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PREFACE 

 
 Seven years ago, as a research technician in a cattle genomics lab, I 

decided to apply to graduate programs. We were doing a pre-genomic 

sequence project of comparatively mapping the cattle genome to the then 

unsequenced mouse and human genomes. It was during this time that I 

learned to program. It was an exciting period, and I was braced for the things 

we could do once the vertebrate genomes were sequenced. While 

contemplating what I wanted to do, I was drawn to model organisms like 

Drosophila melanogaster, Caenorhabditis elegans, and even Saccharomyces 

cerevisiae. It was exhilarating to see the promise of their whole genome 

sequence, and I was awestruck by the power these systems offered 

experimentally. I read with great excitement papers with titles such as “Life 

with 6000 genes”, and the Drosophila genome sequence issue of Science 

magazine. These experiences strongly influenced my thoughts on the future of 

genomic biology as I was writing personal statements for graduate school 

applications. 

 Now, seven years later, I am proud to present my thesis, which 

embodies my own participation in this post-genomic era movement.  
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ABSTRACT OF DISSERTATION 

 
 

Logic, genomics, and evolution of the peripheral nervous system 

transcriptional network of Drosophila  

 
by 
 

  
Mark John Rebeiz 

 
Doctor of Philosophy in Biology 

 
 

University of California, San Diego, 2006 
 
 

Professor James W. Posakony, Chair 
 

 

With the advent of whole genome sequences, biologists are confronted 

with the problem of understanding the non protein-coding portion of the 

genome.  This remains a difficult task due to the many enigmatic features of 

cis-controlling sequences. In this thesis, I will present the genomic tools, 

methodologies, and observations I have made in the course of studying the 

peripheral nervous system of Drosophila melanogaster, a model system well 

suited for the study of transcriptional regulatory networks. 

In the first chapter, I will describe a software tool that I created to 

facilitate the use of genome sequences in wet-lab experiments. This tool, 
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GenePalette, is particularly well suited for inspecting genomic regions that 

have been implicated by whole-genome analysis (searches for transcription 

factor binding sites, core promoter sequences, microRNA target sites, etc), 

and it was used extensively in the analyses presented in each subsequent 

chapter. In the second chapter, I describe a technique I developed for 

searching a genome for biologically relevant transcription factor binding site 

clusters. Using this methodology, we came to the surprising realization that 

many known Notch targets have statistically significant clusters of binding sites 

for Suppressor of Hairless [Su(H)], the transcription factor responsible for 

transducing the Notch signal. In chapter three, I validate a novel cluster of 

Su(H) binding sites, identified by my in silico study, residing within the numb 

gene. The investigation of this enhancer not only validates my bioinformatic 

approach, but also serves to illuminate several as of yet unappreciated 

aspects of bristle development. In chapter four, I take a different approach to 

finding new cis-regulatory sequences. By composing a hypothetical dual input 

code for neural precursors, we identify a cluster of binding sites that 

implements this code through a candidate gene approach. Finally, in chapter 

five, I present the discovery of an ancient transcription factor binding site, 

conserved for >700 million years. This finding establishes that although cis-

regulatory change is  a major engine for evolution, some transcriptional 
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linkages can withstand the constant erosion of sequence turnover for 

extremely long periods.  
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 The development of an organism is inextricably linked to the sequence 

of its genome. From the point of fertilization, each gene in the genome is 

constrained by individual control of transcriptional activity in both time and 

space. The genome sequence holds the key to both the proteins that are 

encoded by each gene, and the complex information needed to direct each 

gene’s own expression pattern. During the past decade, the sequences of 

many organisms have been elucidated, giving us, in principle, the key to their 

developmental programs.  Through the mass of knowledge accumulated on 

gene and protein structure, similarity searches, EST databases, etc, we have 

developed extremely effective methods of comprehending the protein-coding 

fraction of the genome. What have lagged are techniques that leverage an 

interpretation of the non-protein coding portion of the genome.  This massive 

undertaking requires predictive cognizance of a diverse array of mechanisms 

that regulate transcription, translation, mRNA degradation, alternate splicing, 

chromatin structure modification, and a host of mechanisms that have yet to 

be discovered. Through careful reductionist studies on individual non-coding 

regions, we are beginning to derive rules that we can attempt to apply to the 

whole genome. 

 In this thesis, I describe the tools, methodologies, and observations that 

I have developed while using whole genome sequences to study 

transcriptional regulation, and demonstrate how these techniques have 
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applied to my chosen biological model for development: the Drosophila bristle 

organ.  

 

Transcriptional regulation of gene expression 

 All genes are subject to some form of transcriptional regulation: 

perhaps the gene is turned on constitutively, or in response to an extracellular 

stimulus. A gene’s transcription may be regulated to cause a burst of 

expression in only a few cells during a specific stage of development. These 

complex and diverse expression specificities are encoded in the genome of 

the organism by the sequence of DNA surrounding the gene. All genes contain 

a core promoter, which is required to recruit the basal transcriptional 

machinery, positioning the first base to be transcribed by the RNA polymerase 

complex (Smale and Kadonaga, 2003). Sequences outside of this ~50 base 

pair (bp) region respond to environmental cues of the cell to increase or 

decrease the firing rate of the polymerase complex, in turn modulating the 

amount of transcript produced. For this activity of enhancing basal 

transcription, these sequences are referred to as enhancer sequences. 

Enhancer regions may be positioned next to the gene, in introns, or even 

hundreds of kilobases away from the transcription start site.  These sequences 

are generally portrayed as DNA stretches of 200-1000 bp, containing 10-20 

binding sites for different DNA-binding transcription factors (Davidson, 2001). 
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The transcription factors that bind to specific sites within an enhancer convey 

on this unit different transcriptional properties. Some factors repress 

transcription while others may serve a role in activation. Many transcription 

factors act as both, showing context dependent activation or repression 

(Barolo and Posakony, 2002). Due to differences in binding specificities of 

individual transcription factors, the physical sequence of the DNA determines 

what factors can bind to any given region. The collection of transcription 

factors present in each nucleus then determines which of these factors are 

bound. The analogy has often been made that the DNA sequence of an 

enhancer is the blueprint, which the nucleus must read to determine if the 

gene is turned on or off. It is common for an enhancer region to drive only a 

subset of the gene’s total expression pattern: all of the enhancer sequences 

for the gene are required to completely recapitulate its pattern of expression. 

The development of an organism can be viewed at some level to represent the 

additive outcome of each gene’s complement of multiple expression 

“blueprints”.  

 

The elusive enhancer element 

 Several obscuring properties of enhancer elements retard their a priori 

identification in whole genome sequences. The canonical enhancer model (a 

collection of 10-20 transcription factor binding sites) itself poses the problem 
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that we have very few transcription factors for which we understand in great 

detail their sequence specific binding properties (Wray et al., 2003). This 

problem is compounded by the relative size of elements with respect to the 

average size of a gene: looking for a 500 bp element across 30 kb is much 

akin to looking for a needle in a haystack. Furthermore, when sequences of 

several enhancers that drive diverse specificities are compared, no one has 

been able to find a common sequence property that distinguishes enhancer 

sequence from sequences with no regulatory function (Wray et al., 2003). This 

observation is troublesome when one also considers that it is generally difficult 

to recapitulate an enhancer synthetically by multimerizing the functional 

sequences for an enhancer artificially – these constructs are usually unable to 

recapitulate the expression pattern of the module being imitated. Therefore, 

we are confronted with a list of transcription factors that we don’t know too 

much about, a vast collection of DNA sequences that we cannot discern a 

function for, and a nebulous sequence component that is not conserved, but 

seemingly required. 

 Two main strategies have been employed in the a priori identification of 

enhancer elements in whole genome sequences: clustering and conservation 

of transcription factor binding sites. The motivation for attempting to discover 

enhancers by clustering takes root in the simple observation that many 

functional enhancer elements contain clusters of binding sites for the same 
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factor (Davidson, 2001). Using this property of many known enhancers, I, and 

several others have shown that novel cis-regulatory sequences can be 

identified in the genome (Berman et al., 2002; Markstein et al., 2002; Rebeiz 

et al., 2002)(Chapter 2). These studies represent an advance in understanding 

non-coding DNA based solely on the sequence of nucleotides. 

The other most widely used tactic for identifying enhancer sequences a 

priori has been to search distantly related species for conserved non-coding 

DNA. This strategy is referred to as phylogenetic footprinting. Some methods 

look merely for the maintenance of large stretches of identity, as has been 

used in mammalian systems (Loots et al., 2000). However, this type of search 

criterion has not been successful in insects, and it appears that searches for 

the conservation of individual binding sites is a more practical technique for 

finding enhancers a priori (Berman et al., 2004). However, a defect in all of 

these techniques is that functional sequences need not be conserved, nor 

clustered. It is only through continued study of these critical regulatory regions, 

and the iterative application of new knowledge to genome sequences that we 

can tackle this problem of finding cis-regulatory DNAs in genome sequence.  

 

The role of regulatory DNA in cell fate specification 

 As mentioned above, cell fate specification and cellular development 

are tightly married to the transcriptional regulation of gene expression. During 
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development, each cell type has derived from a progenitor that had a greater 

potential for cell fate diversity. The restriction of fate requires the cell to 

understand its environment: where is it located on the A/P axis? In which 

tissue does it reside? Should it divide or not? One of the greatest advances in 

developmental biology is the realization that cells use a limited number of 

evolutionarily conserved communication pathways, and that a component of 

each pathway’s mode of action is the same abstract outcome of a transcription 

factor modifying its regulatory activity. Therefore, to study cell fate, one must 

eventually confront transcriptional regulation of differential gene activity. One 

of the premier settings for studying cell fate specification and transcriptional 

regulation is during the development of external sensory bristles of Drosophila 

melanogaster.  

 

The Drosophila bristle model of cell fate specification 

 The fruitfly is covered with hundreds of sensory structures that allow it 

to perceive its environment through the impermeable barrier of its chitinous 

cuticle. Although there are several subtypes of sensilla that decorate the adult 

Drosophila, the large (macrochaeta) and small (microchaeta) mechanosensory 

bristles on the notum of the fly (Fig. I.1A) are perhaps the best-defined class of 

sensory organs. Each bristle consists of multiple cells (Fig. I.1B), related by 

lineage (Hartenstein and Posakony, 1989).  The shaft and socket cells secrete 
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external cuticular structures, and have large polyploid nuclei. The socket cell 

lies closest to the cuticle, and secretes a doughnut shaped cuticular lip that 

holds the bristle in place. The shaft cell secretes a filamentous bristle, dying 

once it has completed this task. The bristle organ contains a bi-polar neuron 

that senses the mechanical stimulus. Apically, the dendrite forms a junction 

with the sheath and socket cell to make up the sensory apparatus. Basally, the 

axon migrates to the CNS. The sheath cell wraps around the neuron to form a 

glial-like sheath structure (For a detailed review of bristle physiology, see (Keil, 

1997)). A glial-like cell is also associated with notum microchaetes, but dies 

shortly after birth (Fichelson and Gho, 2003). 

Both microchaetes and macrochaetes of the notum develop through an 

identical cell lineage (Fig. I.2B) (Gho et al., 1999; Reddy and Rodrigues, 

1999). Each organ begins as a specialized epidermal cell, the sensory organ 

precursor (SOP). The SOP divides four times to give rise to all five cells of the 

organ (Fig. I.2B). First the SOP divides to generate a pIIa and pIIb cell. Next, 

the pIIb cell divides to create the pIIIb and the pIIIb-sib cell. The IIIb-sib cell 

exhibits several glial-like properties, yet migrates away from the organ, and 

undergoes apoptosis (Fichelson and Gho, 2003). The pIIa cell next divides to 

yield the socket and shaft cells. Finally the pIIIb cell division results in the 

sheath and neuron cells. A microchaete organ develops through all of these 

stages in a period of about 8 hours.   
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Figure I.1. Bristle organs of Drosophila melanogaster. (A) The adult thorax (notum) is covered 
with both large and small bristles, macrochaetes, and microchaetes respectively. (B) Both of 
these classes of notum bristle exhibit a stereotypical cellular composition. The shaft and 
socket cells have large polyploid nuclei, and secrete external cuticular structures responsible 
for receiving mechanical stimuli. A single bipolar neuron, encased by a sheath cell innervates 
the sensory scaffold created by the socket and shaft. 
 

Early development of bristle organs: specifying an SOP 

 The founding cell of the bristle organ, the SOP, is selected from a group 

of equipotent epidermal cells, termed the “proneural cluster” (Cubas et al., 

1991; Skeath and Carroll, 1991). The limits of the proneural cluster are defined 

by the expression of “proneural” basic-Helix-Loop-Helix (bHLH) transcriptional 

activators achaete and scute. In the absence of achaete-scute function, no 

bristles are formed (García-Bellido and Santamaria, 1978). Initially, proneural 

expression is uniform throughout the proneural cluster, but eventually, a single 

cell accumulates more achaete-scute expression, while levels in surrounding 
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cells are decreased (Cubas et al., 1991; Skeath and Carroll, 1991). The 

expression of achaete and scute is initiated by tissue-specific enhancers that 

integrate positional information to place each bristle in the appropriate location 

(Garcia-Garcia et al., 1999; Gomez-Skarmeta et al., 1995). Once a proneural 

cluster has been established, the Notch pathway plays an important role in the 

restriction of proneural gene expression to a single SOP, as well as many 

subsequent steps in bristle formation (Fig. I.2A).  

