
ABSTRACT 

ROSARIO, JUAN BAUTISTA. Contribution of the Transcription Factors disconnected and 
disco-related to the Formation of the Ventral Thoracic Structures and Antenna of Drosophila 
melanogaster. (Under the direction of James W. Mahaffey). 
 

The development of the different structures within an organism is a highly regulated 

process that is initiated by signal molecules that activate specific developmental pathways. In 

Drosophila during early embryogenesis the signaling molecule Wingless establishes the 

locations for the precursors of the adult appendages in the thorax by inducing the activation 

of the transcription factor Distalless (Dll), which is considered to be the appendage primordia 

marker. In transplant analysis of Dll null embryos the leg imaginal discs can produce the 

proximal portion of the leg, the coxa, along with the ventral body wall. But what is the role 

of disconnected (disco), a gene expressed in the leg imaginal disc in a broader region than 

Dll? Here we show evidence that disco and its paralog disco-related (disco-r) are expressed 

in the same group of cells as the initial Dll expression during early embryogenesis. However, 

at later stages of embryogenesis the expression of Dll becomes confined to a narrower 

domain than the disco expression domain. We use several mechanisms to understand the role 

of disco and disco-r in the development of the leg in Drosophila. We used loss of function 

and clonal analysis to determine the effect of removing both genes from the leg discs. We 

used gain of function analysis to better understand the conditions allowing disco to induce a 

wing to leg transformation, and the resulting alterations to gene expression patterns and the 

cell fate assignments within the wing disc in response to ectopic expression of disco. 

Here we demonstrate that disco and disco-r are not only involved in the formation of 

the leg but also in the formation and patterning of more proximal structures of the ventral 

thoracic body walls including the coxa and sternopleural. The requirement of disco anddisco-



r is not limited to the thoracic structures but also affect the formation of the antenna, an 

orthologous structure of the leg, causing transformation of the antenna into legs or eye 

structures. We present evidence supporting previous work that ectopic expression of disco 

induces formation of a leg structure in the wing disc while expanding our knowledge of the 

mechanism involved in the transformation. Ectopic expression of the disco genes modifies 

the pattern of wingless expression and activates the ventral determinant buttonhead along 

with other leg determinants previously reported.  In addition we showed that overexpression 

of disco in the leg imaginal disc causes deletion of the leg by inducing apoptosis. Based on 

our results we can conclude that disco and disco-r play an important role in the proper 

development of the ventral imaginal discs and the formation of the legs and ventral structures 

in the thoracic body wall.  
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Introduction 

An understanding of the factors that contribute to the development of an organism 

from a single cell at the moment of conception to a complex multicellular adult has been a 

quest of scientists for many years. In this work I summarize my research studies in genetics 

from 2008 to 2014 under the guidance of James W. Mahaffey at North Carolina State 

University. In a broad perspective my research focused on understanding how genes interact 

to ensure the proper development of an organism, including the formation of specific 

structures, and how changes in gene regulation can lead to different morphological outcomes. 

The main goal was to understand how the transcription factors Disconnected (Disco) and 

Disco-related (Disco-r) (the disco genes hereafter) controls the formation of the leg in the 

fruit fly Drosophila melanogaster.  

Understanding of how genes interact to induce formation of specific structures can 

help patients in need of organ transplant. According to the US Department of Health and 

Human Services, over 120,000 patients are waiting for an organ transplant; however, 

unfortunately 18 patients die every day while waiting for a matching donor (data available 

online at http://organdonor.gov/about/data.html, http://optn.transplant.hrsa.gov.). Among the 

patients receiving organs there are also some complications including rejection of the 

transplanted organ by the patient’s immune system and the development of opportunistic 

diseases, including cancer, in patients with suppressed immune systems (data online at 

http://www.nih.gov/news/health/nov2011/nci-01.htm). The understanding of how genes 

interact to develop specific structures in model organisms, such as Drosophila, could lead to 

a better understanding of how genes interact in more complex systems, including humans. 
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This understanding may help in the design of alternate therapeutic treatments that may 

ultimately provide new options to patients in need of an organ transplant. This knowledge 

may open the possibility of using gene manipulation to develop organs from a patient’s own 

cells and thereby reduce some of the present complications related to donor tissue. 

In my research, I used the fruit fly, Drosophila melanogaster as a model organism. I 

focused primarily on the interaction between signal molecules and transcription factors with 

particular interest in understanding the function of the transcription factor paralogs encoded 

by the disconnected (disco) and disco related (disco-r) genes (MAHAFFEY et al. 2001). The 

disco gene has an ortholog in vertebrate organisms, basonuclin (TSENG and GREEN 1992), 

which has three pairs of zinc fingers homologous to the single zinc finger of disco and like 

disco it also has a paralog, basonuclin 2 (VANHOUTTEGHEM and DJIAN 2004). To further the 

understanding of the contribution of the disco genes to the normal leg development in 

Drosophila, I studied the mechanisms involved in leg development from the establishment to 

the formation of the adult structure.  

The disco or disco-r genes were not considered to be main components involved in 

leg development. However, the ectopic expression of the disco or disco-r genes can induce 

formation of an ectopic leg in the wing (PATEL et al. 2007), producing more leg segments 

than other known leg determinant genes such as Distal-less (Dll) (GORFINKIEL et al. 1997) or 

buttonhead (btd) (ESTELLA et al. 2003) which can only induce formation of limited portions 

of the leg. These findings lead me to question; What are the conditions that allow disco to 

activate the transcriptional co-repressor dachshund (dac) and the transcription factor Distal-

less (Dll), two genes that are essential for proper leg development during wing to leg 
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transformations (PATEL et al. 2007)? Ultimately I ask; do these modifications resemble 

normal development?  

Drosophila 

For over 100 years, since the discovery of the white gene mutation in 1910 by 

Thomas Morgan (MORGAN 1910) Drosophila has been an excellent model organism for 

geneticists. Discoveries using Drosophila have lead to the understanding of many conditions 

affecting humans. The discovery of the Notch gene in the early 1900s (MORGAN and 

BRIDGES 1916) and the subsequent identification of other components of the Notch signaling 

pathway (ARTAVANIS-TSAKONAS et al. 1995) set the foundation for a better understanding of 

neural development in vertebrates (BREUNIG et al. 2007). In addition, studies using 

Drosophila have revealed important details regarding fragile X syndrome (MCBRIDE et al. 

2005), one of the most common single gene causes of autism in humans. This knowledge has 

allowed for a better understanding of the disease and has helped to develop better treatments 

for autism. 

  Drosophila studies also have been used for the study of cardiac diseases (AMODIO et 

al. 2012; CASAD et al. 2012; NA et al. 2013; YU et al. 2013) and cancer (GOBERT et al. 2012; 

BEGUM et al. 2013; GOMEZ et al. 2013; WONG et al. 2014) among other human diseases.   

Drosophila has been used for many years to elucidate developmental processes that 

have been fundamental to the understanding of the formation of specific structures in other 

insects and has allowed for the identification of genes conserved among other organisms and 

understanding their functions during development. As an example, the first member of the 

Wnt family found in vertebrates, int-1 (NUSSE and VARMUS 1982) is a homolog of the 
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previously discovered Drosophila gene wingless (wg) and has been shown to be involved in 

many developmental pathways. The Drosophila wg gene was discovered by R. P. Sharma in 

1973 as reported in Drosophila Information Services Volume 50 (SHARMA and CHOPRA 

1976). Many genes involved in Drosophila development have been shown to be conserved in 

other insects where they function in similar developmental processes as well as in the 

specification of individual characteristics of the insects like the formation of the beetle horns 

and the butterfly eyespot (KEYS et al. 1999; BRUNETTI et al. 2001; SERFAS and CARROLL 

2005; KIJIMOTO et al. 2009; MOCZEK and ROSE 2009; MONTEIRO and PODLAHA 2009). 

Drosophila also has been shown to be valuable for the understanding of major events during 

development, for example, the mechanism by which the Hox genes control the establishment 

of the body pattern in many organisms including vertebrates (LEWIS 1978; MCGINNIS et al. 

1984; MCGINNIS and KUZIORA 1994; PICK and HEFFER 2012). The Hox genes are selector 

genes and master regulators involved in body segmentation (LEWIS 1978). As selector genes, 

they specify the identity of the segments and associated structures during development and 

are required to establish morphological characteristics in most animals (LEWIS 1978). Not 

only the Hox genes are conserved among vertebrates but also the gene distribution along the 

chromosome is conserved (GRAHAM et al. 1989; MCGINNIS and KRUMLAUF 1992).   

The Drosophila life cycle  

The life cycle of Drosophila can be divided into four main stages, beginning with the 

embryonic stage, which finishes in approximately 24 hours at 25˚C. This temperature will be 

considered the normal standard growing temperature. After hatching, the Drosophila larva 

passes three-larval stages known as the first, second, and third instar larva. During normal 
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development and under standard growing conditions, the first two stages require 24 hours 

each and the third stage completes in 48 hours. A process of molting separates each of the 

stages. During the third instar larval stage, cell proliferation increases, causing the larva to 

increase in size before going into pupation. In addition other genes involved in the 

specification of the adult pattern formation are activated. At the end of the third instar, the 

larva enters the pupal stage. The pupal stage persists approximately 5 days at 25˚C. It can be 

subdivided into pre-pupa or white pupa and pupa stages. Entering the pre-pupa stage, the 

wondering third instar larva becomes stationary and the larval epidermis begins to separate 

and to form the puparium, which will enclose the developing fly. During the pupal stage, the 

puparium becomes darker and the fly continues the metamorphosis process leading to the 

formation of the adult fly. The Drosophila larva is wormlike, lacking external appendages in 

contrast to the adult fly, which has external appendages like wings, legs, halteres, etc. The 

wormlike form of the larvae facilitates the movement through the food. During pupation the 

imaginal discs, which have been developing inside the larvae evert forming the adult 

structures and parts of the body walls of the adult fly.   

Development of the Drosophila embryo 

Drosophila embryogenesis is broken into 17 stages based on morphological changes. 

Some of the most important embryonic stages to be considered in my work will be stage 10, 

11, 12 and 13. The early stages of embryogenesis are when segmentation is underway 1- X 

corresponding to fertilization until gastrulation. (Source: the embryonic development of 

Drosophila melanogaster (CAMPOS-ORTEGA and HARTENSTEIN 1985) ). 
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The Drosophila egg contains the genetic information to determine the anterior-

posterior axis before fertilization. This information allows the proper development of the 

embryo. Maternally loaded gene products are responsible for the establishment of the 

anterior-posterior axis and dorso-ventral axis of the embryo. Early during embryogenesis, 

maternally loaded mRNA of the transcription factor bicoid (AKAM 1987; BERLETH et al. 

1988; DRIEVER and NUSSLEIN-VOLHARD 1988) is contained in the anterior portion of the 

egg, while mRNA of the translational repressor, nanos (IRISH et al. 1989; GAVIS and 

LEHMANN 1992; WANG et al. 1994) is located at the posterior portion of the egg. The 

gradients established by the translation of these two mRNAs are responsible for determining 

the anterior and posterior axis of the embryo (POSTLETHWAIT and SCHNEIDERMAN 1969; 

WANG et al. 1994). Just after fertilization, the maternally loaded transcription factor, Dorsal, 

is activated ventrally (STEWARD 1987; STEWARD et al. 1988; GHOSH et al. 1990) forming a 

gradient to establish the dorso-ventral axis of the embryo (NUSSLEIN-VOLHARD et al. 1980). 

During the first two hours after fertilization, the Drosophila embryo develops as a 

syncytial embryo; where nuclear division takes place without cell division until there are 

about 5000 nuclei. This occurs approximately two hours after fertilization. Then the nuclei 

migrate to the periphery of the egg and individual cell membranes form encompassing each 

nucleus.  After cellularization, gastrulation begins (CAMPOS-ORTEGA and HARTENSTEIN 

1985).  

The process of segmentation begins before cellularization is completed. The gradient 

formed by the expression of bicoid and nanos allows for the allocation of gap gene 

transcription within the embryo. The gap genes subdivide the embryo in regions along the 
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anterior posterior axis and are expressed in a specific order from anterior to posterior as 

giant, hunchback, krupel, knirt, giant and hunchback (NUSSLEIN-VOLHARD and WIESCHAUS 

1980). The gap gene products are transcription factors that activate the pair rule genes. The 

pair rule genes, for example, odd skipped and even skipped are activated establishing the 

division of the embryo into segments. Each gene is expressed in an alternating pattern within 

the embryo. The segments are form and are then subdivided into compartments by the 

expression of the segment polarity genes. For example, engrailed (en) which is expressed in 

the posterior compartment of the segment (KARR et al. 1989).  Once segmentation is 

underway, expression of the Hox genes establishes specific identities within the segments of 

the embryo (LEWIS 1978; LEWIS et al. 1980a; LEWIS et al. 1980b; WAKIMOTO and KAUFMAN 

1981).  

Stage 10 occurs approximately 4 to 5 hours after egg laying (AEL); during this stage 

the germ band extends dorsally. For my research, an important event during this stage is the 

formation of the thoracic imaginal discs primordia.  The imaginal discs are sac like structures 

located symmetrically on both sides of the larva (Figure 1). They will give rise to many of 

the adult body structures.  There are 19 discs in the larva: six legs, two wings, two halteres, 

two eyes-antennae, two labia, two clypeolabral, two humeral and one genital (the eye-

antenna, leg, haltere and wing discs are shown in Figure 1) (HELD 2002). The eye and- 

antennal discs are fused in one disc, but they give rise to two separate structures, the eye is 

considered a dorsal structure while the antenna is ventral. In addition the maxillary discs is 

fused to the ventral portion of the antenna disc. We will consider the leg discs in more detail 
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in this work and the subsequent chapters will describe the wing disc in more detail. At this 

stage the disc primordia can be recognized by the expression of Dll, (see below). 

During stage 11, which is approximately 5 to 7 hours AEL, segmentation becomes 

evident as the segmental grooves form in the head region of the embryo.  The mandible, 

maxilla and labium become visible and the germ band is completely extended (CAMPOS-

ORTEGA and HARTENSTEIN 1985).  

At stages 12 and 13 between 7 to 10 hours AEL, the germ band contracts and embryo 

segmentation becomes prominent throughout the embryo (CAMPOS-ORTEGA and 

HARTENSTEIN 1985).  With respect to my work, at this stage the thoracic imaginal disc 

primordia separate into dorsal and ventral units (see below). The dorsal primordia are the 

precursors of the wing and haltere imaginal discs in the second and third thoracic segment 

respectively. The ventral thoracic discs will give rise to the legs and the ventral body wall. 

After germ band contraction at the end of stage 13, the disc primordia migrate from the 

embryo’s epidermis internally (BATE and ARIAS 1991). After this stage in embryogenesis 

pattern formation is complete and organogenesis ensues, and at about 22 hours a first instar 

larva hatches. 
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Figure 1: Location of imaginal discs along the Drosophila larva. The eye-antenna discs are 
located in the anterior portion of the larvae (showing one of the two discs present in 
the larva). The first and second leg discs are located by above the brain (The first leg 
imaginal discs are together the second leg imaginal disc is showing one of the two 
discs). The third leg discs, the haltere and the wing discs are clustered at the side of 
the larvae (image located at the left side of the larva shows the discs cluster 
together). The discs in the image are labeled as shown the wing (W) the third 
thoracic leg (3rd L) and the haltere (H) discs. To the right of the larvae individual 
disc wing disc, 3rd leg disc and haltere in separate images. These three discs are 
located in close proximity in the side of the larvae. 
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Larval development 

After hatching, the larva goes through three stages known as first, second and third 

instar. The first and second instar larva stages last 24 hours at 25˚C and the third instar larva 

stage last 48 hours. Molting with production of a new cuticle separates each larval stage.  

Most of the larval stages involve feeding and growth; however, after the mid second instar 

the leg imaginal discs begin to express genes responsible for the specification and further 

differentiation of the discs preparing for development of adult structures. I will address the 

processes of leg development below. 

Pupation and formation of the adult fly 

At the end of the third instar stage the larvae become migratory, referred to as the 

wandering larval stage. At this stage the anterior spiracles, which are external extensions of 

the trachea, begin to evert. After this stage, the larva becomes stationary and pupation begins. 

The pupation period last approximately 5 days. During this period the larva undergoes 

metamorphosis; changing from the wormlike insect to the adult fly.  The imaginal discs that 

have been developing inside the larva begin to evert forming the corresponding adult 

structures and parts of the body of the adult fly.   

Formation of the thoracic imaginal discs 

The current understanding of the induction of the imaginal disc primordia during 

embryogenesis is illustrated in in a simplified form in Figure 2 (adapted from (BRYANT and 

SCHNEIDERMAN 1969; GARCIA-BELLIDO and MERRIAM 1969; GARCIA-BELLIDO et al. 1973; 

BATE and ARIAS 1991). The segment polarity gene en which is expressed in the posterior 

compartment of each segment (KARR et al. 1989), induces expression of the signaling 
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molecule gene hedgehog (hh) (BASLER and STRUHL 1994). While the Hh target genes are 

repressed by en in the posterior compartment, the hh pathway activates wingless (wg) in cells 

anterior to the en domain (BAKER 1987; GONZALEZ et al. 1991; INGHAM and HIDALGO 1993) 

Figure 2).  Wg is a signaling molecule that is transported anteriorly approximately three cells 

and one cell posterior from where the gene is transcribed (GONZALEZ et al. 1991).  The 

posterior signal functions to maintain en expression (BEJSOVEC and MARTINEZ ARIAS 1991) 

while the anterior signal, in addition to having segmentation roles, induces formation of the 

thoracic imaginal disc precursors. The wg pathway activates the transcription factor Dll 

(COHEN 1990). In the thoracic segments (T-1, T-2 and T-3) Dll appears as an early marker 

for the location of the imaginal discs primordium as early as stage 11 (VACHON et al. 1992; 

COHEN et al. 1993) Figure 2). At this stage, the imaginal disc primordium consists of 

approximately 20 to 30 cells (BATE and ARIAS 1991; COUSO and GONZALEZ-GAITAN 1993; 

GONZALEZ-CRESPO et al. 1998). In addition to wg, Hh induces expression of the BMP-related 

gene decapentaplegic (dpp), which encodes another signaling molecule, which at this stage 

defines dorsal embryonic development (SPENCER et al. 1982; SEGAL and GELBART 1985; ST 

JOHNSTON and GELBART 1987). While Wg activates Dll, the Dpp signaling represses Dll 

expression dorsally (GOTO and HAYASHI 1997). The Epidermal Growth Factor Receptor 

EGFR pathway represses the expression of Dll ventrally (KUBOTA et al. 2000).  
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Figure 2: Schematic representation of the thoracic portion of the embryo and the position 

where the thoracic imaginal disc primordia will be established in the early embryo 
(yellow star). These positions will be characterized for the expression of Dll. 
Engrailed (en in Blue) is expressed in the posterior portion of the compartment. 
wingless (wg in Green) is expressed anterior to en expression. wg promotes the 
activation of Dll in the disc primordia (Yellow starts). decapentaplegic (dpp in 
brown) represses Dll expression dorsal while members of the EGFR pathway 
(Red) represses Dll ventrally.  
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This initial expression of Dll identifies the position of the imaginal disc primordia, 

which at this stage includes cells that will form the dorsal and ventral imaginal discs. The 

dorsal and ventral thoracic imaginal discs primordia of each hemi-segment have a common 

origin. At the moment of establishment and during germ band extension (COHEN et al. 1993) 

they are clustered in a single group of cells in the ventral-dorsal portion of the hemi-segment. 

During germ band contraction, cells located in the dorsal portion of the primordia migrate 

dorsally, separating from those that remain ventral, to form the dorsal imaginal discs that will 

give rise to the wing and the haltere (WILLIAMS et al. 1991; COHEN et al. 1993). Dorsal and 

ventral imaginal discs can be visualized by the expression of the transcription factor gene 

escargot (esg) (WHITELEY et al. 1992).   

After germ band contraction, cells comprising the imaginal disc primordia invaginate 

from the larvae epidermis to form the corresponding imaginal discs. The imaginal discs are 

located at both sides of the larvae and each one will give rise to a specific structure within the 

adult fly.  As my work mainly focuses on the thoracic segments, those structures and their 

corresponding discs are shown in Figure 3.  

Formation of the leg imaginal discs  

As mentioned above for the disc primordia, the initial expression of Dll is activated 

by the Wg pathway and repressed by the Dpp and EGFR pathways, but after germ band 

contraction the Dpp pathway takes on an opposite role. At this time Wg and Dpp are required 

for Dll activation (COHEN 1990; GOTO and HAYASHI 1997). This regulation of Dll continues 

throughout the larval stages and is the basis for the model of leg proximal-distal and dorsal-

ventral patterning (LECUIT and COHEN 1997) (MORIMURA et al. 1996; GALINDO et al. 2011; 
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GIORGIANNI and MANN 2011). According to this model (Figure 3), En still induces 

expression of hh in the posterior compartments of the imaginal discs, while simultaneously 

repressing Hh targets genes in the posterior compartment. Cells just anterior to the 

anterior/posterior compartment boundary receive the Hh signal and activate the morphogens 

wg anterior-ventrally and dpp anterior-dorsally. In the center of the disc, where wg and dpp 

expression meet and cells receive a high concentration of both signals, Dll is activated. 

During the first and second instar larva, Dll expression occurs in cells throughout most of the 

discs, although it is repress in the periphery of the disc by Homothorax (Hth) (DIAZ-

BENJUMEA et al. 1994; ESTELLA et al. 2008). During the third instar, Dll expression becomes 

more restricted so that it is expressed in the cells that will form of the distal portion of the 

leg, where it is responsible for the differentiation of the distal tibia and tarsus (LECUIT and 

COHEN 1997). The high concentration of Wg and Dpp in the center of the disc also represses 

the activation of dac. (LECUIT and COHEN 1997; GIORGIANNI and MANN 2011). Initially it 

was proposed that cells away from that center of the disc and receiving a relative higher 

concentration of one of the morphogens with respect to the other will initiate the transcription 

of dac surrounding Dll expression. Yet new evidence suggests a different mechanism for 

controlling dac activation.  This new model proposes that Dll activates dac directly during 

late second instar larva. This model differs from the previous model, which suggested that 

the activation of dac is the result of differences in relative concentration between wg and dpp. 

Both models agree that dac is repressed early by high combined concentration of wg and dpp 

in the center of the disc; Although the model presented by Giorgianni and Mann 

(GIORGIANNI and MANN 2011) indicated that during third instar larva the transcription factor 
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Bar represses dac expression in the center of the leg disc. In the leg, dac is required for 

differentiation of the femur, tibia and proximal portion of the first tarsus of the leg.  

