cell division is complete, the two daughter cells reattach 
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to the basal surface of the disc. 

At the groove, pattern formation and differentiation begin to occur; hence, this 

groove has been termed the morphogenetic furrow (Ready et al., 1976). Within the 

furrow, the cells begin grouping into what will be the ommatidia of the adult eye (Figs. 

2B and C). At this stage, preclusters of five cells are found Tracing these cells through 

development has shown that they correspond to presumptive R2, R3, R4, R5, and R8, 

with R8 at the center. Cells that are not grouped into the precluster undergo a final round 

of cell division just posterior to the furrow (Ready et al., 1976; Tomlinson, 1985). Since 

the fmal round of cell division occurs relatively synchronously in unpattemed cells at the 

furrow, the groove in the disc may be a result of individual cell morphological changes 

associated with cell division. 

The last round of division generates the precursors of the rest of the cells of each 

ommatidium. First, the presumptive R1 and R6 are added to each cluster; then 

presumptive R7 joins to complete the photoreceptor complement. The four presumptive 

cone cells are added radially upon this basic unit, then the pigment cells, and finally, the 

hair-nerve group. Since morphogenesis occurs sequentially across the disc, one can see in 

any one disc many different stages of development of the retina. Newly developed 

preclusters are found in the row associated with the furrow, while increasingly mature 

clusters can be found in the more posterior regions of the disc. The furrow has been 

estimated to move at a rate of about one column every two hours (Campos-Ortega and 

Hofbauer, 1977), reaching the anterior border of the prospective retina about ten hours 

after pupation. 

Ouster formation is accompanied by cell-type differentiation, including axon 

elongation by the presumptive R cells and the appearance and disappearance of antigens 

identified by monoclonal antibodies (MAbs) isolated in the Benzer lab (Fujita et al., 1982; 

Zipursky et al., 1984; Venkatesh et al., 1985; Banerjee et al., 1987b; see Chapter V). For 

example, MAb 3E 1 identifies an element of the extracellular matrix located between the 
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apical surface of the epithelium and the peripodial membrane. The stain appears bright in 

the region of the disc anterior to the furrow. However, within the furrow, this stain is 

lost, and it does not reappear in the posterior region of the disc. Within the furrow, the 

presumptive photoreceptor neurons begin to express a neuronal phenotype. One of the 

earliest indications of expressing this fate is the elongation of an axon from the basal end 

of the cell. In sections across the optic stalk at early stages, bundles of five axons can be 

found crossing into the optic lobe (Trujillo-Cen6z and Melamed, 1973). Later, bundles of 

eight axons are found. The presumptive R cells also begin to express markers associated 

with assuming a neural identity. One of these is identified by the MAb 22C10 (see Fig. 

2B), which labels peripheral nerves and their axons (Fujita et al., 1982; Zipursky et al., 

1984). First, the epitope appears in the apical tips of the photoreceptors. As the 

photoreceptors mature, antigen is found more basally in the cells. Mter about ten hours of 

R cell differentiation, it is found exclusively in the axons of the photoreceptors. 

The individual constituents of each ommatidium also do not differentiate at once; 

their differentiation also occurs in a "wave." Tomlinson and Ready (1987a) found that 

within the five-cell precluster, expression of the antigen defined by MAb 22C10 first 

occurs in presumptive R8. Following this, R2 and R5 begin to express it, then R3 and 

R4. Mter the presumptive photoreceptor complement is complete, R1 and R6, and 

finally, R7 express the antigen. A similar sequence of expression was seen for an epitope 

of horse radish peroxidase, and for the epitope of a neural nucleus-specific antibody. 

Differentiation of the ommatidia behind the furrow is accompanied by movement of 

nuclei along the apical-basal axis of the epithelium (Tomlinson, 1985). The migration of 

nuclei reflects patterns of cell division, and also the requirement that the individual cells 

assume morphological and structural identities in the adult eye. The data suggest that the 

nucleus of a presumptive photoreceptor cell rises to the apical aspect of the cell before that 

cell extends an axon. Also, in the adult eye, the bulk of the cone cells lie distal to the 

photoreceptors, just under the crystalline cone. This arrangement is first elaborated in the 
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eye disc shortly after the presumptive cone cells have joined the cluster. The cone cell 

nuclei rise apically, so that in very apical sections of the eye disc tangential to the surface, 

most of the area of the cluster is occupied by the cell profiles of the four cone cells, 

although the eight photoreceptor cell tips can been seen. Accordingly, in less apical 

sections, the cone cell profiles are narrow processes. Photoreceptor nuclei are organized 

on a more complex pattern, but also show systematic changes along the apical-basal axis, 

such that different combinations of photoreceptor nuclei occupy the bulk of the cluster 

area. 

Terminal differentiation of the ommatidium 

Cell clustering and gross morphogenesis is accompanied by the terminal 

differentiation of the cells, beginning at the furrow, and continuing through pupation. 

Axon elongation is a cell-type-specific differentiation event initiated at the furrow. About 

24 hours after the passage of the furrow, the presumptive photoreceptors begin to express 

a gene whose product was first identified by the MAb 24B 10 (Zipursky et al., 1984). The 

protein is localized in the cell membranes of the photoreceptor cells and their axons. By 

genetic analysis of the gene encoding the antigen, called chaoptic (chp), it was found that 

the protein may function in the elaboration or maintenance of the rhabdomere microvilli 

(Zipursky et al., 1985; Van Vactor et al., 1988; Reinke et al., 1988). In the adult, large 

amounts of the protein encoded by chp+ are found extensively in association with the 

rhabdomeres. 

The equator results from a rotation of each cluster by 9()0, in opposite directions in 

the dorsal and ventral halves of the eye. Rotation of the ommatidia begins after cell 

clustering is complete, but before puparium formation (Ready et al., 1976). 

During pupariation, morphogenesis and terminal differentiation events occur in the 

different retinal cell types at different stages, as seen especially in the beautiful electron 

micrographic studies of Waddington and Perry (1960) and Perry (1968). By about 24 
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hours post-puparium formation, the epithelium is stretched thin. The four-cell, hair-nerve 

group is well displayed at the corners of the ommatidia! units. By 48 hours, the 

arrangement of the main elements is complete, so that the bulk of the two primary pigment 

cells is distal to the cone cells, and the four cone cells are distal to the R cells. The sensory 

hair has been secreted by this time. Also, pigment granules can be found in the tertiary 

pigment cells, and pigment deposition has begun in the secondary pigment cells. 

At about 48 hours post-puparium formation, the R cells elongate by about fivefold. 

The light-collecting organelle, the rhabdomere, begins to form along the central margin of 

each R cell, by infolding of the cell membranes. Adjacent to the folds, many microtubules 

collect, perhaps to form a scaffold to support the extensive membrane elaborations. At 

about 50 hours, the R cells begin to pull away from the center, and tight intercellular 

junctions (zonula adherens) form where the cell junctions are exposed to the IRS. Many 

small vesicles also collect in the region where the rhabdomere is forming. From this time 

on through emergence of the adult fly, the microvilli continue to be elaborated, 

lengthening and becoming hexagonally packed. Expression of genes closely associated 

with visual transduction appears to begin about 72 hours after puparium formation 

(Montell et al., 1985; OTousa et al., 1985; Zuker et al., 1985; Cowman et al., 1986; 

Fryxell and Meyerowitz, 1987; Montell et al., 1987; Zuker et al., 1987; Montell and 

Rubin, 1988). 

Other components of the retina also continue to develop. The hair-nerve group 

migrates to the extreme distal retina in about 48 hour pupae. The cone cells are relatively 

dormant until about 40 hours. At this time, small electron dense patches appear on the 

apical tips of the cone cells, on the microvilli. Although the evidence is circumstantial, 

Waddington and Perry state with confidence that at this time the cone cells are secreting 

the corneal lens, because it appears coincidentally with and in close apposition to the cone 

cell microvillar patches. By 48 hours, each ommatidium is covered with a cuticle layer, 

and after 50 hours, the fibrous material of the corneal lens is laid down in a lamellar 
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fashion. In the interval between 72 and 96 hours, the cone cells retract from the lens to 

form the pseudocone cavity, the crystalline cone. The primary pigment cells migrate to 

cup the crystalline cone. In the adult, the cone cells become packed with microtubules. 

As stated, pigment granule deposition begins at 48 hours in the basal retina. It 

continues up into the primary pigment cells as well. Interdigitated septate junctions form 

between the primary pigment cells and between the primary pigment and cone cells in the 

distal retina. Waddington and Perry ( 1960) and Perry (1968) also noted that the 

secondary and tertiary pigment cells contained granular masses of something 

ultrastructurally like lipid or myelin. Since the secondary and tertiary pigment cells are 

presumed to insulate electrically the ommatidia from one another, perhaps this deposition 

has some functional significance in that regard. 

Development of the retina-lamina-medulla complex 

One of the critical steps in the development of the visual system is the formation of 

the exquisite, precise connections between the retina and the optic lobes. It is known that 

while the eye can develop independently of the brain, the brain does not develop properly 

without the normal contact from the axons of the retina (Meyerowitz and Kankel, 1978; 

Fischbach, 1983). The process of innervation begins during cluster formation. Since the 

cellular machinery for phototransduction is not expressed until much later in development, 

innervation and induction of neural differentiation in the optic lobes may occur 

independently of photoreceptor activity. 

Innervation of the optic lobe has been described by Trujillo-Cen6z and Melamed 

(1973) and Meinertzhagen (1973) for muscoid flies, and by Hanson (T. E. Hanson and 

S. Benzer, unpubl. data) for Drosophila. Before retinal development occurs in the eye 

disc, the optic stalk contains the axons from the larval photosensitive organ; in 

Drosophila, these number about 12. During the third larval instar, the optic stalk begins to 

be occupied by a second populations of nerve bundles. The new bundles are axons from 
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the developing retinal field; each bundle usually contains eight axons, although bundles of 

five can be found. originating from the preclusters. These eight axons arise from R1-R8 

of each ommatidium, growing as a bundle from the basal end of the neurons. After 

passing through the basal lamina, they grow along the optic stalk, where they enter the 

anlage of the lamina Cells in the optic lobe anlage have been actively proliferating. 

Symmetric and asymmetric divisions of neuroblasts have generated populations of 

ganglion mother cells, which in turn generate ganglion cells. The ganglion cells will 

differentiate into neurons. As reviewed in Meinertzhagen (1973), Hinke (1961) found that 

in Drosophila mutants in which the developing eye field is reduced or lacking, the size of 

the optic lobe upon innervation is initially greater than in the wild type. This evidence 

suggests that the initial effect of innervation of the optic lobes by R cells is to inhibit 

neuroblast proliferation. The data conflict on the question of whether any neural cell 

differentiation in the dipteran optic lobe occurs before innervation from the developing 

retina. 

The various rhabdomeres in an ommatidium look at different points in space, and 

the visual information from groups of neighboring ommatidia is sorted in the lamina optic 

cartridge, as described above (Braitenberg 1967). The columnar organization of the optic 

cartridge found in the adult optic lobe is generated during the pupal stages. Initially, the 

axons ofR7 and R8 have collateral branches in the lamina anlage. However, even at the 

earliest stages, they continue to grow through the anlage of the lamina, extending into the 

medulla neuropile, where they will eventually form synapses. In the developing lamina 

neuropile, the axons from R1-R6 in each bundle remain together for about the first 24 

hours of pupation. Growth cones elaborated on the tips intenningle with those developing 

lamina neurons. Trujillo-Cen6z and Melamed ( 1973) note that this simple organization is 

similar to that found in more primitive insect groups with fused Rl-R6 rhabdomeres. 

Mter 24 hours, the axons form a collateral process extending radially from the bundle 

center, and each axon twists 1800 relative to its original orientation (Braitenberg, 1967). 
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This marks the start of the organization of the optic cartridge. The growth cones from 

other bundles and from the lamina targets intermix extensively. After another 24 hours of 

development (48 hours post-puparium formation), the growth cone contacts from the 

interommatidial set of R 1-R6 condense onto one set of lamina monopolar neurons; there 

is a pair of neurons, L1 and L2, per lamina cartridge. The other growth cone contacts are 

eliminated At this time, each cartridge now receives input from the interommatidial set of 

R1-R6, forming the mature lamina cartridge. It is not for another 24 hours (in 72 hour 

pupae) that synapses begin to form, as seen by synaptic vesicles and synaptic T-bars. 

Interestingly, this corresponds approximately to the time at which the genes that function 

in phototransduction are first expressed. Of course, the optic lobe structure and cell-type 

composition are very complex, containing more than just lamina cartridges. These more 

complex features will not be discussed here, but are reviewed in Strausfeld (1976) and 

Kankel et al. ( 1980). 

Innervation of the optic lobes by the retina is probably required for optic lobe cell 

differentiation. Several investigators (Meyerowitz and Kankel, 1978; Fischbach, 1983; 

Fischbach and Technau, 1984) have shown that without innervation or with abnormal 

innervation, the optic lobes are either extremely reduced in size or disorganized, 

respectively, in the adulL Meyerowitz and K.ankel (1978) analyzed this effect in mutants 

of Drosophila with severely rough eyes; these mutants also had disorganized optic lobes. 