 

Multitple roles for the Notch pathway in bristle development. 

The Notch pathway represents an ancient cell-cell communication 

system utilized throughout metazoan life (Lai, 2004). The Notch receptor is an 

integral membrane protein that binds to ligands Delta and Serrate (Fig. I.2A). 

Upon ligand binding, the Notch receptor is cleaved multiple times, releasing its 

intracellular domain (NIC) into cytoplasm of the receiving cell. Once free, NIC 

enters the nucleus where it binds the transcription factor Suppressor of 

Hairless [Su(H)]. In cells that have not received a Notch signal, Su(H) is bound 

at target sites in complexes with co-repressors which prevent target genes 

from being transcribed. Once the Su(H)-co-repressor complex encounters NIC, 

repression is relieved, and Su(H), NIC, and the protein Mastermind form a 

transcriptional activation complex (Lai, 2004).  
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Mutations in components of the Notch pathway have effects on multiple 

phases of bristle development (Fig. I.2B). This property is evidenced nicely by 

the phenotype of temperature-sensitive alleles of Notch (Hartenstein and 

Posakony, 1990) and Delta (Parks and Muskavitch, 1993). When incubated at 

the non-permissive temperature during lateral inhibiton, resulting flies show 

supernumerary SOPs. In contrast, when shifted to the non-permissive 

temperature after SOP division, sister cell fates are disrupted such that only 

one fate is adopted by both cells. In both settings (SOP selection and the 

bristle lineage), the Notch pathway is thought to distinguish between two 

alternate fates: (1)epidermal cell vs SOP, (2) pIIa vs pIIb, (3) pIIIb vs pIIIb sib, 

(4) socket vs shaft, and (5) sheath vs neuron. 

The role of Notch in bristle development is best understood in the 

context of SOP selection. In this setting, it has been demonstrated that 

signaling through the pathway is required to turn on genes of the Enhancer of 

split [E(spl)] complex in non-SOP cells of the proneural cluster (Bailey and 

Posakony, 1995). The bHLH-repressors (bHLH-R’s), and bearded family 

members of this gene complex are required to single out an SOP (Heitzler et 

al., 1996). However, the exact mechanism through which the SOP is initially 

selected from the cluster remains a mystery. The E(spl) bHLH-repressors are  
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Figure I.2. The Notch pathway during bristle development. (A) Summary of the Notch pathway. 
Depicted are two cells signaling to each other via the Notch signal cascade. When the 
transmebrane receptor Notch is bound by its ligand, Delta, the receptor is cleaved, releasing 
the intracellular domain (NIC), from the cellular membrane. NIC enters the nucleus, where it 
binds to the transcription factor Suppressor of Hairless [Su(H)], causing the dissociation of 
Su(H) from repressive complexes (“R”). NIC/Su(H) then form a transcriptional activation 
complex. Thus, signaling through the pathway causes a switch from repression to activation. 
(B) Multiple roles for Notch signaling during bristle development. In the proneural cluster, 
Notch signaling is used to ensure the specification of only a single sensory organ precursor 
(SOP). The non-SOP cells respond to signaling through the pathway. Once the SOP divides, 
Notch signaling is required to distinguish between sister fates of the daughter cells (pIIa and 
pIIb). This binary cell fate decision is used iteratively for all four sister cell pairs in the 
Drosophila bristle lineage.  pIIa, pIIIb, sheath, and socket cells are Notch-responsive, while 
pIIb, pIIIb sib, neuron and shaft cells are resistant to Notch signaling. The pIIIb sib cell 
undergoes apoptosis (Red “X”). 
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thought to carry out the job of turning off genes that would normally be 

activated in the SOP, including the proneurals. This is evidenced by the finding 

that a VP-16/E(spl) bHLH-R chimera can cause overselection of SOPs, 

ultimately forming bristle tufts (Jiménez and Ish-Horowicz, 1997). In Chapter 4, 

I present the characterization of the first two enhancers to be placed 

downstream of E(spl) bHLH-repressors. 

Contrary to the wealth of knowledge regarding proneural clusters, the 

mechanism by which Notch signaling distinguishes sister cell fates in the 

bristle lineage remains mirky. However, during these sister cell fate decisions, 

the basis for Notch signaling asymmetry is fairly well known. The protein 

Numb accumulates in the SOP, and during division is asymmetrically 

segregated to one cell (the pIIb cell) (Rhyu et al., 1994). In the pIIb cell, Numb 

is required to antagonize Notch signaling. Thus, in a numb mutant, the pIIb cell 

is transformed to a pIIa cell. In all sister cell fate decisions of the bristle 

lineage, numb is used in a similar way to bias the decision mediated by Notch 

(Van De Bor and Giangrande, 2001; Wang et al., 1997).  

The mechanism by which Notch signaling dictates cell fates in the 

bristle lineage remains a mystery. What Su(H) targets are activated in the 

bristle lineage? During lateral inhibition, there is clear evidence that the E(spl) 

complex genes are major effectors of Notch signaling (see above). 

Additionally, expression data has shown that some of these canonical targets 
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are present during lineage cell fate decisions (Nellesen et al., 1999). However, 

their importance has been uninvestigated, due to the multigenic nature of the 

E(spl) complex, and the counfounding effects that E(spl) mutations have on 

lateral inhibition. The only other documented Notch target in the bristle lineage 

is Su(H) itself (Barolo et al., 2000). A regulatory element downstream of the 

Su(H) transcription unit contains seven high affinity Su(H) binding sites, and 

drives strong expression of Su(H) in the socket, a Notch responsive cell. 

Interestingly, inactivation of this enhancer does not effect the specification of 

the socket cell fate, but instead leads to differentiative defects of the socket, 

which incapacitates the mechanosensory function of these organs. In Chapter 

2, we use a bioinformatic approach to find new Notch targets by looking for 

statistically significant clusters of Su(H) binding sites. The goal of finding new 

targets of Su(H) in the bristle lineage is realized in Chapter 3, where one of 

these clusters is characterized, and found to be a Notch responsive enhancer 

element of the numb gene. A detailed comparison and functional analysis of 

these bristle lineage enhancers may be the key to understanding how the 

Notch pathway can be deployed repetitively to stimulate distinct cell fates. 
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CHAPTER 1 
GENEPALETTE: A UNIVERSAL SOFTWARE TOOL FOR GENOME 

SEQUENCE VISUALIZATION AND ANALYSIS 



 

  

20 

 
 
 
 



 

  

21 

 
 
 
 



 

  

22 

 
 
 
 



 

  

23 

 
 
 
 



 

  

24 

 
 
 
 



 

  

25 

 
 
 
 



 

  

26 

 
 
 
 



 

  

27 

  
Chapter One, in full, is a reprint of the following publication. Rebeiz M, Posakony 

JW. GenePalette: a universal software tool for genome sequence visualization 

and analysis. Dev Biol. 2004 Jul 15;271(2):431-8.I was the primary researcher 

and author and James W. Posakony directed and supervised the research that 

forms the basis for this chapter.
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CHAPTER 2 

SCORE: A COMPUTATIONAL APPROACH TO THE IDENTIFICATION OF CIS-
REGULATORY MODULES AND TARGET GENES IN WHOLE-GENOME 

SEQUENCE DATA 
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Chapter 2 Supplemental Figure: 
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Fig. 4. Su(H) binding sites are highly significantly clustered in the fly genome. (A–C) Three-
dimensional probability plots of Su(H) site clustering found in the real genome (A), a typical 
random genome (B), and the most extreme random genome of 50 (C). Number of sites in a 
cluster is plotted on the x axis; window size (in bp) is on the y axis. Plotted on the z axis, and 
color-coded according to the key, are probabilities of randomly obtaining a cluster frequency 
equal to or greater than that observed in the genome analyzed. 
Chapter Two, in full, is a reprint of the following publication. Rebeiz M, Reeves 

NL, Posakony JW. SCORE: a computational approach to the identification of cis-
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regulatory modules and target genes in whole-genome sequence data. Proc Natl 

Acad Sci U S A. 2002 Jul 23;99(15):9888-93. I am the primary researcher and 

author and James W. Posakony directed and supervised the research that forms 

the basis for this chapter. Characterization of the Him gene through GFP reporter 

and in situ hybridization experiments were performed by Nick L. Reeves. 
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CHAPTER 3 
NOTCH REGULATES NUMB: INTEGRATION OF CONDITIONAL AND 

AUTONOMOUS CELL FATE SPECIFICATION MECHANISMS 
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Summary 

 The Notch pathway is a regulatory cassette utilized throughout 

metazoan development. One conserved component of this cell-cell 

communication system is the protein Numb, which is characteristically 

segregated asymmetrically during mitosis, and has a role in antagonizing 

Notch signal transduction in multiple animal development systems.  The 

purpose of Numb’s role in Notch signaling is best understood in the context of 

sensory bristle development in Drosophila melanogaster. Numb segregation to 

one daughter of the primary bristle precursor antagonizes Notch signaling, 

promoting the default fate in one daughter, and allowing the Notch dependent 

fate in its sister cell. In a genomic survey for potential Notch targets, the numb 

gene was identified to contain a statistically significant cluster of Suppressor of 

Hairless binding sites. Investigating this region in the second intron of numb, 

we have discovered a Notch responsive element responsible for the 

production of numb in the pIIa and pIIIb cells of the bristle lineage. In both of 

these settings, the cell has not received Numb during mitosis, yet must 

generate sufficient levels to bias cell fates during a subsequent mitosis. 

Therefore, we propose that while Numb regulation of Notch is an important 

facet of Notch signaling, Notch regulation of Numb is also a critical component 

in this elaborated cell lineage setting. 
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Introduction 

 A fundamental question in developmental biology is how complex 

transcriptional networks are wired to orchestrate the monumental changes that 

occur as cells are differentiated from one another. The cellular host of fate 

determinants and transcription factors co-operate with signaling pathways to 

modify the transcriptional state of hundreds, if not thousands of genes. As new 

methods arise to bring these transcriptional networks into a whole genome 

perspective, we are handed the promise of new biological insights at the click 

of a button. 

 The Drosophila body is covered with sensory bristles, each of which is 

a multicellular organ derived by a lineage (Hartenstein and Posakony, 1989). 

The bristle lineage originates from an epidermal cell that is selected to become 

a bristle precursor. Once selected, the precursor divides several times, and 

the progeny of each division adopts a distinct cell fate. The Notch pathway 

plays a pivotal role both in the selection of bristle precursors, but also in 

creating cell diversity within the bristle lineage (Hartenstein and Posakony, 

1990). A temperature sensitive allele of Notch can disrupt sister cell fates 

within the bristle lineage such that two sister cells that would normally adopt 

different fates resultantly adopt identical fates. The protein Numb has been 

identified as an antagonist of Notch signaling (Guo et al., 1996), and is 

required to specify sister  fates that are opposite of those promoted by Notch 
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(Uemura et al., 1989; Wang et al., 1997).  The finding that Numb protein is 

asymmetrically segregated during mitotic divisions of the bristle lineage has 

provided numerous insights into how two equivalent cells use the Notch 

pathway to segregate into separate cell fate programs. 

 A lingering question in the Notch-Numb system has been the origin of 

Numb protein in a cell that did not inherit Numb from its predecessor (Rhyu et 

al., 1994).  When one confronts this problem, it becomes clear that this is not a 

straightforward task. The cell that didn’t inherit Numb must be stably specified 

through the Notch pathway, but is immediately set to the task of setting up a 

new complement of Numb protein to bias its next division. It has been 

observed that most epidermal cells express Numb at low levels (Rhyu et al., 

1994), however, these levels may not provide enough new Numb protein 

quickly enough to establish the next round of asymmetric cell fates. Therefore, 

a careful orchestration of Numb production may be carried out which 

integrates these conditional and autonomous modes of cell fate specification. 

 In a previous study, we performed an in silico screen of the Drosophila 

melanogaster genome for targets of the Notch pathway (Rebeiz et al., 2002). 

By identifying statistically significant clusters of binding sites for Suppressor of 

Hairless [Su(H)], we demonstrated that many of the best-known targets exhibit 

extremely unlikely clusters of binding sites due to random chance. In addition 

to the known Notch targets identified by the study, several potential targets 
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were found that already have a highly integrated role in Notch mediated 

developmental decisions, including Delta, neuralized, and numb. Here we 

investigate the cluster of Su(H) binding sites in the second intron of numb, 

revealing that numb transcription is indeed stimulated in bristle precursor cells 

in response to Notch signaling. Through this enhancer, an unlikely balance is 

struck, where the Notch pathway must engage in the task of controlling a 

potent antagonist of itself. This finding sets up an important precedent for the 

control of numb by Notch signaling.  