In the periphery of the disc, outside of the dac domain, the transcription factor hth is 

expressed. hth is responsible for the nuclear localization of Extradenticle (Exd) in this region 

of the disc. The body-wall marker teashirt (tsh) is co-expressed in the same cells as well as in 

the peripodial membrane of the disc. The Hth and Tsh domains correspond to the proximal 

leg and the body wall. These expression patterns lead to what is called a “bulls-eye” pattern 

of gene expression that establishes the proximal to distal patterning of the leg as shown in 

Figure 4.  

Regulatory interaction between the genes helps to define the different regions of the 

disc and adult leg structure. For example, clones of dac null cells have ectopic expression of 

Dll in the region of the disc where dac is normally expressed without Dll (DONG et al. 2001). 

The same type of cross-regulation occurs for clones of Dll null cells where accumulation of 

Dac can be observed within the region of the disc where Dll is normally expressed without 

dac (ABU-SHAAR and MANN 1998; DONG et al. 2001). Interestingly, given these co-

repressive interactions in specific regions of the disc, Dll and dac are co-expressed in a ring 

of cells corresponding to the distal tibia and first tarsus.  
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Figure 3.The imaginal discs of the larvae and the resulting adult structure The larva (bottom 
image) of Drosophila lack external appendages. The precursors of the adult 
appendages, the imaginal discs, are located symmetrically at both sides (leg discs, 
wing disc and haltere disc images at the center). The imaginal discs evert during 
pupation to form the body walls and external appendages of the adult fly (upper 
picture).  
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Figure 4: Model of gene interaction for leg development in the leg imaginal disc (A,B) and 

the corresponding regions of the leg (C) (LECUIT and COHEN 1997). (A) The 
segment polarity gene engrailed (en) is expressed in the cells of the posterior 
compartment of the disc and activates hedgehog (hh, Lime). Cells anterior to the 
compartment boundary receiving Hh signal (arrowheads) activate decapentaplegic 
(dpp) dorsal (orange) and wingless (wg) ventral (blue).  (B) In the center of the 
disc Distal-less (Dll) (green) is activated in response to high combined 
concentration of Wg and Dpp. This high concentration, represses dachshund (dac) 
in the center of the disc. Cells away from that center express dac and Dll (yellow) 
while further cells express only dac (red). Cells producing the most proximal 
structures and the body walls express tsh, hth and exd (magenta). (C) Correlation 
between the adult structure and the corresponding gene domains in the imaginal 
disc. 
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Molecular mechanisms of the genes governing leg development 

The mechanisms for the regulation of Dll expression in the disc primordia and the 

imaginal disc have been dissected and help to refine the above model. New details explaining 

the activation of dac have being proposed (ESTELLA et al. 2008; MCKAY et al. 2009). There 

are multiple steps in Dll regulation that affect the establishment of the discs.  This can be 

seen in enhancers that regulate Dll expression. During early embryogenesis, Wg signaling 

activated Dll while Dpp and EGFR signals restrict Dll expression. This early activation of 

Dll is under the control of the cis-regulatory element, Dll-304 (VACHON et al. 1992) and 

marks the location of the dorsal and ventral imaginal disc primordia (MCKAY et al. 2009). 

After the germ band is contracted, the role of dpp signaling changes and activation of Dll 

becomes wg and dpp dependent (GOTO and HAYASHI 1997). These two morphogens activate 

Dll in the precursor of the ventral imaginal discs via the cis-regulatory element Dll-LT 

(MCKAY et al. 2009). In a lineage analysis the Dll-LT enhancer showed an expression pattern 

in the entire leg imaginal disc while the Dll-304 enhancer showed expression in the ventral 

and dorsal imaginal disc primordia (GALINDO et al. 2011). Dll-LT regulation of Dll continues 

throughout the remainder of the leg disc development. In the leg discs Dll-LT responds to 

high Wg and Dpp signals. However, without the region containing another enhancer known 

as Maintenance (M) located upstream the Dll gene the Dll-LT enhancer cannot maintain the 

proper expression of Dll in the leg disc. The expression of Dll under the control of Dll-LT in 

the leg imaginal disc of the third instar larva is reduced to a small group of cells at the center 

of the leg disc. Therefore, to maintain the proper pattern of expression of Dll in the leg disc 

Dll-LT requires the interaction with the “M” enhancer (ESTELLA et al. 2008).  
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More recently, another enhancer located in the 3’ end of the Dll gene, Dll-LP has 

been found to be required for proper leg formation (GALINDO et al. 2011). This enhancer is 

transiently expressed between the stages of Dll-304 expression and the early activation of 

Dll-LT, making this enhancer a possible transition element for the maintenance of Dll 

expression. 

In addition to dissecting the regulatory mechanisms controlling the expression of Dll 

during leg development, new evidence has emerge showing that Dll may play a more direct 

role in the control of another major gene involved in leg formation. The original model 

(LECUIT and COHEN 1997) suggested a repression of dac by high Wg/Dpp concentration in 

the center of the disc but cells away from the center and receiving higher concentration of 

one of the signal with respect to the other activate dac. These new findings suggest a 

different mechanism for the activation of dac in the leg disc. 

According to these new findings, dac is directly activated by Dll and not by 

differences in the concentration ratio of the Wg and Dpp signals (GIORGIANNI and MANN 

2011). After the initial activation of dac by Dll during the second instar, Dac represses Dll in 

the outer portion the disc, which is the region that gives rise to the femur and the proximal 

tibia. Because Dll and dac have a positive feedback mechanism to maintain their own 

expression, there is a ring in the leg disc between the Dll and dac exclusive domains where 

cells express both genes. This region of the disc will differentiate into the distal tibia and first 

tarsal segment. In addition to high concentrations of Wg/Dpp repressing dac in cells located 

at the center of the disc, during third instar larvae, the transcription factor Bar also represses 

the expression of dac in the center of the disc (GIORGIANNI and MANN 2011). This gene 
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regulation mechanism can contribute to the “bulls-eye” pattern of expression between Dll 

and dac. In the late third instar larvae, an outer ring of Dll encircles the region of dac 

expression. This ring corresponds to the Dll expression in the distal trochanter. 

Additional genes involved in leg development 

I will provide a description of other gene interactions in an attempt to describe in a 

simple way the formation of the leg in Drosophila, but there are other genes involved in this 

process. In the third instar larva, the transcription factor Aristaless is expressed in the center 

of the leg disc (CAMPBELL et al. 1993; SCHNEITZ et al. 1993) and depends on wg and dpp 

expression. The formation of the claw and the fifth tarsus depends on aristaless expression. 

Also during the mid third instar larval stage, the transcription factors Rotund (Rn) and Bric-

a-Brac (AGNEL et al. 1992; GODT et al. 1993) are expressed around the al domain. These two 

genes are involved in the differentiation of the second, third and forth tarsus as shown by 

their mutant phenotypes. apterous (ap), a gene expressed in the dorsal portion of the wing 

imaginal disc (WILLIAMS et al. 1993) is also detected in the precursor of the forth tarsal 

segment (PUEYO et al. 2000). While the leg discs are everting during late third instar and 

early pupation, notch and delta are detected in the region where the joints of the tarsi will be 

formed. After the Notch pathway is activated, the four-jointed (fj) gene is activated in the 

presumptive joint region (VILLANO and KATZ 1995). This expression of fj takes place mostly 

during the early pupal stages. These are some of the genes involved in leg development not 

present in the current model of specification of the overall leg.  
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The Drosophila gene disconnected (disco)  

The disco gene was discovered in a behavioral screening because of its function 

during embryogenesis. The first mutant allele of disco, known as disco1, was generated by 

EMS mutagenesis (FISCHBACH and HEISENBERG 1984). In a disco null embryo, the Bolwig’s 

nerve fails to establish the proper conections with the target cells in the optic lobe primordia 

(STELLER et al. 1987). In about 50% of the larvae of disco null mutants the Bolwig’s nerve 

fails to conect to the receptors in the brain and in some cases the Bolwig’s was completely 

absent from the eye imaginal disc (STELLER et al. 1987). This lack of connection results in a 

small rudimentary optic lobe and blindness (FISCHBACH and TECHNAU 1984; STELLER et al. 

1987). In some cases the Bolwig’s nerve was connected to the photoreceptors in the eye, but 

the structure was disorganized (HEILIG et al. 1991); The later discover of a disco paralog, 

disco-related (disco-r) (MAHAFFEY et al. 2001) could explain the partial conection of the 

Bolwig’s nerve to the photoreceptors observed by Heilig et al in 1991. The Disco proteins are 

C2H2 zinc finger transcription factors with one pair in Disco and two pairs in Disco-r.  

In Drosophila the expression of the disco gene can be first detected at stage 5 of 

embryogenesis in the posterior cap of the embryo (LEE et al. 1991; MAHAFFEY et al. 2001). 

During stage 6, disco can be detected dorsally anterior to the cephalic furrow (LEE et al. 

1991). During late stage 10, after germ band is completely extended, disco can be detected in 

the gnathal lobe primordia (LEE et al. 1991; MAHAFFEY et al. 2001). At the end of stage 11, 

when the germ band reaches maximum extension, disco is expressed in the thoracic and 

abdominal segments. In the abdominal segments the expression is transient. During germ 

band contraction, stage 12, the expression of disco in the thoracic segments is maintained but 
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the expression in the abdominal segments is lost (MAHAFFEY et al. 2001). This thoracic 

expression corresponds to the location of the imaginal disc primordia described early. In 

addition disco can be detected in the visceral mesoderm and the developing heart of the 

embryo (MAHAFFEY et al. 2001). The expression of disco and Dll in the thoracic segments 

appears to be initiated in the same group of cells at the same time (LEE et al. 1991; COHEN et 

al. 1993; MAHAFFEY et al. 2001). The expression of Dll is restricted to the thoracic segments. 

In the abdominal segments members of the bi-thorax complex (VACHON et al. 1992) 

abdominal-A and abdominal-B are responsible for Dll repression but they do not represses 

disco expression, which can be detected throughout the abdominal segments of the early 

embryo (MAHAFFEY et al. 2001). The disco and disco-r genes are located in the X-

chromosome. Both genes encode for a C2H2 zinc finger transcription factors. disco contains 

a single zinc finger pair while disco-r contains two pairs of zinc finger. In addition, disco has 

a binding site for the Carboxyl terminal Binding Protein (CtBP), which is absent on disco-r. 

Upon discovery of the redundancy between disco and disco-r, it was found that a 

deletion of both genes resulted in embryonic lethality and produced a phenotype similar to 

the Deformed mutants causing malformation of the mouth parts in the embryo (MAHAFFEY et 

al. 2001).  

In the third instar larvae imaginal disco and disco-r can be detected in the leg 

imaginal discs, in the antenna portion of the eye antenna discs (LEE et al. 1991; PATEL et al. 

2007), in the maxillary palp portion of the antenna discs (unpublished) and in the small 

region of the wing and haltere although the function in the wing and haltere remains 

unknown (PATEL et al. 2007) 
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Relevance of disco 

In 1992 a cDNA library made of human keratinocytes revealed a protein containing 

three pairs of zinc fingers with an amino acid sequence homologous to the single zinc finger 

sequence found in Disco (TSENG and GREEN 1992); this gene was called basonuclin (bnc). It 

was found, that like disco, basonuclin has a paralog, basonuclin2 (bnc2). These two genes 

are considered to be the orthologs of the Drosophila disco genes (IUCHI and GREEN 1997; 

TEUMER et al. 1997; VANHOUTTEGHEM et al. 2009). The effects of mutations in the bnc and 

bnc2 genes have been studied in vertebrates, including zebra fish, mouse and even humans. 

In the zebra fish, mutations in bnc2 are associated with female infertility and altered pigment 

pattern formation (LANG et al. 2009). Studies in mice have revealed that bnc is a cell specific 

type transcription factor involved in cell proliferation and wound healing in the mouse 

corneal epithelium (ZHANG and TSENG 2007); while bnc2 has been implicated in the proper 

formation of head structures, including the formation of the cleft palates and malformation of 

the craniofacial bones and tongue. Mutations of bnc2 disrupt the proliferation of the 

craniofacial mesenchymal cells during embryogenesis (VANHOUTTEGHEM et al. 2009). Other 

conditions associated with mutations of bnc2 include proper formation of the urethra (BHOJ 

et al. 2011). In addition, a patient with a chromosomal translocation involving bnc2 had 

distal hypospadias, partial anomalous pulmonary venous return and mild lower limb length 

inequality (BHOJ et al. 2011). 

Research objectives 

A clonal analysis showed that clones of disco/disco-r null cells were recovered from 

different regions of the fly but few from regions where the disco genes are normally 
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expressed. In addition, ectopic expression in the wing imaginal discs produces a strong wing-

to-leg transformation (PATEL et al. 2007), more complete than other genes previously shown 

(GORFINKIEL et al. 1997; ESTELLA et al. 2003). These results made me ask some questions I 

attempted to answer in my work. Some of those questions are: What happens to the cells of 

the leg imaginal disc when the disco genes are removed? How does removing the disco genes 

alter the overall genetic interactions leading to the formation of the leg? How might the disco 

genes fit into the model propesed in 1997 by Cohen et. al. (LECUIT and COHEN 1997)?  The 

gain of function analysis showed a powerful transformation of a wing into a leg when 

ectopically expressed in the wing disc (PATEL et al. 2007). This led me to the question: If 

based on the model for leg development Wg and Dpp are responsible for the expression of 

Dll in the leg imaginal disc initiating the leg developmental cascade. Are Wg and Dpp 

suficient to initiate leg development, or do they require the presence of disco to form the leg? 

How does ectopic disco afect the normal gene expression pattern in the wing to induce the 

formation of the leg? How does this transformation compare to the normal leg development? 

And could disco be placed in a hierarchical position within the establish model? 
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 Introduction 

In holometabolus insects like Drosophila, adult body structures form during pupation 

from the imaginal discs and attached peripodial membranes  (head, thorax and terminalia) as 

well as histoblast nests (abdomen) (MADHAVAN and SCHNEIDERMAN 1977; MILNER et al. 

1984; SIMCOX et al. 1991). For the thoracic and head segments, the appendages extending 

from the body walls (legs, wings, halteres, antennae, etc.) arise as the imaginal discs evert, 

while the proximal portion of the discs and the peripodial membranes form the body wall. 

Specification and patterning of the imaginal disc-derived structures have been extensively 

studied, as these provide an excellent system to analyze signaling and gene regulation 

networks controlling organ specification and differentiation.  

Formation of the primordia of the thoracic discs begins when the morphogen 

Wingless (Wg) causes a small group of cells to activate appendage specification genes such 

as Distal-less (Dll) in the developing thoracic segments (COHEN 1990; COHEN et al. 1993). 

The dorsal and ventral limits of Dll expression are set through repression by Decapentaplegic 

(Dpp) and Epidermal Growth Factor Receptor (EGFR), respectively (COHEN et al. 1993; RAZ 

and SHILO 1993; GOTO and HAYASHI 1997). Shortly after activation of the appendage 

specification pathway, cells that will form the dorsal imaginal discs, those producing the 

wings and halters, separate from the ventral (leg) imaginal precursors and cease expressing 

Dll (COHEN et al. 1993).  

Once the dorsal and ventral disc primordia have separated, changes in gene 

expression initiate patterning of the segmented adult leg (summarized in Figure 1) (LECUIT 
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and COHEN 1997). engrailed (en), expressed in the posterior compartment of the leg discs, 

activates the hedgehog (hh) gene (MOHLER 1988; MOHLER and VANI 1992; TABATA et al. 

1992; BASLER and STRUHL 1994; TABATA and KORNBERG 1994), which encodes a signaling 

molecule. Cells in the anterior compartment, those just anterior to the posterior compartment 

boundary, receive this signal, and if in the dorsal portion of the disc they activate dpp, while 

cells in the ventral portion of the disc activate wg. In this manner, the dorsal/ventral axis of 

the disc is determined (BASLER and STRUHL 1994; BROOK and COHEN 1996; JIANG and 

STRUHL 1996; THEISEN et al. 1996).  

The dorsal/ventral axis of the discs establishes the proximal/distal axis and, thereby, 

leg segmentation (LECUIT and COHEN 1997). Dpp signaling changes from that of a repressor, 

as it was during establishment of the disc primordia, to that of an activator. Cells in the center 

of the disc, where Wg and Dpp are juxtaposed (Figure 1B), perceive a high collective 

concentration of both signals, and this initiates Dll expression. Therefore, though initially 

expressed throughout the leg primordia, Dll expression is refined (reduced, limited, 

restricted) to the medial-to-distal portion of the leg discs, where Dll takes on the role of a leg 

segmentation gene specifying the medial to distal portion of the adult leg. Cells in the outer 

region of the discs do not respond to the Wg and Dpp signals, and these cells activate genes 

necessary for proximal identities, genes such as homothorax (hth) and teashirt (tsh) which 

specify the body wall and proximal leg. In cells that lie between these two domains, Dll is 

initially active and directly activates dachshund (dac), which, after activation represses Dll in 

the medial region of the leg disc (GIORGIANNI and MANN 2011). In this manner, three major 

proximal to distal domains of the adult leg are established in the larval imaginal discs. 
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Figure 1: Model of gene interaction for leg development presented by Cohen et al. (LECUIT 

and COHEN 1997) (A) The segment polarity gene engrailed (en) is expressed in the 
cells of the posterior compartment of the disc and activates hedgehog (hh, Lime). 
Cells anterior to the compartment boundary receiving Hh signal (arrowheads) 
activate decapentaplegic (dpp) dorsal (orange) and wingless (wg) ventral (blue). 
(B) In the center of the disc Distal-less (Dll) (green) is activated in response to 
high combined concentration of Wg and Dpp. This high concentration, represses 
dachshund (dac) in the center of the disc. Cells away from that center express dac 
and Dll (yellow) while further cells express only dac (red). Cells producing the 
most proximal structures and the body walls express tsh, hth and exd (magenta). 
(C) Correlation between the adult structure and the corresponding gene domains in 
the imaginal disc. 
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With Dll initially expressed throughout the disc primordia (MCKAY et al. 2009), it 

might be expected that Dll is necessary to generate the entire thoracic discs. However this is 

not the case. Strong hypomorph alleles of Dll cause deletions of the distal leg structures and 

reduction of femur and tibia (COHEN et al. 1989; DONG et al. 2000). Further, in transplant 

studies, recovered discs from Dll null embryos can produce ventral thoracic body structures 

and coxa of the leg (COHEN et al. 1993). This leads one to ask what does specify the 

proximal region if Dll is only required for the trochanter through the distal leg? 

In addition to the genes mentioned above, other genes are expressed in the imaginal 

disc primordia during early embryogenesis such as the paralogous pairs, buttonhead and Sp1 

(ESTELLA et al. 2003; ESTELLA and MANN 2010) and disconnected (disco) and disco-related 

(disco-r; together referred to as “the disco genes” hereafter) (MAHAFFEY et al. 2001). The 

disco genes encode redundant C2H2 zinc finger transcription factors (HEILIG et al. 1991; 

MAHAFFEY et al. 2001). Expression of the disco genes begins in the disc primordia in the 

thoracic segments during stage 11, about the same time as the initial expression of Dll 

(COHEN et al. 1991; LEE et al. 1991; MAHAFFEY et al. 2001). The disco genes are continually 

expressed in the ventral imaginal discs after separation of the dorsal discs, and in late third 

instar larvae their expression encompasses that of Dll and dac domains (PATEL et al. 2007). 

In our previous work we suggested that the disco genes are of primary importance to 

the leg development genetic pathway (PATEL et al. 2007). When ectopically expressed in the 

wing imaginal disc, disco or disco-r can induce a wing to leg transformation resulting in 

production of nearly complete legs. However, exactly how the disco genes fit into the leg 

development process remained uncertain. Clones of cells lacking the disco genes were not 
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recovered in the leg indicating that lack of these transcription factors may render cells 

unviable in the leg, or unable to contribute to leg structures.  

In the work described here, we investigate the role of the disco genes during initiation 

of the leg primordia and later development of the Drosophila legs. We show that removing 

the disco genes during leg development can cause deletion of the entire leg structure and 

related ventral body wall patterning defects. This phenotype correlates with reduction in the 

leg imaginal discs size and the loss of expression of other leg developmental genes, including 

wg, Dll and probably dac. We also demonstrate that ectopically expressing disco in the wing 

modifies wg expression so that it resembles that of a leg-like pattern, and this activates the 

general leg determination pathway. We conclude by integrating our findings with the current 

understanding of leg development. 

Materials and Methods: 

Fly stocks:  

Flies were raised in standard cornmeal-agar-molasses media at 17˚ except when 

otherwise required by the experiment. We used Oregon-R as a wild type control for all the 

experiments except when otherwise stated. Df (1) ED7355, P 

[w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'] ED7355, w[1118]/FM7h (FBst0008899), w[1118]; 

sna[Sco]/CyO, P[ActGFP.w[-]]CC2 (FBst0009325). P[w[+mC]=tubP-GAL80[ts]]Sxl[9], 

w[*]/ FM7c (FBst0007016), w[*]; P[w[+mC]=tubP-GAL80[ts]]10; TM2/TM6B, Tb[1] 

(FBst0007108) (Gal 80ts here after), w[1118] sn[3] P[ry[+t7.2]=neoFRT]19A 

(FBst0001740), y[1] w[*]; P[w[+mC]=UAS-FLP1.D]JD1(FBst0004539), UAS-GFP/UAS-
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GFP gift from Patricia Estes, w[1118]; P(w[+mC]=UAS-GFP.nls)8 (FBst0004776), disco 

[1] and UAS disco-C gift from Campos laboratory. The disco-r RNAi lines were, 

P[KK103892]VIE-260B (FBst0473452), w[1118]; P[GD13583]v35750 (FBst0461319), 

w[1118]; P[GD13583] v35751 (FBst0461320), y[1] sc[*] v[1]; P[y[+t7.7] 

v[+t1.8]=TRiP.HMS02247]attP2 (FBst0041683). The Gal4 lines used were w[*]; 

P[w[+mW.hs]=GawB]ptc[559.1] (FBst0002017) (HINZ et al. 1994; SPEICHER et al. 1994), 

y[1] w[1118]; P[w[+mW.hs]=GawB] ap[md544]/CyO (FBst0003041) (CALLEJA et al. 

1996), w[1118]; P[w[+mW.hs]=GawB]rn[GAL4-5]/TM3, P[ry[+t7.2]=ftz/lacC]SC1, 

ry[RK] Sb[1] Ser[1] (FBst0007405) (ST PIERRE et al. 2002), y[1] w[*]; P[w[+mC]=Act5C-

GAL4]25FO1/CyO, y[+] (FBst0004414), P[w[+mW.hs]=GawB]Dll[md23]/CyO 

(FBst0003038) (CALLEJA et al. 1996).  