In genetic mosaics in which patches of eye tissue were genotypically mutant while the 

optic lobes were most likely genotypically wild-type, the underlying optic lobes were still 

in disarray. In mosaics with genotypically wild-type patches in the retina and 

genotypically mutant optic lobes, the part of the optic lobes receiving innervation from the 

wild-type patch could acquire a morphology approximating that of the wild type. Hence, 

it appears that innervation is necessary for optic lobe differentiation; the retina may serve 

as an organizing force on the optic lobes. Since mutants in which the eyes are not 

functional in the adult nevertheless had approximately wild-type optic lobe structure 
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(Meyerowitz and Kankel, 1978), the requirement does not appear to rely on the activity of 

the cells. 

This requirement for innervation could result from a phenomenon described in 

vertebrate neural development (for review, see Cowan et al., 1984). 

Innervation-dependent cell survival has been demonstrated in vertebrate systems. It has 

been suggested that after contact between the innervating and target cells, target neurons 

that have not been innervated are eliminated, and may degenerate. This mechanism 

insures that the sizes of the two neuronal populations match. It is unknown if a similar 

mechanism operates during innervation of the optic lobe by the retina in insects. If so, the 

abnormal innervation in mutants could result in greater than normal cell degeneration in 

the optic lobes. The experiments discussed above would support this, especially in light 

of the exquisite precision of the projection pattern. 

Development of the eye: commitment 

Thus far, morphogenesis of the eye and optic lobe of the insect has been described. 

By experimental manipulation, including invasive and genetic techniques, its development 

has been investigated in many insects. Although the eyes among the different insects 

vary, the similarities between them are quite remarkable. Comparative studies of the 

experimental results may lead to testable models of developmenL 

A common sequence of eye development occurs in most insect systems studied. 

The compound eyes of both holo- and hemimetabolous insects develop from a retinal 

epithelium; development occurs in a wave from the posterior to the anterior of the 

epithelium, and is accompanied by proliferation. In hemimetabolous insects, i.e., ones 

that do not metamorphose, the eye usually grows by addition to or enlargement of the 

existing eyes through the larval nymph stages. The eyes of the nymph usually function 

also as the eyes of the adulL The eyes of Oncopeltus (Shelton and Lawrence, 1974; Green 

and Lawrence, 1975) and Periplaneta (Hyde, 1972; Nowell and Shelton, 1980) develop 
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in this manner. The eyes of holometabolous insects usually develop extensively in the 

latter larval instars. The eyes can develop externally on the head epidermis, as in 

Lepidoptera (for example, Nardi, 1977), or internally on epithelial discs, as in 

Drosophila, other flies, and the honey bee, Apis (for example, Eisen and Youssef, 1980). 

These insects usually have a lateral larval eye, such as Bolwig's photosensitive organ in 

flies. Mosquito larvae have independent lateral eyes (lateral ocelli), and specific cell-type 

differentiation occurs in the last larval stage. However, competence to differentiate occurs 

overtly during earlier larval stages (White, 1961, 1963). 

In order for the eye to develop, the prospective retina must be capable of 

differentiation. The compound eye of the mosquito Aedes aegypti has been extensively 

studied in this regard, along with the eye of Oncopeltus and the cockroach Periplaneta. As 

described by White (1961, 1963), the mosquito eye develops from the lateral head 

epidermis. During the first larval instar, some of the epidermal cells at the posterior of the 

head condense to form the optic placode. The placode expands anteriorly by an advancing 

wave of proliferation. However, until the fourth larval instar, the placode is otherwise 

undifferentiated During the fourth instar, the wave of proliferation is followed by a wave 

of differentiation, and is marked by extensive pigmentation. White (1961) determined that 

the lateral head epidermis could differentiate only after passage of the wave of optic 

placode formation, and that condensation relies on contact with previously condensed 

placode. Transplants of non-retinal epithelium onto the potential field could block 

condensation. Also, at early stages, head epidermis that does not usually form the retina 

could be made to do so if it was placed in contact with optic placode. The origin of the 

optic placode was then investigated (White, 1963). Prior to optic placode formation, 

lesions were made in the posterior region of the lateral head epidermis approximately 

where condensation of the placode was expected to be initiated In one-third of the cases, 

an eye did not develop, but eye development could be rescued by transplanting in a piece 

of optic placode from another larva. Even as late as the third instar, optic placode from a 
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red-eye mosquito strain could be introduced into a black-eye strain, into the posterior 

region of what would have formed black-eye tissue, and adult eyes with red facets 

adjacent to black facets could be found. White was able to conclude that the prospective 

eye region in the host was intact and competent to respond to developmental cues, but it 

was not able to do so without optic placode formation, and that optic placode formation 

could be inititated only at a specific place on the head epidermis. Optic placode formation, 

or competence, appears to traverse the prospective retinal epithelium as a wave where 

competent cells induce neighbors to assume a similar state. Also, a region in the posterior 

of the prospective eye region is, in a sense, a morphological and physiological 

differentiation center, perhaps producing or first being able to respond to a factor that 

initiates the ability to differentiate. 

Bodenstein (1939, 1962), Gateff and Schneiderman (1975), and Campos-Ortega 

and Gateff (1976) have performed complementary experiments with Drosophila discs, by 

investigating the developmental capacity of eye discs during the different larval stages. 

Eye discs at different stages were transplanted into late third instar larvae (the stage at 

which differentiation of the retina occurs), and allowed to develop and undergo 

metamorphosis, to find the stage at which adult head structures, e.g., eye facets, could 

form in spite of the immaturity of the discs. They found that at a stage past midsecond 

instar, the discs were capable of generating ommatidia, even though these discs were 

much smaller than late third instar discs. The resulting eye had fewer facets. However, 

when discs from earlier stages were used, no adult retina components could be found. 

Differentiation seems not to rely simply on counting rounds of cell division. Rather, the 

ability of cells in the morphogenetic field to respond to differentiation stimuli may be 

determined sometime around midsecond instar; once this state is attained, cells in the eye 

disc are fully competent to respond to a midthird instar-specific differentiation "signal." It 

is possible that in Drosophila, during second instar, a wave of competence passes across 

the developing disc, readying the cells for differentiation. Given the similarities between 
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Drosophila and the mosquito, such is likely to be the case. Until the middle of second 

instar, the eye disc could be like the prospective eye tissue of the mosquito; in the absence 

of experimental perturbation, it will form an eye. However, competence to assume this 

fate, which can be uncovered only through experimental manipulation, is assumed later, 

perhaps as a wave of some agent across the eye disc. 

Development of the eye: initiation and propagation of morphogenesis 

Once cells of the prospective retinal epithelium are competent to form adult retina, 

differentiation can be initiated. For many years, it has been known that Drosophila eye 

discs grown in vitro do not differentiate unless cultured in the presence of the larval ring 

gland (reviewed in Bodenstein, 1962). Humoral factors might therefore be involved in the 

initiation of eye development Eye mutants in Drosophila that lack compound eyes may be 

useful for identifying such factors. For instance, the adult compound eyes of the 

Drosophila eye mutant eyes absent (eya) (Sved, 1986; Hackett, Leiserson, and Benzer, 

unpubl.) are completely lacking. There is never any evidence of adult compound eye 

ommatidia; the larval photosensitive organ and the adult dorsal ocelli appear normal. 

Hackett found that eya eye discs appear normal through the second larval instar and 

perhaps into the early third. However, beginning in the midthird instar larva, the eye disc 

cells appear to degenerate. The degeneration seems to precede differentiation; no markers 

or morphological characteristics indicative of differentiation are expressed (see Chapter 

V). Perhaps cells in the eya eye disc develop normally until the time of differentiation. If 

development is initiated by a humoral factor(s), perhaps eya cells are unable to respond to 

or do not produce this factor. Degeneration could be explained by the lack of alternate 

programs of differentiation past the time of compound eye commitment It is not known 

whether the eya function is produced autonomously by eye disc cells; further work on this 

gene is currently in progress. 

Several conflicting studies have been published on the issues of recruitment and 
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induction in terms of the initation and propagation of the developmental wave. Initial 

experiments on Periplaneta (Hyde, 1972) and Oncopeltus (Shelton and Lawrence, 1974; 

Green and Lawrence, 1975) indicated that cells were recruited along the developmental 

front to form ommatidia. Grafting experiments on the roach (Nowell and Shelton, 1980; 

Nowell, 1981) have now demonstrated that the recruitment step is preceded by active 

proliferation, and that there is a zone of proliferation along the growing eye margin from 

which daughter cells are pushed out anteriorly. 

Lebovitz and Ready (1986) attempted similar analyses on the Drosophila eye disc · to 

determine if the morphogenetic furrow was a recruitment margin along which clusters 

were fonned. In these experiments, fragments from the anterior of developing eye discs, 

cut so that they did not include the furrow, were transplanted ectopically into similarly 

staged host larvae. Cluster formation occurred in about two-thirds of the fragment 

samples. This indicated that cluster formation did not depend upon the presence of the 

original morphogenetic furrow, although new cluster formation was accompanied by 

formation of a transverse groove. They concluded that the furrow is not an inductive front 

but rather is a consequence of development. Furthermore, the eye field grew in size, 

indicating that the anterior of the disc may contain a source of cells whose progeny are 

committed to form retina Given the complications of disc fragment regeneration, it is 

difficult to conclude, as the authors do, that the data indicate a budding zone in the 

anterior of the disc. 

By comparing the data from different species, the following speculations about 

initiation of Drosophila eye development can be made. It seems that young discs become 

capable of differentiating during midsecond instar, in a manner similar to the optic placode 

stage in mosquito, although they do not actually differentiate until midthird. There may be 

a competence-inducing center in the posterior, as White (1961, 1963) hypothesized for 

mosquito, required for the initiation and propagation of the competent state. Overt 

differentiation, however, seems not to require contact with previously differentiated 
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tissue, as the recruitment hypothesis would claim. If proliferation, determination and 

differentiation occur in waves from posterior to anterior across the eye disc, 

differentiation may begin in the posterior solely because cells there are able to respond to 

differentiation cues before the less mature, more anterior cells in the disc are able. If this 

is the case, the disc fragments (Lebovitz and Ready, 1986) could support differentiation 

of ommatidia because the anterior cells had already become capable of differentiation. It 

could be predicted that if disc fragments were taken from early second instar discs, they 

would not be able to respond to differentiation cues present in the late third instar stage. 

They should, however, be capable of rescue from this state of limbo by direct contact 

with posterior eye disc tissue from midsecond instar. 

The non-clonal origin of ommatidia 

Within the furrow, cells are clustered and begin to assume specific cell identities. 

From the work of Shelton and Lawrence (1974) and Ready et al. (1976), it became clear 

that the constitutents of an insect ommatidium were not necessarily clonally related Ready 

et al. (1976) showed that mosaic clones could cross the equator as well, indicating that the 

dorsal I ventral halves do not arise in response to clonal restrictions of fate. By inducing 

recombination with irradiation during the late third larval instar, clones could be marked 

during the final rounds of cell division; each of the two daughters could develop into any 

cell type in the adult eye that could be marked (Lawrence and Green, 1979). Therefore, it 

appears that any cell in the eye disc, once it is committed to forming retina, can generate 

and I or differentiate into any of the possible cell types comprising the adult eye, including 

at least the three different types of neuron and the three types of pigment cell. The cells 

anterior to the morphogenetic furrow therefore seem to comprise an equivalence group. 

The concept of the equivalence group arose from studies on the nematode C. 

elegans (Kimble et al., 1979), and has also been used to describe equipotent cells in the 

leech (for review, see Sternberg, 1988a). Several equivalent groups of cells have been 
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described in the nematode. The number of cells and the number of possible fates vary 

between groups. Some equivalence groups are characterized by an initial bias of the cells 

towards different fates, and others are not. There is often a primary fate, defined as the 

fate one of the cells will assume if all the other cells in the group are destroyed (usually 

always by laser ablation). For instance, in the vulval equivalence group, comprising six 

equipotent cells, there are three possible fates: type 1, 2 or 3. In the wild type, one cell 

assumes the type 1 fate, two the type 2 fate, and three the type 3 fate. The fates appear to 

be directed by yet another cell, the anchor cell, because they seem to depend on the 

distance of an equipotent cell from the inducing cell (Sternberg and Horvitz, 1986). In the 

absence of the anchor cell, the primary fate is type 3. The analysis of mutations that affect 

cell-type decision making indicates that a cell-to-cell signalling system operates to stabilize 

the pattern of differentiation, perhaps via positive and negative feedback loops. For 

example, in the mutant /in-15, the type 1 and type 2 fates can occm independently of the 

presence of the anchor cell. Study of this mutant (Sternberg, 1988b) has revealed that a 

cell assuming the type 1 state may inhibit neighboring cells in the equivalence group from 

assuming the type 1 fate. Neighboring cells assume the type 2 fate. 