 

Materials and Methods 

Fly Stocks 

 w1118 is a spontaneous deletion of the white locus that eliminates gene 

function. Sca-Gal4 is an enhancer trap P-element insertion into the scabrous 

locus, driving GAL4 (Hinz et al., 1994). UAS-Numb flies contain a numb coding 

region transgene (Wang et al., 1997) that can be misexpressed using the 

GAL4::UAS system (Brand and Perrimon, 1993).   

 

Plasmid cloning 

 All reporter fragments were amplified by PCR on genomic DNA. 

Primers used for this study are supplied in supplemental material (Table 3.S1). 

Site mutants were created by overlap-extension PCR (Ho et al., 1989). The 
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CD2 fragment and all mutant variants thereof were PCR cloned from the 

Celera sequencing strain, and are completely compliant with the Celera 

genome sequence (Adams et al., 2000). Reporter fragments were inserted into 

Kpn I and Bgl II restriction sites of the Hsp70 promoter containing GFP 

reporter pHStinger (Barolo et al., 2000a).  

 

Germline transformation 

  P-element mediated germline transformation was performed as 

previously described (Rubin and Spradling, 1982), using w1118 as the recipient 

strain. 

 

Antibody staining 

 Staining of pupal nota was performed on animals incubated at 25°C, 

and dissected at timed stages measured in hours after puparium formation 

(APF). Timed pupae were fixed in PBS + .1% Triton-X-100 (Sigma) ,4% 

Paraformaldehyde (Electron Microcroscopy Sciences, Fort Washington, PA). 

For stains using the Hamlet antibody, the Triton concentration in the fixative 

solution was raised to .3% to increase tissue permeability. Primary antibodies 

used in this study were mouse-anti-cut (1:100; Developmental Studies 

Hybridoma Bank; (Blochlinger et al., 1990), and guinea pig anti-Hamlet 

(1:1000; (Moore et al., 2002).  Secondary antibodies used were goat anti-
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mouse Alexa-647, goat anti-mouse Alexa-555, and goat anti-guinea pig Alexa-

555 (1:400; Invitrogen). All fluorescent stains were imaged on a Leica confocal 

microscope. Before both primary and secondary antibody incubations, 

samples were blocked for 1 hour in a 1:10 solution of western blocking reagent 

(Roche) in PBS+.1% Triton-X-100. 

 

Mobility shift assays 

 Electrophoretic Mobility Shift Assays (EMSAs) using GST-Su(H) were 

performed as previously described (Bailey and Posakony, 1995). Probe 

sequences are supplied as supplemental material (Table 3.S1). 

 

in situ hybridization 

An 1800bp PCR-cloned fragment overlapping the last exon of numb 

was cloned into EcoRI and NotI sites of pBluescript SK I, and used to 

transcribe a digoxygenin labeled riboprobe (see supplement for PCR primer 

sequences). In situ hybridization was performed as previously described 

(Reeves and Posakony, 2005) with the only modification that instead of a 

normal 1:1500 dilution of 10mg/ml proteinase K, a 1:25000 dilution was used 

to protect protein epitopes for the detection of the cut protein by antibody stain 

(above) after the in situ was stained.  
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Sequence searches 

The numb orthologous region was retrieved from other Drosophila 

species using a combination of resources, including the DrosSpeGe Blast 

server (http://insects.eugenes.org/species/blast/), and the NCBI trace archive 

(http://www.ncbi.nlm.nih.gov/Traces/trace.cgi?).  The GenePalette software 

tool (Rebeiz and Posakony, 2004) was used to manipulate orthologous 

sequences, and make schematic diagrams. A Perl script named “scrabble” 

was used to identify the largest conserved blocks across the set of 

orthologous sequences (script available upon request). 

 

Results 

Experimental verification of in silico identified binding sites in numb 

 In order to preliminarily assess the validity of the putative numb 

regulatory sequence identified by site clustering over random expectation 

(SCORE) analysis, we took two initial approaches: electrophoretic mobility 

shift assay (EMSA) and phylogenetic footprinting (Fig. 3.1B,C). A critical 

component to any genome survey of transcription factor binding sites is the 

ability to accurately identify sites that specifically bind the factor of interest. 

The SCORE survey of the genome used a particularly stringent definition of 

Su(H) binding consensus, requiring a sequence that matches YGTGDGAA (all 

IUPAC variants except TGTGTGAA). From previous studies of Su(H) targets, 
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these sequences are predicted to bind Su(H) protein with high affinity (Bailey 

and Posakony, 1995; Nellesen et al., 1999; Tun et al., 1994). This prediction is 

borne out, as all five sites contained in the region bound Su(H) with 

comparable strength to a positive control probe from the Enhancer of split m4 

gene (Fig 3.1B). Furthermore, a single base mutation was sufficient to abolish 

the majority of binding by GST-Su(H) (Fig 3.1B, “S2mut”). This EMSA data 

corroborates the accuracy of our Su(H) binding site search criterion, and 

establishes that the Su(H) matches found in the numb gene are indeed Su(H) 

binding sites.  

 Often times, phylogenetic footprinting is used as a measure of 

biological relevance for a sequence of interest. Although a well-defined cis-

regulatory region may exhibit poor conservation of individual binding sites 

(Ludwig et al., 2000), maintenance of sites over longer evolutionary distances 

serves as a convenient positive indicator that the sequences are important for 

regulation.  Upon examination of the orthologous region from eight other 

Drosophila species, three of the five sites are absolutely conserved in all 

species tested (Fig. 3.1C). A fourth site (S1) is well conserved, being absent in 

the sister pair D. virilis, and D. mojavensis. Given this site’s conservation 

across the other Drosophila species tested, it is most likely that this site was 

recently lost in an ancestor of the virilis-mojavensis lineage. The fifth site (S1b) 

is extremely close to the well conserved S1 site, and shows conservation only 
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among other members of the melanogaster subgroup. This site lies only eight 

bp away from the S1 site, a distance that would most likely preclude 

simultaneous occupancy of both sites. Furthermore, S1 and S1b appear to be 

related, sharing 11/11 bp of sequence (not shown). This footprinting analysis 

suggests that four of the five sites have withstood selection for 40-60 million 

years of evolution, implying an important role for these sequences. Given their 

Su(H) binding properties, clustering, and conservation, it appears extremely 

likely that these sequences are physiologically relevant Su(H) binding sites. 

 

numb expression in developing bristle organs 

 The transcriptional regulation of numb has not been previously studied, 

since most attention has been drawn to its protein localization during mitosis 

(Rhyu et al., 1994). By northern blot, maternal numb transcript is present at 0-

3 hr after egg laying (AEL), while the zygotic transcript doesn’t become intense 

until 3-6h AEL, coinciding with the beginning of embryonic SOP divisions 

(Uemura et al., 1989).  By antibody stain, Numb is observed in the SOP and 

its progeny, but also in surrounding epidermal cells (Rhyu et al., 1994). The 

inheritance pattern of Numb protein would dictate that some cells in the 

lineage that didn’t inherit Numb will have to make new Numb before they 

divide. The only cells that face this predicament are the pIIa and pIIIb cells. 

Although the pIIb cell must also segregate Numb to its pIIIb sib daughter (Van 
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De Bor and Giangrande, 2001), the pIIb cell inherits Numb protein from the 

SOP (Rhyu et al., 1994), and therefore could possibly recycle inherited Numb. 

Nonetheless, the pIIa and pIIIb cells are faced with task of creating more 

Numb protein. To determine whether numb transcript accumulates in 

developing bristles, we performed in situ hybridization on dissected pupae at 

16 hours after puparium formation (APF), a time when most microchaete 

organs are at the 2-3 cell stage of bristle development (Fig. 3.2). At this time, 

evenly spaced cells or cell clusters specifically express elevated levels of 

numb. The spacing of these strongly expressing cells is reminiscent of a 

microchaete field pattern.  In agreement with antibody data, numb transcript is 

also observed at low levels across the epidermal field (Fig. 3.2A).  

To assess whether the strongly expressing cells belong to microchaete 

organs, in situ stained pupae were also labeled fluorescently with the antibody 

cut, which recognizes nuclei of all developing external sensory organ cells 

(Blochlinger et al., 1990).  Based on the stereotypical divisions of microchaete 

precursors along the anterior/posterior axis of the notum, we can determine 

the cellular identity of all microchaete cells during the 1-3 cell stages (Gho et 

al., 1999).  Microchaete positions containing a single cut-positive cell are 

interpreted to be at the SOP stage of development. Once the SOP divides 

within the plane of the epithelium, the anterior progeny cell is pIIb, and the 

posterior is pIIa. Next, the pIIb cell divides perpendicular to the plane of the 
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epithelium, generating a small, basal pIIIb sib cell, and a larger, apical pIIIb 

cell. The pIIa cell divides next, within the plane of the epithelium, along the A/P 

axis, and generates socket and shaft cells. In 90% of cases, the pIIa cell 

divides before the pIIIb sib migrates away, and undergoes apoptosis 

(Fichelson and Gho, 2003). Therefore, in a typical 2 or 3 cell position it is 

possible to distinguish pIIa vs. pIIb or pIIa vs. pIIIb vs. pIIIb sib, respectively, 

based on A/P axis position, size, and apico-basal positioning. A number of cut-

labeled SOP positions within the numb-stained notum showed only the 

background levels of numb transcript accumulation. However, a number of two 

cell positions stained strongly for numb transcript (Fig. 2B – B’’). In all cases 

examined, the numb positive cell was the posterior-most cell of the organ, thus 

identified as the pIIa cell. In a subset of three-cell positions, an apical, anterior, 

normal-sized cut positive nucleus was surrounded by cytoplasmic numb 

transcript (Fig 2C-C’’). Based on the size, location, and position of this cell, we 

interpret this cell to be the pIIIb cell. Therefore, strong transcript accumulation 

for numb is observed in the pIIa cell and possibly the pIIIb cell, and not in the 

SOP or pIIb cells. These expression studies demonstrate that numb has a 

dynamic pattern of transcript accumulation in the developing bristle organ, 

which is presumably controlled transcriptionally. 

 

Transcriptional regulatory activity of the numb intron region 
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 As a test of the hypothesis that the Su(H) binding sites found in the 

numb gene are indeed physiologically active, we constructed a 2.5 kb GFP 

reporter construct (Fig 3.1A) which contains all five Su(H) binding sites 

identified in silico. In independent lines of this construct, we observe 

expression in the embryonic CNS, PNS, larval CNS, optic lobes, retinal field 

(not shown) and in bristle precursors of the notum microchaetes (Fig 3.3A).  

Based on our phylogenetic analysis of this region, and with the intent to focus 

efforts on a minimal piece with expression in bristle precursors, the 2.5 kb 

numb region was subdivided into two smaller fragments (CD1 and CD2), each 

of which contained two Su(H) binding sites (Fig 1A).  The 387 bp CD1 

fragment maintained expression in the embryonic CNS (Supplemental Fig. 

3.S1), but retained no activity in the microchaete field (Fig. 3.3B). However, 

the CD2 fragment, spanning 682 bp, and containing two completely conserved 

Su(H) binding sites maintains activity in the microchaete field (Fig. 3.3C), as 

well as and embryonic CNS (Supplemental Fig. 3.S1), the retinal field, and 

larval brain (not shown). The retinal field expression of this fragment will be 

investigated in a separate report (B. Mollereau, personal communication). 

Given the broad range of specificities contained in this region, as assayed by 

our reporter constructs, we conclude that this region of the numb gene, 

identified by an in silico search for Notch targets, is a bustling regulatory 

region of the gene.  
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Detailed analysis of the CD2 enhancer during bristle morphogenesis 

 As with the in situ analysis of numb transcript accumulation, we can 

also garner exact details on the cellular activation profile of the CD2 enhancer 

region during bristle development. Using the same criteria for cell fate 

identification stated above, we performed a detailed analysis of GFP 

accumulation in 16-18h APF nota of flies carrying the CD2 GFP reporter. 

During the SOP stage, no GFP is detected, even when looking at SOPs during 

their division (Fig. 3.3D). At the two-cell stage, many organs express nuclear 

GFP in the posterior pIIa cell (Fig 3.3E). Additionally, many two-cell positions 

have no GFP, consistent with a lag between GFP transcription, and the 

observation of GFP fluorescence. Because we never see GFP in the anterior 

cell of a two cell pair, we conclude that GFP transcription is stimulated in pIIa, 

and not the SOP. Fig. 3.3F shows a later-stage two cell position, in which the 

pIIb cell is about to divide. In this position, the intensity of GFP in pIIa has 

increased in comparison to the early two cell position presented in Fig. 3.3E. 