Generation of the Dll-Gal 4, Gal 80 fly line: 

We crossed P[w[+mW.hs]=GawB]Dll[md23]/CyO females to w[*]; 

P[w[+mC]=tubP-GAL80[ts]]10; TM2/TM6B, Tb[1] males. From this cross females 

P[w[+mW.hs] =GawB]Dll[md23]/ P[w[+mC]=tubP-GAL80[ts]]10 were crossed to males 

sna[Sco]/CyO, P[ActGFP.w[-]]CC2. We selected for CyO flies with recombination on the 

second chromosome. We validated the presence of the Dll Gal4 and Gal80 by crossing males 

to females UAS GFP homozygous at 17˚C and 30˚C. 

Reduction of disco-r in disco null background: 

We generated flies homozygous for disco1 and disco-r RNAi (referred as “synthetic 

disco null”). disco1 is a point mutation rendering a non-functional protein and the disco-r 

RNAi is a phi C31 insertion (KK) from Vienna Drosophila RNAi Center (VDRC). We 
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crossed females disco1 homozygous to males Sco/ CyO, act GFP and back crossed them to 

disco1 homozygous females to make a stock of disco1/ disco1; Sco/CyO, act GFP. We 

crossed females disco1/ disco1; +/CyO, act GFP to males disco-r RNAi. We score for males 

disco1/Y; disco-r RNAi/ CyO, act GFP and back cross them to females disco1/ disco1; 

+/CyO, act GFP to create a disco1/ disco1; disco-r RNAi/ disco-r RNAi stock. We confirmed 

the presence of disco-r RNAi by PCR amplification using the primer sequence determined by 

VDRC, ‘tggcgcccctagatgATTCAAAAATAGGCGGGGAC’ for the left primer and 

‘tagcctccctagcgcGGTGCCAATCGATAAGGAGA’ for the right primer. For the act Gal4 

driver, we crossed females disco1/ disco1; Sco/CyO, act GFP to males +/Y; act Gal4/ CyO 

and back cross the to create a disco1/ disco1; act Gal4/ CyO, act GFP stock. We also crossed 

females disco1 homozygous to males Dll Gal4, Gal80ts/CyO to generate disco1/Y; Dll Gal4, 

Gal80ts/ +. The Gal80ts is required to pass embryogenesis because otherwise the cross is 

embryonic lethal. The males were then cross to females “synthetic disco null” to study the 

effect of reducing disco-r in the Dll domain of the leg imaginal discs in a disco null 

background. We tested two additional disco-r RNAi lines from VDRC, GD35750 and 

GD35751, both of which are p-element insertion and a disco-r RNAi line from the 

Transgenic RNAi Project (TRiP) as follow: female disco1/+; Dll Gal4, Gal80ts/+ cross to 

males +/Y; UAS disco-r (RNAi)/ UAS disco-r (RNAi).  

To determine the impact of the Dll Gal4 driver, we also tested the disco-r RNAi (KK) 

using act Gal4 as a driver. We crossed females Sco/CyO, act GFP to males act Gal4/ CyO to 

generate flies act Gal4/ CyO, act GFP. Males of this genotype were crossed to females 

“synthetic disco null”. Females of “synthetic disco null” were crossed to males disco1/Y; Dll 
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Gal4, Gal80ts/+ and to males +/Y; act Gal4/ CyO, act GFP. Both crosses were done at 17˚ to 

reduce variations in treatment before heat shock.  

Adults parents were transferred every other day and the progeny allowed to age for 6 

days at 17˚ before transferring to 30˚ allowing flies to develop through pupation. The 

pharates and eclosed males of the disco1/Y; act Gal4/UAS disco-r RNAi and disco1/Y; Dll 

Gal4/UAS disco-r RNAi genotype were removed and stored in ethanol.  

For molecular analysis, we dissected third instar larvae males. We focus our attention 

on the act Gal4/CyO act GFP cross, we selected males non-GFP because those were 

disco1/Y; act Gal4/ disco-r RNAi. The third instar larvae were dissected in PBS, fixed and 

stored in methanol at -20˚ until needed.  

Determination of disco1 viability:  

To	   determine	   the	   viability	   of	   disco1,	   we	   collect	   males	   and	   females	   of	   three	  

different	   lines	   (See	  Fly	   stocks)	  and	  allow	   them	   to	  mate	   for	  48	  hours.	  We	   transfer	   the	  

parents	   to	   a	   collection	   cup	   with	   a	   grape	   agar	   plate	   for	   18	   hours.	   We	   collected	   200	  

embryos,	   transferred	   them	   to	   a	   grape	   agar	   plates	   and	   allowed	   28	   hour	   to	   hatch.	   Un-‐

hatched	  embryos	  were	  cleared	  for	  cuticle	  prep	  to	  determine	  the	  number	  of	  un-‐fertilized	  

eggs.	   The	   remaining	   larvae	   were	   transferred	   to	   standard	   food	   diet	   to	   allow	  

development.	  

Fixation of embryos and discs:  

Embryos were collected on grape plates, removed with a paintbrush and Sodium 

Chloride/Triton (NaCl-Triton) solution. The embryos were rinsed four times in a 1.7 ml tube 

to remove any yeast residues. Clean embryos were de-chorinated with a 1:1 NaCl-Triton: 
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bleach solution for five minutes at room temperature in a rocker. De-chorinated embryos 

were rinsed 5 times with NaCl-Triton to remove any remaining bleach and rinsed one time 

with water. We removed the water from the tube and added 100µl of fixative (10% 

paraformaldehyde/ 50mM EGTA/ 1X PBS) and 600µl Heptane. We rocked the embryos for 

twenty minutes at room temperature then carefully removed the aqueous layer (bottom 

layer). We added 800 µl of methanol and shake vigorously for thirty seconds to remove the 

vitelline membrane. We allowed the embryos to settle and remove the intermediate layer 

first, then the upper and finally the lower layer. We rinse the embryos with methanol twice 

and rock 2 times (five and twenty minutes) with 1 ml of fresh methanol. Fixed embryos were 

stored in methanol at -20˚ until needed. 

For imaginal discs, third instar larvae were collected and placed in a watch glass with 

cold PBS. The larvae were scored as needed depending on the assay, separated near the 

posterior third of their body to be able to confirm the sex when needed; the larvae were 

inverted to remove unnecessary tissue. We removed salivary glands, fat tissue, gonads and 

guts to minimize non-specific binding of the probes or antibody and increase the exposure of 

the imaginal discs. We transferred the carcasses (with the discs attached) to a 1.7ml tube with 

100µl cold fixative (10% paraformaldehyde/ 50mM EGTA/ 1X PBS). With a maximum of 

10 larvae per tube of fixative, we added 600µl Heptane and rocked for 20 minutes at room 

temperature. We removed the aqueous layer (bottom layer) and added 800µl Methanol 

shaking gently for 30 seconds to avoid loosing the discs. The procedure continues as in the 

embryos fixation after this step. 
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Cuticle Prep:  

Embryos	  were	  collected	  in	  grape	  agar	  plates	  and	  removed	  with	  a	  paintbrush	  into	  

a	  wash	  glass	  containing	  NaCl-‐triton.	  Embryos	  were	  wash	  three	  times	  with	  NaCl-‐Triton	  

to	   remove	   any	   remaining	   yeast	   and	   de-‐chorinated	   in	   a	   1:1	   NaCl-‐Triton	   to	   bleach	  

solution	   for	   5	   minutes	   or	   until	   the	   chorion	   was	   dissolved	   (we	   used	   the	   dorsal	  

appendages	   as	   indicator).	  We	   removed	   the	   bleach	   solution	   and	  wash	   five	   times	  with	  

fresh	   NaCl-‐Triton	   and	   one	   time	   with	   water.	   We	   removed	   the	   water	   and	   added	   two	  

drops	   of	   polyvinyl	   lacto-‐phenol	   (SIMCOX	   et	   al.	   1991;	   MANN	   1994)	   and	   transfer	   the	  

embryos	  to	  a	  slide.	  We	  place	  a	  coverslip	  and	  transferred	  the	  slide	   to	  a	  hot	  plate,	  with	  

weight	  over	  the	  coverslip	  and	  heated	  for	  24	  hours.	  	  

TUNEL Analysis:  

TUNEL analysis was used to determine changes in the amount of cell death in the 

discs. TUNEL analysis was performed using ApopTag® Red In Situ Apoptosis Detection Kit 

(Millipore) following manufacture recommended working concentration but adapted for 

whole tissue analysis.  

Tubes of dissected larvae were rinse with 𝛼-PBT and then rock for ten minutes in 𝛼-

PBT. The discs were dehydrate by rocking in ethanol/  𝛼-PBT solution steps of 30, 50, 70, 

100% ethanol concentration for five minutes each then rehydrated in Ethanol/  𝛼-PBT steps of 

70, 50, 30, 0% ethanol five minutes each. The 𝛼-PBT was removed and the larvae were 

incubated with 50µl of equilibration buffer for ten minutes at room temperature with the tube 

covered with aluminum foil to protect from light. We replace the equilibration buffer with 60 

𝜇𝑙 TdT-Enzyme solution and incubate for two hours at 37˚ in a water bath. We removed all 
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TdT solution and replaced with 1ml Stop/Wash solution for forty minutes at 37˚. Samples 

were rinse 2 time and wash 2 times by rocking for five minutes each in 𝛼-PBT at 4˚. We 

removed the 𝛼-PBT and add 65𝜇𝑙 rhodamine labeled 𝛼-DIG working strength and rock for 

thirty minutes at room temperature. To stop the reaction we removed the 𝛼-DIG, rinse the 

sample 2 times and wash 2 times (five and ten minutes) with 𝛼-PBT. The imaginal discs 

were dissected in PBT and mounted in 70% Glycerol/PBT. Images were taken using Zeiss 

LSM 710 Confocal microscope. 

Immunohistochemistry:  

We used in situ hybridization and antibody detection to determine changes in gene 

expression and protein accumulation. Single and double Fluorescence in situ were done 

following McGinnis’ Lab protocol (PEDERSON et al. 1996) (personal communication with 

Michelle Juarez). For in situ and antibody staining combined, we modify the in situ protocol 

by adding the primary antibody for the protein of interest at the same time as the antibody for 

probe detection. We continue the in situ procedures for detection of the RNA probe using 

TSAtm Plus Fluorescence System (PerkinElmer®) following manufacture specifications. 

After RNA detection completed we continue with the antibody detection by washing one 

time and rocking 3 times with PBTwx for ten minutes and blocking for thirty minutes as per in 

situ protocol. For single protein detection, the secondary antibody was incubated for one 

hour; if two proteins were detected, the primary antibody for the second protein was added at 

this step and allowed to incubate overnight instead at 4˚ by rocking. After detection of all 

proteins, discs were washed and rock for five minutes in PBTwx and stained with DAPI for 

fifteen minutes in a 1:100 DAPI: PBTwx ratio. Discs were rinse 2 times for five and twenty 
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minutes before dissecting and mounting for visualization. Enzymatic detection of 

Digoxigenin-labeled probes was done as described in Tautz et al.(KOSMAN et al. 2004; 

JUAREZ et al. 2011).  

For all staining, affected larvae and corresponding controls were stained concurrently 

to reduce variations in procedure. Controls were differentiated from the affected larvae by 

retaining portion of the foreguts attached. Stained discs were mounted in 70% Glycerol/PBT 

when detection was using a fluorescence reaction and Crystal Mount® for enzymatic 

detections. Images of fluorescence detection were taken using a Zeiss LSM 710 Confocal 

microscope and enzymatic detection were imaged using a Zeiss Axioplan microscope and a 

Q imaging micropublisher 5.0 RTV camera 

Ectopic expression of disco using rotund Gal4:  

We	  drove	  ectopic	  expression	  of	  disco	   in	   the	  wing	  blade	  primordium	  a	  using	  rn	  

Gal4	  driver.	  Males	  rn	  Gal4/	  TM3,	  sb	  were	  crossed	  to	   females	  UAS	  disco	  C/	  UAS	  disco	  C.	  

Parents	  were	   transferred	  daily	   to	   a	  new	  vial	   and	  progeny	  allowed	   to	   eclose.	   Eclosing	  

flies	   were	   scored	   base	   on	   the	   absence	   of	   stubbles’	   bristles,	   a	   marker	   for	   the	   TM3	  

balancer	  and	  stored	  in	  ethanol.	  Adult	  pharates	  were	  removed	  from	  the	  pupa	  case	  and	  

stored	  in	  ethanol.	  Third	  instar	  larvae	  were	  dissected	  in	  PBS	  and	  stored	  in	  methanol	  at	  -‐

20˚	  until	  needed.	  Transformed	  wings	  from	  adult	  flies	  were	  removed	  and	  mounted	  using	  

Crystal	   Mount	   ®	   and	   imaged	   using	   a	   Zeiss	   Axioplan	   microscope	   and	   Q	   imaging	  

micropublisher	  5.0	  RTV	  camera.	  
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Results 

Loss of function phenotypes 

Producing late larvae and adult flies lacking Disco function is difficult due to the 

nearly complete redundancy of disco and disco-r and that they are required during 

embryogenesis for mouthpart development (MAHAFFEY et al. 2001; ROBERTSON et al. 2004; 

PATEL et al. 2007). In our prior report (PATEL et al. 2007) we generated random clones of 

cells homozygous for a small deficiency that removes both genes and several neighboring 

genes, but we did not recover mutant cell clones in ventral appendages, though we did on 

rare occasions find small GFP-positive clones within the ventral discs from third instar 

larvae. In order to assess the role of the disco genes during development of the adult body, 

we need to be able to eliminate gene function in the majority of cells in the discs, after 

embryogenesis. To do this, we have employed two different strategies. The first is based on 

generating clones using the same deficiency mentioned above, but targeting cells within the 

central region of the leg discs by using the Dll-Gal4 driver (See next chapter). For the second 

approach, we combined a null mutation in disco (disco1) with UAS disco-r RNAi constructs, 

controlling spatial and temporal activity of the RNAi during development. We refer to this as 

disco-lof condition, and though comparable results were obtained with both techniques, we 

highlight the experiments with the disco-lof, below, as these experiments are most 

informative. We used both act-Gal4 and Dll-Gal4 to drive the disco-r RNAi constructs with 

comparable results. disco1 is a null mutation with T to A point mutation located at nucleotide 
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16106933 on the X chromosome. This mutation causes a crucial Cysteine of the zinc finger 

to be replaced by Serine, which would prevent the DNA-binding zinc finger from forming.  

Note, though there have been reports that homo- or hemizygosity for disco1 was 

nearly lethal (DEY et al. 2009), this was not the case for the several disco1 alleles in our lab. 

Previous reports have indicated some discrepancies in the viability of the disco1 mutants. 

disco1 is a point mutation rendering a non-functional protein; originally reported as viable 

mutation (STELLER et al. 1987), other researchers have reported different levels of lethality, 

97% lethal (DEY et al. 2009) and 60% lethal (GLOSSOP and SHEPHERD 1998). We tested three 

different disco1 lines (Materials & Methods) and found that al lines are viable (Table 1). The 

disco1 line 5682 from Bloomington (FBst0005682) showed the lowest viability (Table 1). To 

test the possibility of additional effectors related to the lower viability of the Bloomington 

line, we looked at the ability to rescue Df (1) ED 7355. We crossed Df (1) ED 7355 / Y Dup 

to disco1 homozygous females from Bloomington (5682) and from the laboratory of A. R. 

Campos and found that both lines have the same survival rate. The Df (1) ED 7355 line 

contains a deletion in the X chromosome from 15,985,520 to 16,172,450 and include 11 

other genes none of which have been related to leg development (Table 2).  

Reducing disco-r in a disco1 background (disco-lof) was lethal during earlier 

development with the Dll-Gal4 driver, so we used Tubulin-Gal80ts (MCGUIRE et al. 2003). 

We tested various times for release of Gal80ts repression. The Gal80ts protein denatures at 

temperatures above 30˚C, allowing the Gal4 protein to bind to the Up-stream Activation 

Sequence (UAS) to initiate transcription of the gene of interest. Releasing the Gal4 during 

first instar resulted in early death so no larvae survived to pupate. Expressing the disco-r 
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RNAi construct in late third instar resulted in pharate adults with only minor leg defects, 

while expression during second to early third generated a range of moderate to strong 

phenotypes. We suspect that the more mildly affected were older larvae and the most severe 

younger. 

The normal Drosophila leg is composed of five segments (Figure 1C); the two 

proximal to the body wall, the coxa and trochanter, together form the coxapodia while the 

more distal segments, the femur, tibia and tarsus make up the telopodia (GONZALEZ-CRESPO 

and MORATA 1996). The tarsus is further divided in five sub-segments, and the pulvilli and 

claws are attached to the most distal of these (t-5).  
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Table 1: Analysis of disco1 viability comparing three different disco1 lines. Viability was 
calculated from the total number of fertile embryos. 
 

 Ore R Bloomington Red (C) W, F 

Collected 200 200 200 200 

Unfertilized  19 33  7  14  

Total number of fertilized eggs 181 167  193  186  

Dead embryos 0 20  7 5 

Dead pupae  2 33  13  11  

Dead Larvae  6 22  20  12  

Eclosed (% out of the total # 

of fertilized eggs) 

173	  

(95.6%)	  

92	  

(55.1%)	  

153	  

(79.3%)	  

158	  

(84.9%)	  
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Table 2: List of genes deleted in Df (1) ED 7355 
 

 

 

 

 

 

 

 

 

Df(1)ED 7355 delete the X chromosome segment from 15,985,520 to 16,172,450 
Name Molecular function CG Number 
Kat 80 Microtubule binding CG 13956 
eas Ethanolamine kinase activity CG 3525 
Prosa  ∝ 4 Endo-peptidase activity CG 3422 
Mfe 2 Enoyl-CoA hydratase activity CG 3415 
Tob Unknown CG 9214 
Mir 985 Unknown CR 42990 
SnRNA :U5:14B Unknown CR 32914 
SnRNA :U2:14B Unknown CR 32913 
CG 12507 Unknown CG 12507 
CG 42353 Unknown CG 42353 
CG 42354 Unknown CG 42354 
disco Zinc finger transcription factor CG 9908 
disco-r Zinc finger transcription factor CG 32577 
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After dissecting the pharate adults from the pupal cases, we noted a range of leg defects. 

Most flies contained a combination of altered and lost legs on different thoracic segments and 

hemisegments (Figure 2B-D). When leg remnants were present they lacked the distal leg 

segments and had fused and enlarged proximal segments (Figure 2B’-D’). From the type and 

pattern of bristles present, the remnants of the legs appeared to be composed of fusions of 

coxa, trochanter and femur, with expansion of both the coxa and trochanter. When legs were 

missing the ventral body wall was also affected. For example, when a first thoracic leg was 

missing, the five small microchaetae along the ventral-anterior thorax were also missing 

(Figure 2B’ and E’). When a second thoracic leg was missing, the sternopleural and 

mesosternal bristles were also absent (Figure 2C’-E’). In the most extreme case, the fly had 

no legs and no discernable ventral body wall characteristics except for a single bristle (Figure 

2E).  

We also noted that the bristle pattern on the leg remnants was highly disorganized. 

Normally, Drosophila leg bristles are organized into longitudinal rows around the 

circumference of the leg. Non-bracted bristles are present in the proximal leg segments (to 

around mid-femur). 
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Figure 2:Phenotype of Loss of Function analysis. (A-E) Image of entire adult fly, (A’-E’) 

close view of the ventral thorax of the corresponding flies. (A) Oregon R fly (A’) 
wings and legs were removed to expose the structures of the ventral thoracic wall. 
(A’) Arrows are indicating characteristic bristles of the ventral thorax. (B-D) Flies 
of the disco1; Dll Gal4/UAS disco-r RNAi genotype. (B) First thoracic leg is 
missing (B’ asterisk) and the second and third legs are enlarge in the proximal 
portion of the leg. (C-C’) The first and third thoracic legs are reduced while second 
leg is missing (C’ asterisk). (D-D’) the first and second thoracic legs are missing 
(D’ asterisks) a single bristle remains close to where the second leg should be 
located (D’ arrow). (E-E’) In more affected case, the fly lacks almost all of the 
ventral structures; only one bristle remains (E’ arrow).   
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Figure 3: Leg bristle pattern and arrangement in disco loss of function.(A) Wild type leg.  (B-
C) act Gal4 driving disco-r RNAi in a disco null background. (D-E) Dll Gal4 
driving disco-r RNAi in a disco null background. Prime letters are a closer look of 
the inserts of the corresponding images. Non-bracted bristles (grey arrowheads in 
A’-E’) are located in the proximal portion of the femur while bracted bristles 
(black arrowhead in A’-E’) normally found distal from the mid femur to the last 
tarsus. (B’-E’) Bracted and non-bracted bristles are found mixed in the distal 
portions of the leg. Non-bracted bristles are characteristics of the proximal portion 
of the femur. The orientation of the bristle is also disrupted showing bristles 
pointing in different directions (B’-E’) 
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Most of the distal leg bristles (from the mid-femur to the most distal tarsus) are 

associated with bracts (TOKUNAGA 1962; HELD 2002; SCHUBIGER et al. 2012). In addition, 

the bristles have an overall polarity such that most are oriented toward the distal portion of 

the leg (HANNAH-ALAVA 1958). On disco-lof flies, most bristles lacked bracts suggesting 

they were of proximal leg segment type, and polarity was disrupted. The bristles appeared to 

be randomly oriented with only small groups sequentially aligned (Figure 3A-D’). 

The morphology of disco-lof leg discs  

That disco-lof flies were often missing legs and/or had fusions of the proximal leg 

segments with deletions of the distal segments suggested defects in the formation and 

structure of the imaginal discs. This was apparent immediately upon inverting the larval 

heads from wandering third instar disco-lof larvae. Though variable, the discs were often 

quite smaller than discs of their wild type siblings. (Note we did not consider completely 

missing leg discs as a phenotype, as these could have been torn off in the dissections. 

However, the number of small and reduced discs correlated well with the phenotypes of 

missing legs and reduced legs we observed in the adults.) Wild type leg imaginal disc have a 

typical rounded teardrop shape with a stalk dorsally (Figure 4A). Characteristic folds, 

appearing as rings, demarcate future leg segments or groups of segments (as diagramed in 

Figure 1). In the center, the end knob will give rise to the distal structures. The most extreme 

disco-lof discs were small, elongated, narrow sacks with little obvious morphology (Figure 

4D,E), though the discs were still attached to the body wall and central nervous system via 

the stalk and neurons (Figure 4E). Less severely affected discs were somewhat varied, from 

those being reduced but retaining some of the segmental folds (Figure 4C) to those that 
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appeared nearly wild type (Figure 4B). Most larvae had a combination of disc phenotypes 

with at least one or more discs being extremely reduced. 

Gene expression in disco-lof leg discs  

We next looked at the expression of genes that control patterning during 

establishment and growth of the discs. We examined disco-lof discs for Tsh and Dac proteins 

and Dll mRNA as representatives for proximal, medial and distal determinants, respectively. 

We used Oregon-R as controls, and control and test discs were hybridized and/or stained in 

the same reaction tubes to reduce variability. We left a portion of the gut on wild type 

carcasses were distinguishing them and the control discs from the disco-lof discs. 