In the eye disc, it is not really known if any one cell in a specific position is capable 

of assuming each type of cell found in the adult eye. It is possible that although the 

daughters generated during the final round of cell division can assume one of a number of 

fates, the fates they assume are influenced somehow by the position of the precursor cell 

in the retinal epithelium. The precursor cell in position x,y could always generate a "type 

a" daughter cell and a "type b" daughter cell. Given the small size of the eye disc and the 

lack of means to identify a specific precmsor cell, this possibility is difficult to test. 

The equipotent nature of differentiating cells in the eye disc seems the more likely 

possibility, though. Interactions among neighboring cells could provide a mechanism for 

generating the initial array. Stimulatory factor(s) may play a role in initiating 

differentiation, but, imposed upon the positive effect of the factor, could be an inhibitory 
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mechanism for regulating the spacing, and therefore the number, of nascent ommatidia in 

a row. In the alga Anabaena (Wilcox et al., 1973), an inhibitory mechansim seems to be 

used for regulating the number and spacing of the specialized heterocyst cells. They occur 

at a frequency of about one out of every 12, at a spacing of about 40 ILffi. A gradient of 

inhibitor concentration may spread from a differentiating heterocyst; only at a 

concentration below a certain threshold may another cell adopt this fate. The 

differentiating cell also seems to have a mechanism for reinforcing its own identity. In this 

gradient model, it is also assumed that there is some means by which the non-heterocysts 

block the flow of the inhibitor, e.g., by binding it or destroying it. In insect systems, it 

has been suggested that the regular spacing of sensory bristles on the cuticle may result 

from a graded inhibitory signal (Wigglesworth, 1940; Moscoso del Prado and 

Garcia-Bellido, 1984). 

Cells in the eye disc that form the "nucleation site" at which the nascent ommatidia 

condense could be using a similar mechanism to space themselves. At the furrow, the 

presumptive ommatidia are regularly spaced at a distance of about 12-15 IJ.Ill from center 

to center. Once a cell, or group of cells, begins to differentiate, an inhibitor could be 

released. The inhibitor could be displayed on the cell surface, or could diffuse through the 

epithelium or through the extracellular matrix. Given the fibrous structure of the apical 

extracellular matrix and the extensive elaboration of microvilli into this region, it is a 

potential site for inhibitor action. The fibrous structure of the matrix could limit the flow 

of diffusible substances in certain directions, and could also slow the rate of diffusion 

such that it became a process of molecular percolation through a matrix rather than free 

diffusion through an aqueous medium. The effective range of the inhibitor could then be 

limited more readily to a few microns laterally. Lateral inhibition could therefore control 

the number of ommatidia seeded in a row. The identification of mutations that affect the 

spacing of clusters in the eye disc (see Chapter V) might allow the elucidation of the 
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mechanism. 

Intraommatidial cell-type detennination could occur in an analogous manner, 

although here the system would become increasingly complex, since each cell seems to 

have the capacity to differentiate into at least eight cell types (Rl-R6, R7, R8, cone cell, 

primary, secondary, or tertiary pigment cells, hair nerve group). Many workers in the 

field of eye development have therefore proposed that the information needed for 

"microheterogeneity" of cell types within a cluster is found on the cell surface of 

neighboring cells. In this model, the fate that a cell assumes is controlled by its position 

within the developing pattern. Perhaps pattern formation is initiated by environmental 

cues, and initial spacing of pattern elements controlled by percolating factors. Once those 

steps occur, though, the patterned cells may begin to express molecules that influence the 

fate of cells that join the cluster at a later time. As discussed above, Tomlinson and Ready 

(1987a) have shown that cells within developing clusters non-synchronously express 

certain gene products, indicating that the cells make developmental decisions sequentially 

beginning with R8 first and ending with R7. Although the markers they used are 

eventually expressed in all the R cells, the delay between the expression of these genes in 

the different cell types could be sufficient time for the cells to express position-specific 

genes as well. 

Local cell interactions have been demonstrated to function in both the ventrolateral, 

neurectodermal region of the Drosophila and grasshopper (Schistocerca americana) 

embryo, as described by the use of molecular genetics and laser ablation (reviewed by 

Campos-Ortega, 1988; Taghert et al., 1984; Doe and Goodman, 1985a,b ). An early step 

in neurogenesis is the segration of neuroblasts (NBs) and epidermoblasts (EBs) from the 

initially undifferentiated ventrolateral epithelium. During neurogenesis, about one-quarter 

of the cells in the neurectoderm assume the NB fate, and three-quarters the EB fate. It 

appears that any cell in the neurectoderm is capable of differentiating into either type, and 

that interactions among the uncommitted cells may cause them to assume different 
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properties during segregation. Although a stochastic mechanism may bias a cell towards 

the NB fate, the evidence suggests that a cell moving down the NB pathway inhibits 

neighboring cells from assuming the NB fate, or promotes them to assume the EB fate. 

Mutations in Drosophila have been identified that affect the neurogenesis pathway 

(for review, see Campos-Ortega, 1988; Vassin et al., 1985). The neurogenic loci 

comprise at least seven complementation groups. In a loss-of-function mutation at a 

neurogenic locus, all neurectoderm cells in the mutant embryo assume the NB fate. Six of 

the loci, e.g., Notch (N), have been shown to be non-autonomously required for EB 

differentiation, while one, Enhancer of split [E(spl)] is autonomously required for the EB 

fate. For example, an tv cell transplanted to an W neurectoderm is capable of assuming 

an EB fate, while an W cell transplanted into an tv neurectoderm can promote the EB 

fate in neighboring tv cells. Thus, a set of gene products has been identified that are 

important for neuroepidermal stem-cell determination in Drosophila, involving local 

cell-to-cell interactions. Interestingly, molecular analysis of N (Wharton et al., 1985; 

Kidd et al., 1986) has shown that it encodes a gene product remarkably similar to that of 

the lin-12 locus of C. elegans, which functions in cell-type determination in the vulval 

equivalence group discussed above (Greenwald, 1985; Yochem et al., 1988). Both 

proteins may have membrane-spanning domains, with the extracellular domain 

comprising repeats similar to those found in epidermal growth factor, and the intracellular 

domain comprising repeats similar to the yeast cell cycle control genes cdcl 0 and SW 16. 

A similar mechanism could be used in the eye disc for segregation of neural and 

non-neural cell types (cf discussion of theN and E( spl) loci, below; Chapter V). 

Tomlinson and Ready (1987b; Tomlinson, 1985) have proposed that cell type in 

the Drosophila eye disc could be determined by the extent of the contact made between a 

differentiating cell and the presumptive R8. Sets of cells appear to differentiate at about 

the same time, in terms of migration of their nuclei and their antigen expression. The sets 

are R2 and R5, R3 and R4, Rl and R6, and the unpaired R7. The sets also have in 
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common their amount of contact with R8, as well as their contacts with other pairs. 

Tomlinson and Ready suggest that cell-type determination is controlled by location in 

which a post-mitotic, undifferentiated cell finds itself within the developing ommatidium, 

and that specific proteins will be expressed on specific faces of the differentiating cells. 

For example, a cell that is located on the anterior aspect of a cluster, between an R2 and 

an R5, and sharing a face with R8 will always differentiate into an R3/4 class 

photoreceptor neuron. Whether the symmetry of the developing cluster contributes 

towards cell identity or whether it is a consequence of the close packing of the cells, 

remains to be seen. The hypothesis that it is cause rather than effect is difficult to test for 

several reasons. Firstly, cell position and cell identity are equivalent in meaning; in the eye 

disc there is as yet no way of telling cell type, independent of cell position. Secondly, 

because of the present lack of experimental means of physically reshuffling the cells, one 

cannot alter the contacts between differentiating cells. Thirdly, there are no known 

morphological or functional distinctions between Rl-R6 cells even in the adult All 

proteins or genes that have been shown to function in Rl-R6 appear equally required by 

all members of the Rl-R6 class. 

Mutations that affect the eye of Drosophila 

The analysis of mutations in Drosophila that affect the morphology of the eye is 

expected to be critical for our eventual understanding of development of the pattern and 

cell-type determination. Many mutations that affect the morphology of the compound eye 

have been identified (see Lindsley and Grell, 1967). The phenotypes range from defects 

in eye pigmentation, e.g., white, to complete lack of the compound eyes, e.g., eyes 

absent. Presumably, mutations could be identified that affect each step in differentiation, 

maintenance, and function of the eye. Although many of these would be expected to be 

specific to the eye, some of them may have more global functions, for instance, in 

proliferation, epidermal versus neural cell-type differentiation, and development of 
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patterns. Characterization of some of these mutants during development of the eye is the 

focus of Chapter V. 

As discussed in the previous section, several neurogenic loci seem to function in 

determination of neural versus epidermal cell type, and as such may function in eye 

development. Eye specific alleles at theN and E(spl) loci have been identified. At theN 

locus, the eye specific mutations, split (spl) andfacet ifa), are recessive and result in 

severe roughening and some reduction of the adult eye (see Chapter V). While N may 

function in the neurectoderm region as an inhibitor of neuroblast differentiation, or 

alternatively as a promoter of epidermoblast differentiation, its function during eye 

development is unknown. As the name indicates, the E(spl) locus was first described as a 

dominant, gain-of-function mutation that enhances the rough eye phenotype of spl flies. 

The null phenotype of this gene is recessive lethal because of neural hyperplasia at the 

expense of the epidermoblasts, a defect that is autonomous to the epidermoblast cells. 

Molecular analysis of this gene is under way. Thus, genes that affect cell-type 

determination in the ventral neurectoderm may function during segregation of cell type in 

the retinal epithelium. Perhaps the neurogenic gene products function in neural 

(photoreceptors) and non-neural (cone cells, pigment cells) cell-type determination during 

development of the eye. In any event, the results indicate that gene products that function 

in other developmental processes in the fly may also play a role in development of the 

eye. There are a number of mutants with no adult compound eye ommatidia (eya; Sved, 

1986) or severely reduced eyes (Bar, Lindsley and Grell, 1967), or with the converse 

phenotype, supernumerary eyes (extra eye; Marcey and Stark, 1985; Baker et al., 1985). 

The gene products of the genes identified by such mutations may function in retina 

precursor cell proliferation, viability and I or competence. Mutants have also been 

described with more subtle defects in the adult eyes; the external morphology of the eye is 

often roughened. Some of these, such as Star and Rough eye, are recessive lethals, 

indicating that the genes are required elsewhere during development. However, many of 
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them, like rough, roughened eye, and glass seem to be eye-specific. The phenotypes and 

characteristics during development of many of these mutations are discussed in Chapter 

v. 

The sevenless mutation 

Mutations at the sevenless (sev) gene lead to one of the most subtle phenotypes in 

the adult compound eye. The mutant was first identified by Harris et al. (1976) by a 

defect in fast phototaxis. Wild-type flies, when given a choice between ultraviolet and 

visible light, choose ultraviolet at a frequency of about 10: 1 ; sev mutant flies, when given 

the same choice, prefer to phototax towards visible light at a frequency of about 25:1. In 

sev mutants, each of the ommatidia lacks one of the elements of the patterned array, 

namely, photoreceptor cell R7. The gene was mapped to the proximal edge of the 10A1-2 

band of the X chromosome (Harris et al., 197 6; Zhimulev et al., 1981 ). By genetic 

mosaic analyses (Harris et al., 1976; Campos-Ortega et al., 1979), it was shown that 

sev+ gene activity is required in R7 in order for an R7 to be present; the phenotype cannot 

be rescued by the presence of sev+ gene product in any or all of the other R cells and I or 

pigment cells. Therefore, sev+ gene product in presumptive R7 is both necessary and 

sufficient for the presence of an R 7 in the adult eye. 

Examination of the third in star eye disc by electron microscopy (Campos-Ortega et 

al., 1979) showed that the sev phenotype does not result from degeneration of cell R7 

during pupal stages. Clusters of cells in the posterior of sev+ eye discs show eight R 

cells, while in the mutant sevL Y3, there are only seven R cells per cluster. The 

developmental requirement of the sev+ gene product was confimed by making genetic 

mosaics of sev+ and sevL Y3 clones in the third instar larva stage. In these studies, 

Campos-Ortega et al. (1979) demonstrated that sev+ activity is required autonomously in 

cell R7 during development of the eye. They also added an interesting twist to the 

autonomous requirement of R7 for sev+ activity. By making clones of sev mutant cells 
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0-12 hours before pupariation, sevL Y3 R7 cells, as indicated by the linkage of markers, 

could be recovered. The perdurance effect occurred in almost 30% of the clones, and was 

estimated to last through one to three divisions. Therefore, although sev+ activity is 

required autonomously in R7, this activity may be inherited through at least one division 

from a sev+ precursor cell. 

The developmental characteristics of sev mutant eye discs were compared to those 

of sev+ eye discs using techniques of electron microscopy (Tomlinson and Ready, 1986). 