Notably, even as the pIIb cell is dividing, no detectible GFP is observed in this 

cell (Fig 3.3F). As the GFP-positive pIIa cell divides, GFP is evenly distributed 

to its daughter cells (Fig. 3.3G, H). In Fig. 3.3G, a three-cell position is shown, 

where the posterior pIIa cell is about to divide, as shown by the diffuse stains 

of both cut and nls-GFP. In Fig. 3.3H, the pIIa cell has divided, and the 
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presumptive socket and shaft cells have perduring GFP fluorescence from the 

enhancer’s activity in the pIIa cell. Also, at the four cell stage, an anterior cut-

positive cell has also started accumulating GFP (Fig. 3.3H). Based on its 

anterior location, size, and apical disposition, this cell is putatively the pIIIb 

cell. The transcription factor Hamlet has recently been shown to be a high-

level regulator of the pIIIb cell, and a Hamlet antibody specifically labels pIIIb 

cells during microchaete development (Moore et al., 2002). Staining 17h APF 

nota with the Hamlet antibody confirms that this GFP positive cell is indeed 

pIIIb (Fig. 3.3J). Once the pIIIb cell divides, GFP is inherited by the pIIIb 

progeny, the presumptive sheath and neuron. At the end of the bristle lineage 

divisions, a total of four GFP positive cells are observed, caused by the initial 

expression via the CD2 enhancer in the pIIa and pIIIb cells. Obscured by 

perdurance of GFP, it is unclear whether postmitotic cells of the bristle organ 

also the enhancer. However, there appears to be a fairly even expression of 

GFP between sister cells at later time points (not shown). It is also clear from 

this analysis that the pIIIb sib cell, and its ancestors (pIIb, SOP) within the 

lineage never activated the CD2 enhancer, since no GFP is ever observed in 

this cell. The locations that do activate novel transcription via the 

enhancer(pIIa and pIIIb) are Notch responsive cells, consistent with the Su(H) 

binding sites present in the enhancer. 
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Activation of the CD2 enhancer is Notch dependent 

 The enhancer analysis of this region matches up nicely to the 

expression data, and the cis-regulatory logic, dictating that the CD2 enhancer 

fragment is activated through a canonical Delta/Notch/Su(H) pathway, as 

suggested by the high affinity Su(H) binding sites found within the enhancer. 

This model that Notch signaling is required to stimulate numb transcription 

through the CD2 region has the clear prediction that removal of Notch stimuli 

from pIIa/pIIb pairs would abrogate enhancer activation. Therefore, in order to 

test the activity of the CD2 enhancer in the absence of Notch function, we 

used the GAL4:UAS system (Brand and Perrimon, 1993). Driven by the 

strongly expressing scabrous-Gal4 driver (Hinz et al., 1994), we 

overexpressed a UAS-numb transgene in SOP cells.  In all documented 

cases, this treatment shows the specific phenotype of disrupting Notch 

signaling (Frise et al., 1996; Van De Bor and Giangrande, 2001; Wang et al., 

1997). Furthermore, epistasis experiments suggest that the only functions of 

numb during neurogenesis require Notch function (Guo et al., 1996). 

Consistent with previous studies, we observe that the adult scabrous-

GAL4:UAS-numb flies (Fig. 3.4A-B) are almost completely devoid of external 

bristle structures on the notum, suggesting a pIIa to pIIb transformation (see 

Fig. 3.3K for lineage diagram). Staining numb overexpressing flies with anti-

cut to label all microchaete cell nuclei at 18h APF shows a relatively normal 
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pattern of microchaete bristle cells (Fig. 3.4F) comparable to flies carrying only 

the UAS-numb transgene (Fig. 3.4E). However, the CD2 enhancer fragment 

shows a drastic decrease in GFP expression under these conditions of Notch 

inactivation (Fig. 3.4D), as compared to UAS-numb alone treatment (Fig. 

3.4C). These results are consistent with a required input from Notch to the 

activation of the CD2 enhancer in pIIa and pIIIb cells, both of which show 

robust expression under wild-type conditions in Fig. 3.4C. 

 

Dissection of conserved elements within the CD2 enhancer 

 To further understand how this novel Notch responsive enhancer region 

works, we performed a detailed phylogenetic footprinting of the CD2 region, 

comparing the region from Drosophila melanogaster to orthologous regions 

from eight other species (Fig. 3.5). Both Su(H) binding sites show high levels 

of conservation at the sequence level (Fig. 3.5, blue boxes). The first Su(H) 

site (S3, Fig. 3.1C) is conserved completely in a block of 9 bases across eight 

of the nine species tested. In the ninth species, D. virilis, this block of 9 

identical bases is disrupted by a single substitution in an allowed wobble 

position of the Su(H) binding consensus. The second Su(H) site (S4, Fig. 

3.1C), is perfectly conserved within a block of 9 of 9 identical bases across all  

species tested. 
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 The Drosophila melanogaster CD2 region contains 4 ETS binding 

consensuses matching MGGAWRY (Sharrocks et al., 1997). These ETS 

matches display a range of conservation profiles (Fig. 3.5, gray boxes).  The 

first ETS site (most 3-prime) shows a poor level of conservation, with several 

differences within the site match among the different species. However, it is 

striking that in seven of the eight additional species, an occurrence of an ETS 

match is present in the general vicinity of the first Su(H) site (blue box): It is 59 

bp away in virilis to 213 bp apart in ananassae. Interestingly, the orthology of 

the site is absolutely unmistaken in certain pairs of organisms (Fig 5, solid 

lines connecting gray boxes). For example, between D. ananassae, and D. 

pseudoobscura, the ETS site in the orthologous position is a seven of seven 

match, while the spacing between these sites relative to the nearest Su(H) site 

has changed considerably. The only species lacking an ETS site in this 

upstream position within the enhancer is D. grimshawi, which nevertheless 

contains 2 well-conserved matches to the consensus in a downstream 

location. The second ETS site shows poor conservation, and is only present in 

the very-closely related species to melanogaster. The last two ETS sites 

contained within the melanogaster CD2 region display a much higher degree 

of conservation. In all species searched, at least one of the pair of sites is 

conserved. This inverted pair of sites shows a spacing of 10 nucleotides in D. 

melanogaster, and this spacing is preserved in six of the eight additional 
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species searched (Fig 3.5). Interestingly, in D. erecta, the downstream site has 

acquired a mismatch to the ETS consensus, and the site spacing has 

increased to 12. In D. ananassae, the upstream site contains two base 

changes that are predicted to abolish binding. Finally, in D. willistoni, the 

region between the first ETS site of this pair, and the Su(H) site has been 

deleted, resulting in an ETS site that overlaps the Su(H) S4 site by one 

nucleotide. It is interesting to note that willistoni contains three other ETS sites, 

one of which is strong match by sequence and relative position to the 

conserved ETS sites found only in melanogaster, yakuba, and erecta (Fig 3.5, 

curved dotted line). All of this evidence points to the possibility that some ETS 

factor has a role in the regulation of the CD2 region. Furthermore, it suggests 

that the ETS sites are allowed to come and go more frequently than Su(H) 

sites, and that perhaps there is stabilizing selection (Romano and Wray, 2003)  

to maintain some number or loose configuration of ETS sites in this enhancer.  

 The melanogaster CD2 region contains a single match to a relaxed E2F 

consensus (GCGSSAAA, Fig. 5, red boxes). Although the match found in the 

CD2 enhancer contains a mismatch to this consensus, the CD2 variant found 

(GCGGGAAT) has been shown to bind E2F in vitro, and contain functional 

activity in the polymerase α gene (Yamaguchi, 1997).  Six of the additional 

eight species searched contain an E2F match in the same position. However, 

in grimshawi, mojavensis, and virilis, the position at which the mismatch is 



 

  

56 

found has been shifted. In D. willistoni, no match to E2F is found in the 

orthologous location, and there appear to be no other compensatory E2F 

occurrences. In D. ananassae, an additional mismatch to the E2F consensus 

is observed. However, there are 3 other matches to the E2F consensus that 

could compensate for the degeneration of this moderately conserved instance. 

Based on conservation alone, the importance of an E2F binding site is 

unclear. It appears to be well conserved, but this conservation may be the 

artifact of an adjacent conserved region (Mystery Block 2). Also, it is quite 

possible that most Drosophila CD2 regions make use of an E2F binding site, 

but that the lineage leading up to willistoni has discarded this site, and has 

found a different way to achieve proper regulation.  

 Two regions show a remarkable degree of conservation, and as of yet 

do not obviously conform to a known class of binding site. The first region, 

mystery block 1 (Figure 3.5, green box), is a seven of seven match across all 

nine species, and maintains a central position between the two absolutely 

conserved Su(H) sites. In seven of nine cases, it forms a perfect match of 9 

nucleotides. The second mystery block region, (Fig. 3.5, “Mystery Block 2”), 

shows an extended region of loose homology. Over a span of 22 nucleotides, 

16 nucleotides match perfectly in groupings of 3 to 5 bases. One conspicuous 

aspect of this region is a perfectly conserved 5 bp stretch that contains a 

canonical hox consensus ATTA (Pearson et al., 2005). Given their absolute 
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conservation, the function and binding partners for these mystery sites may 

provide important insights into the operation of this enhancer. 

 

Direct binding of Su(H) is required for normal CD2 enhancer activity 

 To address the question of which sites are important for proper 

regulation of the CD2 enhancer, we made site mutant versions of the CD2 

enhancer. A two-nucleotide mutation each of the pair of most conserved ETS 

binding sites had little to no impact on enhancer activation in pIIa (Fig. 3.6B-

B’’).  Likewise, normal pIIa expression was observed when the E2F and 

Mystery block 1 sites were mutated (Fig 3.6C-C’’, D-D’’). However, when a 

single nucleotide modification was made to the Su(H) binding sites 

(YGTGDGAA-> YGTGDCAA), expression from the CD2 enhancer is de-

repressed, showing expression in both pIIa and pIIb (Fig. 3.6E - E’’). This is 

completely consistent with a role for Su(H) as a repressor in the pIIb cell 

(Barolo and Posakony, 2002).  

 

Discussion 

 We have described a new and important regulatory linkage between 

Notch, a key extrinsic cell fate specification pathway, and Numb, an intrinsic 

cell fate specification protein. A discussion of the implications from this work 

follows.  
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Computational searches for enhancers bear fruit 

 The motivation to study the transcriptional regulation of numb originated 

from a computational search of the fly genome for new Notch targets (Rebeiz 

et al., 2002). Although a multitude of Notch pathway targets have been 

documented during SOP selection (Bailey and Posakony, 1995; Lecourtois 

and Schweisguth, 1998; Nellesen, 1998), the list of bristle lineage Notch 

targets is quite scant  (Barolo et al., 2000b; Nellesen et al., 1999). Therefore, 

any method to enrich potential targets from the pool of ~14,000 genes in the 

genome can be a useful route to gaining a greater understanding of Notch 

function during sister-cell fate decisions. An impressive side-effect of this type 

of search is the finding that these approaches can lead the operator to think 

about a regulatory linkage that they normally would have dismissed 

immediately – the regulation of numb by Su(H) seems almost preposterous at 

first. 

One problem associated with finding enhancer sequences is that they 

can act at great distances to modulate the transcriptional activity of a locus. 

Within the numb locus, there is ~52kb of potential regulatory sequences, 

making the traditional approach of overlapping 5kb fragments an impossible 

chore. As clearly demonstrated by this enhancer, the strategy of looking 

directly upstream of the transcription start site would also have led one astray 
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from the path to this regulatory element. One beneficial feature of the SCORE 

approach was the use of a fairly unbiased cluster size to find statistically 

significant Su(H) binding site clusters. Many studies have used cluster sizes of 

500-1000bp, because this adheres to the canonical view of an enhancer 

element (Davidson, 2001). When searching, we looked through a series of 

cluster lengths, ranging from 100bp to 5000bp. This wide range may allow one 

to detect a local maximum that doesn’t necessarily match the size of a 

canonical cis-regulatory module. Judging from this study, and many of the 

other clusters found in our analysis, the unbiased cluster-size approach may 

lead one to discover functional enhancer elements due to the fact that multiple 

enhancers with similar binding inputs are themselves clustered together.  

 

The role of Notch in de-repressing targets during lineage decisions 

 Our enhancer studies suggest that Su(H) plays only a minor role (if any) 

in the activation of the CD2 enhancer (Fig 3.7). Therefore, we are left with the 

model that other potent activators are present in both pIIa and pIIb, and that 

Su(H) mediated repression is crucial to prevent the precocious activation of 

numb before the pIIa cell has been specified by Notch signaling (Fig 3.7). This 

model dictates that the activators present in both cells would be established 

early in the life of pIIa and pIIb cells. Interestingly, the Su(H) mutant enhancer 

is not active in SOP cells. Therefore, if these activators are present during 
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SOP stages, some mechanism must silence the enhancer until after SOP 

division. Mutations in individual binding sites (MB1, E2F, the conserved ETS 

site pair) show a normal pattern of GFP accumulation in the pIIa cell. However, 

if they have a quantitative effect on enhancer output, this effect might not be 

detectible within the sensitivity of these GFP reporter assays. One 

confounding problem with p-element mediated transformation is that the 

insertion site can influence the relative strength of expression from identical 

constructs. This “line-to-line” variation can hide subtle differences between 

constructs. Assessment of expression from double mutants might allow the 

function of these individual sites to be uncovered. Identification of the local 

activators in this enhancer will allow us to better understand how these 

transient cells are specified. 