In the most severely reduced discs we did not detect any staining for Dll mRNA or 

Dac protein, though we did detect weak staining for Tsh (Figure 4E’). From DAPI staining, 

the nuclei in these discs appeared somewhat more dispersed than columnar cells of the wild 

type discs. In less severely affected disco-lof leg discs, Dll mRNA appeared to be reduced in 

comparison to wild type discs, even in those disco-lof discs that were nearly equal in size to 

wild type controls (Figure 5 Ore-R). Dac protein staining was occasionally reduced as well. 

To quantitate the differences, we took intensity measurements for all probes (Tsh, Dac and 

Dll) from three regions of highest fluorescence within each disc Figure 5. As shown in the 

graph, there was no difference in Tsh fluorescence intensity between controls and disco-lof 

discs; however, Dll transcript was significantly reduced when compared to the controls 

(p=0.00004, Figure 5). Dac appeared to be reduced as well, but the p value was just greater 

than the 5% probability level (p=0.06).  
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Figure 4: Leg disc comparison. (A) Leg disc of an Oregon R fly. (B-E) Leg imaginal discs of 

late third instar larvae with reduced disco-r in a Disco null background showing 
variation on disc size. (B) The leg disc is of a similar size and shape of the Oregon 
R (A). (C) The disc is about half size of the wild type disc and shows a ventral 
protrusion which appears to be more prominent in smaller discs (compare 
arrowheads in B-D). (D) Leg disc of reduced size; note the ventral structure 
appears more prominent (arrowhead). (E) In a highly severe case, the leg disc did 
not developed properly, reaching a size slightly bigger then a nerve. The leg disc 
(LD) on E still attached to the brain. (E’) Accumulation of tsh in the disc from E  
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Figure 5: Analysis of leg gene determinants. We compared Tsh and Dac accumulation and 

Dll transcript between Oregon R and act Gal 4 driving disco-r RNAi in a Disco 
null background. The accumulation of Tsh and Dac in the reduced disco discs is 
not significantly different than the Oregon R discs (P-value = 0.78 and 0.06 
respectively). The difference in Dll expression was statistically significant (P-value 
= 0.00004) when compared to Oregon R. 
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Since Dll and dac are regulated by the morphogens Wg and Dpp (LECUIT and COHEN 

1997), we wondered whether reduction in the disco-lof discs could be due to changes in these 

morphogens. To test this, we stained discs similar in size to those that had only reduced Dll, 

for wg mRNA and protein, and for dpp mRNA and monitored Dpp activity by p-mad 

antibody staining. Dpp transcript and function appeared to be unaffected, but by contrast, we 

did note differences in wg mRNA and protein accumulation (Figure 6). In Oregon-R discs, 

we detected wg mRNA and protein (Figure 6A-A’’’) in a wedge-shape region in the anterior-

ventral portion of the leg disc as well as along some disc folds in the posterior compartment. 

Wg protein was broader than the mRNA, as would be expected (Figure 6A’’’).  In disco-lof 

discs, wg mRNA appeared more limited (Figure 6B-B’) and had a sharper boundary along 

the posterior edge and did not extend as far anteriorly around the disc. Wg protein (Figure 

6B’’) was reduced overall compared to the wild type controls, and, further, the protein did 

not appear to spread far from the transcript (Figure 6B’’’). Again note that these discs were 

not the most severely affected. In the most severely affected discs, such as those thin discs 

described above, we did not detect either Wg (Figure 6C-C’’’) or dpp. These results suggest 

that, in the disco-lof leg discs, Wg signaling may be disrupted or unstable, and this could 

account for the reduction in proximal/distal specification of the legs.  

Cell Death in disco-lof discs  

Reduction and deletion of leg segments and deletion of entire legs could indicate that 

cells of the affected discs have become weakened due to the lack of disco gene functions, and 

they might be dying through apoptosis. To determine if there was increased cell death in 

these discs we performed TUNEL staining. We observe an increase in TUNEL staining in 
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disco-lof discs, both normal sized and severely reduced (Figure 7B, C, respectively), when 

compared to wild type in discs (Figure 7A); however, although TUNEL staining increased, it 

was not extensive, appearing somewhat randomly throughout the discs. This is in contrast to 

changes in Dac and Dll (above), which were uniformly lowered in the effected discs.  

TUNEL-positive cells were observed near the center of the disc as well as in the periphery. 

Most of the TUNEL-stained cells were located in the lumen of the disc indicating that these 

cells were likely extruded from the discs, as is a common fate of apoptotic cells in leg discs 

(ROSENBLATT et al. 2001). Only an occasional cell was TUNEL positive in wild type discs 

(Figure 7A).  

Gain of function studies  

Previously we demonstrated that expressing disco or disco-r ectopically in the wing 

discs induced a wing-to-leg transformation (PATEL et al. 2007). Given the evidence above 

that the morphogens were altered in loss-of-function studies, we were curious as to whether 

there were changes to morphogen expression in the wing disc during the wing-to-leg 

transformations or whether the proximity of ectopic disco expression to the morphogens 

could contribute to the transformation. We used a series of Gal4 drivers to ectopically 

express disco in different regions of the wing disc, rotund-Gal4 driver (rn-Gal4) (ST PIERRE 

et al. 2002) for expression in the wing blade, apterous-Gal4 (ap Gal4)(CALLEJA et al. 1996) 

for expression in the dorsal wing, patched-Gal4 (ptc-Gal4)(HINZ et al. 1994; SPEICHER et al. 

1994) expressing along the anterior-posterior compartment boarder, similar to dpp-Gal4 

(STAEHLING-HAMPTON et al. 1994) which we used in our prior work (PATEL et al. 2007).  
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Figure 6: Analysis of wingless transcript and protein. Reducing disco-r in a Disco null 

background alters Wg accumulation and transcript. (A-A’’’) Oregon R leg disc, 
(A’-A’’’) are inserts from A. (B-C’’’) act Gal4 X disco1, UAS disco-r RNAi (B’-
B’’’) are inserts from (B). All disc (A-B’’’) are oriented dorsal up and anterior to 
the left (20X magnification). (C-C’’’) Low magnification (10X) of the haltere 
disc (H), third leg disc (L) and wing disc (W). . wg transcript appears to be 
restricted (B’) when compare to Oregon R (A’). The accumulation of Wg protein 
appears to be reduced and is limited to the transcription site (B’’, B’’’) when 
compares to Oregon R (A’’, A’’’). Note the accumulation of protein extended 
from the transcription site in A’’’ and the restriction in protein transport observed 
in B’’’. More severely affected disc (C-C’’’ third leg disc is labeled with an 
asterisk). (C) Merge of wg transcript and protein accumulation with DAPI. There 
is no protein accumulation (C’) or detectable transcript (C’’) in the leg disc 
(asterisk). (C’’’) DIC image showing the size relationship between the haltere 
(h), the leg (asterisk) and the wing discs (w) of the same third instar larva.  
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Figure 7: TUNEL analysis of leg discs with reduced disco-r in a Disco null background. (A) 
Leg imaginal disc of a wild type fly with one cell TUNEL positive. (B) Nearly normal in size 
leg imaginal disc of a fly with reduces disco-r in a disco null background there is an increase 
in TUNEL staining. (C-C’) TUNEL detection of a more affected leg disc most of the TUNEL 
positive cells are detected in the apical region of the disc (C). In the basal portion of the disc 
the number of TUNEL positive cells is reduced (C’).   
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We examined the extent of the transformation and the position of Wg protein and dpp 

mRNA accumulation. We also compared the effect of ectopic expression of disco to ectopic 

expression of Dll in the wing imaginal disc using the same series of Gal4 drivers (In 

Following Chapters) 

rn-Gal4 is broadly expressed in the wing blade primordia of early third instar larvae, 

delimited by inner circle of Wg accumulation (Figure 9D) and in a subset of tarsal segments 

of the leg imaginal discs. When driven by rn-Gal4, disco induced a wing-to-leg 

transformation, though there were differences from that with dpp-Gal4. rn-Gal4 driven disco 

generated an oversized femur-like structure with two separate extensions of medial to distal 

leg tissues (tibia and tarsus, numbered arrows in Figure. 8A,B). Occasionally, the distal 

portion would bifurcate generating multiple tarsal extensions. The leg structures formed 

retained the second thoracic identity, with apical bristles on the tibia (Figure 8B arrow) and 

claws at the end of each tarsus (Figure 8B arrowhead, see inserts).  

In leg imaginal discs, manipulation of Wg and Dpp, as well as their receptors, can 

induce multiple proximal-distal organizers creating additional foci of Dll expression, and 

thereby multiple distal extensions emanating from a single more proximal leg structure (e.g. 

(DIAZ-BENJUMEA et al. 1994; MORIMURA et al. 1996). Since this is similar to the phenotype 

of the “legs” that we observed with rn-Gal4 driven disco in the wing, we postulated that 

multiple “leg organizers” might be generated in this case as well. If so, this could further 

indicate a role for Disco (and Disco-r) in modulating morphogen distribution during normal 

leg development.  
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Figure 8: Ectopic expression of disco in the wing disc using rn Gal4. A- rn Gal4 driving 
disco induces formation of a femur (Fe arrow) with two tibia and tarsi (numbers 1 and 2 
arrows). B- High magnification of the ectopic leg dissected from the fly in A. Note the two 
tibias (number 1 and 2) extending from the femur (Fe). The ectopic leg conserves the 
segmental identity; note the presence the apical bristle (arrow). Note the presence of the 
claws at the end of the tarsus (arrowheads in B and inserts).  
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The wing discs from rn-Gal4-disco (Figure 9B) larvae had obvious morphology 

differences from wild type (Figure 9A) in the ventral portion of the transformed discs, 

restricted to where rn is expressed. This region was enlarged without affecting the dorsal 

portion of the disc (Figure 9 B). In wild type third instar larvae, Dll is expressed in the center 

of the wing blade primordia, the region that will become the wing margin (Figure 9A, A’’) 

(DIAZ-BENJUMEA and COHEN 1995; GORFINKIEL et al. 1997). This lateral stripe was missing 

in wing discs with ectopically expressed disco, and in its place were two circular areas of Dll 

mRNA accumulation, both within an expanded wing blade region (Figure 9B, B’’). In 

addition, a fainter ring of transcript encircled both of these Dll-expressing regions 

(arrowhead in Figure 9B-B’’). We also examined Dac protein accumulation. In wild type 

wing discs, Dac is detected in three stripes, one in the dorsal-posterior edge, which gives rise 

to the notum, and	   two	   anterior,	   above	   and	   below	   the	   ring	   of	   Wg	   expression	   (Figure	  

9A’,A’’). These latter Dac regions are in the precursor of the wing hinge (DIAZ-BENJUMEA et 

al. 1994)). In rn-Gal4 driven disco wing discs, Dac accumulated in the expanded region that 

should have formed the wing blade area (Figure 9B’, B’’). Dac overlapped with Dll 

transcripts, but there were regions where staining for only Dll or only Dac were observed. 

For instance, Dac did not overlap Dll in the center of the circles or in the outer ring of Dll 

(mentioned above, arrowhead in Figure 9B and B’’), and between this ring and the Dll circles 

were areas where only Dac was present. The distribution of Dll and Dac could explain the 

phenotype of the legs produced in the transformed wing. That there were two circles of Dll 

likely explains the observed two distal leg portions extending from a common femur region. 

Interestingly, in wild type leg discs, a ring of Dll expressing cells surrounds the ring of dac-
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expressing cells.  This region forms in late third instar discs and corresponds to the distal 

portion of the trochanter (WU and COHEN 2000; PANGANIBAN and RUBENSTEIN 2002). That 

such a ring is present in the transformed wing indicates that the transformed wings are 

producing proximal as well as distal leg structures. 

Ectopic Dac protein and Dll transcripts appeared to be throughout the ventral portion 

of the transformed wing discs, and we were curious as to whether they are initially activated 

in the entire rn region or whether early expression was more limited with later expansion. To 

test this, we activated disco with the rn-Gal4 driver in early second instar larvae (Figure 9C). 

At this early stage, Dac (red) was present only within the central region of rn expression 

domain (green). Note that the GFP signal was weak in the Dac-positive cells, as these cells 

had been transformed to leg, repressing expression of the wing-determinant rn.   

Given that the early transformed region as so limited, we wondered how the 

transformed “leg” region eventually includes almost the entire ventral portion of the disc. 

One possibility is that the “leg” cells out compete the wing cells through cell competition 

(BAKER 2011; AMOYEL and BACH 2014).  To determine if cell competition could explain the 

loss of wing cells in the transformed wing disc, we performed an in situ hybridization to 

detect the flower-lose mRNA isoform, an indicator of cell competition (RHINER et al. 2010). 

flower-lose was expressed in cells the outer portion of the disc (Figure 10). 
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Figure 9: Molecular analysis of gain-of-function experiment. (A-F) All wing discs are 

oriented dorsal up and anterior to the left. (A-B’’, E-F) images are 10X 
magnification and (C,D) image is a 20X magnification (C’-C’’) are insert from C. 
(A-A’’) Oregon R used as a control. (A) in situ hybridization of an Oregon R 
wing disc detecting Dll expression (green). (A’) Dac accumulation can be 
observed in the dorsal portion of the disc in the posterior compartment and in the 
precursor of the wing hinge (white arrowheads). (A’’) Merge from A and A’. (B) 
In rn Gal4 driving disco, the expression of Dll can be detected more comprised in 
two regions of the wing blade primordium (white arrowheads) in addition to a 
ring of Dll (red arrowhead). (B’) The dorsal accumulation of Dac is unaffected 
but new accumulation can be detected in the wing blade primordium (white 
arrow). (C) Merge from C’ and C’’. (C) rn Gal4 driving disco and GFP 
expression. (C’) Insert of the disc on C showing wing disc and detecting Dac 
accumulation in the rn domain (white arrowhead) (C’’) same insert as in C’ 
showing a region where the GFP is reduces (white arrowhead). The position of 
Dac accumulation corresponds to the area with low GFP expression in the wing 
blade primordium (white arrow). (D) rn Gal4 driving expression of UAS GFP. (E-
F) in situ hybridization for the detection buttonhead (btd) transcript in the 
precursor of the wing blade. (E) in a normal wing btd is not expressed. (F) When 
rn Gal4 drives ectopic disco in the wing, btd is activated de novo in the wing 
blade precursor. 
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Figure 10: Cell competition analysis. Wing imaginal disc of a rn Gal4 driving disco fly 

stained for the flower loose A and B isoforms. (A) flower loose A and B transcript 
is increase in two regions of the wing blade primordia away from the center 
(white arrowheads). (B) Dac accumulation id detected in almost the entire wing 
pouch with the exception of the regions where flower transcript is increased (see 
also merge on C)   
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The change from wing to leg is a dorsal-to-ventral fate change, and previous work has 

indicated that the paralogos transcription factors Btd and Sp1 define ventral state (ESTELLA et 

al. 2003; ESTELLA and MANN 2010).  Therefore, we would expect that btd and/or Sp1 should 

be activated in the transformed cells. Interestingly, these genes are activated before Dll (and 

therefore the disco genes, see below), and they are required to maintain Dll expression in the 

leg primordia during embryogenesis (ESTELLA et al. 2003). However, btd is activated in the 

wing blade of the transformed discs (Figure 9F vs E) as would be expected/required for the 

dorsal-to-ventral fate change.  

Ectopic expression of Dac and Dll in the transformed wing discs could be indicative 

of changes Wg and Dpp signaling. In a normal wing, dpp (Fig. 11A) is expressed just 

anterior to the anterior-posterior compartment boundary (MORIMURA et al. 1996). Wg (Fig. 

11A’) is present in the wing blade margin, in two rings around the wing blade primordia 

located in the wing hinge as well as in the dorsal portion of the disc that gives rise to the 

notum (BAKER 1988; COUSO et al. 1993; COUSO et al. 1994; DIAZ-BENJUMEA et al. 1994; 

FERNANDO J. DIAZ-BENJUMEA 1994; MORIMURA et al. 1996). Ectopic disco caused changes 

to both Wg and dpp (Fig. 11B, C).  With rn-driven disco (Fig. 11B), dpp mRNA still 

extended along the compartment boundary, but was also detected in anterior and posterior 

lateral regions. The normal Wg pattern was no longer detectable. Instead, a region of strong 

staining for Wg was detected along the mid-posterior region (arrowhead in Fig 11B’) with 

weaker staining (arrows in Fig 11B’) around in the anterior lateral region. To determine if 

ectopic disco could alter morphogen expression in other areas of the wing disc, we tested 

several other Gal-4 drivers. Using ap Gal4 to drive ectopic disco induced leg development, 
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again with modifications of Wg and dpp accumulation (Fig11C-C’’) as well as activation of 

the leg determinants; however, in this case the transformation took place in the dorsal part of 

the wing disc demonstrating that the transformation was not limited to the morphogen rich 

ventral region (Fig. 11C-C’’).  

Re-examining disco expression:  

We were curious about the relationship between the disco genes and Dll during 

embryogenesis, specifically with regard to their spatial and temporal expression and whether 

any interactions were occurring between them. Figure 11 shows two wild type embryos at 

different stages of development stained for disco and Dll mRNA. Initially (stage 10/11, Fig. 

12A-A’’’) transcripts from both genes were detected simultaneously in the thoracic disc 

primordia of embryos. Dll expression is dynamic (MCKAY et al. 2009; GALINDO et al. 2011). 

Initially, Dll is expressed in all cells of the thoracic primordia, both ventral and dorsal, but by 

late stage 12, Dll expression is present only in the ventral primordia, and in fewer cells. Dll is 

no longer expressed in cells that will form the proximal-most regions, the body wall and coxa 

of the leg. Though initially overlapping Dll mRNA at stage 10, disco mRNA is slightly more 

broadly distributed by late stage 12 (Fig. 12B-B’’’). From this point onward, disco remains 

more broadly expressed than Dll, and this is particularly noted in the third instar leg discs 

(PATEL et al. 2007). We also examined Dll and disco mRNA accumulation in reciprocal null 

mutants, and though there were slight differences compared to wild type, for example a 

dorsal shift in each of the transcripts, both accumulated relatively normally in the absence of 

the other  



 

78 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 11: dpp expression (green) and Wg accumulation (red) in the wing imaginal disc 10X 

magnification. (A-A’’’) Oregon R, (B-B’’’) rn Gal4 driving disco, (C-C’’’) 
apterous Gal4 (ap Gal4) driving disco. (B) The expression of dpp appears to be 
stretch along the length of the disc. (B’) The accumulation of Wg in the dorsal 
portion of the disc is not affected but the accumulation in the wing blade 
primordium is modified (white arrowhead) and new areas of accumulation are 
present (white arrows). (B’’) A merge of the images B and B’ showing the 
juxtaposition of Wg and dpp (white arrowheads) in the posterior portion of the 
wing blade primordia. (C) dpp expression is maintained along the dorso-ventral 
axis of the disc with some disruption at the dorsal portion of the wing blade 
primordium (white arrow), in addition, RNA can be detected posterior to the 
normal dpp expression in the dorsal portion of the disc (white arrowhead). (C’) 
Wg accumulation is missing from the dorsal portion of the wing blade primordia 
including the inner and outer rings (white arrow). The dorsal portion of the disc, 
shows additional accumulation of Wg in the posterior compartment (white 
arrowhead C’). (C’’) Merge from images C and C’, in the dorsal portion of the 
disc, the posterior expression of dpp is in the same region where the additional 
accumulation of Wg (white arrowhead) in the dorsal portion of the wing blade 
primordium is observed. In the dorsal portion of the wing blade primordium, the 
disruption of normal dpp pattern coincides with the region where Wg is absent 
(white arrow). 
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Figure 12: Wild type embryos at stage 10/11(A-A’’’) and late stage 12 (B-B’’’) stained for 

disco RNA (red) and Dll RNA (green) detection. Prime letters are closer looks of 
section inside white rectangle. Scale bar at 20µm. During early stages (A-A’’’) 
disco (A’, A’’) and Dll (A’, A’’’) expression can be detected in the same group of 
cells in the imaginal disc primordia. In the later stage (B-B’’’) disco expression 
(B’, B’’) is detected broadly than Dll (B’, B’’’) especially toward the ventral 
portion of the primordia.  
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Finally, since the disco-lof phenotype disrupted the ventral body wall, which arise 

from the peripodial membrane and marginal cells extending off the disc proper, we re-

examined disco and disco-r transcript distribution in third instar imaginal discs. We observed 

clear and extensive overlap of disco mRNA and Tsh protein in much of the marginal region.  

Discussion 

Though the disco and disco-r genes are expressed in the cells of the early leg 

primordia during embryogenesis and in many cells of the leg discs during larval and pupal 

development (COHEN et al. 1991; LEE et al. 1991; MAHAFFEY et al. 2001; PATEL et al. 2007), 

the consequences of loss-of-function of the disco genes during adult appendage development 

are not known. The observation that ectopic expression of either disco or disco-r can 

transform portions of the wings into leg-like structures further supports an important “leg” 

role for the disco genes. Loss-of-function analyses were hindered because disco and disco-r 

are redundant and that one of the genes must be present for successful embryogenesis, yet 

both must be removed to discern their roles during later development. Previously we 

discovered that small, randomly generated clones of cells lacking both genes were rarely 

recovered in ventral imaginal discs, so it was not possible to assess the consequences with 

such small clones. Here, we provide a detailed examination of loss- and gain-of-function for 

the disco genes during development of the adult legs. We demonstrate that the disco genes 

are necessary in order to maintain the cascade of appendage gene expression that is thought 

to be responsible for proximal-distal patterning of the legs. Further, we provide evidence that 
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the disco genes control the earliest aspects of this process in that their loss or ectopic 

expression disrupts the signals that establish leg patterning.   

At the earliest stages of embryogenesis, Dll and the disco genes are co-expressed in 

the thoracic imaginal disc primordia. This includes both the proximal coxopodite and the 

more distal telopodite of the legs (GONZALEZ-CRESPO and MORATA 1996; MCKAY et al. 

2009). As development proceeds, there are changes in gene expression in the primordia so 

that Dll expression is restricted to the telopodite (Figure 1) (MCKAY et al. 2009), while the 

disco genes remain expressed more broadly in both regions. The regulation of Dll has been 

studied at the molecular level and several enhancers have been identified controlling the 

temporal and spatial expression pattern of Dll expression. The early expression of Dll, the 

broader expression that includes the coxopodite and telopodite, is under the control of the 

Dll-304 enhancer. This expression also encompasses the ventral and dorsal imaginal discs 

primordia (MCKAY et al. 2009). The later expression of Dll is under the control of the Dll-LP 

and Dll-LT promoters (MCKAY et al. 2009; GALINDO et al. 2011). Dll-LP is transiently 

activated between the end of Dll-304 and the beginning of Dll-LT functions. The enhancers 

Dll-LP and Dll-LT are restricted to the precursor cells of the telopodite.  