In the wild type, as discussed above (Cellular differentiation in the eye disc), 

preclusters of five cells form within the morphogenetic furrow; these five cells will form 

R2, R3, R4, R5 and R8. To each precluster is added presumptive R1 and R6; then 

presumptive R7 completes the group. The construction of the ommatidium is 

accompanied by the migration of the presumptive cell nuclei; as a cell joins a cluster, its 

nucleus rises apically; cells that are destined to form neurons subsequently elongate an 

axon, and the nucleus migrates to a slightly less apical position. Mter the rise of the 

presumptive R7 nucleus, the nuclei of the presumptive posterior and anterior cone cells 

make their apical migration, the posterior cone cell adjacent to the differentiating R7, and 

also contacting R1 and R6; the anterior presumptive cone cell contacts R3 and R4. 

Tomlinson and Ready (1986) examined the sequence of events in sev mutants. According 

to their data, a cell in the position of presumptive R7 is found in the mutant at early 

stages, before and during the presumptive R7 nucleus migration stage. This cell, 

however, does not elongate an axon, and its nucleus does not sink basally. Rather, their 

data suggest that the nucleus of the cell in the position of presumptive R7 assumes the 

position of the nucleus of a posterior cone cell; however, there is no resulting duplication 

of the posterior cone cell in sev mutant ommatidia. The data presented are limited, but if 

the interpretation is correct, it suggests that a sev- cell in the position occupied by 

presumptive R7 is unable to interpret the cues presented that promote differentiation into 

an R7 neuron. This interpretation preserves the cell-autonomous developmental 
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requirement of sev+ function. 

Predictions 

The developing compound eye of Drosophila as discussed in the preceding sections 

provides a system at the confluence of many different areas of study, including pattern 

formation, the concepts of cell commitment and competence, cell-cell interactions during 

development, and neural differentiation. The developmental characteristics of the eye 

allow for speculation regarding what types of molecules will be involved in its 

development, from molecules required on the cell surface to intracellular machinery for 

effecting differentiation. 

Growth factors and growth factor receptors have often been implicated in 

development of the vertebrate nervous system. Factors that affect cell proliferation and 

differentiation of vertebrate neurons have been identified, as have factors with 

neurotrophic effects (see, for example, Hanley, 1988; Morrison et al., 1987; Walicke, 

1988; DiCicco-Bloom and Black, 1988). The concentration of the factor is reflected 

intracellularly by the enzymatic activity of its corresponding receptor; thus, the 

factor-receptor system can serve as a means of transmembrane communication between 

cells or between cells and the extracellular matrix. 

Several genes with similarity to vertebrate proto-oncogenes, growth-factor 

receptors, and growth factors have been cloned from Drosophila. Many of them appear to 

be expressed in the eye disc, especially posterior to the morphogenetic furrow. The 

transcript of the Drosophila homolog to the proto-oncogene c-src is expressed in this 

region (Simon et al., 1985), as well as a protein similar to the human insulin receptor 

(Piovant and Lena, 1988). The tv+ protein, which plays a role in eye development, has 

regions of similarity to epidermal growth factor (Wharton et al., 1985; Kidd et al., 1986). 

Mutations at the Drosophila Abelson proto-oncogene (abl) homolog often have pupal 

lethal effects, but flies that survive have pattern defects in the adult compound eye. These 
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ommatidia have varying numbers of photoreceptor cells, abnormal rhabdomeres, and 

irregular pigment cell formations (Henkemeyer et al., 1988). The proteins c-src, insulin 

receptor and abl have been shown to possess protein tyrosine kinase activity (for review, 

see Y arden and Ullrich, 1988). 

The proteins enccx:led by the family of ras proto-oncogenes bind guanine 

nucleotides, have GTPase activity and are membrane-associated; they are presumed to 

behave similarly toG-proteins (for review, see Barbacid, 1987). The Drosophila ras gene 

was cloned, and a dominant allele (putative constitutively active) of the gene was 

constructed under control of the heat shock promoter (Bishop and Corces, 1988). A shift 

to the inductive temperature to permit manifestation of the dominant effect was often 

lethal, but brief, one-hour shifts performed during the mid-tcrlate third instar stage 

resulted in a prominent scar across the adult compound eye. The scar consisted of 

unpigmented, irregular and fused ommatidia. The developmental effects were not 

described in detail, but the evidence strongly suggests that GTP-binding proteins, in 

addition to tyrosine kinases, may function in eye development. 

Classical second messenger systems may be acting intracellularly for information 

processing. The possibilities include differential phosphorylation of protein substrates and 

variable cyclic nucleotide concentrations, both of which can have profound effects upon a 

cell by changing ca2+ concentrations and phospholipid make-up of cell membranes. 

Since differentiation in the eye disc involves changes in the expression of epitopes 

(Zipursky et al., 1984; Venkatesh et al., 1985), it also may require the molecular 

machinery for inducing changes in gene transcription, which are expected to occur during 

differentiation. Therefore, receptors linked to a transcriptional cascade are likely to form a 

central part of the mechanism used by the retina precursor cells to control their 

differentiation. 
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Goals 

The goals of my graduate research in this area were many. The foremost was to 

become familiar with the system and with the techniques necessary to analyze the 

development of the Drosophila compound eye. The second was to make some 

contribution to the field, to answer some questions, if also to raise new ones. 

This thesis concerns the detailed study of one of the genes involved in formation of 

the adult compound of eye of Drosophila. Mutations in the sev gene have a subtle, 

reproducible and fully penetrant effect upon development of the reiterative pattern. With 

Dr. Utpal Banerjee, a postdoctoral fellow in the Benzer group, the molecular 

characterization of the sev+ gene was undertaken. The goals were to clone the sev+ gene, 

determine its pattern of expression and its localization during development of the retina 

These results are discussed in Chapters 11-N. The second part of the work involved the 

characterization of other genes that, when mutated, give rise to adult eyes with altered 

morphology. Late third instar eye discs from 20 eye mutants were stained with 

monoclonal antibodies that highlight various patterns in the developing array. The eye 

disc phenotypes were then compared with adult eye phenotypes. The goal in this part was 

to identify genes, like sev, that function during the development of the eye. The results 

are presented in Chapter V. It is the hope that these studies have opened up new avenues 

of research, which investigators can follow in order to understand better the complex 

molecular events governing the development of the adult compound eye. 
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Figure 1. The morphology of the adult visual system. 

(A) Scanning electron micrograph of the adult head. The compound eye of Drosophila 

comprises approximately 800 facets, or ommatidia, in a precise, reiterative array. Anterior 

is to the right. 

(B) At closer study, each facet is hexagonal, and has a sensory bristle extending from the 

anterior corner of each facet. Anterior is to the right. 

(C) Transmission electron micrograph of a tangential section through an eye. The precise 

array of facets reflects the internal structure of the ommatidium. Each ommatidium 

comprises eight photoreceptor neurons (Rl-R8) as well as other non-neuronal cells. The 

rhabdomeres of the R cells extend into the interretinular space. In this section through the 

distal retina, the rhabdomeres of Rl-R6 have a trapezoidal arrangement around the central 

R7 rhabdomere, which extends in between Rl and R6. The opposite polarity of the R7 

rhabdomere entrance into the interretinular space reflects the equator, as seen across the 

center of the photograph. In more proximal planes of section, one would see the 

rhabdomere of R8 rather than R7; it enters the IRS from between Rl and R2. Anterior is 

to the right. 

(D) A horizontal section through the adult head stained with the MAb 24B 10, which is 

specific for photoreceptor cells and their axons. The axonal projections of R 1-R6 

terminate in the lamina, the first optic ganglion, while the axons of R7 and R8 terminate at 

different locations in the medulla, the second optic ganglion. 
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Figure 2. The eye-antenna! disc and optic lobe. 

(A) A scanning electron micrograph of a late third instar eye-antenna! imaginal disc 

attached by the optic stalk to the optic lobe. The arrow head marks the displacement of the 

morphogenetic furrow, which indicates the anterior limit of differentiation. Anterior is to 

the right 

(B) A similarly staged preparation as in part A is stained with the MAb 22C10, which 

stains peripheral neurons and their axons. The developing photoreceptors in the eye disc 

are stained, beginning just posterior to the morphogenetic furrow (arrowhead). Their 

axons extend posteriorly through the optic stalk, and into the developing optic lobe. 

Anterior is to the right 

(C) Schematic representation of the developmental events occurring in an eye disc during 

the late third instar. Ahead (anterior) of the furrow, undifferentiated precursor cells 

divide. At the morphogenetic furrow, preclusters of five cells form; they are presumptive 

neurons R2, R3, R4, R5, and R8. Cells that are not clustered divide, and their daughters 

join the preclusters. Presumptive Rl and R6 are added first; then R7 completes the 

photoreceptor complement per cluster. Upon this cluster will be added the presumptive 

cone cells, presumptive pigment cells, and the cells that will comprise the hair-nerve 

group. Anterior is to the right. 
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Chapter ll 

Molecular Characterization of sevenless, 

a Gene Involved in Neural Pattern Formation in the Drosophila Eye 
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Introduction 

In this chapter, the molecular characterization and expresson of the Drosophila 

sevenless (sev) gene is described. The data were published in the following manuscript: 

Banerjee, U., Renfranz, P.J., Pollock, J.A., and Benzer, S. (1987a). Molecular 

characterization of sevenless, a gene involved in neural pattern formation in the 

Drosophila eye. Ce//49, 281-291. 

A review of the sev phenotype and our experimental rationale are illustrated in 

Figure 1. Cell clustering occurs in the wake of a morphogenetic furrow that sweeps from 

posterior to anterior on the larval eye-antenna! imaginal disc (Ready et al., 1976). At a 

given time, the various developmental stages can be observed in a single disc. Just behind 

the furrow, preclusters of five cells develop (photoreceptor cells R8, 2,5,3,4). Later, cells 

R1 and R6 join; then R7 completes the group. As shown in Figure 1B, each bundle of 

axons in the optic stalk (one bundle from each cluster in the eye disc) contains eight 

axons, one from each photoreceptor. In the fully developed adult eye (Fig. 1 C), the outer 

positions in the trapezoidal pattern in each ommatidium are occupied by cells R1-6. R7 

and R8 are central, R7 being directly above R8. 

In the sev mutant, R7 specifically is absent in each ommatidium (Figs. 1D and 1F). 

The bundles through the optic stalk consist of only seven axons (Fig. 1E). This X-linked 

mutation maps to the 10A1-2 band of the X -chromosome at map position 1-33.2± 0.2 

(Harris et al., 1976; Zhimulev et al., 1981). Harris et al. (1976) and Campos-Ortega et al. 

(1979) demonstrated that the sevenless phenotype is cell autonomous. The sev+ gene 

therefore appears to assist a developmental decision in the precursor of R7, at a specific 

time. 

To explore the mechanism, certain basic information is needed, such as the nature 

of the sev+ gene product, the time in development when the gene is expressed, and the 



relation of that time to the other events occurring in the disc. It is also important to know 

whether the gene is expressed uniquely in the putative R7 cell, in other cells, or in both. 

Does it continue to be needed at all stages of development, or is its action needed only to 

scale one hurdle in a developmental sequence? To obtain such information, we undertook 

the cloning of the gene, the characterization of its expression, and the identification of its 

product. [Hafen et al. (1987) also isolated the sev gene, using a different method.] 

Results 

P-Element induced alleles of sev 

Three new alleles of sev were created by hybrid dysgenesis (Engels and Preston, 

1979; Bingham et al., 1982; Rubin et al., 1982), in crosses mating males of a "P 

cytotype" strain with females of an "M cytotype." In such a cross, the P-transposable 

elements in the germline of the progeny are mobilized, and frequent mutations result. 

Two screening techniques were used. The first was to adapt the optical phenomena 

ofpseudopupil and deep pseudopupil (Franceschini and Kirschfeld, 1971a, 1971b) to 

rapid screening of large nwnbers of flies. The deep pseudopupil technique (Figs. 1G and 

11) was employed for the primary screen since it could be used on live, etherized flies. 

Mutant candidates were mated pairwise to attached-X females, and their phenotypes 

confrrmed by the pseudopupil method (Figs. 1H and 11). 

A second screening method was behavioral, based on the color choice difference in 

phototaxis between sev and wild-type flies (Harris et al., 1976; Heisenberg and Buchner, 

1977; Gerresheim, 1981). Cell R7 is a strong UV receptor. In the T-maze paradigm we 

used, wild-type flies, when given a choice between ultraviolet (350 om) and green light 

(550 om), chose UV over green 25:1, while sev mutants typically made the reverse choice 

10:1. 

Using the deep pseudopupil screening method on 12,500 male progeny from 
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dysgenic crosses, two P-element induced alleles, seJ'1 and seJ'2, were isolated. 

Another 22,400 male and female flies were screened by the color-choice paradigm. This 

gave rise to a third P-allele, seJ'3. These three mutants fully expressed the sevenless 

phenotype and were stable in a P-background. 