 

Is Numb recycled during bristle lineage progression? 

 The finding of transcriptional regulatory sequences of numb that drive 

expression in the pIIa cell naturally raises the question of whether pIIb must 

implement an opposing transcriptional loop. However, several scraps of 

evidence suggest that Numb protein can be recycled during progression of the 

bristle lineage: (1) The pIIb cell has an extremely short period of time between 

birth and division. (2) During this period of time, strong transcript accumulation 

is observed only in the pIIa cell (Fig 3.2B-B’’). One would predict that if novel 
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transcription of numb was required in pIIb, a comparable level of transcript 

accumulation would have been observed. (3) Mosaic analysis shows that 

mitotic clones of numb induced during the SOP stage have defects in sheath-

neuron decisions as a result of lack of numb in the pIIIb cell. However, these 

clones would not be able to make Numb protein in pIIb, and therefore are 

predicted to consist entirely of pIIIb sib cells unless a mechanism of Numb 

recycling is sufficient to promote the pIIIb sib fate. However, an explicit test of 

Numb protein recycling is technically difficult, and we cannot rule out the 

possibility that the pIIIb/pIIIb sib decision is biased in other ways such that loss 

of numb is irrelevant.  

The idea of Numb recycling raises an interesting possibility for 

elaboration of lineages during evolution. If a mechanism for Numb recycling as 

well as Notch stimulated transcription exists, such as in the CD2 enhancer, 

one can imagine a mechanism to ensure differentiation of sister cell fates 

when a new division arises in the lineage: the cell which inherited Numb can 

now re-use this protein, and the other cell has a mechanism to rapidly 

transcribe it.  

 

Notch regulates numb: turning the tables on an old paradigm 

 The classical view of Notch and Numb in asymmetric specification of 

cell fates has focused on the role of Numb in antagonizing Notch signaling to 
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bias cell fate decisions which would normally turn out symmetrically (Lai, 

2004). Our study shows that a reciprocal regulatory loop is also in place: 

Notch regulates numb. The problem of numb acquisition within cells that do 

not inherit numb was contemplated by Rhyu in 1994: “the asymmetric division 

of the IIa cell in the adult external sensory organ lineage also appears to rely 

on numb function…this implies that numb is expressed in both IIa and IIb 

before division and distributed asymmetrically to their daughter cells” (Rhyu et 

al., 1994). Although numb is generally expressed at low levels in epidermal 

cells, the rapid divisions of the bristle lineage may not provide enough time for 

the accumulation of numb through a general epidermal enhancer. Activating 

transcription of numb in a Notch responsive cell is a dangerous task, so it 

makes sense that the Notch pathway would play a major role in presiding over 

this delicate decision, protecting the pIIa cell fate before allowing numb 

production.  

 An interesting finding of this enhancer was that it was active in pIIa and 

pIIIb. It is unclear at the moment if these two cells activate the enhancer 

through an identical mechanism, or if there are individual controls for each cell. 

Further mutagenesis of individual sites within the enhancer may shed light on 

this question if mutations with differential effects are found. This enhancer 

does represent the first regulatory sequence documented for these cells of the 

bristle lineage, and adds to the scant list of Notch responsive genes during 
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sister cell fate specification. The only other Notch responsive enhancers 

during bristle development we are currently aware of are the Su(H) 

autoregulatory enhancer in the socket cell (Barolo et al., 2000b), and the 

E(spl) mγ enhancer in an undetermined cell of the bristle lineage (Nellesen et 

al., 1999). The discovery of this regulatory loop in numb highlights the 

possibility that other Notch responsive bristle lineage enhancers may be found 

on the SCORE list.  
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Figure 3.1. Validation of putative Su(H) binding sites in numb found by whole genome in silico 
analysis. (A) Overview of numb genomic region and constructs used in this study. Image was 
drawn to scale with the position of Su(H) sites marked with an “S”. The boxed area marks the 
cluster of five binding sites found by SCORE analysis. (B) EMSA assay of sites in Boxed 
region of (A). Site names are numbered according to naming convention listed in (C). All sites 
bind a GST-Su(H) protein with comparable strength to the positive control site (m4 s3). A 
single substitution in S2 nearly completely abolishes binding (S2mut). (C) Conservation of 
binding site cluster among 9 Drosophila species. Solid lines indicate site orthology based on 
both the presence of a site in an orthologous location as well as shared sequences near site 
pairs (See Figure 4 for an alignment of sites S3 and S4). The dotted line represents a pair of 
site occurrences that are a 10/10 match between D. pseudoobscura and D. mojavensis, but 
for which matches are not present in other species. 
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Figure 3.2. numb is specifically expressed in the bristle lineage. (A) At 16h APF, numb is 
expressed at discrete positions within the microchaete field, against a background of low-level 
ubiquitous expression. (B – B’’) numb transcript accumulates specifically in the pIIa cell, 
identified by cut staining (B) of a two-cell stage developing bristle. pIIb is the anterior cell, and 
pIIa is the posterior cell (see Fig 3K for lineage diagram). (C-C’’) numb transcript accumulation 
in a pIIIb cell. (C) cut staining of a three cell stage bristle, where the anterior pIIb cell has 
divided into the pIIIb and pIIIb sib cells. The larger pIIIb cell accumulates numb transcript, 
while the smaller, apical pIIIb sib cell does not.  
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Figure 3.3. Restriction of Su(H) responsive bristle lineage enhancer to a 683 bp fragment 
active in pIIa and pIIIb cells. (A-C) View of microchaete field at 24h APF, after all bristle cells 
have divided. (A) The 2.5 kb reporter expresses GFP in multiple cells of the bristle lineage at 
this time (B) No GFP is detected in bristle cells of the CD1 387 bp reporter. (C) The CD2 683 
bp fragment drives GFP expression identical to the 2.5 kb reporter. (D-K) Stepwise analysis of 
CD2 reporter during bristle development. Cut (blue) labels all cells of the microchaete lineage. 
Schematic diagrams show the inferred identity of each cell. At the one cell stage (D), no GFP 
is present. Once the SOP divides, GFP is present in the posterior pIIa cell (E), and completely 
absent in the pIIb cell, even as it nears division (F). As the pIIa cell divides (G), GFP is  
distributed to its daughters, the presumptive socket and shaft cell pair (H). GFP then 
accumulates in one of the anterior cells, presumably the pIIIb, based on its larger size relative 
to pIIIb sib (H). Finally, once this anterior cell divides, GFP is distributed to its progeny, the 
presumptive neuron and sheath cells (I). (J) Hamlet staining of four cell microchaete position, 
demonstrating that the anterior GFP positive cell is the pIIIb cell, marked by Hamlet. (K) 
Lineage diagram of notum microchaetes  
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Figure 3.4. Notch signaling is required for activity of the CD2 reporter fragment. (A-B) Adult 
nota of UAS-Numb (A) and Sca-Gal4:UAS-Numb (B) flies. (C-H) 18h APF notum of UAS-
Numb (C, E, G) or Sca-Gal4:UAS-Numb (D, F, H) fly. (C) GFP is strongly expressed in all 
microchaete organs older than the two cell stage in a fly bearing UAS-Numb alone, consistent 
with the pattern shown in Fig. 3. However, this expression is lost once UAS-Numb is 
overexpressed in bristle precursors by the Scabrous-Gal4 driver (D). (E,F) Cut staining, and 
merged representations (G,H) demonstrate that bristle organs are of a correct stage to 
observe GFP expression under wild-type conditions. 
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Figure 3.5. Alignment of the CD2 regulatory region across nine Drosophila species. In 
alignments, * indicates residue conserved in all species. Bold characters represent regions of 
the alignment that correlate with likely regulatory factors (e.g. ETS or E2F), or with regions of 
high conservation, such as the stringently conserved Mystery block regions. The graphical 
alignment depicts spatial relationships of the nucleotide alignments. Site matches that occur 
on the top strand of DNA appear above the DNA line. Reverse complement matches appear 
beneath the line. Solid lines represent site instances that are clearly related by sequence 
homology. Dotted lines indicate site instances that are in a similar location, but for which an 
orthology relationship is difficult to assess. Red circles highlight instances in which a site is not 
present even though other closely related species contain one in a similar location. 
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Figure 3.6. Expression of mutant CD2 GFP reporters. (A-E) Two-cell microchaete positions 
marked by cut (red), compared to GFP expression by CD2 enhancer region variants (A’-E’). 
(A’’-E’’) Merged images demonstrate coincidence of GFP and developing bristle nuclei.  
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Figure 3.7. Model for numb expression in the pIIa cell. (A) In the SOP, Su(H) is a repressor, 
keeping the numb enhancer off. (B) In newly divided pIIa/pIIb pairs, one or more 
transcriptional activators (ACT) are counterbalanced by Su(H) mediated repression, keeping 
numb in the repressed state (OFF). (C) Once a sufficient Notch signal has been received in 
pIIa, repression by Su(H) is relieved, and the activators can then turn numb transcription ON. 
This activation of numb may involve some positive input from Su(H). (D) When the Su(H) 
binding sites are mutated in the enhancer, these putative activators, present in both pIIa and 
pIIb are weakly sufficient to activate transcription. Green outline represents the inheritance of 
Numb protein. 
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Table 3.S1 Primers used in the study. For in situ probes and reporters, lowercase letters refer 
to the restriction sites used to clone PCR products into the desired vector (see methods). 

Emsa probes 

Name Sequence 

m4 S3 GGCAGCCGGCACGCGACAGGG  

numb S1 TCGCGCATGCGCGTGCCTAATGGT 

numb S2 TGGATAGGGCGCGTGGCTCTTGGC 

numb S3 TGGATAGGGAGAGGGGCTCTTGGC 

numb S4 CAAAAACGGCAGGTGTGTTTTTC 

numb S1b TTTCTCGGCGCAGCTGTCGCGCAT 

Reporter Constructs 

numb 2.5-F ggggtaccccGGCTGCATTCGTTCAAACGACAG 

numb 2.5-R gaagatcttcTGGAGTATGACACCTCGGTAATCC 

numb CD1-F gaagatcttcTTCTAATATTTGCATCCTGCCAGC 

numb CD1-R ggggtaccccATTCTTCGATCTCGATCGCTAGCT 

numb CD2-F gaagatcttcGATAGTATGATAGTGTATGTTC 

numb CD2-R ggggtaccccTATCATCACTTCAATGGTTTCC 

in situ Probe 

numb-IS-F gcgaattcGGATTACTTCATGTCAGCGGAGAC 

numb-IS-R ggcgcggccgcGTGGGTAACTTGGTAGCTTGGTCA 

Mutagenesis Primers 

numb Su(H) s3m-F ACGAAGAGTTGCCACGACCACCGA 

numb Su(H) s3m-R TCGGTGGTCGTGGCAACTCTTCGT 

numb Su(H) s4m-F CACTTCGGCGTGTCAAATTTTCAA 

numb Su(H) s4m-R TTGAAAATTTGACACGCCGAAGTG 

numb ETS-1mut-F ATACGCAATTTAAGCTCACAAA 

numb ETS-1mut-R TTTGTGAGCTTAAATTGCGTAT 

numb ETS-2mut-F GAAGGACGATTATGCGGATGGA 

numb ETS-2mut-R TCCATCCGCATAATCGTCCTTC 

numb ETS-3/4mut-F AAAAAAACAAGAAAttAAGCCATTAAACATGTATaaTTTTTTGACCATCA 

numb ETS-3/4mut-R TGATGGTCAAAAAAttATACATGTTTAATGGCTTaaTTTCTTGTTTTTTT 

numb E2F mut-F AGCGTATGGCTTGCGTAATTATAA 

numb E2F mut-R TTATAATTACGCAAGCCATACGCT 

numb MysteryB1-F GAACTCGATTTTTTTTGATAAGAC 

numb MysteryB1-R GTCTTATCAAAAAAAATCGAGTTC 

numb MysteryB2-F CGGGAATAAAAAAAAATTTAAAACAAGTACTAGCAAAAAA 

numb MysteryB2-R TTTTTTGCTAGTACTTGTTTTAAATTTTTTTTTATTCCCG 
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Figure 3.S1. Expression of CD1 and CD2 fragments in embryos. (A, B) The CD1 fragment is 
expressed in the embryonic CNS. (C,D) The CD2 fragment shows expression in both CNS 
and PNS. (A) and (C) are lateral views of a stage 9-11 embryo. (B) is a  ventral view. (D) is a 
ventrolateral view of a stage 12 embryo, showing CD2 driven GFP expression in multiple PNS 
cells as well as in the ventral nerve cord. Both enhancers drive complex expression in the 
embryonic head.  
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Summary 

 During neurogenesis, proneural genes are required to select single 

neural precursors from an equivalence group termed the proneural cluster. For 

years, Notch signaling has been known to have a role in the selection of a 

single precursor. Mutations in the Notch pathway result in the selection of 

multiple precursors from the proneural cluster. One main mechanism of Notch 

pathway action is through the transcriptional upregulation of basic-Helix-Loop-

Helix repressors (bHLH-repressors) of the Enhancer of split complex (E(spl)-

C). Although this is a well-supported finding, the downstream targets of these 

repressive proteins are as of yet unknown.  In this report, we describe an 

enhancer in the gene phyllopod, and place it directly downstream of the 

proneurals achaete and scute, as well as the E(spl)-C repressors. A reporter 

gene shows de-repression throughout the proneural cluster when Enhancer of 

split binding sites are mutated. Using this enhancer as a template, we discover 

bioinformatically one other enhancer that uses a similar logic, within an intron 

of nervy.  