Loss of function phenotype 

During	  third	  instar	  larvae,	  the	  disco	  genes	  are	  expressed	  in	  the	  leg	  imaginal	  discs	  

in	  a	  broader	  area	  than	  Dll	  (PATEL	  et	  al.	  2007)	  suggesting	  a	  function	  in	  the	  formation	  of	  

more	  proximal	  portion	  of	  the	  legs.	  In	  the	  absence	  of	  the	  disco	  genes	  the	  legs	  along	  with	  

ventral	  thoracic	  structures	  are	  affected.	  For	  our	  loss-‐of-‐function	  studies,	  we	  expressed	  



 

84 

the	   disco-‐r	   RNAi	   construct	   in	   larvae	   aged	   from	   the	   second/third	   instar	   boundary	   to	  

about	  mid-‐third	   instar.	  We	  suspect	  that	  the	  more	  mildly	  affected	  flies	  developed	  from	  

larvae	   that	   were	   older,	   and	   that	   the	  most	   severely	   affected	   developed	   from	   younger	  

larvae	  as	  has	  been	   found	  with	  other	  genes.	   In	   the	  mildly	   affected	   flies	   the	   lack	  of	   the	  

disco	  genes	  causes	  a	  fusion	  of	  the	  leg	  with	  an	  occasional	  leg	  missing	  completely.	  In	  more	  

severe	  cases	  the	  remnants	  of	  the	  legs	  were	  more	  reduced	  and	  more	  legs	  were	  missing	  

along	   with	   the	   ventral	   structures	   corresponding	   to	   the	   segments.	   Seeing	   that	   the	  

strongest	  phenotypes	  affected	  more	  of	  the	  proximal-‐distal	  pattern	  leads	  us	  to	  question	  

whether	   the	  disco	   genes	  have	  a	  proximal	   to	  distal	  patterning	   role,	   analogous	   to	  other	  

proximal-‐distal	   patterning	   genes	   and	   how	   does	   disco	   affect	   the	   establishment	   of	   the	  

axis.	   	  In	  the	  leg	  disc	  Wg	  and	  Dpp	  establish	  the	  proximal-‐distal	  axis	  by	  the	  activation	  of	  

the	   leg	   determinant	   Dll	   and	   dac.	   Although	   there	   are	   cross-‐regulatory	   interactions	  

between	   Dll	   and	   dac,	   they	   are	   not	   known	   to	   alter	   signaling	   events	   that	   establish	  

proximal-‐distal	   pattern	   in	   the	   leg	   yet	   disco	   lof	   disrupts	   the	   establishment	   of	   the	  

proximal-‐distal	  axis.	  

Molecular analysis of loss of function   

The development of the Drosophila leg is determined by the expression of Dll and 

Dac inducing differentiation of the distal-to-media and media-to-proximal portion of the leg 

respectively. The most proximal portion, the coxa, and the body wall are determined by the 

expression of hth, nuclear Exd and tsh. Since the disco genes encode zinc finger transcription 

factors, it is easy to expect that loss of the disco gene function could affect transcription of 
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genes required for leg development, such as Dll and dac. In milder loss-of-function leg discs, 

Dll mRNA was reduced, which could indicate that the Disco transcription factors might be 

necessary to sustain Dll expression. Indeed, Disco binding sites have been mapped to the Dll 

gene (NEGRE et al. 2011). In slightly more severely affected discs, as judged by size, Dac 

accumulation is also effected, and there are Disco binding sites at dac as well.  So perhaps 

both genes are activated/maintained during larva development by Disco proteins. On the 

other hand, we did not detect any changes in Tsh accumulation in these discs, and there are 

Disco binding sites near the tsh gene.  Likely explanations for regulation by Disco can be 

made for all of these genes, but no molecular evidence that the binding sites are functional 

currently exist. With the changes in gene expression described above, and with Disco-

binding sites mapping near these genes of interest it seems reasonable that to some extent the 

Disco proteins function as transcriptional regulators of these leg determinants.  

However, the changes in Dll expression and the disruption of the proximal-distal axis 

suggest a possible role of Disco in the establishment/maintenance of the signal leading to the 

formation of the axis. Although wg expression preceded disco activation we were surprised 

to find that the Wg signaling is also altered by loss of the disco gene function. In moderately 

affected disco-lof discs, Wg mRNA and protein were reduced and the protein did not spread 

as far through the discs. Previous work (COUSO et al. 1993; GALINDO et al. 2002) 

demonstrated that reducing Wg causes loss of distal tarsi segments, and that this is correlated 

with the reduction of Dll expression (DIAZ-BENJUMEA et al. 1994).  Therefore, it seems 

possible that the phenotype of disco-lof could be due to altered Wg signaling. This is also 

reflected in altered planar cell polarity in remnants of legs that formed in the disco-lof flies. 
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Further, Wg signaling was quite reorganized in wing discs following ectopic activation of 

disco. As with Dll, and dac, there are Disco binding sites at the wg gene, so it is possible that 

the Disco proteins regulate wg transcription directly.  The same is not true for dpp. No Disco 

binding sites have been indicated near dpp and this could explain why we see little change to 

dpp expression in the affected leg discs. 

With disco lof causing deletion of leg segments and altering wg expression along with 

Dll and dac we were not surprised to note an increase in apoptosis in both weakly and 

strongly affected discs.  However, we feel that it is unlikely that apoptosis is responsible for 

the entire phenotype we observe.  In the weakly affected discs only a few cells were 

undergoing apoptosis but many cells had lower Dll mRNA staining with no staining for 

TUNEL. We suspect that gene expression is being reduced due to loss of the disco genes, and 

that cell death will not be solely responsible for the weaker phenotype, yet there is the 

possibility that the reduction of Dll expression could be a contributing factor to the observed 

cell death. In the most severely affected discs little tissue remained, and there was no 

detectable expression of any distal leg marker we assayed. We only detected a small amount 

of the proximal marker Tsh. Whether the lack of cells was dues to apoptosis or lack of 

growth is unclear.  We did detect TUNEL-positive cells, but no cells were found where the 

inner, medial to distal leg cells should have been. There appears to be little left of these discs 

other than some portion of the peripodial cells. At this time, it is not clear exactly what leads 

to that phenotype, whether it is entirely cell death, a lack of cell proliferation or a 

combination of the two. We suggest that it is likely a combination. With regard to the most 



 

87 

severe phenotype, the remaining cells appear to be the peripodial membrane cells and part of 

marginal cuboidal cells, which will form the body walls and do not express disco under 

normal conditions.  

Of the proximal-distal factors we examined only Tsh remains in the most severe disco 

lof leg discs; Therefore, we suggest that the disco genes govern development of a larg region 

of the future legs. Indeed, upon re-examining the distribution of disco and disco-r mRNA in 

leg imaginal discs from third instar larvae, we observed that there was extensive overlap with 

Tsh, particularly in the ventral and lateral marginal cuboidal cells joining the peripodial 

membrane and the disc proper. This expression pattern corresponds well with the most 

extreme phenotypes we observed, as they lack the entire leg and patterning of the ventral 

thorax.  

Given the phenotype and alterations to gene expression that we describe above, the 

role of the disco genes might be more complex than is that of other appendage factors 

currently known. It is possible that leg development proceeds much like homeotic regulation 

of positional identity in vertebrates where overlapping combinatorial patterns of hox gene 

expression establishes regional fates. If this is the case, then we could propose a model 

similar to a hollow layer cake (Fig. 13A) such that if any one layer is left off, all that follow 

are eliminated. This follows from the observations that the cells of the squamous peripodial 

membrane and perhaps some of the cuboidal margin cells do not appear to express the disco 

genes, and indeed this portion of the leg discs are all that remains in the most extreme disco-

lof phenotypes.  
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Figure 13: Proposed model for gene interaction during leg development including disco. tsh 

is expressed in the periphery of the disc including the marginal cuboidal cells 
where overlaps with disco expression. disco is expressed from the marginal 
cuboidal cells to the center of the disc overlapping with dac and Dll. dac is 
expressed in a doughnut shape pattern overlapping with the distal region of Dll 
expression. Dll is expressed in the center of the disc.  
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Loss of function of the disco genes alters wg signaling and expression of leg 

determinant genes causing deletion of the leg, likewise, ectopic expression of either disco 

gene can induce the leg specification pathway in the wing discs (PATEL et al. 2007).  We 

previously demonstrated that ectopic Disco could activate Dll, dac, and disco-r in wing discs.  

Here we have also shown that a factor thought to distinguish between dorsal and ventral disc 

types, btd, is also activated.  Further, in our morphological analysis described here, we have 

evidence that the transformation is more extensive than previously thought since we can 

detect coxa-like material in the transformed wings. The formation of the proximal portions of 

leg can be explained by the activation of the ring of Dll expression surrounding Dac 

accumulation in the transformed wing. This ring of Dll expression resembles the expression 

in the leg imaginal discs corresponding to the distal trochanter. The phenotype observed 

when rn Gal4 drives disco expression where two bifurcations with tibia and tarsi are formed 

from a single femur is the result of two separate regions of Dll activation present in the wing 

blade primordia. In the leg imaginal disc, the expression of Dll is controlled by location of 

wg and dpp in the center of the leg disc. In the transformed wing, ectopic disco modifies the 

expression pattern of wg. As mentioned earlier, there are possible Disco binding site in the 

wg gene and disco could be directly modifying the expression of wg in the wing to a more leg 

like pattern. Modification of the expression pattern of wg to a leg like pattern in the wing disc 

could result in the initiation of the normal leg developmental cascade including the activation 

of the ventral determinant btd and the leg specific promoter Dll-LT.  
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The changes ectopic expression of disco causes in the wing disc override the wing 

developmental program. The cell originally designated to be wing tissue are outcompeted by 

the new leg programed cells. This can be seen by an increase in transcription of the loser A 

and looser B isoforms of the flower gene which mark cells unsuitable to form part of the 

tissue where they are located to be engulfed by neighbor more suitable cells (RHINER et al. 

2010).  In the wing disc, the new program activated by ectopic disco confers higher fitness to 

the new leg identity cells. 

An important feature observed from the disco lof and gain of function supporting a 

larger role of the disco genes during leg development is the changes of the wg signal. 

Although in the lesser-affected disco lof leg discs wg is reduced, in the more affected discs 

there was no wg or dpp expression. In the gain of function case, wg is modified to a leg 

pattern of expression. These observations suggest that indeed the disco genes are responsible 

for the establishment of a genetic field or platform of cells with ventral appendage character, 

followed by Wg and Dpp signaling that activates the proximal-distal patterning genes (e.g. 

Dll, dac). 

Finally, we want to comment on the possible conservation of disco gene functions. 

The disco genes are conserved family of genes with homologs found in most if not all 

animals (KNIGHT and SHIMELD 2001), and though little is known about commonalities in 

function of the family members, there are two intriguing observations. Bhoj et al. (BHOJ et al. 

2011) have uncovered a possible genetic link to a break in the Basonuclin-2 gene and limb 

growth in humans. Perhaps, if this is determined to indeed be a causative mutation, then there 
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could be commonalities in the disco gene family and limb development. Furthermore, and 

quite intriguing with respect to regulation of the disco genes, Basonuclin is activated by Gli 

proteins in some basal cell carcinoma cells (CUI et al. 2004). Gli proteins are the 

transcriptional responders of the Hh pathway, and given the role of Hh in patterning the 

Drosophila legs, perhaps we will eventually discover that the genes are similarly regulated. 
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DETERMINATION OF THE REQUIREMENT OF disco AND disco-r IN THE 

FORMATION OF THE LEG USING CLONAL ANALYSIS 
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Introduction 

In our previous study (PATEL et al. 2007) clones of cells lacking the disco genes were 

recovered in many structures of the adult fly, but mainly in dorsal regions, including the eye, 

dorsal head and the abdomen; in the thorax clones were found in the body wall but only a 

few clones were found in the leg and these were in the most proximal segment the coxa. In 

the imaginal discs the clones were found mostly in the dorsal discs including the wing discs 

and the eye portion of the eye-antenna discs. In the antenna portion of the eye-antenna discs 

and the leg discs, few clones were found mainly in the peripodial membrane of the discs.  In 

general, clones were found in regions were the disco genes are not expressed. To answer the 

question of what happen to the cells located in the leg imaginal discs when the disco genes 

are removed we used two approaches.  The disco-lof results are described in chapter 2; here I 

will describe the complementary approach, using clonal analyses to remove the disco genes 

in a large portion of the leg imaginal discs, the region where Dll is expressed.  

Materials and Methods 

Fly stock 

Df (1) ED7355, P [w[+mW.Scer\FRT.hs3]= 3'.RS5 +3.3'] ED7355, w[1118]/FM7h 

(RYDER et al. 2004)(FBst0008899). P[w[+mC]=tubP-GAL80[ts]]Sxl[9], w[*]/ FM7c 

(MCGUIRE et al. 2003)(FBst0007016) (Gal80ts hereafter). w[1118] sn[3] 

P[ry[+t7.2]=neoFRT]19A (XU and RUBIN 1993) (FBst0001740). y[1] w[*]; P[w[+mC]=UAS-

FLP1.D]JD1 (DUFFY et al. 1998) (FBst0004539). P[w[+mW.hs]=GawB]Dll[md23]/CyO 

(FBst0003038). UAS-GFP / UAS-GFP was a gift from Patricia A Estes (North Carolina State 

University). 
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Generation of the deficiency and control lines 
 

For the clonal study I used the FLP/FRT system (XU and RUBIN 1993) (Figure 1). We 

generated female flies of the Df (1) ED7355, FRT 19A/ Gal80ts, FRT 19A; Dll Gal4, UAS 

GFP/CyO genotype by crossing females Df (1) ED 7355, FRT 19A / FM7c; Dll Gal4, UAS 

GFP/ CyO to males Gal 80ts, FRT 19A / Y; UAS FLP/ UAS FLP. As mentioned earlier, 

removing the disco genes during embryogenesis using Dll Gal4 results in embryonic lethality 

and for that reason we used Gal80ts (MCGUIRE et al. 2003) allowing the embryos to develop. 

This Gal 80ts is located in the X chromosome and is female lethal when homozygous (as 

reported by Bloomington Drosophila Stock Center). The following crosses were done to 

generate the females for our study. Females Df (1) ED7355/FM7c were crossed to pNeo FRT 

19A/ Y males. From the previous cross we selected for females Df (1) ED7355/pNeo, FRT 

19A and crossed them to males FM7c/ Y and scored for FM7c flies with red eyes and the 

disco phenotype (reduction of the ventral portion of the eye). To confirm the genotype, we 

crossed females Df (1) ED7355, pNeo, FRT 19A/ FM7c to Df (1) ED7355/ Y: Dup males and 

examined the embryonic phenotype to determine if the deficiency was present (MAHAFFEY et 

al. 2001) and used PCR to determine the presence of the FRT site. Females of the Df (1) 

ED7355, pNeo, FRT 19A/ FM7c genotype were cross to FM7c/ Y males to make a stock of 

Df (1) ED7355, FRT 19A /FM7c for further use. To generate the second chromosome, we 

crossed male Dll Gal4/ CyO to females UAS GFP homozygous and collected non-CyO 

females. From the previous cross we selected females Dll Gal4/ UAS GFP to be cross to 

males Sco/CyO. From this cross we selected CyO flies with GFP expression. These flies 

expressed GFP in a Dll pattern. Female flies from Df (1) ED7355, FRT 19A /FM7c; +/+ were 
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crossed to males +/Y; Dll Gal4, UAS GFP/CyO. From that cross we selected females Df (1) 

ED7355 FRT 19A/+; CyO/+ and crossed them to FM7/ Y; Dll Gal4, UAS GFP/ + to generate 

flies of the Df (1) ED7355, FRT 19A/FM7c; Dll Gal4, UAS GFP/CyO. To obtain the males 

for this cross, we took Gal80ts/ FM7c females and crossed them to pNeo, FRT 19A /Y males. 

From that cross we selected for Gal80ts/ pNeo, FRT 19A females. Those females were 

crossed to males FM7c/Y and selected for recombinants (Gal80ts, FRT 19A / FM7c). Gal80ts, 

FRT 19A / FM7c females were crossed to males’ +/Y; Sco/CyO. We selected for females 

Gal80ts, FRT 19A /+; +/CyO and cross them to males FM7c/Y; +/CyO. The result from that 

cross were flies of the Gal80ts, FRT 19A /FM7; +/CyO genotype, which were then, crossed 

to males +/ Y; UAS FLP/UAS FLP. From the previous cross males Gal80ts, FRT 19A /Y; 

UAS FLP/CyO were crossed to females FM7c/+; UAS FLP/CyO allowing us to maintain a 

stock of flies Gal80ts, FRT 19A /FM7; FLP/FLP. Males from the Gal80ts, FRT 19A /Y; 

FLP/FLP were crossed to females of the Df (1) ED7355, FRT 19A /FM7c; Dll Gal4, UAS 

GFP/CyO which were the flies used during the clonal analysis to create groups of cells 

lacking disco and disco-r in the Dll domain. We will call this line “deficiency FRT” 

hereafter. We generated a control line without Df (1) ED7355. We crossed males of the Dll 

Gal4, UAS GFP/CyO genotype to females homozygous for pNeo, FRT 19A. From that cross 

we selected for pNeo, FRT 19A/ +; CyO/ + females and crossed them to males pNeo, FRT 

19A/ Y and selected for pNeo, FRT 19A/ pNeo, FRT 19A; +/ CyO females. We crosses 

pNeo, FRT 19A/ pNeo, FRT 19A; +/ CyO females to males pNeo, FRT 19A/ Y; Dll Gal4, 

UAS GFP / + and select for pNeo, FRT 19A/ pNeo, FRT 19A; Dll Gal4, UAS GFP/CyO. We 

refer to this line as “control” hereafter. 
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Generation of clones 

To generate the clones I crossed females Df (1) ED 7355, FRT 19A / FM7c; Dll Gal4, 

UAS GFP/ CyO to males Gal 80ts, FRT 19A / Y; UAS FLP/ UAS FLP yielding Df (1) 

ED7355, FRT 19A/ Gal80ts, FRT 19A; Dll Gal4, UAS GFP/CyO These were raised at 17˚ C 

until I wanted to induce recombination. Recombination was induced by heat inactivation of 

Gal80ts at 30˚C. To generate clones for molecular analysis of the imaginal discs, parents were 

reared at 17˚C and transferred daily to a new vial to continue collecting embryos. The 

progeny of these crosses were maintained at 17˚C for 5 days after the parents were 

transferred out of the vial. The vials of second instar larvae were transferred to a 30˚C water 

bath to induce formation of the clones. After the 12 hours heat shock the vials were 

transferred back to 17˚C. In some of the vials the larvae were allowed to continue 

development until adult formation to analyze the phenotype, while other vials were used to 

collect larvae for dissection and molecular analysis. For this, once third instar larvae were 

observed they were collected every 24 hours for successive days. Larvae were sorted by sex 

and GFP expression (female, GFP flies contained clones). Dissection was carried out in cold 

PBS and tissues were fixed using standard lab protocol. Fixed larvae were maintained in 

methanol at -20˚ until needed. 
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Results 
 
Determination of the appropriate time to induce the clones 

  
To determine the appropriate time to induce the clones, the parents were maintained 

at 17˚ and transferred to a new vial after 96-hour for twice and then at 72 hours. This timing 

gave the following age range and developmental stage for the progeny at the time of heat 

shock: the larvae of the oldest vial were between 168 to 264 hours at 17˚C, which correspond 

to early to late third instar larvae.  The second group ranged between 72 to168 hours at 17˚C 

and the larvae were between mid first to early third instar.  The third group ranged from 0 to 

72 hours at 17˚C corresponding from embryos to mid first instar larvae. I transferred the vials 

to a 30˚C incubator at the same time to heat shock the larvae. The larvae were maintained at 

30˚ and allowed to develop to determine their phenotype.  

Vials containing larvae between early to late third instar at the moment of transfer 

produced flies with sex comb teeth in the first tarsus of females (see below). The vials with 

larvae between mid-first to early third instar at the moment of transfer produces adult flies 

with deletion of 4 tarsal segments and sex comb teeth in females (see below). The vials with 

progeny from embryos to mid first instar larvae did not produce flies of the Df (1) ED7355, 

FRT 19A/ Gal80ts, FRT 19A; Dll Gal4, UAS GFP/CyO genotype, and for that reason transfer 

during those stages was considered lethal. From this analysis we concluded that the best time 

to transfer the vials to induce formation of the clones was when the larvae were mid-first to 

early third instar.  
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Figure 1. Schematic representation of somatic recombination using FLP/FRT system. During 

somatic cell division homologous chromosomes bearing an FRT site in the same 
chromosomal position line-up. One of the homologous chromosomes containing 
the mutation of interest while the other is wild type for the same gene. An 
inducible FLP protein is responsible to induce recombination between the FRT 
sites of the homologous chromosomes resulting in one cell homozygous for the 
mutation while the twin cell is wild type for the gene.  
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Leg phenotype of flies deficient for disco/disco-r  

The normal Drosophila leg consists of 5 structures (Figure 2A); the coxa (Co), 

trochanter (Tr), femur (Fe), tibia (Ti) and tarsi (Ta). The tarsi are further subdivided into 5 

segments (t1-5) (Figure 2A’). To understand the effect of generating clones of cells lacking 

the disco genes in the Dll expressing region of the leg imaginal disc we looked at the 

phenotype produced in flies of the deficiency FRT line and compared them to the control 

flies. The deficiency FRT and the control flies were transferred to a 30˚ air incubator as 

explained above. 

The formation of clones of cells lacking the disco genes resulted in deletion of the 

tarsal segments 2 to 5 of the leg (Figure 2B). When closely examined, we found a shortened 

first tarsus with sex comb teeth (see arrowheads in Figure 2B and 2B’). In Drosophila 

melanogaster the sex comb teeth are a male exclusive characteristic.  This male characteristic 

could be the result of the twin cells, which are homozygous for the Gal80ts insertion on the X 

chromosome. As mentioned earlier this Gal80ts is female lethal when homozygous. It is 

likely that this is due to an insertion of Gal80ts into a sex determination gene so that when 

homozygous in clones, these cells behaved as male (Max Scott, personal communication). It 

is important to mention that the Dll Gal4 driver is an insertion of a Gal4 containing p element 

into the Dll gene. This results in a Dll mutation that causes deletion of the last tarsal segment 

when flies are reared at 30˚C. The deletion of tarsal segments 2-5 goes beyond the Dll Gal4 

phenotype at 30˚C explained above.  

When we compared the deficiency FRT flies to our control line, which were normal 

for the disco genes (Figure 2C-C’), we noticed a deletion of the last tarsal segment (Figure 
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2C) with the presence of sex comb teeth in the first tarsus (See arrowheads in Figure 2C and 

2C’). The deletion of the last tarsus corresponds to the Dll Gal4 phenotype when reared at 

30˚C explained above. The presence of the sex comb teeth corresponds to cells homozygous 

for the Gal80ts. 