EMS-induced alleles 

When this work was started, two alleles, sevL Y3 and sevdr1, were available, 

having been induced in our laboratory by treatment of wild-type flies with ethylmethane 

sulfonate (EMS). Using the color-choice paradigm to screen 30,000 EMS mutagenized 

chromosomes, we isolated five new alleles, sevE 1 - sevE5. Five additional alleles isolated 

by Dr. F. Gerresheim (1981) and three alleles from the laboratory of Dr. D. Ready were 

kindly sent to us. All of the EMS- and P-element induced alleles were fully recessive and 

failed to complement the original mutant sevL Y3. All were checked anatomically in plastic 

sections, and ten were examined by electron microscopy. All showed the same 

phenotype, i.e., the lack of cell R7. 

Transposon tagging of the sev gene 

The P-element-induced mutant seJ'1 was chosen for further characterization. To 

locate the P-elements in its genome, radioactively labelled P-element DNA was hybridized 

in situ to salivary gland chromosomes from sevl'1 larvae. Approximately fifty P-element 

insertion sites were identified, including one at band 10A1-2, the location of the sev gene. 

A clone corresponding to this latter insert was isolated from a library constructed with 

sevl'1 DNA and was designated A.-sevP1. Figure 2A shows the localization of this clone 

on the X chromosome. A central 5.9 kb Sail fragment of the clone hybridized to 

P-element DNA (Fig. 2B). 

Previous genetic mapping has shown that sev is located between the deficiency 

break points ofDf(l)vM6 and Df(1)ras-v17Cc8 (Zhimulev et al., 1981). Mapping of 
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clone A.- sevPl by chromosomal in situ hybridizations to these deficiencies localized the 

clone to this position (data not shown). 

Genomic DNA map of the sev region 

Genomic DNA clones overlapping with clone ).-sevPl were isolated by screening 

genomic libraries constructed from wild-type (Oregon-Rand Canton-S) flies . Figures 2B 

and 2C show a map based on these clones. By mapping clones, covering over 120 kb of 

DNA from the region, we found that the clone ).-sevP1 reflects a deletion of 53 kb of 

DNA from the genome of the mutant sevP1. Tills is best illustrated in Figure 3A, where a 

Southern blot of genomic DNA from mutant sevP1 showed no cross hybridization when 

those fragments of clone A.-40(5) were used as the probe. Thus, this segment of DNA is 

deleted from the genome of sevP1. Figure 3A also highlights the restriction fragment 

differences detected by this probe between the genomic DNA of mutant sevP3 and the 

parental strain 25A var. Mapping showed that the DNA rearrangement in sevP3 was also a 

deletion, but of only 11 kb (Fig. 2C). This mutant thus affords a finer localization of the 

sev gene. The genomic clone ).-11H(1) spans most of the latter deleted region. 

Restriction fragment polymorphism in an EMS-induced sev allele 

Genomic PNA was prepared from each of 18 alleles of sev and cut with two 

different sets of restriction enzymes. These digests were all probed on Southern blots 

with genomic clone A.-11H( 1). The EMS-induced allele sevfl was found to differ in its 

restriction fragment pattern from the others (Fig. 3B), including sevd2, which was 

isolated by Gerresheim in the same mutagenesis and shares the same parental background 

with sevfl (Gerresheim, 1981). The same restriction-site polymorphism was seen in 

sevfl when compared with three other mutant alleles of identical genetic background (not 

shown). Finer mapping showed that although sevfl is EMS-induced, it is not a point 
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mutant. As can be seen in Figure 3B, a 3.7 kb band is missing in this allele, and two 

additional bands at 5.7 kb and 2.3 kb arise. Mapping showed that this was due to an 

insertion into the 3.7 kb Sali-Xhoi fragment, the left border of which is found at position 

0 in Figure 2C. As will be seen below, this insertion disrupts only a single transcription 

unit in genomic clone t..-11H(1). This strongly suggested that this region of DNA 

corresponds to the sev gene. 

Identification of the sev gene transcript 

By Northern blot analysis, seven regions of transcription were identified within or 

flanking the 53 kb deletion of the mutant seJ>1. These are listed in Table 1. Among them, 

only three were located in the 11 kb deleted in the mutant seJ>3, and so were considered 

as candidates for the sev+ gene transcript. Restriction fragments of the genomic clone 

t..-11H(1) (Fig. 2C), which mapped to the region deleted in the seJ>3 genome, were used 

to probe Northern blots of poly(A)+ RNA isolated from wild-type imaginal discs, adult 

heads and adult bodies. 

The 12 kb Sail fragment in the center of clone t..-llH(l) identified an 8.2 kb 

transcript in poly(A)+ RNA from mass-isolated late third instar imaginal discs, as well as 

in adult heads, but not from adult body (note: however, see Chapter ill). This fragment 

was used to isolate nine eDNA clones from head eDNA libraries. The longest, c2(3), was 

4.7 kb. 

The eDNA clones recognized the same 8.2 kb transcript in the wild type as did the 

corresponding genomic DNA used to isolate them. The tissue specificity of this transcript 

is shown in Figure 4. It was detected in late third instar imaginal discs, 5-12 hr whole 

pupae, and adult heads. It was not detected in 22-30 hour pupae, nor in adult body. This 

transcript was not detected by genomic DNA probes outside and flanking clone t..-11H(1). 

To test for possible effects of sev mutations on transcript expression, Northern blots were 

also done on the sev alleles sevP3 and sevL Y3 using poly(A)+ RNA prepared from 
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imaginal discs and adult heads. In the P-induced deletion mutant sevP3, the 8.2 kb 

transcript was not detected in either imaginal discs or adult heads. Instead, two altered 

transcripts of7.4 and 6.6 kb were found in both tissues when the eDNA clone c2(3) was 

used as probe. However, these altered transcripts were not recognized by a shorter eDNA 

clone c2(6), nor with the leftmost 6 kb Sail fragment of A.-11H(1), since this DNA is 

deleted in the genome of sevPJ. Thus, the right breakpoint of the deletion in mutant 

sevP3 is within the transcribed region, as illustrated in Figure 2C. 

In the EMS-induced allele sevL Y3, the 8.2 kb transcript was present in 

approximately normal abundance, size and tissue specificity as in the wild type. Since this 

mutant was EMS-induced, it could produce a transcript containing missense or nonsense 

codons translated into a defective product. As will be seen below, some of the 

EMS-induced alleles produced transcripts detectable by in situ hybridization on tissue, 

while others apparently did not. 

Using other DNA probes within the 11 kb span of genomic DNA that is deleted in 

the mutant sevPJ, two other transcripts were detected in poly(A)+ RNA derived from 

various larval, pupal, and adult tissues. Both hybridized to the leftmost 6 kb Sail 

fragment of clone A.-11H(1). Neither of these transcripts, 0.7 kb and 3.2 kb in length, 

was detected in wild-type third instar larval imaginal disc poly(A)+ RNA. The first was 

expressed in whole pupae, in adult head, and in adult body, while the second was 

expressed only in 5-12 hour pupae. The sev mutation is cell-autonomous (Campos-Ortega 

et al., 1979); sev+ activity in cell R7 should occur at or before the crucial time of decision 

in the eye disc. It has also been shown by genetic mosaic experiments (Campos-Ortega et 

al., 1979) that the time of action of the sev gene is in the third instar larva. This ruled out 

the 0.7 kb and 3.2 kb transcripts as candidates for the sev gene, since they were 

transcribed only at later stages, after the furrow has traversed the disc and the sev 

phenotype is manifest. The 8.2 kb transcript, on the other hand, was expressed in third 

instar larval discs. The genomic DNA corresponding to this transcript contains an 
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insertion in the EMS-induced allele sevf1, affecting only this transcript and producing the 

sevenless phenotype. The evidence thus indicates that this is the transcript of the sev 

gene. 

Localization of sev gene transcripts in wild-type tissue 

eDNA clone c2(3) and corresponding gel-isolated restriction fragments from 

genomic DNA clones were 3H-labelled and used for in situ hybridization to eye discs 

from late third instar larvae and prepupae. As shown in Figures SA and 5B, a whole 

mount eye-antenna disc, probed with the c2(3) insert fragment, revealed sev+ transcripts 

from just behind the morphogenetic furrow to the posterior end of the disc. 

When seen in cross section (Figs. 5C and D), the sev+ signal extended through a 

large part of the thickness of the disc immediately behind the furrow. More posteriorly, 

corresponding to later stages of development, the signal condensed to the apical surface of 

the disc. Clustering of silver grains could be discerned in the posterior region of the disc, 

both in the whole mount preparation and in sectioned discs (Figs. SA-D). 

The level of hybridization becomes quite apical in the posterior region of the disc, 

as shown in Figures 5C and 50. As development continued, and the morphogenetic 

furrow completed its traversal of the disc, the sev+ transcript remained restricted to the 

apical region. This is illustrated in Figures 5E and SF for the eye disc of a 6-9 hr old 

white prepupa. For comparison, Figures 50 and 5H show the localization, in a similarly 

staged disc, of the transcript of the 24B 10 gene that is expressed in all the photoreceptor 

cells (Zipursky et al., 1984; Zipursky et al., 1985; Van Vactor et al., 1988; Reinke et al., 

1988). The 24B 10 signal extended through a thicker layer, the apical two-thirds of the 

disc. The difference in the observed patterns is striking. It could represent expression of 

sev+ in a subset of cells whose perikarya are apically positioned 

Figure 6 shows the scenario of sev+ transcription at later stages of prepupal 

development The robust, tissue-specific signal found in early disc development continues 
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through prepupation, then fades prior to pupation, as the eye disc everts. This is 

consistent with the Northern blot results (Fig. 4). 

Northern blots clearly indicated that the sev transcript is expressed, albeit at a low 

level, in the adult head [probably at a level of one out of every four- to five-hundred 

thousand RNA species (see Experimental Procedures)]. We have not yet been able to 

determine the exact tissue localization by in situ methods. The level of expression was 

lower than our limit of detection. The significance of this transcription in the adult is 

currently unknown. 

Transcription in sev mutants 

All the mutant alleles were tested by in situ hybridization, the eDNA clone c2(3) as 

probe. Examples of the results are illustrated in Figure 7. In the case of the sev Pl allele, 

where the entire gene is deleted, no in situ hybridization signal was apparent. In sev P3, 

where part of the gene is deleted, and abnormal transcripts were found in Northern blots 

(above), in situ hybridization showed a signal with essentially normal tissue specificity, 

but of lower intensity. While the majority of the EMS-induced alleles gave nonnal 

hybridization signals, sevE3 gave a reduced level of signal, and sevelm and sevfig gave 

none that were detectable with the c2(3) eDNA clone used as probe. The occurrence of 

EMS-induced mutants lacking the transcript corresponding with eDNA clone c2(3) is 

further evidence of the correct identification of the sev gene by this eDNA probe. 

As will be discussed in Chapter III, poly(A)+ RNA from adult heads of each of the 

sev alleles was probed with eDNA clone c2(3). For the most part, the data concur with 

the in situ studies, and indicate that seven of the alleles produce a stable transcript, albeit a 

defective one, and three have a reduced level of transcript. 

Localization of sev protein 

The eDNA clone c2(6) was isolated from a ).-gtll expression library. It was found 
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to contain a 1.8 kb insert, and expressed a 180 kDa fusion protein. About 60 kDa was 

from the carboxyl terminus of the sev gene; the rest was bacterial ~-galactosidase. The 

SDS- polyacrylamide gel-isolated fusion protein was injected into a mouse and an 

immune serum was obtained. This produced a specific staining pattern that commenced 

immediately behind the furrow in the eye disc (Fig. 8A). This pattern was absent in the 

mutant sevl'l (Fig. 8B), confirming that the antigen is a product of the sev+ gene. 

Figure 8C shows the posterior region of a wild-type disc at higher magnification, in 

phase contrast. Rows of roughly square clusters are readily discernible, each cluster 

covering an area of about 100 1Jlll2. The antibody staining in each cluster of the same disc 

(Fig. 8D) was restricted to an area of about 15 ~2. The staining had a flattened toroidal 

shape, with a weakly stained center, and was located near the apical surface of the 

epithelium. A wild-type disc stained with a different antibody (MAb 6B 11 ), which 

highlights the membranes of the photoreceptor cells is shown in Figure 8E. This disc was 

photographed at the same magnification, providing a scale for comparison. The ringlike 

staining of the sev+ protein is clearly much smaller than a whole cluster, and compared 

with the membrane stain, the staining is more diffuse. 

Discussion 

To obtain P-element-induced mutants, we started with a stock that already 

contained a P-element cytologically close to the map position of the sev gene, and that 

showed variable expression of the sevenless phenotype (see Experimental Procedures). 

The expectation was that mobilization of this P-element might excise parts of the sev 

gene. Indeed, the two stable P-alleles that have thus far been analyzed, sevP1 and sevP3, 

both show deletions of different amounts of genomic DNA from this region. 