 

Introduction 

 Notch is one of the handful of cell-cell communication pathways used 

throughout metazoa. Not only is the core cassette of Delta (Ligand), Notch 

(Receptor), and Suppressor of Hairless (Transcription factor) conserved in all 



 

  

79 

creatures who use the pathway, but the terminal Enhancer of split [E(spl)] 

basic-Helix-Loop-Helix (bHLH) repressor targets of Suppressor of Hairless are 

also conserved as part of the Notch functional unit (Lai, 2004). One of the key 

uses of the Notch pathway is to select a single cell to adopt a distinct cell fate 

from a pool of equipotent cells. This process of “lateral inhibition” has been 

observed in several settings, and follows the general paradigm of activating 

bHLH-repressor genes to inhibit the equipotent pool (Artavanis-Tsakonas et 

al., 1999).  

The Drosophila bristle serves as an excellent model to study lateral 

inhibitory signaling. An important problem during the specification of bristle cell 

fates is to achieve the proper layout and spacing of these organs to provide 

the animal with the most effective sensory apparatus possible. During the 

earliest stages of bristle development, precursors are selected from clusters of 

equipotent epithelial cells termed the “proneural cluster”, defined by the 

expression of proneural bHLH-activators achaete and scute (Cubas et al., 

1991; Skeath and Carroll, 1991). Normally, a single sensory organ precursor 

(SOP) is selected from this field of 20-30 cells. Mutations in the Notch pathway 

cause the selection of too many SOPs (Hartenstein and Posakony, 1990; 

Parks and Muskavitch, 1993; Schweisguth et al., 1994; Schweisguth and 

Posakony, 1994). These SOPs divide, differentiate, and together form a tuft of 

bristles. Several important targets of the Notch pathway have been identified, 
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and their regulatory regions have been examined (Bailey and Posakony, 1995; 

Lecourtois and Schweisguth, 1995; Nellesen et al., 1999).  One theme of 

these lateral inhibitory target modules is that they all follow the similar logic of 

binding both bHLH activators of the achaete-scute family, but also input from 

Suppressor of Hairless [Su(H)], the terminal transcription factor of the Notch 

pathway (Castro et al., 2005). Thus, these enhancers all implement a Su(H) + 

proneural “code”.  

 Although a wealth of knowledge is known about these direct targets of 

the Notch pathway in this setting, extremely little is known about the indirect 

targets: what genes are directly shut off by the Enhancer of split bHLH-

repressors? The only targets implicated thus far are the proneural factors 

themselves. First, the expression pattern of achaete and scute starts out 

ubiquitously throughout the proneural cluster, and then refines down to a 

single cell, the SOP (Cubas et al., 1991; Skeath and Carroll, 1991). Therefore, 

there must be a mechanism for restricting proneural expression in the cluster. 

A high affinity bHLH-R binding site directly upstream of achaete has been 

implicated in the direct repression of achaete in non bristle forming regions via 

the bHLH-repressor hairy (Van Doren et al., 1994).  This binding site has also 

been shown to be conserved over extremely long evolutionary distances, and 

therefore, must provide an important abstract function to the regulation of 

achaete (Rebeiz et al., 2005). In addition to its role in hairy-mediated 
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repression, this binding site has also been implicated in the repression of 

proneurals during SOP selection (Jiménez and Ish-Horowicz, 1997). By 

misexpression of a VP-16 fusion of E(spl) m7, it was shown that ectopic 

bristles can be induced, presumably through the activation of E(spl)m7 targets. 

Taking into account that these bristles form in a manner that depends heavily 

upon the achaete-scute gene complex, it suggests that the major contribution 

to this phenotype is made through the upregulation of proneurals by this fusion 

protein. However this study did not establish that this phenotype depends on 

the bHLH-repressor site upstream of achaete (Jiménez and Ish-Horowicz, 

1997).  

 With the intent of finding other targets of the lateral inhibitory E(spl) 

bHLH-R’s, we have constructed a hypothetical code for SOP genes that 

complements the proneural + Su(H) code for Notch responsive genes (Fig. 

4.1). This code proposes the logic that an SOP gene might have modules that 

integrate proneural activators and bHLH-repressors concurrently. Through 

proneural binding sites, the module would have the potential to be activated in 

any cell of the proneural cluster. This potential is squelched, however, by 

action of bHLH-repressors, which would turn this enhancer off in any cell that 

is not the SOP. In the absence of Su(H) inputs or bHLH-repressor inputs, an 

enhancer may drive ubiquitous expression throughout proneural clusters 

(Reeves and Posakony, 2005), therefore providing a logical framework for 
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three different specificities within a proneural cluster (SOP, Non-SOP, and 

whole cluster). 

 Using this hypothetical proneural + bHLH-repressor code we have 

searched through many known SOP genes for combinations of binding sites 

for these two factors. Within the intron of phyllopod (phyl), a gene required for 

the SOP fate (Pi et al., 2001), we have found a cluster of binding sites for both 

of these factors. Using GFP reporter assays, we show that this cluster 

recapitulates phyl’s native expression pattern in imaginal wing discs. By 

applying a whole-genome transcription factor binding site strategy (Rebeiz et 

al., 2002), we show that this cluster exhibits a composition of binding sites that 

is improbable by random chance. Looking at another cluster found in the same 

significance class as phyl, we identify an enhancer region of nervy, another 

SOP gene. This cluster drives expression in the triple row bristle SOPs of the 

wing margin. Both of these enhancers exhibit de-repression when bHLH-

repressor sites are mutant, consistent with the model of our code for neural 

precursors (Fig. 1). These findings introduce the first genes to be placed 

downstream of lateral inhibitory bHLH-repressors, as measured through a 

reporter assay.  

 

Materials and Methods 

Fly Stocks 
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w1118 is a spontaneous deletion of the white locus that eliminates gene 

function. sc10-1 is a compound mutation that inactivates both achaete and scute 

(Flybase consortium, 2003).  

 

Plasmid Cloning 

All reporter fragments were amplified by PCR on genomic DNA. 

Primers used for this study are supplied in supplemental material (Table 

4.S1). Fragments were PCR cloned from the Celera sequencing strain, and 

tested for compliance with the Celera genome sequence (Adams et al., 2000). 

The phyllopod intron reporter has one difference in regards to the Celera 

sequence: a run of 14 A’s is truncated to 13 A’s. Site mutants were created 

by overlap-extension PCR (Ho et al., 1989) and sequence verified. Reporter 

fragments were inserted into Kpn I and Bgl II of the Hsp70 promoter 

containing GFP reporter pHStinger (Barolo et al., 2000).  

 

Germline transformation 

  P-element mediated germline transformation was performed as 

previously described (Rubin and Spradling, 1982), using w1118 as the recipient 

strain.  

 

Electrophoretic Mobility Shift Assays 
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 DNA binding assays were performed as previously described for 

Achaete/Daughterless heterodimers (Singson, 1995), and m7-truncated (Van 

Doren et al., 1994). Probe sequences are in Supplemental table 4.S1. 

 

Sequence searches and informatics 

Using the GenePalette software tool (Rebeiz and Posakony, 2004), we 

searched known SOP genes for clusters of high affinity proneural and bHLH-

repressor binding site consensuses. The proneural binding consensus used 

was RCAGSTG, defined by a wealth of in vitro binding assays (Cabrera and 

Alonso, 1991; Singson et al., 1994; Van Doren et al., 1991). To find bHLH-

repressor sites, we allowed a single mismatch to a high affinity bHLH-

repressor binding consensus that is a composite of E(spl) and hairy binding 

specificities (Jennings et al., 1999; Rebeiz et al., 2005; Van Doren et al., 

1994). Mismatches were only permitted outside of the CACGYG core 

hexamer, since these nucleotides are critical to in vitro binding of E(spl) class 

bHLH-R’s. 

The site clustering over random expectation (SCORE) approach was 

applied to proneural and bHLH-repressor sites across the whole Drosophila 

genome. SCORE analysis was performed as previously described (Rebeiz et 

al., 2002). A new script was used to calculate co-occurrence clusters of two or 

more different binding sites (scripts available upon request).  Simulations 
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using the same number of proneural and bHLH-R sites found in the Drosophila 

genome (Release 3) were performed 1000 times. A significance cutoff of p < 

.005 was employed across simulated data sets. See supplemental Table 4.S2 

for a list of significant clusters contained in the cluster-class as phyl. 

 

Results 

Validation of a binding site cluster in phyllopod 

In a search of known SOP genes for clusters of proneural and bHLH-

repressor binding sites, we came across the intron of phyllopod (phyl) (Fig. 

4.2A). This cluster contains three proneural, and two bHLH-R sites in ~300 bp, 

and is the most dense collection of both binding sites in the 18 kilobase (kb) 

territory of the phyl gene. Using the phylogenetic footprinting strategy, we 

observe that these sites are conserved relatively well (Fig. 4.2B, C). Between 

nine drosophila species spanning at least 40-60 million years, we observe that 

all three proneural binding sites are maintained in an orthologous spacing and 

orientation. The repressor binding sites in this region are also well conserved. 

However, in Drosophila virilis, one of these repressor sites is not present. 

Overall, the spacing between sites has remained relatively constant. The size 

of the cluster ranges from 208 bp in D. ananassae to 303 bp in D. grimshawi. 

Though sites show a relative maintenance of spacing, none show an absolute 

constraint on spacing relative to one another.  
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The nucleotide sequences surrounding the binding sites also exhibit a 

considerable degree of conservation (Fig. 4.2C). The proneural sites, P1, P2, 

and P3 (see Fig. 4.2B for numbering) are conserved in blocks of 9/9, 7/7, and 

11/11 nucleotides across all nine species, respectively. The bHLH-repressor 

sites show a more relaxed degree of sequence constraint, as none of them are 

conserved through the whole consensus used. The R1 site has conserved 7/8 

bases within the 10 bp consensus used. The R1 site can be recognized in D. 

virilis, but its novel mutation in this species violates the core hexamer 

(CACGYG), and is therefore predicted to not bind bHLH-repressor proteins. 

The R2 site shows a greater degree of conservation, maintaining a block of 

8/8 nucleotides across all species. In 7 of 9 species analyzed, the complete 10 

bp sequence is conserved. Interestingly, the repressor sites in this region 

follow the core hexamer selected for hairy (Van Doren et al., 1994) rather than 

that selected by E(spl) bHLH-repressors (Jennings et al., 1999).  

The next step in our validation of this cluster was to use Electrophoretic 

mobility shift assay (EMSA) to assess the in vitro binding of these consensus 

matches (Fig. 4.3). Using heterodimers of achaete and daughterless, we find 

that all three proneural binding sites are bound at a comparable strength to a 

positive control (m4 E1, Fig. 4.3A). This binding can be efficiently broken by a 

two-base mutation to the E-Box (RCAGSTG-> RAAGSGG, phyl P1 mut, Fig. 

4.3A).  Similarly, the bHLH-R sites within this region can be strongly bound by 



 

  

87 

a truncated GST-fusion of E(spl)m7 (Fig. 4.3B), in agreement with our 

prediction of these binding sites. The bHLH-repressor binding site is sensitive 

to a thee base mutation that disrupts its E-Box ( CACGYG- > CCCTYT). 

Based on these phylogenetic footprinting, and EMSA studies, we conclude 

that these sequences are most likely functional regulatory sequences due to 

their stringent pattern of conservation within the region, and that these are 

proneural and bHLH-R binding sites, given their in vitro properties. 

 

In vivo test of the phyllopod binding site cluster 

 To test our prediction that this cluster of binding sites drives proneural 

cluster expression, we inserted a 662bp fragment (Fig. 4.2A) of the phyl intron 

containing the site cluster into a reporter construct driving GFP (Barolo et al., 

2000). This construct drives robust GFP expression within wing proneural 

territories (Fig. 4.4A’).  The reporter nicely recapitulates the native phyllopod 

expression pattern, showing strong expression in SOPs and weaker 

expression in non-SOP cells (Reeves and Posakony, 2005).  This finding is 

consistent with our model of a dual input code for neural precursors (Fig. 4.1). 