We also examined the phenotype of females of the Gal80ts, FRT/ FM7; Dll Gal4, 

UAS GFP/ UAS FLP genotype. These flies do not have cells homozygous for Gal80ts 

because the lack the FRT site in the homologous chromosome. We noticed that the legs 

developed abnormally (Figure 2D-D’), having a deletion of the last tarsus (Figure 2D), which 

was a characteristic of the Dll Gal4 phenotype explained above.  In addition, no sex comb 

teeth were present (Figure 2D’) because there were no cells homozygous for the Gal80ts, 

which supports that the presence of these structures in females previously described could be 

the result of cells homozygous for Gal 80ts. 
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 Figure 2. Analysis of the clone phenotypes. 10X magnification of the first thoracic leg of 
female flies (A-D) and 20X magnification of the tarsal segments of the same legs 
(A’-D’). (A-A’) Oregon-R (WT) fly showing all leg segments, Coxa (Co), 
Trochanter (Tr), Femur (Fe), Tibia (Ti) and Tarsus (Ta). 20X magnification of 
tarsal segments 1-5 (t-1 to t-5). (B-B’) fly of the Df ED (1) 7355,FRT/ Gal80ts, 
FRT; Dll Gal4, UAS GFP; UAS FLP genotype. Arrowhead shows sex comb teeth 
in the only tarsus present, a characteristic of Gal80ts homozygous cells and a 
reduced first tarsal segment (t-1). (C-C’) fly of the pNEO, FRT/Gal80ts, FRT; Dll 
Gal4, UAS GFP/ FLP genotype. The deletion of the last tarsus is result of the Dll 
Gal4 at 30˚. (D-D’) fly of the Df ED (1) 7355, FRT/ FM7; Dll Gal4, UAS 
GFP/FLP. Shows loss of the last tarsal segment which is characteristic of Dll Gal4 
when reared at 30˚C. 
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Observing clones in the imaginal discs 

Unlike in our previous work, I wanted to find clones in the imaginal discs so that I 

could determine what the consequence was for leg cells that lost the disco genes. After heat 

shock, the larvae were transferred to a 17˚C. It was necessary to do this so that Gal80ts could 

re-nature and block expression of GFP in non-clonal cells. In this manner, GFP would only 

continue to be expressed in the homozygous deficiency cells. The larvae were dissected at 

different time intervals as described in the materials and methods. We were able to visualize 

the presence of clones in female larvae 48 hours after heat shock (Figure 3) by the presence 

of areas with high expression of GFP in a slightly reduced background of non-clonal cells.  

At the moment of completing the heat shock, all cells expressing Dll Gal4 would 

express GFP evenly. After 24 hour at 17˚C, the imaginal discs still had high levels of GFP 

throughout the Dll domain, likely due to perdurance of the GFP protein since Gal80 would be 

repressing new transcription. After 48 hour of incubation at 17˚C post heat shock we 

observed differences in GFP expression in the imaginal discs. We could detect brighter areas 

of GFP surrounded by areas of lower GFP intensity (See arrowhead in Figure 3B). The 

difference in GFP intensity can be explained because clones homozygous for the deficiency 

lacked Gal80ts so would continue to express GFP, while those heterozygous for the 

deficiency or homozygous Gal80ts had begun to repress GFP expression since Gal80ts had re-

natured.  

We dissected larvae containing deficiency clones at different time intervals as 

described in the materials and methods to determine what happen to the cells that lack the 

disco genes in the leg imaginal discs. We found that as more time passed after heat shock, 
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even the bright GFP positive cells diminished. We compared the number of cells with high 

GFP over time after induction of clones (Figure 4). At the moment of completing the heat 

shock and 24 hours later, the entire leg discs were expressing GFP evenly, as described 

above. We compared the number of strong GFP expressing cells at 48, 72 and 96 hours after 

heat shock (Figure 4A). At 48 hours, although most cells within the Dll domain still 

expressed GFP from the initial heat shock, in some cells the brightness of the GFP appeared 

to be maintained in comparison with surrounding cells. After 72 hours post heat shock, the 

deficiency cells were more easily distinguishable because the background GFP was almost 

gone by this time (Figure 4B). The number of cells expressing high intensity GFP 

(characteristic of the deficiency cells) appeared to be reduced when compared to the discs at 

48 hours, shown in Figure 4A. After 96 hours post heat shock there were few GFP expressing 

cells in the leg imaginal discs (Figure 4C). We were not able to find GFP expressing cells 

outside of the Dll domain at any dissection time, which suggest that the cells did not migrate 

far. 

  
Fate of the homozygous deficiency cells  

 Since, as described above, the cells expressing high GFP are reduced over time, it 

might suggest that most of the cells lacking the disco genes were dying. Therefore, we 

looked into the possibility of cell death. We did a Terminal deoxynucleotidyl transferase 

dUTP (Deoxyuridin triphosphate) nick end labeling (TUNEL) analysis to determine if the 

cells were undergoing apoptosis (GAVRIELI et al. 1992). In cells undergoing apoptosis the 

nuclear membrane is degraded and the DNA is cleaved in 180 bp fragments. Ca+2 and Mg+2 
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dependent endonucleases (ARENDS et al. 1990) cut the double stranded DNA into the 

nucleosome fragments. In a TUNEL analysis, an enzyme (Terminal deoxynucleotidyl 

transferase) catalyzes the addition of labeled deoxynucleotides (dNTPs) into the fragmented 

DNA. The labeled dNTPs are later detected with a fluorescence-conjugated antibody.   

We compared leg discs of our deficiency larvae to the control larvae (Figure 5). We 

noticed that in the discs with cells homozygous for the deficiency (Figure 5A-A’), the 

number of TUNEL positive cells was higher than in the control discs (Figure 5B-B’). We 

noticed in the deficiency discs that some of the TUNEL positive nuclei were within or beside 

some remaining GFP (see Figure 5A’ arrowheads) while others were completely isolated 

from GFP (see Figure 5A’, arrow). We observed only two cells positive for TUNEL in our 

control, which may well correlate with normal cell death in the leg disc (Figure 5B’, 

arrowhead).  
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Figure 3. Visualization of deficiency clone cells within the live larvae. Low magnification 

(5X) of two larvae (A) showing GFP expression driven by Dll Gal4. On the left is 
a female of the FM7/Gal80, FRT; Dll Gal4, UAS GFP/ UAS FLP genotype. GFP 
expression in the larva appears of even intensity through the discs. On the right is a 
female of the Df (1) ED7355, FRT/ Gal80, FRT / Dll Gal4, UAS GFP/ UAS FLP 
genotype. Observe areas within the disc (GFP expressing region) where the GFP 
intensity varies. In (B) there is a closer view of the section on (A) showing high 
levels of GFP (white arrows) surrounded by areas of reduced GFP intensity.  
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Figure 4. Time line of clones’ persistence in the leg discs. Low magnification (8X) of everted 

larvae exposing the leg imaginal discs after inducing the formation of clones and 
larvae transferred to 17˚C until dissected. (A) The discs of a larva 48 hours after 
heat shock, clones were slightly distinguishable in a GFP background. Clones are 
characterized as cells expressing high intensity of GFP and they appear to be 
grouped in clusters. (B) Discs dissected 72 hours after heat shock. The clones 
appear to be less but are characterized by high levels of GFP. At this time the 
background GFP is almost imperceptible. (C) Discs dissected 96 hours after heat 
shock. At this time the clones have almost disappeared from the disc, only a few 
clones can still be found with high levels of GFP expression. 
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Figure 5. Analysis of apoptosis in clones. Leg discs stained with DAPI (blue) showing clones 

labeled with GFP (green) and apoptotic cells (TUNEL red) of deficiency larva (A) 
and control (B) 72-hours after heat shock. (A) Leg imaginal disc having clones 
lacking the disco genes (GFP) showing an increase in apoptotic cells located 
through the disc. (A’) insert from A showing TUNEL positive cells in the Dll 
domain located within or beside GFP (arrowheads) and isolated (arrow). (B) Leg 
imaginal disc of a control fly having clones (GFP). Note the higher number of 
clones prevailing in the control disc when compared to A (clones are identified 
based on GFP expression) Apoptotic cells can also be found in the control discs 
although in fewer numbers (B’ arrowhead). 
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Discussion   

 The results obtained in this investigation support our previous findings using a 

different mechanism to address the question of what happen to the cells in the leg imaginal 

discs when the disco genes are removed? Here we generated clones of cells lacking the disco 

genes in the Dll domain to understand the effect caused by the deletion of those genes during 

the development of the leg imaginal disc and the formation of the adult leg.  

 The phenotype observed (Figure 2B and 2B’) suggested that cells lacking the disco 

genes fail to form part of the leg structure. The presence of sex comb teeth in the first leg of 

females suggests that the cells present in the remaining portion of the leg structure are the 

twin cells (Gal80 homozygous), which behave as male cells; those cells are normal for the 

expression of the disco genes and for that reason were maintained within the structure. 

Furthermore we were able to detect a reduction in the number of the clonal cells expressing 

high GFP (cells lacking the disco genes) over time (Figure 4), which could account for the 

phenotype of the deficiency FRT flies. The fact that no cells expressing GFP were found in 

regions where Dll is not expressed suggested that those cells did not migrate out of the Dll 

region and instead some were removed from the disc, likely by apoptosis. This possibility 

was in accordance with the phenotype observed.  

Although the number of cells undergoing apoptosis was higher in the deficiency than 

in the control, that number does not appear to directly account for all the missing portions of 

the legs, seen in the phenotypic analysis. This could be the result of the twin cells 

regenerating the leg discs.  
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The increase in TUNEL positive cells in discs lacking the disco genes also supports 

the role of disco during leg development and the previous results, which suggested that in the 

absence of the disco genes all ventral structures with the exception of the body wall may be 

compromised. In the previous results presented in chapter 2, we reduced the amount of disco-

r in a disco null background but some disco may still present, here using the Df (1) ED7355, 

we removed the disco genes completely along with other genes (see table 2 in chapter 2). 

Although this investigation served to support the findings shown in our previous 

study, we recognize some limitations and alternatives that could improve the investigation. 

The TUNEL analysis did not provided a good co-localization of apoptotic cells with the 

cytoplasmic GFP. One of the possibilities for this situation is the activation of caspases 

degrading the GFP before the nuclear fragmentation of the DNA could be detected. A 

possible alternative to overcome this limitation relies on the use of antibodies to detect the 

active form of caspases. This would serve as a marker to identify apoptotic cells in early 

stages allowing for better allocation with regard to the GFP expressing cells. Another 

possible improvement could be the use of the minute mutation. Although a limitation for this 

technique is if the cells lacking the disco genes die, the cells heterozygous for the minute can 

repopulate the missing structures.  
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THE EFFECT OF ECTOPIC EXPRESSION OF Dll IN THE WING IMAGINAL 

DISCS. 
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Introduction  

In the leg imaginal discs, Distal-less (Dll) induces differentiation of the distal portion 

of the leg (COHEN and JURGENS 1989; LECUIT and COHEN 1997). As a leg determinant it was 

not surprising that ectopic expression of Dll in non-leg regions could produce leg-like 

structures. This was demonstrated in 1997 by Gorfinkiel (GORFINKIEL et al. 1997); when 

expressing Dll ectopically using E132 Gal4, they induce the formation of leg-like structures 

from the wing imaginal disc. In previous work our lab presented evidence that ectopic 

expression of disconnected (disco) can also induce a wing to leg transformation (PATEL et al. 

2007). The transformation achieved by Gorfinkiel et al. using E132 Gal4 was limited to the 

wing hinge portion of the wing producing mostly distal structures, while the transformation 

by disco ectopic expression under dpp Gal4 (PATEL et al. 2007) replaced almost the entire 

wing with a nearly complete leg. The transformation by ectopic disco activates the normal 

leg determinants Dll, dachshund (dac) (PATEL et al. 2007) and buttonhead (btd) (present 

work) as might be expected for such a complete transformation. We wanted to determine if 

Dll could also induce a wing to leg transformation using the same drivers as disco or if that 

transformation was limited to the E132 Gal4 driver, and further, we wanted to determine how 

complete of a transformation occurred by ectopic Dll. Below I show that ectopic expression 

of Dll using the rn Gal4 or ap Gal4 disrupted the normal development of the wing resulting 

in a miniature wing when using rn Gal4 or a sack like structure lacking all wing 

characteristics when using ap Gal4. 
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Materials and Methods 

Fly Stock 

Flies were raised in standard cornmeal-agar-molasses media at 17˚C unless otherwise 

stated. Lines used were: P[w[+mW.hs]=GawB]Dll[md23]/CyO  (CALLEJA et al. 1996) 

(FBst0003038). w[*]; P[w[+mC]=tubP-GAL80[ts]]10; TM2/TM6B, Tb[1] (MCGUIRE et al. 

2003)(FBst0007108) (Gal 80ts here after). w[1118]; P[w[+mW.hs]=GawB] rn[GAL4-

5]/TM3, P[ry[+t7.2]=ftz/lacC]SC1, ry[RK] Sb[1] Ser[1] (ST PIERRE et al. 2002) 

(FBst0007405).  y[1] w[1118]; P[w[+mW.hs]=GawB] ap[md544]/CyO  (CALLEJA et al. 

1996) (FBst0003041), w[1118]; sna[Sco]/CyO, P[ActGFP.w[-]]CC2 (FBst0009325), UAS 

disco-C / UAS disco-C was a gift from Ana R Campos (McMaster University), UAS Dll/UAS 

Dll was a gift from Dr. Grace Boekhoff-Falk (Grace Panganiban) (University of Wisconsin). 

Fly line Dll Gal4, tub Gal 80ts  

Because ectopic expression of disco using Dll Gal4 is embryonic lethal as mentioned 

earlier we generated a line containing Dll Gal4 and tub Gal80ts in the second chromosome 

see materials and Methods in Chapter 2 

Dissection and fixation of imaginal discs 

Third instar larvae were collected and placed in a depression slide with cold PBS. The 

larvae were cut at the posterior third and the anterior portion was inverted. All unnecessary 

tissues were removed including salivary glands, fat tissue, gonads and guts to minimize non-

specific binding of the probes and increase the exposure of the imaginal discs. We transferred 

the carcasses (with the discs attached) to a 1.7 mL tube with 100 µL of cold fixative (10% 

paraformaldehyde/50mM EGTA/1X PBS). With a maximum of 10 larvae carcasses per tube 
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of fixative, we added 600 µL of heptane and rocked the tubes for 20 minutes at room 

temperature. We removed the aqueous layer (bottom layer) and added 800 µL of methanol 

with gentle shaking for 30 seconds to avoid losing the discs. We allowed the discs to settle 

and remove the intermediate layer first, then the upper and finally the lower layer. We rinsed 

the discs with methanol twice and rocked the tubes 2 times (five and twenty minutes) with 1 

mL of fresh methanol each time. Fixed discs were stored in methanol at -20˚ until needed. 

Collection of adult flies 

The adult flies for phenotypic analysis were collected as follow. The flies when Dll 

Gal4 was used as the driver were removed from the pupa case after they open the operculum 

or when frequent movement of the legs inside the pupa case was detected. This was 

necessary because the severe disruption to the legs did not allow them to completely eclose. 

For adult flies where ectopic expression of Dll was driven by rotund Gal4 (rn Gal4) or 

apterous Gal4 (ap Gal4), we collected flies after they eclose. Flies were then stored in 

ethanol at -20˚ until needed.  

Images 

Images of the imaginal discs were taken using a Leica Axioplan® microscope with a 

Q imaging micropublisher 5.0 RTV® camera and QCapture imaging softwaretm. Images of 

the adult flies were taken using a Leica MZ16F ® microscope with a Q imaging 

micropublisher 5.0 uncooled® camera and QCapture™ Imaging software. 
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Results 

In the leg imaginal discs, Dll and disco expression initiates in the primordia during 

embryogenesis (COHEN 1990; BATE and ARIAS 1991; LEE et al. 1991; COHEN et al. 1993) 

and continues during larva development. In the wing imaginal disc Dll expression is detected 

during late second instar in a group of cells at the anterior and posterior portions of the wing 

pouch primordium (DIAZ-BENJUMEA and COHEN 1995). Later during early third instar the 

expression of Dll in the wing expands along the wing blade primordia in the precursor cell of 

the wing edge (see Figure 1A arrow). disco is not expressed in the wing blade primordia. 

During third instar, disco is expressed in the posterior-dorsal portion of the wing imaginal 

discs (see Figure 1B arrow (PATEL et al. 2007) this region will give raise to the notum of the 

fly. In addition disco is expressed in a small group of cells in the anterior-ventral portion of 

the wing disc (unpublished), which is part of the wing hinge primordia, but the function of 

disco in the wing imaginal disc still unknown. Using Dll Gal4 we were able to drive ectopic 

expression of disco in the wing blade primordia of the wing imaginal disc where disco is not 

normally expressed (see Figure 1C arrowhead). 

Analysis of ectopic expression of Dll and disco 
 
We first wanted to determine if activation of disco or Dll could induce a wing to leg 

transformation when using a Dll Gal4 driver. Dll Gal4 is an insertion in the Dll gene driving 

expression in the normal Dll pattern. Contrary to disco, the ectopic expression of Dll using 

Dll Gal4 was not lethal to embryos; still, for constancy we crossed UAS disco and UAS Dll to 

the same Dll Gal4, Gal80ts line to reduce variations caused by absence or presence of the Gal 

80ts insertion. 
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Flies expressing Dll or disco in the wing imaginal disc under the control of Dll Gal4 

were allowed to develop to adult to compare the phenotype produced in the wing (Figure 2). 

Because the flies expressing ectopic Dll or disco did not eclose on their own due to leg 

defects (to be discussed in chapter 4), we removed the pharate adults from the puparium after 

the fly broke the operculum or when constant movement of the legs was detected. When 

compared to the normal wing from a fly removed from the puparium before eclosing, flies 

having ectopic expression of Dll using the Dll Gal4 appear to have wings slightly reduce in 

size (Figure 2A,B). Another difference from the normal wing was that some of the bristles 

located at the wing edge were missing (see Figure 2B’ arrow). We also notice that the wing 

edge failed to form completely. 

When disco is ectopically expressed in the Dll domain of the wing disc, the reduction 

in wing size when compared to the normal wing was more noticeable (Figure 2C) than with 

Dll. In addition to the reduction in size, the wing edge along with the bristles characteristics 

of that structure were missing (Figure 2C’ arrow).  

 We also wanted to compare the phenotype produced in the wing by ectopic 

expression of Dll using rn Gal4 and ap Gal4 (Figure 3). We have already shown how ectopic 

disco causes the formation of leg structures in the wing using rn Gal4 and ap Gal4 (Chapter 

2); here I will only describe the phenotype caused by expressing Dll. 

Contrary to the ectopic expression of Dll using Dll Gal4 where flies were removed 

from the pupa; the flies expressing Dll under the control of rn Gal4 or ap Gal4 were able to 

eclose and expand their wings (figure 3). When rn drives ectopic expression of Dll in the 

wing discs, most of the wing failed to form resulting in a miniature wing (Figure 3B). These 
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miniature wings appeared to be composed of the wing hinge and a very reduced portion of 

the wing blade (Figure 3B’). The miniature wings also appear to retain the proximal bristles 

of the wing hinge along with some proximal bristles of the wing blade (see Figure 3B’ 

arrow). When ap drives Dll expression in the wing discs, the entire morphology of the wing 

change into a balloon-like structure (Figure 3C) lacking any characteristic bristle of the wing 

(Figure 3C’).  
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Figure 1. Enzymatic detection of endogenous (A) Dll (arrow) and (B) disco (arrow)  in an 

Ore R wing imaginal disc. (C) Endogenous and ectopic expression of disco in the 
wing imaginal disc of a Dll Gal4 driving disco larvae (arrow and arrowhead 
respectively). 
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Figure 2. Comparison of the wing phenotype caused by ectopic expression of Dll and disco 

using a Dll Gal4 driver. A’ to C’ are higher magnifications of the wings of flies in 
A to C. (A) Unfolded wing of a wild type fly removed from the pupa case. Bristles 
characteristics of the wing edge (A’ arrow) develop from the Dll domain on the 
wing imaginal disc. (B) Wings from flies where Dll drives ectopic expression of Dll 
were slightly smaller than wild type and lost some of the edge bristles (B’ arrow). 
(C) Wings of flies of Dll driving disco were considerably smaller than the wild type 
and lacked the characteristics of the wing edge (C’ arrow).  
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Figure 3. Comparison of the wing phenotype caused by ectopic expression of Dll in the wing 

imaginal disc. A’ to C’ are closer views of the wings of flies from A to C. Wild 
type wing  (A-A’). When rn Gal4 drives Dll expression the wing is reduced into a 
miniature wing (B). The wing retains some of the proximal bristles of the wing 
edge (B’). When ap Gal4 drives ectopic Dll expression it disrupt the morphology 
of the wing resulting in a balloon shape (C) with no resemblance to a normal wing 
(C’).  
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Discussion 

In the Drosophila embryo, Dll determines the location of the leg imaginal disc 

primordia and during larvae development induces differentiation of the distal portion of the 

leg. Previous studies have demonstrated that ectopic expression of Dll (GORFINKIEL et al. 

1997) and disco (PATEL et al. 2007) can induce ectopic formation of leg structures in the 

wing imaginal discs.  We investigated if Dll can induce formation of ectopic leg structures in 

the same regions and with the same Gal4 drivers as disco. In addition, we investigated if 

ectopic expression of Dll and disco can transform the wing into a leg using Dll Gal4 as a 

driver.  

Our findings indicate that neither ectopic expression of disco nor Dll can initiate the 

formation of leg structures in the wing when using Dll Gal4 as driver. Although expressed in 

the wing pouch primordia, Dll expression does not begin until late second instar larvae. 

Because the activation of Dll in the wing discs initiate during late second instar larvae this 

could be preventing ectopic disco or Dll from inducing the formation of a leg replacing the 

normal wing. Furthermore, and contrary to ectopic expression of disco which induces a wing 

to leg transformation when driven by either rn Gal4 and ap Gal4, ectopic expression of Dll 

under the control of the same drivers was unable to induce such transformation. Instead when 

using rn Gal4 we observed a reduction on wing size, possibly suggesting that the cells in the 

wing imaginal disc did not proliferate after second instar larvae when rn is normally 

activated. That the wing hinge formed is not surprising since rnGal4 is not expressed in that 

region of the wing discs. The phenotype observed when driving Dll using ap Gal4 suggested 
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that cells in the wing pouch may have lost their identities giving raise to what resembles 

naked cuticle. 