An 8.2 kb trancript, mapping to the regions deleted in the mutants and to genomic 

clone A.-11H(1), was expressed in the developing eye imaginal disc, posterior to the 

morphogenetic furrow. Since the sev mutation is cell-autonomous, and since neuronal 
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differentiation of the photoreceptor cells occurs immediately behind the furrow (Ready et 

al., 1976; Tomlinson, 1985), this was the best candidate for the sev+ transcript. The 8.2 

kb transcript was not detected by genomic segments outside the span of clone A.-11H(1). 

Tissue in situ hybridization experiments showed it to be absent in strain sevF1, and 

Northern blots showed it to be altered in size in seP. The latter mutant showed, instead, 

two smaller transcripts recognized by a longer eDNA clone, but not by a shorter one, 

suggesting that the deletion in sevF3 cuts into the transcribed region of the sev gene. 

Since the 3' end of the gene is deleted, the occurrence of two transcripts could be due 

possibly to weak termination signals. Three of the EMS-induced alleles tested by tissue in 

situ hybridization showed weak or no expression of the 8.2 kb eye disc RNA. Also, one 

EMS allele (sevf1) showed restriction fragment changes because of an insertion into the 

transcribed region. The sevfl allele nevertheless produces a transcript of approximately 

normal size (data not shown). However, comparison of our data with those of both 

Basler and Hafen ( 1988) and Bowtell et al. ( 1988) shows that there are three introns 

within the restriction fragment that is polymorphic in this allele. 

Taken together, the evidence indicates that the 8.2 kb trancript is the product of the 

sev gene, and that genomic clone A.-11H(1) contains the entire gene. The possibility 

cannot be excluded that there are microexons outside the clone. 

sevPl is a nuU allele 

In the P-element-induced mutant sevl'1, the sev gene appears to be completely 

deleted, and the 8.2 kb transcript is absent This should therefore present the null 

phenotype. Male flies in this stock are viable and fertile in the hemizygous condition, and 

their eye structure is like those of other alleles. Thus, lack of R7 and altered photochoice 

behavior seems to be the null phenotype of sev. Females homozygous for this deletion are 

viable and lack R7, but are sterile. However, the deletion is large and is known, by the 

production of different transcripts (Table 1), to cover other genes, so this sterility may not 
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be related to the sev gene. No such sterility was observed for any of the other alleles, 

including sevP3, which contains an 11kb deletion. Note that all the screening techniques 

used to isolate the current sev alleles were designed to isolate mutants that lacked cell R7 

but were hemizygous-viable. This automatically selected against other possible 

phenotypes or lethality that could be associated with certain mutations in the gene. 

From the region in and around that deleted in sevP1, at least seven transcription 

units were identified. The tissue and stage specificity of the transcripts varied (Table 1). 

Zhimulev et al. (1981) performed a flne cytogenetical analysis of the region of the X 

chromosome where the sev gene maps. In the bands covering 9F12-10A 7, eleven 

complementation groups have been identified, covering about 0.89 map units of 

recombination. Six of the groups are essential loci; i.e., mutations in them are lethal. The 

two groups that immediately flank sev are ms( 1 )BP6 distal and slm proximal. The distal 

gene, when mutated, has a male sterile phenotype, and slm a semilethal phenotype. Since 

sevP1 males are fertile and appear fully viable, it is unlikely that these two flanking loci 

are disrupted by the 53 kb deletion. Therefore, we are left with six transcripts around the 

sev locus with unknown functions; some of them show interesting patterns of expression. 

The data indicate that this region of the X chromosome by no means has been saturated 

for mutations. 

The size of the haploid Drosophila genome is estimated at 165 million basepairs 

(see Kornberg, 1980). If the sev region were at all representative in terms of number of 

transcription units per kilobasepair (approximately one per 10 kb), it would indicate that 

there are approximately 16,500 unique transcripts in the Drosophila genome. Levy and 

Manning (1981) estimated, by RNA sequence complexity studies, that there are 

approximately 16,000 transcripts expressed in larvae, pupae and adults. Interestingly, in 

1947, Muller estimated by genetic data, e.g., frequencies of mutations and cross-overs, 

that the number of genes in Drosophila could be 10,000. 
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Tissue and stage specificity of sev+ gene expression 

In the eye disc, sev transcript was seen immediately behind the furrow and in the 

more fully differentiated posterior portion of the disc. In sections of the disc perpendicular 

to the furrow, the signal immediately behind the furrow was seen in the entire cross 

section of the disc, while more posteriorly, it became restricted to the apical level. 

Antibody staining confirmed that the protein product is also apically localized. The cells in 

the eye disc form an epithelium, with processes attached to the apical and basal surfaces, 

with each cell body widest in the region of its nucleus. Tomlinson ( 1985) described the 

movements of the various photoreceptor cell nuclei. Immediately behind the furrow, the 

nucleus of the presumptive cell R7 is positioned basally, about 50 J.Lffi below the apical 

surface. More posteriorly, it rises to within 8 J.LID of the apical surface. The nuclei of cells 

Rl, R6, and the cone cells follow a similar pattern, the time and extent of rise varying 

with each cell type. In contrast, the nuclei of the other photoreceptor cells (R2,3,4,5,8) 

occupy the apical half of the layer, both immediately behind the furrow and more 

posteriorly. The observed expression seen of the sev+ gene shifted to the apical surface, 

as would be expected for the perikarya of cells R7, Rl and R6 and the cone cells. 

However, apical expression was also seen just behind the furrow, as would be expected 

if transcription occurred in some or all of the other cell types. 

Transcription in mutants 

While some of the EMS-induced alleles lack the transcript, others did express it. 

This is not surprising, since EMS-induced mutants could express transcripts that are 

ineffective as a result of a single codon change. In sevL Y3, the transcript was identical in 

length to the one in the wild type, and its tissue and temporal specificity were also 

normal. Similarly, in the P-allele sJ3, although the transcripts were altered in size, they 

were expressed in the correct tissue and at the correct time. The fact that expression can 

occur in sev mutants, especially in the adult head, is an important point, since mature R7 
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cells do not develop in the eye discs of any of the sev alleles and the mutation is cell 

autonomous, indicating that expression is not unique to presumptive and I or mature R7. 

Mechanisms of sev action 

While the exact link between the sev+ gene product and differentiation of cell R7 is 

as yet unknown, two extreme models can be discussed in light of our results. 

In the first model, all or most postmitotic cells could be expressing a sev+ product, 

but only a cell that receives the correct cues, e.g., from its neighbors, utilizes or activates 

this protein. In this model, the cues per se do not turn on the sev+ gene but only help one 

of several expressing cells to differentiate and display the R7 phenotype. The expression 

seen in mutants lacking R7 would be due to the expression in these other cells. 

In the second model, positional cues help turn the sev+ gene on in a specific 

precursor cell that eventually differentiates to become R7. In this scenario, expression of 

the gene is limited to cell R7 and the expression seen in mutants is then from the 

presumptive R7 cell which, although it fails to undergo neuronal differentiation, continues 

to make a transcripL 

Both models preserve the requirements of pluripotency of undifferentiated cells and 

cell autonomy of the sev mutation that requires sev+ activity in cell R7. Both models also 

recognize the need for positional infonnation that determines which cell assumes the fate 

ofR7. 

At this stage of the study, it was not possible to rule out either of these models 

based upon the initial protein localization by the mouse tail serum, although transcription 

in the sev alleles would indicate that the former possibility is more likely. The matter is 

discussed again in Chapter IV. 

With this study of the sev gene, we only began to answer some of the basic 

questions about its function. We learned that the gene encodes a rather long transcript, 

which is expressed posterior to the furrow, in a morphogenetically important area, at a 
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similarly. The cloning of the gene and the localization of its products are, however, only a 

first step in solving an intriguing problem of determination in an individual neuron. The 

molecular studies described provide further insights into the problem and materials with 

which to attempt to find its solution. 

Experimental Procedures 

Strains and materials 

Flies were raised on standard cornmeal-yeast-agar at 25 °C and 40% humidity in a 12 hr 

light-dark cycle. Strain Df(l)vM6 and Df(l)ras-v17Cc8 were obtained from Zhimulev et 

al. (1981). The P-type stocks were obtained from W. Benz in W. Engels' laboratory. 

Five alleles of sev (x1, d2, fl, f31E, and x3) were isolated and kindly sent to us by Dr. F . 

Gerresheim, three alleles (elm, fig and bb) were gifts of Dr. D. Ready, and the remaining 

alleles (P1-P3, E1-E5, LY3, and dr1) were isolated in our laboratory. 

Mutagenesis 

The P-type stocks already contained P-elements in the vicinity of the 10A1-2 band of the 

X chromosome, where the sev gene maps. Close examination revealed that in one of them 

(stock 25A), some sevenless ommatidia occurred in about one per thirty eyes. The 

number of sevenless ommatidia in a variegated eye varied from as few as two to several 

hundred, with no obvious spatial pattern. Since this suggested the possibility of the 

presence of a P-element close enough to be affecting the sev gene, such a variegated male 

was mated to "P-type" attached-X females to set up a stock designated 25A var. This stock 

showed variegation similar to the original 25A stock, i.e., some sevenless ommatidia in 

about one per thirty eyes. Chromosomal in situ hybridization of P-e1ement DNA showed 

the presence of a P-e1ement insertion site near the 1 OA 1-2 band. This stock was used as a 
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source far male P-type flies in the dysgenic crosses, the idea being that mobilization of the 

P-element causing the variegation could produce a heritable and fully expressed sev 

phenotype. 

For dysgenic crosses, the following mating scheme was used: 

XX[Y (M) 

i 
Fl (P!M) mated inter se 

1 
F2 screened for sevenless phenotype. 

Male mutants isolated from the screen were mated to attached-X/Y females of 

P-cytotype and the stocks were maintained as such, or were homozygosed using an FM7 

balancer stock with a P-background. 

EMS-induced mutagenesis was done according to Lewis and Bacher (1968). 

Screening for sev mutants 

A. Optical methods 

We used the following modifications of the methods of Franceschini and Kirschfeld 

(1971a, b) for rapid screening and characterization of sev mutants. 

Deep pseudopupil: An inverted microscope was used. On a strip of double-stick 

tape attached to a glass slide, etherized flies were placed ventral side up, wings down and 

proboscis at an angle of about 400 upward. A condenser focussed a bright light source, 

from above, through a hnm aperture and a heat fllter, onto the front of the head. With this 

antidromic illumination, the deep pseudopupil was observed from below by focussing a 
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lOX objective at the center of curvature of the eye. 

Pseudopupil: For closer examination of mutant candidates, the pseudopupil method 

was used. A 1 X 3 cm2 plexiglass piece, 0.16 em thick, was bevelled and polished at a 

4()0 incline along the 1 em edge, and glued to a glass microscope slide. Using nail polish, 

fly heads were attached so that they lay on the incline, eyes upward. A drop of immersion 

oil was placed on the eye, thus optically neutralizing the cornea The pseudopupil pattern 

was observed in a microscope by passing light antidromically from below, using a 

condenser with a small aperture, and viewing with a 100X Zeiss oil-immersion objective. 

This method was used only for secondary testing, after a stock of a putative mutant had 

been set up. 

B. Behavioral method 

AT-maze apparatus was used for the color-choice phototaxis test. Flies were placed in a 

middle chamber that could be slid into position between two transparent plastic tubes, 

each illuminated from the end, one with green light, the other with UV. A fiber-optic 

tungsten source was used for green, and a 25 Watt germicidal lamp for UV, filtered, 

respectively, with interference filters peaked at 550 nm and 350 nm. For each trial, about 

25-50 flies were light adapted under diffuse white fluorescent light for 15 minutes, then 

tested in the maze. The apparatus was lightly tapped during the 20 second test period. The 

intensity of light was empirically adjusted such that sevL Y3, the original allele, chose 

green over UV 10:1, while wild-type Canton-S flies chose UV over green 25:1. In 

screening for mutants, flies that consistently chose green in four trials were examined by 

the optical methods for the sevenless phenotype. 

Histology 

Tissue was fixed in 1% formaldehyde and 1% glutaraldehyde and postfixed with 1% 

osmium tetroxide, stained in uranyl acetate (for EM only), dehydrated in ethanol and 

propylene oxide, and embedded in Epon 812. For light microscopy, 1J.Lm thick sections 
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were stained with 1% toluidine blue. Thin sections (800-900 Angstroms) were made for 

electron microscopy. 

Isolation of clone A.-sevPl 

DNA from sevl'1 flies was partially digested with Mbol. Fragments larger than 15 kb 

were selected by sucrose gradient and ligated to EMBL3 phage that had been digested 

with BamHI and EcoRI. An Amersham Corporation packaging kit was used, and the 

library was screened without amplification. Twenty-five thousand phages (corresponding 

to about 2.5 Drosophila genomes) were screened with labeled P-element DNA, and 133 

positives were isolated. Plate lysates of these phages were combined into fourteen pools 

of about ten each. DNA from each pool was hybridized in situ to wild-type 

chromosomes, thus identifying the pool containing the band 10A1-2 insert. The ten 

clones constituting that pool were then tested individually, yielding the clone A.-sevPl that 

hybridized to the 10Al-2 band. 