 

Expression of mutant reporters 

 In order to explicitly test our dual input model (Fig. 4.1), we made 

mutations of the proneural and bHLH-R binding sites within the 662 bp 
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enhancer fragment (Fig. 4.4). To facilitate the analysis of mutant reporters, we 

used the GFP-RFP reporter system (Barolo et al., 2004) to compare wildtype 

and mutant reporters in the same tissue simultaneously. First, to validate the 

system, we tested wildtype phyl reporters driving both GFP and RFP at the 

same time (Fig. 4.4A-A’’). In this case, the expression pattern of GFP and RFP 

is nearly indistinguishable, other than a slight increase in GFP strength relative 

to RFP. A comparison of four individual wildtype GFP lines to the wildtype RFP 

line shows that all wildtype lines behave similarly (Fig. 4.S1), validating the 

GFP:RFP comparison for this enhancer. 

  Because bHLH-repressors are predicted to restrict expression from 

non-SOP cells, a reporter with mutant bHLH-repressor sites is predicted to 

show expansion into the non-SOP cells of the proneural cluster.  When the 

bHLH-R sites are mutated in the context of the 662 bp GFP reporter (Fig. 

4.4B-B’’), an extraordinary expansion of GFP relative to RFP is observed, 

consistent with the prediction of the dual input model (Fig. 4.1). Robust 

expansion relative to the wildtype reporter is observed in all wing disc 

proneural clusters though it is most pronounced in scutellar and dorsocentral 

clusters, and less obvious in the wing margin, and notopleural clusters. This 

behavior of the bHLH-repressor mutant reporter is consistent across four 

independent insertion lines tested (Fig 4.S2).  
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The proneural sites are predicted to provide a positive input to the 

enhancer (Fig. 4.1), therefore mutation of these sites should decrease 

activation through the enhancer. This prediction is fulfilled when comparing the 

wildtype RFP reporter to the proneural mutant GFP reporter (Fig. 4.4C-C’’). 

Although GFP expression is still present in SOPs, levels of GFP are 

decreased relative to the wildtype reporter (compare Fig. 4.4C’ to 4.4A’). 

Additionally, there is extra expression of GFP throughout the wing pouch, 

which is reproduced in each of the 4 GFP lines tested (Fig. 4.S3).  

Interestingly, some positions are completely absent, including the atonal 

dependent dorsal radius SOPs.  

Both types of mutations to the 662 bp fragment are consistent with our 

proposed code for SOP modules. The predicted code not only was successful 

in helping us find a new SOP module, but also proved to be predictive of 

function when sites were mutated in the context of this module.  

 

The phyl module is downstream of proneural genes 

 Because the proneural mutant reporter maintains some activity in SOP 

cells, it seems likely that an additional factor contributes to activation in these 

cells. This contrasts slightly with the finding that phyl transcript is absent in a 

sc10-1 background which is devoid of achaete and scute. To resolve this issue, 

we assessed the activity of the wildtype 662 bp GFP reporter in a sc10-1 
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background (Fig 4.S4). Under these conditions the imaginal wing disc is 

devoid of GFP, except in the position of the dorsal radius, which produces 

sensilla that depend on the proneural bHLH activator atonal (Fig. 4.S4A). 

atonal dependent GFP expression in the eye-antennal disc was unaffected, as 

predicted (Fig. 4.S4B). Therefore, the residual expression in the proneural 

mutant phyl reporter must be indirectly downstream of proneural function.  

 

The phyl module is statistically significant in whole genome analysis 

 The cluster of proneural  and bHLH-repressor binding sites within the 

phyl genomic region stands out when scanning its 18kb genomic locus (Fig 

4.2A). Because of its anomalous appearance, as well as the apparent 

effectiveness of using this code to find the phyl enhancer module, we 

performed Site Clustering Over Random Expectation (SCORE) (Rebeiz et al., 

2002) to determine whether this collection of proneural and bHLH-R sites was 

statistically significant. Extending the SCORE approach to search for co-

clusters of two or more sites, we performed monte-carlo simulations of 

randomized data sets to see how often observed cluster-frequencies could 

occur by random chance. In SCORE analysis, the distinction between high 

and low purity clusters is made: high purity clusters represent a cluster that is 

so improbable to occur by random chance that there are likely to be zero or 

very few randomly occurring clusters in the genome. Lower purity clusters may 
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be extremely likely to occur by random chance, but the SCORE approach 

dictates that one should look for cluster types that have frequencies that are at 

least two-fold over random expectations (50% purity). Only two regions 

showed high purity (≥95%) in our SCORE analysis of proneural + bHLH-R 

sites (Table 4.S2). Neither of these clusters exhibited strong conservation 

when orthologous regions were searched in D. pseudoobscura and D. virilis. 

However, phyl did show up in a cluster bin that was significant (p = .003 in 

1000 simulations), and relatively pure (77%). Clusters in this bin contain three 

proneural sites, and two predicted bHLH-repressor sites in <400 bp. Of the 

eight clusters found in this bin, ~2 are expected to occur by random chance 

(random average = 1.8). That the genomic content of eight clusters of this 

class was reproduced only 3 times in 1000 random trials shows that the 

observed frequency of this type of cluster of sites is quite improbable due to 

random chance. Recent studies have pointed towards sequence conservation 

as an effective means of narrowing down transcription factor binding site 

clusters identified computationally (Berman et al., 2004). Using the criterion of 

conservation between D. melanogaster, D. pseudoobscura, and D. virilis, only 

one other cluster in the phyl bin showed a similar degree of sequence 

constraint.  This cluster, residing in the first intron of nervy (Fig 4.5A) contains 

three proneurals and two bHLH-R sites spanning 343 bases in D. 

melanogaster. The intron containing this cluster also harbors an inordinate 
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number of proneural binding sites, a feature that is statistically significant as 

assessed by the SCORE technique (the region hit by SCORE on proneural 

binding sites alone does not overlap that hit by the proneural + bHLH-

repressor combination). nervy is the Drosophila homolog of the mammalian 

oncogene ETO, and is a transcription factor known to be expressed in the 

SOP (Wildonger and Mann, 2005). Given our success with the phyl cluster, we 

investigated the potential SOP module of nervy that could implement an 

identical logic to phyl. 

 

The nervy cluster drives expression in SOPs 

 Placing a 782 bp fragment from nervy into a GFP reporter construct, we 

observe that this fragment is sufficient to drive GFP expression in the wing 

margin triple row SOPs (Fig 4.6A), a location previously demonstrated to 

express nervy protein (Wildonger and Mann, 2005).  This fragment also drives 

expression throughout the adepithelial adult muscle precursors, in a pattern 

resembling twist (Currie and Bate, 1991). By crossing to phyl RFP, we 

determined that this adepithelial expression does not coincide with notum 

macrochaete SOPs (not shown). This pattern may be the result of the addition 

of incomplete regulatory sequences driving spurious expression in this region, 

which does not normally express nvy. Marking the wing margin with an 

antibody to Hindsight, which labels SOPs (Pickup et al., 2002), we see that 
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GFP expression coincides with wing margin SOPs (Fig4.6B-B’’). Consistent 

with our prediction of that repressor sites are required to repress non-SOP 

expression in this module, we observe robust derepression of GFP expression 

in the wing margin when bHLH-R sites are mutated in the 782 bp fragment 

(Fig. 4.6C-C’’).  This result suggests that nervy is also a target of E(spl) bHLH-

R’s in proneural clusters.  

 

Discussion 

 In this report, we have presented a new theoretical perspective of Notch 

mediated lateral inhibition in proneural clusters. For over a decade, the models 

have dictated that E(spl) bHLH-R genes carry out the sole task of down-

regulating proneural bHLH-activators (Jiménez and Ish-Horowicz, 1997). 

However, several pieces of evidence contradict this conclusion.  First, 

overexpression of scute can induce ectopic bristles (Rodriguez et al., 1990), 

but at nowhere near the levels caused by loss of function mutations removing 

the Enhancer of split complex (Heitzler et al., 1996). Second, when the best-

characterized bHLH-R site in the achaete-scute complex is mutated in the 

context of a rescue construct, a failure of lateral inhibition is not observed (Van 

Doren et al., 1994). Instead, this rescue construct results in ectopic bristles in 

a pattern similar to hairy, a bHLH-R that is not Notch regulated. Van Doren 

and colleagues convincingly validated this bHLH-R site as a bonafide hairy 
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target. Needless to say, there must be some contribution of E(spl) mediated 

repression of proneural genes. In mutations of the E(spl) complex, proneural 

genes are upregulated. However, no evidence that we are aware of 

demonstrates that this regulatory loop is direct. 

 Another competing model in the action of E(spl) bHLH-R genes is the 

heterodimerization of these factors with proneural bHLH-activators, and the 

resulting repression of proneural target genes through proneural binding sites 

(Giagtzoglou et al., 2003). However, a simple interpretation of this model 

would pose that the phyl enhancer would be effectively repressed in non-

SOPs when the bHLH-R sites are mutated. Our data on two separate in vivo 

targets of E(spl) must be reconciled within any model that incorporates this off-

the-DNA action of bHLH-repressors.  

 

A third code in the proneural cluster 

 We present in this study a new code for the proneural cluster. The two 

other proposed codes use proneural activators in different ways. Notch targets 

use low levels of proneurals in non-SOPs to synergize with Su(H), while total-

cluster genes use a proneural only code to achieve ubiquitous expression 

throughout the cluster (Reeves and Posakony, 2005). In this report, our code 

uses proneurals in the setting where their levels are highest: the SOP. Still, it 

is remarkable that upon removal of repressor binding sites, we see such 
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strong de-repression of these enhancers in non-SOPs cells. Many models 

might leave SOP expression to control of the proneurals by fine-tuning a 

proneural only code to respond to only the highest levels of proneurals. 

However, in the case of the phyllopod enhancer, we see that a different 

strategy is employed.  We believe that this new code for neural precursors 

may help us understand the lingering questions of lateral inhibition. 

 

Complex regulation of phyl during bristle development 

 Although the phyl enhancer identified in this study recapitulates the 

endogenous pattern of phyl expression in both wildtype and proneural mutant 

backgrounds, an upstream enhancer active in SOP cells has also been 

identified (Pi et al., 2004). Interestingly, this enhancer also contains proneural 

binding sites, that upon mutation fails to inactivate the enhancer. Although this 

suggests a more complex scheme for activation of these enhancers, the 

residual activity also leads us to believe that both regulatory regions are 

relevant. When one identifies a region based on binding sites alone, the 

possibility is raised  that observed reporter expression is artifactual, due to the 

high density of binding sites placed in front of the core promoter. However, 

when these excellent matches are mutated, and residual expression is 

observed, the conclusion is easily made that additional unknown factors are 

responsible for activation, abating ones concerns about artifactual activation.   
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One possible reason that phyl contains two SOP enhancers is its dual 

role in bristle development.  Although its mechanism of action in bristle 

development is poorly understood, phyl is required for both the SOP cell fate, 

and also Notch mediated cell fate decisions between sister cells when the 

SOP divides (Pi et al., 2001).  Therefore, one enhancer region could be used 

to stabilize SOP commitment, while the other enhancer is required to fulfill the 

need for phyl later on in bristle development. We  propose that the intron phyl 

enhancer is used to secure the SOP fate, since it is downstream of the E(spl) 

bHLH-repressors. 

 

Logical implementation of a proneural + bHLH-repressor code 

 In this report, we have described two enhancers that are turned on in 

the SOP in response to the proneural proteins, and which are repressed in the 

non-SOP as the end result of Notch signaling.  These findings add to the 

growing picture of how SOP selection works. In the case of phyl, SOP 

expression is a requirement: phyl mutants lack SOPs, as measured by the 

loss of expression of several SOP markers (Pi et al., 2001). Conversely, phyl 

overexpression leads to increased bristle density (Pi et al., 2001). The logic of 

these phenotypes is paralleled by the proneural + bHLH-repressor code 

implemented by the phyl enhancer. Proneural expression is elevated to its 

highest levels within the SOP, and these activators carry out the task of 
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establishing the SOP fate. However, Notch mediated activation of bHLH-

repressors is required to turn off genes that would normally come on in the 

non-SOP cells. Again, it is logical that phyl would be turned off in non-SOP 

cells, because high levels of phyl expression could compromise the selection 

of a single SOP.  

 In contrast to the central role that phyl plays in the SOP fate, nvy 

appears to play a more peripheral role (Wildonger and Mann, 2005). nervy 

mutants have a normal complement of bristle precursors. However, in nervy 

clones, there is a slight bias for the SOP to be selected in a nervy+ territory, 

rather than in the mutant tissue. Additionally, nervy overexpression was 

extremely effective in causing bristle loss by extinguishing SOP fates. This 

phenotype was caused only when nervy is broadly expressed, and not when 

nervy is overexpressed in the SOP (Wildonger and Mann, 2005). However 

complicated the role of nervy  in SOP selection might be, it is still the case that 

nervy expression outside of the SOP is deleterious for the SOP fate, and thus 

it makes sense that nervy would use bHLH-repressors to achieve SOP 

specific expression in the wing margin. 