The limitation of Dll to transform the wing into a leg using the same drivers allowing 

disco to achieve this transformation suggests a limitation in the ability of Dll to do so. The 

location of the transformation presented by Gorfinkiel et al. (GORFINKIEL et al. 1997) 

suggests a particular set of conditions present in that region allowing the formation of leg 

structures. Previous work from our laboratory demonstrated that disco-r is expressed in the 

anterior-ventral portion of the wing disc corresponding to the ventral side of the wing hinge 

(GRUBBS et al. 2013). This is where Gorfinkiel et al (GORFINKIEL et al. 1997) observed the 

wing to be transformed by ectopic Dll. One possible is that the presence of disco-r in the 

ventral portion of the wing disc could cause this region to be permissive for the 

transformation to wing..  

The ability of disco to induce the formation of more complete leg structures in the 

wing coupled with the limitation of Dll to produce the same effect suggests a more robust 

role of disco during leg development. 
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NEW COMPONENTS OF THE DROSOPHILA LEG DEVELOPMENT IDENTIFIED 

THROUGH GENOME WIDE ASSOCIATION STUDIES 
 

 
In a Genome Wide Association Study (GWAS) conducted by our lab (Grubbs et al, 2013), in 

search of single nucleotide polymorphisms (SNIPs) located in genes that could be involved 

in leg proportionality we found several genes affecting antenna development. My 

contribution to this work was to analyze the effect of reducing those genes in the antenna and 

the confirmation of the phenotype by using a Gal 80ts.  

In the chapter following this publication I am including more details related to this 

transformation along with additional results obtained from subsequent experiments. 
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THE EFFECT OF REDUCING GENES INVOLVED IN LEG PROPORTIONALITY ON 

THE DEVELOPMENT OF THE ANTENNA OF DROSOPHILA MELANOGASTER 
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Introduction  

In insects, the antenna and the legs are considered homologous structures 

(POSTLETHWAIT and SCHNEIDERMAN 1971; CASARES and MANN 1998; PANGANIBAN 2000; 

DONG et al. 2001; CUMMINS et al. 2003) (Figure 1) although they serve different purposes. 

The antenna serves as a sensory organ while the leg is mostly used for locomotion although it 

also contains sensory structures (HODGKIN and BRYANT 1978). The antenna and the leg 

discs share some similarities with regard to the genes expressed in the imaginal discs during 

development, though there are some differences in the expression patterns of those genes 

(Figure 2 and references therein). These differences are accountable for the distinctive 

morphology of the two structures, for example the differences in hth expression (CASARES 

and MANN 1998). A well studied antenna to leg transformation is the one caused by ectopic 

expression of the Antennapedia gene in the antenna (LEWIS et al. 1980; STRUHL 1981). 

Although present in the leg, this gene is not expressed in the antenna and when ectopically 

expressed it suppresses homothorax which prevents the nuclear localization of Extradenticle. 

Here I describe my contributions to the work of (GRUBBS et al. 2013) and extend this with 

further analyses of how the reduction of some genes associated with leg proportionality 

affect antenna development. 

Materials and Methods 

Fly stocks 

 UAS RNAi lines used for this investigation were obtained from VDRC: UAS piezo 

RNAi (KK-105132), UAS disco-r RNAi (KK-101579, GD-35751, GD-35750), CG9129 

(KK-106740), CG32333 (KK-100303), CG30371 (KK102030) 
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Dll Gal4, tub Gal80ts Stock lines 

To drive expression of the UAS disco-r RNAi and UAS piezo RNAi in a disco null 

background we generated a stock line containing Dll Gal 4 and tub Gal 80ts in the second 

chromosome. See Materials and Methods in Chapter 2  

disco1; UAS disco-r RNAi 

To determine the effect of reducing disco genes we generated a line containing UAS 

disco-r RNAi in a disco null background See Materials and Methods in Chapter 2  

disco1; piezo RNAi 

 To study the effect of reduced piezo function in a disco compromised background, we 

generate a line containing a UAS piezo RNAi in a disco null background, for that purpose we 

crossed disco1 homozygous females to FM7/Y; Sco/CyO males. We selected females 

disco1/Y; Sco/+ and crossed them to females disco1/ disco1; CyO/ + and following the disco 

eye phenotype to generate a stock of disco1/disco1; Sco/CyO. We also crossed FM7/Y; 

Sco/CyO males to UAS piezo RNAi homozygous females and selected for females FM7/+; 

UAS piezo RNAi/ CyO. These females were crossed to males +/Y; UAS piezo RNAi/ CyO and 

we selected for males FM7/Y; UAS piezo RNAi/ UAS piezo RNAi males. We finally crossed 

FM7/Y; UAS piezo RNAi/ UAS piezo RNAi to females’ disco1/disco1; Sco/CyO we selected 

males disco1/Y; UAS piezo RNAi/ CyO and females disco1/FM7; UAS piezo RNAi/ CyO to 

create a disco1/disco1; UAS piezo RNAi/ UAS piezo RNAi.  
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Generation of the RNAi lines containing tub Gal80 

To confirm if the antenna to leg transformation phenotype was caused by the 

expression of the RNAi. We generated flies containing tub Gal80 (Gal80 hereafter) on the X 

chromosome and the corresponding RNAi on the second. All RNAi lines (UAS piezo RNAi, 

UAS CG32333 RNAi, UAS disco-r RNAi, UAS CG30371 RNAi and UAS CG9129 RNAi) were 

generated using the same cross scheme. Females Gal80/FM7; +/+ were crossed to males +/Y; 

Sco/ CyO. From that cross we selected females FM7/+; CyO/+ and males Gal80/Y; Sco/+ and 

cross them. From the progeny of this cross we selected for females Gal80/ FM7; Sco/ CyO 

and cross them to siblings FM7/Y; Sco/ CyO. We selected female Gal80/ FM7; Sco/ CyO to 

be crossed to males +/Y; UAS RNAi/ UAS RNAi. From the progeny we crossed females 

FM7/+; UAS RNAi/ CyO to males Gal80/Y; UAS RNAi/ CyO. Siblings from this cross 

females Gal80/ FM7, UAS RNAi/ UAS RNAi were crossed to males FM7/Y; UAS RNAi/ UAS 

RNAi to produce a stock line.  
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Figure 1. Correlation between the antenna and the leg structures (adapter from 

(POSTLETHWAIT and SCHNEIDERMAN 1971; PANGANIBAN 2000; DONG et al. 2001). 
AI-AIV (antenna segments 1-4), ar (arista), Co (Coxa), Tr (Trochanter), Fe 
(Femur), Ti (Tibia), ta (tarsal segment), Cl (Claw).  
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 Figure 2. (A) Eye-antenna imaginal disc (A) antenna disc portion (E) eye disc portion. (B) 

Schematic of the antenna disc and list of genes and their location in the precursor 
of the different segments of the adult antenna. C) Schematic of the leg disc and 
list of the same genes as in B and their respective location in the precursor of the 
adult leg (LEE et al. 1991; BLOCHLINGER et al. 1993; PANGANIBAN 2000; DONG et 
al. 2001; PATEL et al. 2007). 
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Results 

Ectopic expression of certain genes can cause a transformation where a normal 

structure is replaced by a completely different one. In the antenna for example, ectopic 

expression of Antennapedia  (Antp) causes the formation of leg structures instead of antennae 

(SCHNEUWLY et al. 1987a; SCHNEUWLY et al. 1987b).  Antp prevents the nuclear localization 

of Extradenticle (RIECKHOF et al. 1997) as well as the reduction of spineless (STRUHL 1982; 

BURGESS and DUNCAN 1990; DUNCAN et al. 1998; EMMONS et al. 2007) and distal antenna 

and distal antenna related (EMERALD 2003). Ectopic expression of either teashirt or tiptop 

induces ectopic eye structures in the antenna (PAN and RUBIN 1998; DATTA et al. 2009), and 

ectopic eyeless can lead to multiple eye structures in the legs, antenna and wing (HALDER et 

al. 1995).   

From our GWAS analysis we found five genes involved in leg proportionality which 

when reduced using RNAi caused abnormal development of the antenna (GRUBBS et al. 

2013). Using Dll Gal4 to drive UAS-RNAi constructs for, piezo, CG32333, disco-r, CG30371 

or CG9129 resulted in a partial antenna to leg transformation (Figure 3A). In these 

transformations the second and third antenna segments and the arista (Figure 3B-F) were 

affected. The first antenna segment was not affected, which was expected since Dll Gal4 is 

not expressed in that region of the antennal discs (see Figure 2B). In all cases the third 

segment was reduced to some degree when compared to the wild type (see arrows in Figure 3 

and 3A). In place of the arista a tubular-like structure formed resembling the tarsal segments 

of the leg (see Figure 3 arrowheads).  

As mentioned in several chapters of my thesis, Dll Gal4 is an insertion in the Dll 
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gene. We observed that Dll Gal4 could cause reduction and in some cases complete deletion 

of the arista when flies are raised at 30˚ C. To establish that the transformation reported here 

was not dependent on the Dll driver, we tested UAS disco-r RNAi with actin Gal4 and also 

observed an antenna transformation with reduction of the third antenna segment (A3) and a 

reduced tubular shape arista (Figure 3G), though, this transformed arista was shorter than that 

caused by the Dll Gal4 driver. In addition, we crossed the five RNAi lines but containing 

Gal80 in the first chromosome (See Material and Methods) to males Dll Gal4/ CyO. From 

this cross all non-CyO, non-FM7 flies had normal antenna while FM7 non-CyO flies had the 

antenna transformed into a leg. We concluded that the non-CyO, non-FM7 flies had normal 

antenna because Gal80 represses Gal4 function so the RNAi could not be activated, thus 

demonstrating that the RNAi was required for the transformation. All CyO flies were normal 

for the antenna because they lack the Dll Gal4 driver. This demonstrates that expression of 

RNAi constructs was needed for the antenna-to-leg transformation. 

 

Analysis of the antenna to leg phenotype 

Among the characteristics in the affect antennae suggesting a transformation to leg 

were the reduction of the third antenna segment with the presence of a larger bristles more 

similar to those found in the leg, the presence of bracted bristles (also most commonly found 

in the distal leg), the disruption of the arista morphology from a bifurcated bristle to a tubular 

(tarsus like) structure and the presence of claw or pulvillus. Though we noticed that there was 

variation in the size of the third antenna segment among the different RNAi lines, all 

appeared to be smaller than the wild type third antenna segment (compare Figure 4A to 4B-
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G). In addition, we found at least one ectopic bristle similar to the leg bristle was present in 

the third antenna segment (Figure 4B-G arrowheads).  
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Figure 3. RNAi analysis of the antenna to leg phenotype Arrows show the third antenna 

segment and arrowheads shows the arista. A) Wild type antenna. B-F) UAS RNAi 
was driven by Dll Gal4 (B) UAS piezo RNAi, (C) UAS CG32333 RNAi, (D) UAS 
disco-r RNAi, (E) UAS CG30371 RNAi, (F) UAS CG9129 RNAi G) act Gal4 
driving UAS disco-r RNAi. When act Gal4 drives disco-r RNAi the transformed 
arista (arrowhead) is shorter.  
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Another prominent characteristics of the legs are the presence of bracts (TOBLER et al. 

1973) located at the base of the bristles in mid femur through the tarsi. We found bracted 

bristles in the transformed arista of flies with Dll Gal4 driving RNAi for piezo, CG32333, 

disco-r, and CG30371 (see Figure 5B-E arrowheads). We observed no bracted bristles when 

Dll Gal4 drove expression of CG9129 RNAi (Figure 5F) or with actin Gal4 driving disco-r 

RNAi (Figure 5G).  

A very unique characteristic of the leg is found in the last tarsal segment. In the leg, 

the claws and the pulvilli are located at the most distal portion of the fifth tarsus. We looked 

for the presence of those structures in the distal portion of the transformed antenna (Figure 

6A). When Dll Gal4 drives ectopic expression of UAS piezo RNAi, UAS CG32333 RNAi, 

UAS disco-r RNAi or UAS CG30371 RNAi claws and pulvilli were produced (see Figure 6B-

6E arrowhead and arrows respectively). We did not observe claws or pulvilli when Dll Gall4 

activated UAS CG9129 RNAi (Figure 6F), though a structure formed in the distal antenna 

resemble an undeveloped claw (see figure 6F arrowhead). Although in the act Gal4 driving 

UAS disco-r RNAi did not produce any bracted bristle (Figure 5G), we observed a claw and 

pulvillus at the distal end of the transformed arista (Figure 6G arrowhead and arrow, 

respectively), which agree with a transformation of the identity of the antenna into a leg 

structure.  
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Figure 4. Comparison of the third antenna segment. (AIII) Arrowheads point to the ectopic 

bristle characteristic of an antenna to leg transformation. (A) Wild type antenna. 
(B-F) UAS RNAi was driven by Dll Gal4. (B) UAS piezo RNAi, (C) UAS CG32333 
RNAi, (D) UAS disco-r RNAi, (E) UAS CG30371 RNAi, (F) UAS CG9129 RNAi, 
G) act Gal4 driving UAS disco-r RNAi. 
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Figure 5. Comparison of the arista portion of the antenna. (AIII) Arrowheads point to bracted 

bristle characteristic of the leg. (A) Wild type antenna showing a normal arista. (B-
F) UAS RNAi was driven by Dll Gal4. (B-E) Show bracted bristle in the 
transformed arista (arrowheads). (B) UAS piezo RNAi, (C) UAS CG32333 RNAi, 
(D) UAS disco-r RNAi, (E) UAS CG30371 RNAi. (F-G) There were no bracted 
bristle in the transformed arista. (F) UAS CG9129 RNAi. G) act Gal4 driving UAS 
disco-r RNAi.  
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Analysis of the antenna to eye phenotype 

Taking in consideration that disco and disco-r are redundant genes (MAHAFFEY et al. 

2001) we examined the possible effect caused by a reduction of disco-r in a disco null 

background. When disco is compromised, reduction of disco-r using the RNAi induces a 

transformation of the antenna into an eye structure instead of a leg. Somewhat surprisingly, 

UAS piezo RNAi also caused an antenna to eye transformation, but none of the other RNAi 

constructs did. The eye structures formed at the end of the antenna segments (see Figure 7A’-

B’ arrowheads). Cells forming the ectopic eye structure not only had the red pigmentation 

but also had the hexagonal shape characteristic of the ommatidia and the bristle present in the 

normal eye (Figure 8A’-C’).  

To consider the possible effect caused by compromising Dll and disco alone in the 

antenna while using the Gal4 driver, we looked at the effect of Dll Gal 4 in a disco null 

background. We did not observe an antenna to eye transformation. Instead, we observed what 

appears to be single cell with red pigmentation inside the third antenna segment consistent 

with the sporadic pigment present on the Dll Gal 4 alone when reared at 30˚C.    
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Figure 6: Analysis of the distal portion of the arista. Arrowheads point to the presence of 

claws and arrows point to the pulvillus (both characteristics of the distal leg). (A) 
Wild type antenna showing a normal arista. (B-F) UAS RNAi was driven by Dll 
Gal4. (B) UAS piezo RNAi, (C) UAS CG32333 RNAi, (D) UAS disco-r RNAi, (E) 
UAS CG30371 RNAi, (F) UAS CG9129 RNAi (G) act Gal4 driving UAS disco-r 
RNAi. (B-E) Show claws in a transformed arista (arrowheads) along with pulvillus 
(arrows). (F) The claw appears to be underdeveloped or broken (arrowhead) and 
there was no pulvillus present. (G) There was a claw (arrowhead) and pulvillus 
(arrow).   
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Figure 7. Antenna to eye transformation. Analysis of the antenna transformation in a disco 

null background. (A-A’) Dll Gal4 driving disco-r RNAi in a disco null background. 
The distal portion of the antenna is transformed into an eye structure (A’ 
arrowheads). (B-B’) Dll Gal4 driving piezo RNAi in a disco null background. The 
distal portion of the antenna was transformed into an eye structure (B’ arrowhead).   
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Figure 8. Analysis of ommatidia cells in the antenna to eye transformation Closer 

examination of the ectopic eye. (A-C) 20X magnification (A’-C’) 40X 
magnification. (A-B) Dll Gal4 driving disco-r RNAi in a disco null background. 
(A) UAS disco-r RNAi (KK-101579), (B) UAS disco-r RNAi (GD-35751), (C) 
UAS piezo RNAi. The antenna to eye transformation is observed at the more 
distal portion of the presumable antenna. The ectopic eye structure contains cells 
with a shape consistent with the normal ommatidia including the eye bristles (A’-
C’).  
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Discussion  
 

 In Drosophila the leg and antenna are homologous structures with some gene 

expressions conserved between the two. Slight differences in expression patterns between the 

leg and the antenna are responsible for their differentiation. There is abundant evidence 

supporting how changes in gene expression in the antenna discs can produce a transformation 

into a different structure, for example the ectopic expression of the Antennapedia gene 

(SCHNEUWLY et al. 1987a; SCHNEUWLY et al. 1987b; CASARES and MANN 1998) where 

repression of homothorax leads Extradenticle to be confined to the cytoplasm instead of the 

nucleus.  

It is important to take into consideration that Dll Gal 4 is an insertion in the Dll gene 

creating a hypomorph allele and the transformation could be influence by a sensitive 

background; nevertheless, when we incorporated a tub Gal80 construct the transformation 

was blocked in every RNAi line examine in this study. Flies containing Dll Gal4, UAS RNAi 

and Gal80 developed normally while the flies containing Dll Gal4 and the UAS RNAi had the 

transformed antenna (GRUBBS et al. 2013). Furthermore, achieving a similar transformation 

using actin Gal4 confirmed that indeed the reduction of disco-r effectively caused the 

antenna to leg transformation. The antenna to leg transformation caused by reduction of our 

studied genes suggests a possible role in the specification of the antenna versus leg fate. 

The reduction of disco-r or piezo in a disco null background, inducing a 

transformation of the antenna into eye structure, suggests a possible involvement in similar or 

parallel pathways controlling not only the proper specification of the antenna but also in 

determining the position as ventral versus dorsal structure, although the possibility of a 



 

173 

synergistic effect cannot be discarded. 

The results found in this work are summarized in Figure 10 below. These findings 

suggest that all five genes may play a role in the determination of the antenna versus leg 

programs in the imaginal discs.  
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Figure10: Schematic of the antenna to leg and antenna to eye transformations. Blue arrow 
depict the use of act Gal4 as a driver, Black arrow indicate the process using Dll Gal4 as a 
driver. 
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IS MORE REALLY BETTER FOR THE CELLS? 
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Introduction 

 For decades scientists have used “Gain-of-function” and “Loss-of-function” analyses 

to understand gene function and how genes interact to control the development of an 

organism. In this work we used both mechanisms to study the role of the Drosophila genes 

disconnected (disco) (FISCHBACH and HEISENBERG 1984) and its paralog disco-related 

(disco-r) (MAHAFFEY et al. 2001) (the disco genes hereafter) during leg development in the 

fruit fly Drosophila melanogaster. 

 From our loss-of-function studies in the leg imaginal discs we have concluded that 

the disco genes are required for the proper formation of the legs and the thoracic ventral 

structures of the adult fly. This requirement of the disco genes is not only applicable to the 

legs and ventral structures of the thorax, but the antenna, which is also affected and it is 

considered a homologous appendage of the leg, The resulting phenotypes from the absence 

of the disco genes in the leg ranges from missing leg components to the deletion of the entire 

appendage, along with parts of the ventral cuticle and structures like the sternopleural and 

corresponding bristles.  

In our gain of function studies described in chapter 2 we observed that overexpression 

of disco affects the formation of the leg. In the work described here, we examined the 

consequences of overexpressing disco in the leg imaginal discs and compare to the effect of 

over expression of Dll (GORFINKIEL et al. 1997). When disco or Dll are over expressed in the 

leg discs, both cause truncation of the legs (present work and (GORFINKIEL et al. 1997; PATEL 

et al. 2007). This raises the question of, Why is that increasing the expression of these genes 

damaging for the cells? and, Is Disco controlling Dll expression in the leg imaginal discs? 
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We used the same drivers as in the gain of function analyses in the wing imaginal discs, 

rotund Gal4 (rn Gal4) (ST PIERRE et al. 2002) and apterous Gal4 (ap Gal4) (CALLEJA et al. 

1996) in addition to Distal-less Gal4 (Dll Gal4) (CALLEJA et al. 1996). We noticed that 

increasing disco in the leg imaginal disc causes truncation of the legs corresponding to the 

regions of over expression. This truncation correlates with the reduction of Dll expression. 

Furthermore we show cells in the region of over expression undergo apoptosis as a possible 

mechanism to eliminate the affected cells. These results suggest that the disruption of the 

gene expression balance within the cell is detrimental for cell survival. 
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Materials And Methods 
 

Fly Stock 
 

Flies were raised in standard cornmeal-agar-molasses media at room temperature 

unless Gal 80ts (MCGUIRE et al. 2003) was required.  P[w[+mW.hs]=GawB]Dll[md23]/CyO 

(FBst0003038).  w[*]; P[w[+mC]=tubP-GAL80[ts]]10; TM2/TM6B, Tb[1] (FBst0007108) 

(Gal 80ts here after). w[1118]; P[w[+mW.hs]=GawB]rn[GAL4-5]/TM3, 

P[ry[+t7.2]=ftz/lacC]SC1, ry[RK] Sb[1] Ser[1] (FBst0007405). y[1] w[1118]; 

P[w[+mW.hs]=GawB] ap[md544]/CyO (FBst0003041). w[1118]; sna[Sco]/CyO, 

P[ActGFP.w[-]]CC2 (FBst0009325). UAS disco-C gift from A. Campos (McMaster 

University), UAS Dll/UAS Dll gift from Grace Boekhoff-Falk (Grace Panganiban, University 

of Wisconsin). 

Generation of Dll Gal 4, tub Gal 80ts line 

Because expression of disco using Dll Gal4 as a driver result in embryonic lethality 

(unpublished) we used a tub Gal80ts to allow the embryos to develop pass embryogenesis. 

The Dll Gal4, tub Gal80ts line was generated as explained in the Materials and Methods of 

Chapter 2 

Immunohistochemistry 

 We used in situ hybridization to visualize endogenous expression and to determine 

ectopic gene expression. Enzymatic detection of Digoxigenin-labeled probes were done as 

described in Tautz et al.; in situ hybridization was done following McGinnis’ Lab protocol 

(KOSMAN et al. 2004; JUAREZ et al. 2011). 



 

182 

For all affected larvae and corresponding controls that were stained, the staining was 

done concurrently to reduce variations in procedure. Controls were differentiated from the 

affected larvae by retaining portion of the foreguts attached. Stained discs were mounted in 

Crystal Mount®. Images were taken using using a Zeiss Axioplan microscope and a Q 

imaging micropublisher 5.0 RTV camera. 