Cloning and mapping 

Phage library screening, nick translation, subcloning, Southern blots, isolation of DNA 

fragments, and restriction mapping were by standard methods (Maniatis et al., 1982). 

DNA hybridizations were carried out at 68 °C in 6X SSC, 5X Denhardt's solution, 0.4 

mg/ml salmon sperm DNA, 10 mM EDTA, 0.5% SDS, and 106 cpm/ml of nick-translated 

DNA. Filters were washed at high stringency in 0.1X SSC and 0.5% SDS at 60 °C. 

Labeled fragments of clone A.-llH(l) were used to probe eDNA libraries made 

from wild-type adult head poly(A)+ RNA. Two million plaques were screened from a 

library constructed in the A.-gtl1 system (ltoh et al., 1986), kindly provided for us by Dr. 

P. Salvaterra. This screening yielded four eDNA clones. 

A second library, constructed in the A.-SW AJ vector system, from adult head 
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poly(A)+ RNA, was kindly given to us by Dr. M. Palazwlo (Palazzolo and Meyerowitz, 

1987). Two million plaques were screened, and five eDNA clones were isolated. From 

these data, we estimate that in the adult head, the sev+gene is expressed at a level of one 

out of every four- to five-hundred thousand species (0.00025 to 0.0002% of cloned 

species). 

Chromosomal in situ hybridization 

Salivary gland chromosome squashes (Gall and Pardue, 1971) were hybridized at 37 °C 

with 3H- or 35S- labelled DNA in 10% dextran sulphate, 2X SSC, 50% formamide, and 1 

mg/ml salmon sperm DNA. Two hundred thousand cpm of labelled probe were used for 

each slide. Slides were washed extensively in 2X SSC at room temperature, dehydrated 

in ethanol, coated with Kodak NTB2 emulsion (1 : 1 in water), and developed in D19 

(1 : 1). Squashes were stained with 5% Giemsa to visualize bands. 

Mass isolation of imaginal discs 

The method of Eugene et al. (1979) was used with some modifications. In a population 

cage containing 20,000-40,000 Oregon-R flies less than two weeks old, eggs were 

collected on cornmeal agar and yeast paste in plexiglass boxes (10 X 13 X 30 cm3). Three 

boxes at a time were put in the cage for 2-3 hr collections and were maintained at 25 °C in 

80% relative humidity on a 12 hr light-dark cycle. Late third instar larvae were collected 

on day 5. Nine boxes yielded approximately 700 rnl of larvae. They were chilled, passed 

through a meat grinder, sieved, and allowed several rounds of sedimentation for 30 

minutes to 1 hr. The sedimented material was separated on a Ficoll step gradient and 

fractions enriched for discs were purified over glass. 

Isolation of RNA and northern blot hybridization 

Pupal and adult tissues were ground to powder in liquid nitrogen in a mortar and pestle, 
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Table 1. Mutations Affecting Different Steps in Development of the 

Compound Eye 

Group I Event 

I: Precursor cell 

proliferation, 

viability, capacity 

II: Pattern 

formation 

III: Maintenance 

of pattern 

N: Terminal 

differentiation 

Adult phenotype 

no eye, or 

reduced eye 

rough eye; 

abnonnal 

arrangement of 

facets, number of 

cells per facet 

rough eye; 

abnormal number 

of cells per facet 

rough eye; 

abnormal 

cell morphology; 

non-functional eye 

Eye disc phenotype Mutants 

disc small, with no Bar, bar-3, n,.Mio, 

or few clusters eyeless, eyes absent 

apparent 

abnormal number or 

spacing of clusters 

at the furrow, 

defects in 

cluster size or shape 

defect arises 

after initial array 

formation 

no defects evident 

in disc 

glass, rough, 

roughex, Rough Eye, 

sevenless, split, 

Star 

Glued, lozenge, 

Star + Enhancer of 

Star 

loboid, rugose, 

roughened eye, 

roughoid 

The mutants were classified into groups by the adult eye phenotype and the late third 

instar eye disc phenotype, presented in Table 2. The staining patterns of the MAbs and the 

adult eye are shown for mutants listed in bold face in Figures 3-7. 
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Table 2. Summary of Eye Mutant Phenotypes 

Additional references to and the external adult eye phenotypes of most of the mutations 

are described in Lindsley and Grell (1967), except where noted in the text. Further 

information regarding the structure of the adult optic lobes is available for many of these 

mutations in Meyerowitz and Kankel (1978). The internal adult eye phenotypes and the 

late third instar eye disc phenotype as revealed by monoclonal antibodies are from this 

study. 
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Table 2. Summary of Eye Mutant Phenotypes 

Adult E:r.e 

Late Third Instar 

Mutation Genotype External Internal Disc 

Group 1: Precursor Cell Defect 

Bar B crs Small, narrow; Reduced facet II, Disc size reduced. MF 

facet /lsl50. but most ommatidia absent; deep cleft 

normal. Usually at anterior margin of 

7 rhabdomeres per clusters. C>nly ~-5 

ommatidium rows of clusters. 

section. Those at cleft edge 

look mature. 

f BB <fs Anterior notch; Nick in anterior Disc size reduced. 

facet fJ ... 20-30. margin. Omma- Deep cleft. Clusters 

tidial arrange- at cleft look mature. 

ment, composition 

irregular. Most 

have 7 rhabdomeres 

but in abnormal 

arrangement. 

bar-3 bar-3 Small, narrow; Most ommatidia Disc size reduced. 

facet /lsl50. sections have 7 Deep cleft at anterior 

rhabdomeres. edge; clusters at 

Arrangement cleft look mature. 

normal. Vestige 

of equator. 
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DropMio DrMio/ Very reduced, 5-7 rhabdomeres Disc size reduced. MF 

TM6, UBX+ rough eye; per ommatidium uneven. Weak antigen 

(recessive facet # .. Jo. section Some rhab- expression. Few 

lethal domeres fused. clusters visible. 

allele) Arrangement dis-

turbed. Microvillar 

caps blurred, diffuse. 

eyeless ci0;ey0 Eyes vary in (not tested) Variable, from rudi-

(late lar- size from none mentary disc with no 

val/pupal to full. antigen expression, to 

recessive full-sized disc, with 

normal antigen expres-

lethal) sion. 

ciD/eyR " " " 

eye.! eya Adult compound None Disc size reduced. No 

absent eye lacking. furrow. No expression 

of differentiation 

antigens. 

Irregular apx or/If Eye - 1/2 nor- (not tested) Fairly large number of 

faceu mal size; clusters, but arrange-

ventral half ment irregular, 

more prone to especially in ventral 

irregularities. half. 

or If; st Very narrow Extreme reduction Disc size reduced. 

eye; ventral -20 ommatidia; Few clusters high-



half can be 

devoid of 

facets. 
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Group II: Pattern Formation Defect 

glass gl3 Rough eye, 

somewhat re-

duced. Glassy 

texture. 

rough ro Eyes rough; 

facets irregu-

lar in size, 

shape. 

rhabdomeres fused, lighted. Difficult to 

irregular. see a furrow. Micro

villar caps irregular: 

wi~py dots. Anterior 

clusters mature. 

Very irregular: Irregularities in sizes 

gaps, no clear and shapes of clusters 

separation between from the MF. No 

ommatidia. No 24B 10 antigen. Micro-

rhabdome res. villar tufts· over- and 

Masses of pigment undercrowded. Tufts 

granules. Archi- have irregular shapes, 

tecture of pigment not well resolved. 

cells present. Excess of membranes 

stained at MF with 

MAb 150C3. 

Irregular sizes Cluster spacing varies 

and shapes. Many subtly. Matur-

fused, ramified ation of microvillar 

rhabdomeres. In- tufts irregular; regions 

appropriate pig- of non-linearity. 

ment cell forma-

tions. Usually 

5-7 rhabdomeres per 

ommatidium. 
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Eyes rough, 

somewhat re

duced. 

Variable shapes, 

sizes and compo

sition of omma

tidia. Rhabdo-

meres ramified, 

varying in size. 

If 7, often 

arrangement is 

irregular. 

Variable size, shape of 

clusters. Regions of 

non-linear arrange

ment. Extra clusters, 

sloppy array. Poor 

resolution of 

membranes. 

Rough Eye vg'l/In(2L)t, Eyes extremely Variable numbers Defect obvious at 

split 

Roi, rough. Irregu- of rhabdomeres per MF furrow. Highly 

In(2R) Cy, 

bw sp2 or 

(recessive 

lethal) 

spl 

lar round, 

bulging facets. 

Very slightly 

rough. 

Eyes rough, 

slightly re

duced. Irregu-

ommatidium. Fused variable sizes and 

facets and rhabdo- shapes of clusters. 

meres. Even if 7 Over- and under-

rhabdomeres, pres- crowded areas. 

ent, arrangement Excess of microvillar 

is often abnormal. caps in some areas. 

Rhabdomeres rami- Severe defects. 

fied, varying in 

size. 

R7 missing from 

each ommatidium 

of the eye. 

Highly irregular 

size, shape, 

composition of 

Mostly normal, except 

that MAb 150C3 does 

not stain. 

Defect obvious at MF. 

Distance between 

nascent ommatidia 



Star ,s<fbl23 

(recessive 

lethal) 
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lar facets. 

Multiple setae. 

Eyes rough, 

somewhat 

smaller. 

ommatidia. 2° 

and 3° pigment 

cell borders 

thickend. Rhabdo

mere defects: 

fused, ramified 

elongated. Fewer 

than normal rhab

domeres per omma

tidium. 

Variable sizes and 

composition of 

ommatidia. Often 

less than 7 rhab

domeres per omma

tidium section. 

Thickened pigment 

cell borders. 

appears greater than 

in wild-type. Pattern 

shapes, sizes are 

irr~gular, sloppy. 

Microvillar caps vary: 

smaller, fuzzier. 

Clusters vary in 

size. Areas of distor

tion in rows and 

columns. 

Group ill: Post-pattern Formation Defects in the Disc . 

Glued Gl Facets irregu- Rhabdomeres highly Pattern normal for 

(recessive lar, rough eye irregular: bifur- several rows behind 

lethal) somewhat re

duced. 

cated, fused, odd 

profiles. Rhabdo-

furrow; antigen ex

pression then becomes 

mere number vari- irregular: clusters dis-

able, occasionally sociating? Tufts lose 

none in a facet. sev protein. Axon 

projections abnormal. 
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lozenge zz36cr Smooth, pink Eye smooth. No Pattern normal until 

strong eye surface. lens, no cone cell time of 24B 1 0 expres-

allele cup. Masses of sion, then clusters 

pigment granules. bec:ame difficult to 

Pigment cell identify. 

architecture 

missing. Rhabdo-

meres face outwards? 

zzK Slightly rough Irregular facet Looks normal. 

weak allele eye. shapes. Usually 

7 rhabdomeres per 

ommatidium. Pig-

ment cell archi-

tecture often 

incomplete, ragged. 

Holes in retina. 

Star+ S/In(2L+2R) (seeS) Variable number of Looks approximately 

Enhancer Cy, Cy E(S); Eye reduced, rhabdomeres. Size normal at furrow, 

of Star K-pn very rough. reduced; varying except for subtle Star 

shapes, orienta- defects. After several 

tions of rhabdo- rows, shapes become 

meres: some fused, irregular. Antigen 

some on long 22C 10 and sev can be 

stalks. Usually lost altogether. 

<7 per ommatidium. Microvillar tuft shape 

resolution rarely 

occurs. 
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lm/In(2L+2R)Cy, Eyes rough, but Mixture of normal 

Cy 52 dplv2 

E(S) 

not as reduced. and disarranged 

ommatidia. 

Group IV: Later Occurring Defects 

loboid ld Very weakly (not tested) 

rough. 

rugose rg Very rough eye, Highly variable 

variable facet number of rhabdo-

shape. meres per omma-

tidium. Irregular 

pigment cell 

architecture. Masses 

of pigment. Some 

facets lack rhabdo-

meres. 

roughened roe Eye rough, Almost normal. 

eye pP slightly re- One out of every 

duced. 10-20 ommatidia 

has irregular 

number of rhabdo-

meres. Rhabdomeres 

occasionally fused, 

bifurcated. 

Areas of unusual 

shapes of sizes, but 

no antigen fading. 

Pattern normal. 

Pattern normal. 

Pattern normal. 

Perhaps rare cases of 

crowding? 



roughoid n.t Eyes rough, 

somewhat 

reduced. 

175 

Photoreceptors 

usually normal, 

except that 1 out 

of 10-20 has 

irregular number 

of rhabdomeres. 

Pigment cell 

defects: too 

many or too few 

forming boundary 

between ommatidia. 