 

Use of codes in bioinformatics searches 

 As we learn more about the transcriptional networks that drive 

development, we can apply our accumulated knowledge with greater 
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confidence to bioinformatic and genomic methods. In this report we used a 

hypothetical code to identify new regulatory regions. The power of a code is 

that it can narrow down the search to find only the modules of interest. For 

example, in our previous search of the Drosophila genome for targets of the 

Notch pathway (Rebeiz et al., 2002), target genes generated from the study 

could be expressed in any of the dozens of settings where Notch signaling can 

be used in the fly. However, if one were to narrow down the search to Su(H) 

binding sites and proneural binding sites, this list would be predicted to enrich 

for lateral inhibitory Notch targets. When performing multi-factor SCORE on 

proneural+Su(H) binding sites, no significant clusters of binding sites are found 

(M. Rebeiz, unpublished observations). In effect, the specificity is turned up, 

but so is the noise. However, if one were to filter the list of clusters of Su(H) + 

proneural binding sites by conservation, one would find that many of known  

clusters exhibit remarkable conservation (Castro et al., 2005; Nellesen et al., 

1999). The conservation of binding site clusters has been shown to be a good 

positive indicator of functional sequences that display enhancer activity 

(Berman et al., 2004). We believe that genomic approaches will greatly 

improve once high throughput conservation analysis of binding sites can be 

combined with genomic methods such as SCORE. The thinking behind the 

SCORE technique is that a cluster so densely packed with binding sites that is 

unlikely to occur by random chance indicates a regulatory function. By 
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narrowing down the list of binding sites in the genome to the conserved list, 

perhaps the combinations of bHLH-repressors and proneural sites, or Su(H) + 

proneural sites that are less impressive will also turn out to be statistically 

significant, allowing us to find with more ease the enhancers that implement 

new codes to orchestrate the transcriptional regulatory network driving 

development of the organism.  
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Figure 4.1. A hypothetical dual input model for an SOP enhancer module. In the Notch 
responsive non-SOP, an enhancer with binding sites for proneural (pn) bHLH-activators, and 
Suppressor of Hairless [Su(H)] turn on bHLH-repressors of the Enhancer of split [E(spl)] 
complex. These transcriptional repressors bind to and repress an SOP gene enhancer 
containing binding sites for both proneurals and bHLH-repressors. In the SOP, the absence of 
Notch signaling maintains the repressive state of E(spl) genes, allowing proneurals to bind to 
this same enhancer, and activate transcription, unchallenged by E(spl). The red “X” signifies 
that the gene is transcriptionally silenced. 
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Figure 4.2. A cluster of proneural and bHLH-repressor sites in the intron of phyllopod. (A) 
schematic view of proneural and bHLH-repressor sites across the phyllopod genomic region. 
Blue diamonds represent matches to the proneural consensus RCAGSTG. Red boxes are 
matches to the bHLH-repressor consensus GGCACGYGHY. Bar denotes limits of a 662 bp 
GFP reporter construct centered on Proneural and bHLH-repressor sites. (B) Schematic 
alignment of cluster of sites within the 662 bp fragment across nine Drosophila species. Note 
the fairly stringent spacing of elements. Site numbering in this schematic (P1-P3 and R1-R2) 
matches site numbering in (C) and Figure 4.3. (C) Site alignment of proneural and bHLH-
repressor sites across nine Drosophila species. “.” Represents a large gap in the alignment. “-“ 
represents a single nucleotide gap. “//” represents excess sequence (>10 bp) that has been 
removed from the alignment. “*” represents a nucleotide that is conserved in all species 
tested. Bold letters are matches to binding site consensuses. Red letters are bases that 
deviate from these binding site definitions. Species abbreviations: ana = D. ananassae; ere = 
D. erecta; gri = D. grimshawii; mel = D. melanogaster; moj = D. mojavensis; pse = D. 
pseudoobscura; sec = D. sechellia; wil = D. willistoni; vir = D. virilis. 
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Figure 4.3. Binding of proneurals and bHLH-repressors to E-Boxes within the phyllopod intron. 
(A) Shifts of proneural binding sites by achaete-daughterless heterodimers. A positive control 
probe from E(spl) m4 cannot bind GST-Achaete alone (“ac” lane), but does bind to GST-
Daughterless homodimers (“da” lane). This same probe shows a tight binding to 
Achaete/Daughterless heterodimers (“ac + da”). The phyl P1-3 probes (see schematic in Fig 
4.2) bind the heterodimer as well. The phyl P1 mutant (mut) is a two base pair mutation in phyl 
P1 that abolishes proneural binding  (B) Shifts of bHLH-R sites by a truncated form of E(spl) 
m7. The high affinity bHLH-repressor  binding site found upstream of achaete (ac h E1) was 
used as a positive control probe. A three base pair mutation in the phyl R2 probe abolishes 
binding of m7 truncated. 
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Figure 4.4. Expression of phyllopod intron reporters in 3rd instar wing imaginal discs. (A-C) 
shows wildtype RFP reporter compared to a wildtype GFP reporter (A’), a bHLH-repressor 
mutant GFP reporter (B’), and a proneural mutant GFP reporter (C’). (A’’-C’’) merged 
GFP/RFP images of discs. The bHLH-repressor mutant (B’) shows expansion of nearly every 
wing disc cluster, in comparison to the wildtype reporter. Likewise, the proneural mutant (C’) is 
weakened in every position, and shows a general de-repression in the wing pouch region. 
Bristle position abbreviations in B’’: scutellar (sc:), dorsocentral (dc), notopleural(np), wing 
margin (wm), dorsal radius (dR). 
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Figure 4.5 A cluster of proneural and bHLH-repressor sites in the nervy locus. (A) Schematic 
of the nervy gene region. Boxed area denotes region shown in (B). Bar show the limits of the 
782 bp fragment used in a reporter assay. (B) Phylogenetic footprinting of proneural and 
bHLH-R site cluster. Positions of proneural and bHLH-R sites from the orthologous region of 
D. pseudoobscura and D. virilis are shown. Legends present consensuses used for proneural 
binding sites and bHLH-repressor sites in IUPAC code. 
 



 

  

105 

 
Figure 4.6 An SOP enhancer of nvy restricted by bHLH-R binding sites. (A) expression of GFP 
reporter under control of the 782 bp nvy region, containing three proneural binding sites, and 
two bHLH-R sites. Expression is seen in wing margin bristle SOPs, as well the ectopic 
activation in adult muscle precursors. (B,C) Wing margin SOPs marked by the Hindsight 
antibody. (B’) GFP is expression of the wildtype nvy enhancer is restricted to SOPs of the wing 
margin, however, when bHLH-R sites are mutated (C’), expression outside of SOP cells is 
observed. (B’’-C’’) merged images.
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Figure 4.S1. Survey of multiple wildtype phyl GFP lines. GFP expression of 4 wildtype lines 
(A’-D’) are compared to the expression of the single wildtype RFP line used in this study (A-D). 
GFP and RFP were imaged simultaneously in the same tissue (merge, A’’-D’’).  Note the 
generally robust GFP expression that coincides well with RFP expression. Insertion line 
number is listed at the bottom of (A’’-D’’). 
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Figure 4.S2. Survey of multiple repressor mutant phyl GFP lines. GFP expression of 4 
repressor mutant lines (A’-D’) are compared to the expression of the single wildtype RFP line 
used in this study (A-D). GFP and RFP were imaged simultaneously in the same tissue 
(merge, A’’-D’’).  Note the extremely strong expression of GFP that is expanded relative to 
RFP in nearly all clusters. Insertion line number is listed at the bottom of A’’-D’’. 
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Figure 4.S3. Survey of multiple proneural mutant phyl GFP lines. GFP expression of 4 
proneural mutant lines (A’-D’) are compared to the expression of the single wildtype RFP line 
used in this study (A-D). GFP and RFP were imaged simultaneously in the same tissue 
(merge, A’’-D’’).  Note the weakened expression of all GFP lines compared to wildtype RFP, 
and the wildtype GFP lines presented in Fig. 4.S1 (taken at identical gain). Also, wing pouch 
de-repression is present in all lines, but evident to different degrees. Insertion line number is 
listed in A’’-D’’. 
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Figure 4.S4 Expression of phyl reporter in the absence of achaete and scute. The phyl  
wildtype reporter was crossed into a sc10-1 background. (A) Wing disc showing GFP loss in all 
proneural territories where achaete and scute are required. The cluster of GFP cells in the 
dorsal radius is a sensory position dependent on the proneural atonal. (B) In the eye imaginal 
disc of a sc10-1 fly, GFP is still present, as most sensory cells depend on atonal. 
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Table 4.S1 Primers used in this study to create EMSA probes and reporter constructs. 
Lowercase letters in primer sequences mark Kpn I and BglII sites that were engineered into 
the PCR product to clone into the hStinger GFP reporter vector (Barolo et al., 2000). 

Emsa probes 
Name Sequence 

ac h E1 GGCAGCCGGCACGCGACAGGG  

phyl R1 TCGCGCATGCGCGTGCCTAATGGT 

phyl R2 TGGATAGGGCGCGTGGCTCTTGGC 

phyl R2 mut TGGATAGGGAGAGGGGCTCTTGGC 

m4 E1 CAAAAACGGCAGGTGTGTTTTTC 

phyl P1 TTTCTCGGCGCAGCTGTCGCGCAT 

phyl P1 mut TTTCTCGGCGAAGCGGTCGCGCAT 

phyl P2 TTTTGGGCCAGCTGCTACCGCTGG 

phyl P3 TTTTGCTGGCAGGTGCACGAAATT 
  

Reporter Constructs 
nvy-F gaagatcttcATGCACTACATCCTGCTGGTGG 

nvy-R ggggtaccccCCCTCGATTCACCACCCTTCATTT 

phyl-F ggggtaccccTACGCCTATGCACTTAGTGATCGC 

phyl-R gaagatcttcTTTGCACCTGGCCTGCAATTTGCA 
  

Mutagenesis Primers 
phyl R2 mut-F TCGGCCAAGAGCCCCTCTCCCTATCCATAT 

phyl R2 mut-R ATATGGATAGGGAGAGGGGCTCTTGGCCGA 

phyl R1 mut-F ACGACCATTAGGCCCTCTCATGCGCGACAG 

phyl R1 mut-R CTGTCGCGCATGAGAGGGCCTAATGGTCGT 
phyl P2/P3 
mut-F TCGTGCCCCTTCCAGCAAAAACTAAGCGCCCAGCGGTAGAAGCGGGCCCA 
phyl P2/P3 
mut-R TGGGCCCGCTTCTACCGCTGGGCGCTTAGTTTTTGCTGGAAGGGGCACGA 

phyl P1-mut-F CGCATGCGCGACCGCTTCGCCGAGAAATTA 

phyl P1-mut-R TAATTTCTCGGCGAAGCGGTCGCGCATGCG 

nvy R1 mut-F CATCAGTGTCGACCCTTTCCAGCATGTGTT 

nvy R1 mut-R AACACATGCTGGAAAGGGTCGACACTGATG 

nvy R2 mut-F CTTGAATAGCGTCCCTTTCTGCAAGGCTGG 

nvy R2 mut-R CCAGCCTTGCAGAAAGGGACGCTATTCAAG 
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Table 4.S2. Clusters of proneural + bHLH-repressor sites identified by SCORE in the same 
significance bin as phyl (2 bHLH-repressors and 3 proneurals in < 400 bp). 

Gene Name CG # Relative position of cluster 
CG17508 CG17508 (+)3028 

phyl CG10108 Intron 1 
nvy CG3385 Intron 1 
rl CG12559 (-)35568 

CG15766 CG15766 (+)836 
CG15579 CG15579 (+)3670 
CG6247 CG6247 (-)4138 
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CHAPTER 5  
AN ANCIENT TRANSCRIPTIONAL REGULATORY LINKAGE 
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Supplementary Figure. S1. Replicate of phylogenetic tree shown in Fig. 2, with branch lengths 
and support values included. This tree represents the second of two independent runs of the 
Bayesian likelihood analysis program (MrBayes 3); except for the placement of one gene, 
these yielded identical results. In this tree, Am ase branches with Am ASH, whereas it 
branches with other ase genes in Fig. 2. Numbers at the interior nodes are the estimated  
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[Supplementary Figure S1 continued] posterior probabilities that the clades shown are valid. 
Red star indicates the node that roots the tree in Fig. 2, separating the achaete-scute (ASH) 
subfamily from the atonal (ATH/ATOH) subfamily. Species names are listed in legends for 
Figs. 1 and 2.  
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Chapter Five, in full, is a reprint of the following publication. Rebeiz  

M, Stone T, Posakony JW. An ancient transcriptional regulatory linkage. Dev 

Biol. 2005 May 15;281(2):299-308. I am the primary researcher and author 

and James W. Posakony directed and supervised the research that forms the 

basis for this chapter. Tammie Stone performed the electrophoretic mobility 
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