Dissection of imaginal discs 

Third instar larvae were collected and placed in a watch glass with cold PBS. The 

larvae were inverted and all unnecessary tissues were removed. We removed salivary glands, 

fat tissue, gonads and guts to minimize non-specific binding of the probes or antibody and to 

increase the exposure of the imaginal discs. We transferred the carcasses with the discs 

attached, to a 1.7ml tube with 100µl cold fixative (10% paraformaldehyde / 50mM EGTA/ 

1X PBS). With a maximum of 10 larvae per tube of fixative, we added 600µl Heptane and 

rocked it for 20 minutes at room temperature. We removed the aqueous layer (bottom layer) 

and added 800µl Methanol shaking gently for 30 seconds to avoid losing the discs. We 

allowed the discs to settle and removed the intermediate layer first, then the upper layer and 

finally the lower layer was removed. We rinsed the discs with methanol twice and rocked 

them 2 times, the first time five minutes and the second time for twenty minutes with 1 ml of 

fresh methanol. Fixed discs were stored in methanol at -20˚ until needed. 

Collection of adult flies 

When Dll Gal4 was used as a driver the adult flies were removed from the pupa case 

then they were collected and stored in ethanol at -20˚ C until needed. For all other Gal4 
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drivers, adult flies were collected after they eclosed and then stored in ethanol at -20˚ C until 

needed.  

Images 

Images were taken using a Leica MZ16F ® microscope with a Q imaging 

micropublisher 5.0 uncooled ® camera and QCapture™. 

Results 

Analysis of overexpressing disco or Dll in the leg imaginal discs 

Cohen et al.  (LECUIT and COHEN 1997) presented a model describing the genes 

involved in the overall formation of the adult leg. Although the disco genes are not included 

in the model, we have presented evidence that they play an important role during normal leg 

development (present work and (PATEL et al. 2007). Previously we looked at the activation 

of Dll and disco in the wing imaginal discs (second and fourth chapters). But what would be 

the effect if we increased the amount of RNA for the transcription factor Disco within the leg 

imaginal discs? To answer this question first we looked at the effect of overexpression of Dll 

and disco in a region of the leg imaginal discs where both genes are normally expressed, the 

Dll domain. Over expression of disco using Dll Gal4 was embryonic lethal (as explained in 

chapter 2), so we again used  tub Gal80ts to block early activation by Gal4.  

Overexpression of either disco or Dll in the Dll domain produces similar phenotypes 

in the legs. When compared to the normal leg (Figure 1A) we observed that ectopic 

expression of Dll (Figure 1B) caused deletion of the femur, tibia and tarsi. The proximal 

portion of the leg, the coxa and perhaps the trochanter, appeared to be unaffected. The 

deleted regions correlate with the areas of Dll expression in the leg imaginal disc during 



 

184 

normal leg development. When Dll Gal4 drove UAS-disco (Figure1C), we observed a 

similar phenotype. It is important to note that, in addition to expression in the center of the 

leg discs, Dll Gal4 is expressed in a ring of cells corresponding to the distal trochanter 

(CAMPBELL and TOMLINSON 1998; PANGANIBAN and RUBENSTEIN 2002). We noted that the 

structures remaining in the affected legs were all proximal to that position (Figure 1B, 1C). 

We did note one difference between legs with ectopic expression of disco and Dll. 

We observed a small structure with bristles at the distal portion of the trochanter when Dll 

Gal4 overexpressed Dll, (Figure 1B’ arrow). These were not present with ectopic disco.  At 

present, we do not whether this is significant or just due to normal variation in phenotype. 

Knowing that the distal portion of the leg is differentiated by Dll expression and that ectopic 

disco activates Dll in the wing disc when ectopically expressed lead us to question; how does 

the overexpression of disco affect the cells expressing Dll in the leg imaginal disc?  
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Figure 1: Analysis of overexpression of Dll and disco in the leg. (A-C) full flies, (A’-C’) 

insert from flies above. (A-A’) wild type fly with normal legs. (B-B’) Dll Gal 4 
driving Dll expression caused truncation of the leg below the trochanter. Flies 
showed a small structure with bristles as a terminal structure (B’ arrow). (C-C’) Dll 
Gal 4 driving disco expression caused a truncation below the trochanter. Flies 
showed a small structure below the trochanter without bristles (C’ arrow).  
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Molecular effect of added Disco in the leg disc 

In the leg imaginal disc of a third instar larvae the expression of disco occurs throughout 

most of the disc (Figure 2A) while the expression of Dll is restricted more within the center 

of the disc (Figure 2B). When disco is overexpressed using Dll Gal 4 we can detect high a 

concentration of disco mRNA in the region corresponding to the normal expression of Dll 

(Figure 2C) and the expression of Dll appears drastically reduced in the central region of the 

discs (Figure 2D) when compared to the wild type expression as in figure 2B. As mentioned 

above, in late third instar larvae Dll is expressed in a ring of cells corresponding to the distal 

trochanter (CAMPBELL and TOMLINSON 1998; PANGANIBAN and RUBENSTEIN 2002) and this 

expression appears to be maintained (Figure 2D arrowhead). Only the inner circle appeared 

to be reduced suggesting that ectopic Disco is causing a detrimental intracellular environment 

resulting in reduction of Dll expression to some extent.  

Ectopic disco induces apoptosis in the leg  

The truncation of the femur, tibia and tarsi along with the reduction of Dll expression 

in the center of the disc leads us to question what happens to the cells destined to form those 

portions of the leg. We looked into the possibility of apoptosis, and for that purpose we 

expressed UAS p35 along with UAS disco using Dll Gal4 as a driver.  The p35 gene encodes 

an apoptosis suppressor that binds to the Drosophila caspase Drice preventing DNA 

degradation and subsequent dell death (FRASER and EVAN 1997; FRASER et al. 1997). In the 

distal portion of the leg, where p35 was expressed, we observed sack-like structures filled 

with what have been called  “undead cells” (Figure 3) (MARTIN et al. 2009). Interestingly, 

close examination revealed that the femur and proximal portion of the tibia had formed 
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(Figure 3C arrows) in contrast to the case without p35 expression. Further, note the presence 

of bristles in the femur and the lack of bristles in the tibia. Overall, seen that p53 saves the 

apoptotic cells suggest that the phenotype caused by ectopic disco expression arise because 

of apoptosis.  
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Figure 2: RNA expression of disco (A) and Dll (B) in the normal leg imaginal disc. (C) RNA 
detection of disco when Dll Gal4 induces overexpression of disco. (D) Detection 
of Dll RNA when Dll Gal4 drives disco expression, Note the outer ring of Dll 
expression appears to be unaffected (arrowhead). 
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Figure 3: Suppression of apoptosis using UAS p35. (A-C) images of the same fly, (A) the 

distal portion of the leg fails to form properly (arrowheads). (B) Insert from (A) 
showing the location of the undead cells at the distal portion of the leg 
(arrowheads). (C) Close view of (B) the femur and the mid proximal portion of the 
leg was formed, although no bristles were detected in the portion of the tibia 
(arrows).  
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In previous chapters we reported the effects of ectopic expression of disco in the wing 

imaginal discs. The Gal4 drivers used in those analyses also drive expression in the leg 

imaginal discs. We decided to investigate and compare the effect of overexpression of disco 

in the leg imaginal discs using the same Gal4 drivers. Using those drivers we were able to 

examine the effect of overexpressing disco in the leg imaginal disc at different times during 

development or different areas depending on their normal pattern of expression of each 

driver.  

We drove disco using ap Gal4 (Figure 4B); ap is normally expressed during late third 

instar larvae in the precursor of the fourth tarsal segment (PUEYO et al. 2000). Although the 

activation of disco using this driver was late during third instar, it caused a reduction in the 

size of the fourth tarsal segment when compared to the normal leg (Figure 4A) where the 

third and fourth tarsi in the normal leg are of approximately the same size.  

We also drove ectopic disco using ptc Gal 4 (Figure 4C). This expressed disco along the 

anterior-posterior boundary from dorsal to ventral portion of the disc. This also caused 

deletion of some tarsal segments. Based on the presence of the claws, we can infer the 

presence of the fifth tarsal segment, although it appears to be larger than normal. The identity 

of the other tarsal segment could not be determined (Figure 4C t-?).  rn is expressed in the 

precursor of the tarsus 2-4 (KERRIDGE and THOMASCAVALLIN 1988).  We also induced 

overexpression of disco using rn Gal4 (Figure 4D). This caused fusion of the tarsus 1-4, 

correlating with the region of rn expression. Note, this was the same phenotype observed in 

the wing-to-leg transformation explained in chapter 2, where the leg structure formed had the 

tarsal segments 1 to 4 fused. In the wing disc once the leg developmental pathway was 
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activated, rn was re-expressed in the tarsi causing a fusion of the tarsal segments as revealed 

by re-activation of the UAS disco construct suggesting that the leg structure formed in the 

wing follows the normal developmental cascade. When compared the ectopic expression of 

Dll and disco in the leg using rn Gal4, we observed the same phenotype of fusion of the 

tarsal segments 1 to 4 (Figure 4E). This confirm that the phenotype observed when Dll Gal4 

drove Dll or disco was the result of overexpression of the genes and not the result of a 

compromised Dll from the Gal4 insertion.  
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Figure 4: Second thoracic leg (A-E) wild type (A) and flies with overexpression of disco (B-

D) or Dll (E). (B) apterous Gal 4 cause reduction of the 4th tarsal segment. (C) 
patched Gal 4 causes deletion of most of the leg structure, the last tarsal segment 
retains the claw although the tarsal segments appears to be divided in two. (D) 
rotund  Gal 4 causes deletion of the tarsus 2-4. (E) rotund Gal 4 driving Dll causes 
deletion of tarsus 2-4.  
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Analysis of the role of CtBP in Disco function 

There are differences between Disco and Disco-r protein structures; one of them is 

the number of zinc fingers. disco-r has two pairs of zinc fingers while disco has only one. 

Another is that amino acids resembling a Carboxyl terminal Binding Protein (CtBP) 

recognition site is only present in Disco. CtBP functions as a transcriptional co-repressor 

(NIBU et al. 1998a; NIBU et al. 1998b; POORTINGA et al. 1998) interacting with Groucho and 

Brinker (PALEG HASSON 2001; KUMAR et al. 2002). We wanted to understand the role of the 

CtBP in the function of Disco.  For that purpose we overexpressed disco with a mutated CtBP 

site (disco CtBP-). We observed that when the CtBP binding site was disrupted, 

overexpressed Disco behaved differently. When driving expression of disco CtBP- with Dll 

Gal4 the fly legs appeared normal above distal tibia (Figure 5A). Below the tibia we 

observed a structure, which resembled a duplication of the distal portion of the tibia (Figure 

5A & B arrowheads). Closer examination of this structure (Figure 6) revealed a bifurcation 

within the structure (Figure 6A arrow) and the presence of a pulvillus (Figure 6 A & B 

arrowheads), which is a characteristic of the last tarsal segment. The presence of pulvillus 

suggests that the most distal portion of the leg was still present (see Figure 6A and 6B 

arrowheads). We also observed bristles without bracts. The presence of bracts is a 

characteristic of the bristles in the tarsi (Figure 6B white arrow) non-bracted bristles are 

characteristics of the proximal portion of the leg, the coxa, trochanter and proximal femur.  

Having a duplication of the distal portion of the tibia indicated there could be changes in Dac 

accumulation in these leg imaginal discs, so we examine the accumulation of Dac protein. 

When Dll Gal4 drove expression of disco CtBP-, Dac distribution expanded into more distal 
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portion of the leg discs (Figure 7). In the normal leg discs Dac accumulates surrounding and 

just overlapping the proximal portion of Dll expression (See Figure 1 chapter 2). Before third 

instar larvae the expression of dac in the leg imaginal discs is repressed by Wg and Dpp 

(LECUIT and COHEN 1997), during third instar larvae dac is in addition repressed by Bar in 

the center of the discs. These regulations give the doughnut shape to Dac accumulation seen 

in the third instar larvae discs (Figure 7A and 7C white arrow) but when Dll Gal4 drives 

expression of disco CtBP-, the accumulation of Dac expands to more distal portions of the 

disc (Figure 7B and 7D). This region corresponds to the Dll domain, the distal portions of the 

leg. The accumulation of Dac in this region could explain the duplication of the tibia.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

196 

              

 
 
 
Figure 5: Dll Gal 4 driving expression of a disco CtBP- truncates the distal portion of the leg 

(A). Closer examination (B) shows a structure below the tibia and no 
distinguishable tarsus (B arrowheads). The distal structure resembles a duplication 
of the distal tibia (C arrowhead)  
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Figure 6: High magnification of the leg from a fly where Dll Gal 4 drives disco CtBP-. The 

distal structure formed below the tibia shows a small stump growing close to the 
middle of the structure (Figure 6 arrow) but the pulvillus still present (Figure 6 
arrowhead). A closer look at figure 6A shows confirms the presence of the 
pulvillus (Figure 6B arrowhead). The bristle lack bracts (Figure 6B white arrow) 
characteristic of the bristle of the Tarsal segments.  
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Figure 7: Leg imaginal discs stained with monoclonal anti-Dac. A and C are Ore-R controls 
B and D are Dll Gal4 driving disco CtBP-. A and B are second thoracic leg 
imaginal discs. C and D are third thoracic leg imaginal discs. In the wild type 
discs Dac accumulation is restricted from the center region of the disc  (A and C 
white arrows). When Dll Gal4 drives disco CtBP- Dac expands and accumulates 
in the center of the disc (B and D white arrows) 
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Discussion 

It is important to know that Dll and disco are normally expressed in the leg imaginal 

discs, although disco is more broadly expressed than Dll. We used several Gal 4 drivers to 

overexpress disco or Dll in regions where they are normally expressed. Understanding that 

proper development requires a tight balance within the cell, we expect that this 

overexpression could, and should, take out of balance the cell’s homeostatic state. 

Overexpression of Dll and disco using Dll Gal4, in both cases, resulted in the deletion of the 

leg segments including the femur, tibia, five tarsal segments, and the claw.  

According to the model proposed by Cohen in 1997 (LECUIT and COHEN 1997), Dll 

induces differentiation of the distal portion of the leg from the mid portion of the tibia to the 

last tarsi; however, during first and early second instar larval stages, the expression of Dll can 

be detected in the nearly the entire disc abutting nuclear Extradenticle (GONZALEZ-CRESPO 

and MORATA 1995). This pattern of expression of Dll in the leg imaginal disc during the 

early larvae stages provides, up to some extend, an explanation to the observed phenotype 

where the overexpression of Dll or disco using Dll Gal4 affects not only the distal cells but 

also the more proximal cells when activated earlier than third instar stage.  When we 

ectopically activate disco, the reduction of Dll expression in the leg discs supports the 

observed phenotype while raising the question of why is Dll reduced in those cells and what 

happen to the cells previously determined to be the distal leg? 

The use of the apoptotic suppressor gene p35 allowed us to determine the fate of the 

cells in the Dll domain of the leg discs when disco is ectopically expressed using Dll Gal4. 

When the p35 was activated, we observed the formation of more proximal leg structures, 
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which could be the results of the suppression of the apoptotic cascade allowing those cells to 

properly differentiate. Cells undergoing apoptosis maintain expression of wg and dpp while 

promoting cell proliferation to compensate for cell death (PEREZ-GARIJO et al. 2004). This 

activation of wg and dpp may result in the activation of dac and development of the proximal 

structures seen in the leg. Nevertheless we can conclude that the overexpression of disco is 

detrimental for the cells in the leg imaginal discs inducing apoptosis, possibly as a 

mechanism to remove unfit cells explaining the deletion of leg structures observed. 

We attempted to evaluate the function of CtBP in the normal function of Disco by 

comparing the effect of ectopic expression of disco with and without the CtBP binding site 

mutated. Previous work demonstrated that Disco and CtBP could interact (PATEL 

2008)(GIOT et al. 2003). Interestingly, we found that Disco lacking the CtBP site allows for 

the expansion of Dac accumulation to more distal regions of the leg disc. In the leg disc the 

initial repression of dac is mediated by high wg/dpp expression in the center of the disc, later 

repression is mediated by Bar which is activated by Wg and Dpp in the center of the disc 

corresponding to tarsus 4 and 5 (PUEYO and COUSO 2008). The changes in Dac accumulation 

can be the result of several factors. Dac contains a CtBP binding sites, when normal Disco is 

overexpressed; the resulting protein could bind to CtBP and may thus reduce the amount of 

CtBP available.  This could hinder other transcriptional processes. Disco lacking the CtBP 

site does not interact with CtBP (Patel personal communication) allowing a normal function 

for factors that require CtBP, like Dac.  

In addition, the changes on Dac accumulation may be due to Disco functioning as a 

repressor. Perhaps Disco interacting with CtBP represses a repressor of dac expression, 



 

201 

perhaps  EGFR or Bar. This would inhibit repression of Dac and possibly lead to the 

accumulation of Dac in more distal regions of the disc. This possibility opens the door to 

further studies to determine what possible gene represses early EGFR or bar expression and 

allows us to suggest a model for Dac regulation (Figure 8). One point to consider, the disco 

CtBP- construct I used in this study had a cysteine present in the mutated region. It is 

possible that this could lead to disruptions of other processes due to the biochemical 

properties of this amino acid. However, an alanine scanning method was recently used to 

remove the CtBP site and this generated legs with the same phenotype as the cys containing 

mutation (J. Strayhorn and J. Mahaffey, personal communication).   

The results provided in this work support the importance of the internal balance 

required for the proper development of an organism. When the intracellular balance is 

disrupted it can result in detriment situations leading the cells to activate the apoptotic 

pathway to remove the unsuitable cells. In addition, this may suggest that disco and disco-r 

have different functions during the development and specification of the different segments 

of the leg.  
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Figure 8: Model explaining a possible involvement of Disco in the regulation of Dac in the 
leg imaginal discs. High concentrations of Wg and Dpp in the center of the leg 
discs activate EGFR and Dll while repressing dac. During third instar larvae EGRF 
activates bar, which represses dac in the center of the disc. Normal Disco 
(containing CtBP) represses an unknown gene which prior the third instar larvae 
represses activation of bar by EGFR.   
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SUMMARY AND FUTURE DIRECTIONS  



 

207 

Summary  
 

The proper development of an organism is tightly controlled by the interaction 

between genes and gene products. The discovery of new genes and their roles during 

development helps to gain a better understanding of different developmental processes and 

the diversity of mechanisms involved in development. Although studying the effect of gene 

mutations within different pathways has elucidated gene functions in many developmental 

processes, many of the components of those processes may still be hidden. This work 

provides clear evidence of this situation.  

In the fruit fly Drosophila melanogaster, a model to explain the formation of the leg 

was proposed in 1997 (LECUIT and COHEN 1997) explaining the genetic interactions leading 

to the formation of the overall adult leg structure. Although a very comprehensive model, it 

misses important components. 

Here we show compelling evidence supporting the role of the disco genes during leg 

development and the formation of more proximal and ventral structures of the thorax. We 

have shown that the disco genes have a broader area of expression than Dll in the leg 

imaginal disc of the third instar larvae, and as a result have a broader function in the 

formation of more proximal leg structures and perhaps the thoracic body walls. 

From our loss of function analysis, we have demonstrated that the disco genes are not 

only involved in the overall formation of the leg but also in the formation of the proximal 

structure joining the leg and the body. We also presented evidence of the involvement of the 

disco genes in the formation and patterning of the ventral body wall structures like the 
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sternopleural. We showed that reduction of the disco genes in the leg lead to the reduction of 

Dll and possibly dac along with disruption of wg pattern in the leg discs.  

These findings suggest that the disco genes not only have a role in appendage 

development but also have a role in ventral pattern formation in the thorax. We have 

demonstrated that the disco genes are required for the proper maintenance of Dll and dac 

expression and the proper regulation of wg in the leg imaginal discs. 

From our gain of function studies, we have support for previous work showing that 

ectopic expression of disco induces formation of leg structures from the wing imaginal disc 

(PATEL et al. 2007). In this process, disco activated Dll in a completely new pattern, which 

resembled the normal pattern of expression in the leg imaginal discs including a proximal 

ring of Dll expression associated with the formation of the distal trochanter. In addition to 

changing the expression pattern of Dll, ectopic disco also induces activation of dac 

resembling the expression in the normal leg discs (PATEL et al. 2007). Ectopic disco also 

altered the expression pattern of wg in the wing imaginal disc to resemble the normal 

expression in the leg discs and induced activation of btd, a gene required for ventral identity 

along with its paralog Sp1 (ESTELLA and MANN 2010). These findings suggest that the disco 

genes not only play a role in the formation of the ventral structures of the thorax but also in 

the determination of ventral versus dorsal orientation.  
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Future directions  
 
 Although we have presented evidence supporting the role of the disco genes in the 

development of the ventral structures of the adult fly’s thorax, the mechanism remain 

unclear. For example, several enhancers regulate the expression of Dll during different stages 

of development. Although there is evidence of possible Disco binding sites upstream and 

within the regulatory regions of Dll, and we observed a reduction of Dll expression when the 

disco genes were reduced, the mechanism by which disco influence Dll expression is not 

clear. Identifying how the reduction of the disco genes may affect the function of those 

enhancers could provide evidence of how they work and allow us to assign the disco genes a 

hierarchical position within the model. This can be achieved either by analyzing how the 

enhancers are affected by studying changes of expression using enhancer traps or by site 

directed mutagenesis. This would allow determining the relationship between disco and Dll 

in the leg imaginal disc 

 Another interesting aspect to understand is the effect of lack of the disco gene and Dll 

together during embryogenesis; will the primordia be established? It is known that the 

imaginal discs fail to form in the absence of wg (COHEN et al. 1993) but in the absence of Dll 

and the disco genes will the imaginal disc form? In clones of hth null cells, the most proximal 

structures of the leg fuse into a single structure (WU and COHEN 1999). In Dll and the disco 

gene nulls, is hth expression maintained in the leg primordia of the embryo? If present, what 

is the function of hth during the establishment of the primordial and during development of 

the imaginal disc? If hth is absent, how does the lack of the disco genes and Dll affect the 

expression of hth? 
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 Early in embryogenesis Dll and the disco genes mark the location of the disc 

primordia in the thoracic segments (COHEN 1990; COHEN et al. 1991; LEE et al. 1991; 

SIMCOX et al. 1991; COHEN et al. 1993; MAHAFFEY et al. 2001). If Dll and the disco genes 

are null, will escargot be expressed, marking the location of the primordia? Will the ventral 

and dorsal primordia form normally? Are buttonhead and Sp1 be maintained in a Dll and 

disco genes null? Will the identity of the primordia change toward dorsal primordia? After 

the imaginal disc is formed, is wg required for maintenance of disco expression in the leg 

imaginal disc as it is for Dll? If so, is it required constantly or up to a specific time in 

development? If not, is wg required only during embryogenesis to initiate disco expression 

and the leg developmental cascade?  

 The answers to these questions can help us gain a better understanding of the 

mechanisms controlling the establishment and development of the appendages in Drosophila. 

As mentioned in the introduction of this work, many studies from Drosophila have lead to 

the understanding of diseases in vertebrates. My goal in this work is to open the door for 

further studies allowing for a better understanding of the function of basonuclin and 

basonuclin-2, a pair of paralog genes orthologous to the disco genes in Drosophila and 

involved in several developmental processes in vertebrates.  
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