Pattern normal. 
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Epilogue 
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One of the most compelling problems in biology is elucidation of the mechanisms 

by which a cell assumes its unique identity during development. The Drosophila 

compound eye has been touted as a system in which this problem can be studied in a 

thorough manner, given its various attributes, primary among these the availability of 

both classical and molecular genetic techniques. Also, the exquisite precision of the 

compound eye lends itself well to the identification of mutations that affect its 

morphology. Study of compound eye development has only begun to reveal its 

developmental mechanisms. This chapter is not meant to review the data, but rather to 

discuss what has yet to be done, including areas of research that have been neglected, in 

order to further our understanding of development of the compound eye. 

1. Cells that will form the eye-antenna! disc are first set aside in the embryo. These cells 

actively divide to generate the epithelium. An interesting question yet to be addressed is 

whether, even at this early stage, development, in the form of controlled proliferation, 

traverses the epithelium from posterior to anterior. Experimental results in both 

Drosophila and other insects suggest that this may be the case. In organisms in which the 

eye develops externally on the head epidermis, mitotic figures can be found in a band 

immediately anterior to an advancing wave of differentiation. The patterns generated by 

genetic mosaics and by position-effect variegation look as if they could result from waves 

of proliferation, as well as indicate that the clone of daughter cells expands towards the 

anterior. 

One could test this idea by several methods. Young discs could be pulse-labelled 

with bromodeoxyuridine or other markers of DNA replication, and examined soon after 

the pulse to determine if cells are labelled in a band, indicative of a wave, or if the labelled 

cells are dispersed across the posterior-anterior axis. First instar eye discs are difficult to 

identify upon dissection, though; examination of clones of eye-color markers generated 
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by recombination, if generated at precise times during the different instars, could be more 

indicative of both waves of proliferation and direction of daughter cell migration. Results 

indicating that proliferation does occur in a wave would be important for models 

regarding the initiation of differentiation in the posterior of the eye disc (see below). 

2. The next question concerns the time at which cells in the eye disc become capable of 

responding to signals for differentiation. Do cells in the eye disc, as discussed in the 

intr<Xiuctory chapter, assume a genuine competent state? If so, does this state cross the 

epithelium as a wave, and does the passage of the wave rely on induction? Results from 

heterochronic Drosophila eye disc transplantations and from invasive experiments on the 

mosquito eye suggest such questions. 

These questions could be investigated using several methods. First, one could 

examine discs at the ultrastructural level from progressively more mature larvae, to see if 

cells exhibit morphological changes during mid- to late- second instar. Although not 

necessarily expected, a positive result would correlate nicely with optic plac<Xie formation 

on the mosquito retinal epithelium. Secondly, in mosquito, transplanted patches of 

non-prospective retina arrest optic placode formation, and therefore differentiation of the 

eye, anterior to them. A similar experiment can be perfonned genetically in Drosophila. In 

the homeotic mutant cephalotergite (Schardin, 1983), patches of tergite tissue replace 

parts of the compound eye. The patches vary considerably in size from fly to fly, and can 

be identified in the third instar eye disc by a lack of staining with MAbs highlighting 

neural differentiation of the eye. Even the axons from developing clusters in the eye disc 

do not pass through this foreign tissue (Leiserson and Benzer, unpubl.). It could prove 

interesting to determine whether tergite-committed tissue is able to propagate an 

eye-specific inductive signal. One could examinine differentiation on eye discs from the 

cepha.lotergite mutant. Presumably, in some cases the patch of tergite would extend across 

the dorsal-ventral axis of the disc. One could examine such cases closely, to see if retinal 



179 

differentiation could occur on the anterior side of such a patch. One would also examine 

the different patterns of tergite versus retina patches in the adult eye. A consistent lack of 

differentiation on the anterior side of tergite tissue would suggest that at some stage, an 

inductive signal passes from cell to cell across the eye disc. Since differentiation per se of 

cells in the eye disc does not appear to require contact with previously differentiating 

cells, this result would indicate that competence, as in the mosquito, is a state acquired by 

cells at an earlier stage of development, and that this state is assumed by induction. 

Once there is some indication that this event is real, the study of genes that, when 

mutant, result in a missing or severely reduced compound eye, could lead to molecular 

explanations of the process. Some mutations with this phenotype are described in Chapter 

V. The gene products involved in such a phenomenon would be expected to be those 

required during the mid- to late- second instar; temperature-sensitive alleles would aid in 

describing the temporal requirements. 

3. During the midthird instar, differentiation of the retina is initiated in the posterior of the 

eye disc. Since the furrow itself does not appear to be causal, the question of how 

differentiation is initiated remains. The product of the decapentaplegic gene complex 

(DPP-C) of Drosophila is required at different times in development, including in all the 

imaginal discs during their differentiation (for review, see Gelbart et al., 1985). Molecular 

characterization ofDPP-C (Padgett et al., 1987) has shown similarity between its product 

and transforming growth factor-~ (TGF-~). a factor that can both promote and inhibit cell 

division (it does not appear to function solely as a mitogen, see Sporn and Roberts, 1988, 

for review). The eye-specific blink allele of DPP-C has a severely reduced eye, a 

phenotype suggesting that diffusible factors may be required for differentiation in the eye 

disc. By using a gene fusion between the promoter of the DPP gene and bacterial 

~-galactosidase, Gelbart and colleagues (R.K. Blackman and W.M. Gelbart, pers. 

comm.) have shown that in the eye disc, DPP is expressed within the morphogenetic 
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furrow. Iniatiation of differentiation in the posterior of the eye disc could result from 

posterior cells' being able to respond to such a factor at an earlier time than more anterior 

cells. 

Other mutations in which the eye does not develop, such as eyes absent, could 

prove useful in defining the pathway involved in initiation of differentiation. It is possible 

that these gene products, like DPP, serve a more general function. Therefore, study of 

late larval or pupal lethal loci may be necessary. 

4. Once differentiation is initiated, the cells form clusters at the appropriate distance from 

each other, resulting in a precise and reproducible number of cells. One question concerns 

whether the control of cluster spacing can be separated from the control of cluster 

composition. 

Genes that function in embryonic neurogenesis in the fly may have a similar 

function in the developing retina; both Notch and Enhancer of split have alleles with eye 

phenotypes, suggesting that their gene products are required. In Chapter V, data 

concerning the eye disc phenotype of the split allele of the Notch locus were presented. 

Preliminary data of Ballinger (D. Ballinger and S. Benzer, pers. comm.) suggest the the 

Rough Eye phenotype can be enhanced by a mutation in Delta, another neurogenic locus. 

The identification of mutations that affect the spacing of clusters in the eye disc, perhaps 

including spl and Roi, could allow the elucidation of a mechanism similar to the one 

controlling neuroblast (NB) versus epidermoblast (EB) number and spacing in the ventral 

neurectoderm of the embryo. The control of the spacing of clusters could be exerted via 

neural and non-neural cell type segregation. In this model, a cell which is responsive to a 

positive factor begins to assume the neural fate. One of the first steps it takes is to express 

an inhibitor to prevent neighbors within a defined range from assuming the same fate. 

This cell also begins to express a molecule that negates the effect of the inhibitor but that 

disperses less readily than the inhibitor. As suggested in Chapter V, the extracellular 



1 81 

matrix may furnish a means of fme-tuning the mobilities of diffusible factors. These 

overlapping patterns would in effect give an inhibitor concentration profile resembling that 

shown in Figure 1; the effective distribution of inhibitor would have an approximately 

sinusoidal distribution, with clusters nucleating about the minima. Below a certain 

threshold of effective inhibitor concentration, neural cells differentiate; above it, the 

non-neuronal fate is assumed. In a mutant in which the distribution of, or the 

susceptibility to, the inhibitor is disturbed, more or fewer clusters could form at the 

furrow, with variable numbers of cells in them; the adult eye would be roughened. The 

identification, and the structural and molecular characterization of mutants with rough 

eyes, such as those discussed in Chapter V, could lead to tests of this hypothesis. If the 

relevant genes can be cloned and fused to regulatable promoters, one should be able to 

vary cluster size in a systematic and predictable fashion. 

5. Cell-type determination within the ommatidium is an area of intense study. The 

sevenless+ (sev+) gene, which functions in the pathway of photoreceptor cell R7 

determination, has been discussed at length in this thesis. When the gene is defective, the 

phenotype is the lack of R7 from every ommatidium of the adult eye. Data described 

herein as well as those obtained by Hafen, Rubin and co-workers, indicate that the sev+ 

gene prcxluct is a membrane-associated receptor expressed in all the potential R7s in the 

eye disc, perhaps before any cells have differentiated. Its activity, strongly suggested to 

be that of a protein tyrosine kinase, is required autonomously in presumptive R7. 

Recessive mutants at the bride of sevenless (boss) locus also lack R7 in every 

ommatidium. However, mosaic data suggest that the boss+ gene activity is required in 

R8. In Figure 2, a model for the interaction between the sev+ gene product and the boss+ 

gene prcxluct is proposed. The sev+ receptor protein is expressed on all cells, but the 

enzyme is not active. One of the steps of R8 differentiation is the expression of the boss+ 

protein, which may activate the tyrosine kinase of sev+, thereby promoting differentiation 
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into an R7 photoreceptor. Several different mechanisms could explain why only the cell in 

the position of presumptive R7 receives this cue. Either temporal or spatial control of 

boss+ expression could limit its presence to the niche occupied by the presumptive R7. 

For example, the boss+ gene product could be expressed only after all the other cells in 

the cluster have begun to differentiate, or its expression could be limited to the surface of 

R8, which contacts the presumptive R7. Equally likely is that boss+ is released from R8 

into the apical extracellular matrix, that may have structural features which can direct the 

flow of the gene product in the direction of presumptive R7. Molecular analysis of the 

boss+ gene and gene product are in progress in the laboratory of S.L. Zipursky, and the 

results should be quite exciting. 

6. An interesting question raised by this thesis concerns the role of other protein tyrosine 

kinases during development of the retina. Both biochemical and immunohistochemical 

data indicate that other tyrosine kinases are active during differentiation. Although 

unfortunate for me, the anti-sev MAbs cross-react with at least one other protein tyrosine 

kinase. Perhaps this cross-reaction will allow identification of the corresponding gene(s) 

after immunopurification. Perhaps more straightforward would be screening a late third 

instar, eye-antenna! disc eDNA library with the 3' region of a sev+ eDNA clone at 

varying stringencies. By using such a probe with extensive homology to protein tyrosine 

kinases, one should be able to identify other such species expressed in the eye disc. Once 

such genes have been identified and characterized, it will be interesting to see if lack of 

function at any one of these loci has as specific a phenotype as sev. 

The staining pattern of the antiphosphotyrosine polyclonal serum showed a striking 

apical localization, similar to that of the sev+ protein. At the light microscope level, the 

patterns of wild-type and sevPl were similar, suggesting that the activity of another 

protein tyrosine kinase may be localized apically, perhaps also on the microvilli extending 

into the extracellular matrix. An antiphosphotyrosine antibody might allow the 
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identification of substrates in the eye disc, by protein immunoblot analysis. The apical 

localization of phosphotyrosine staining further implicates the apical microvilli and the 

extracellular matrix as containing differentiation cues. 

7. Lastly, the sevenless characterization project revealed that the gene product is also 

expressed in the optic lobes at a time when photoreceptor axons are innervating them, and 

in the adult brain, and possibly in the ventral ganglion in the adult body. Its ultrastructural 

localization and its function have yet to be determined. Non-cross-reacting anti-sev+ 

antibodies will be useful for determining its localization. Further characterization of the 

Plwtoplwbe mutant, which exhibits allele-specific interactions with sev, may reveal the 

functional requirements of sev+ in the adult brain. Morphologic characterization of the sev 

mutant brain, as well as detailed behavioral analysis on sev mutants, such as activity, 

life-span, learning, optomotor response, taste and smell perception, and biological 

rhythm, may further clarify its function. 

In conclusion, it is hoped that this thesis will contribute to future investigations and 

models in developmental neurobiology. In some ways it is difficult to stop, now that the 

most exciting work can be done; in other ways, it is not difficult at all. 

The End 
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Figure Legends 

Figure 1. A gradient of effective inhibitor concentration could affect cluster spacing as 

well as cell number and identity per cluster. 

(A) In the wild-type eye disc at the morphogenetic furrow, there could exist a gradient of 

effective concentration of an inhibitor (see text). Below a certain threshold, neurons 

(photoreceptors) will differentiate, while above it, non-neural cell types (cone cells, 

pigment cells) will differentiate. The cell at the minimum differentiates into a neuron first, 

and will become R8. A similar pattern of inhibitor expression could control the spacing of 

the nascent clusters, as well as the ratio of neurons to non-neurons in each cluster. 

(B) In a mutant in which the gradient is disturbed, both the spacing and composition of 

the clusters would be abnormal. 
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Figure 2. The boss+ protein could interact directly with the sevenless+ protein. 

In this model, all cells in the differentiating epithelium express the sevenless+ protein. A 

cell assuming the R8 fate begins to express the boss+ protein. Somehow (see text), boss+ 

activity is directed towards a cell in the position of presumptive R7. Interaction between 

the two proteins results in activation of the sev+ kinase, which in turn directs a cell down 

the R7 pathway. 
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