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Abstract 

The human brain contains over 80 billion neurons that make approximately 100 

trillion specific connections. Each neuron must acquire a specific identity that includes 

its, gene expression, morphology, connectivity, and location. The basic logic and 

mechanisms that are used to coordinate this process on the immense scale of the brain 

remain largely unknown. We use the Drosophila olfactory system as model to 

understand nervous system development because of the powerful genetic tools and the 

workable level of neuronal diversity, which contains 50 classes of olfactory receptor 

neurons (ORNs). Each class of neurons is defined by the exclusive expression of 

typically a single olfactory receptor and connect to 50 class-specific glomeruli in the 

antennal lobe of the brain. Here we demonstrate that a cross regulatory network of 

transcription factors patterns the antennal disc, which contain s ORN precursors and will 

develop into the antenna. These transcription factors create seven rings that are each 

labeled by a unique combination of genes, which generate distinct sets of ORN fates. 

Manipulation of this network changes the ORN fates that ar e produced in the adult, 

thereby demonstrating its necessity for generating neuronal diversity. We next show 

that the DIP/Dpr family of proteins, which are members of the Ig superfamily of genes 

and heterophi li cally interact, is required for axon sorting a mong classes of ORNs to 

create 50 class specific glomeruli. The members of this family are expressed in a 
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combinatorial code in ORNs at times that correlate to glomerular formation. 

Computational analysis of DIP/Dpr expression patterns groups ORN classes into 

clusters that mimics their relative glomerular positioning in the antennal lobe. Class -

specific or combinatorial knock down of DIP and dpr genes causes localized axon sorting 

defects where effected class invade neighboring glomeruli based upon the similarity of 

the DIP/Dpr expression codes. Our results highlight two functionally conserved 

strategies for generating and wiring a diverse neural circuit: prepatterning of precursors 

through combinatorial transcription factor expression, and the generation of  differential 

adhesion force between classes of axons through combinatorial interactions of cell 

surface molecules. Not only are these strategies conserved in mammals, many of the 

genes that govern these processes are conserved as well, with genes like Bar, ap, and dac 

all having mammalian orthologues, and DIPs and Dprs sharing homology with Kirrel 

proteins. These studies have advanced our knowledge of the underlying logic that 

governs how a diverse nervous system is generated and coordinately wired. 
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1. Introduction 

The nervous system is one of the most complex biological systems in the world. 

The human brain contains 88 billion neurons that make approximately 100 trillion 

coordinated and specific connections (1). Neurons differ in their morphology, 

connectivity, function and gene expression (2). Functioning of the nervous system 

underlies nearly every human behavior, from sensory perceptions such as touch, sight, 

and smell (3). The nervous system is also astonishingly plastic, allowing for experience 

to alter and mold neurological circuits that control behavior and drive adaptation and 

evolution  (4ɬ6). Mutations that disrupt neuronal development are associated with brain 

cancers and neuropsychiatric disorders (6,7). 

The nervous system must use highly repeatable programs that drive a small 

number of precursor cells to divide and differentiate into specific neurons and 

coordinate the guidance of axons and dendrites to connect with their appropriate targets 

must occur in each individual in an iterative and step -wise manner (8ɬ11). Investigation 

of nervous system development has therefore been a topic of interest for over a hundred 

years. Santiago Ramon y Cajal pioneered the first studies of the nervous system that 

revealed the incredible diversity of neuronal morphologies and how the nervous system 

changes over time (12). Through the years, we have grown to appreciate that the 

nervous system is far more complex than Ramon y Cajal could have imagined (1,2). 

While significant progress has been made in understanding how development of the 
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nervous system progresses, many of the fundamental mechanisms that drive 

specification of neuronal identity remain poorly understood.  

Neuronal identity is a broad term that encompasses several characteristics: 

location, connectivity, morphology, and gene expression. Each of these characteristics is 

interconnected and interdependent, but here I focus on the selection of a class-specific 

olfactory receptor as a proxy for  gene expression and the sorting of axons, a process 

critical for establishing proper connections. The studies described here use the 

Drosophila olfactory system as a model to understand the foundational processes that 

are broadly applicable to a wide range of species. I begin by reviewing the current 

knowledge  of olfactory system development in Drosophila, pertaini ng to olfactory 

receptor neuron specification and expression of a single olfactory receptor in each 

neuron, and the guidance of olfactory receptor neuron axons to their class-specific 

targets. I next demonstrate that a conserved network of cross-regulatory  transcription 

factors patterns in developing olfactory tissue restrict s the potential of olfactory receptor 

neuron precursors. Then I demonstrate that a family of immunoglobulin domain -

containing proteins are expressed in subsets of olfactory receptor neuron classes and are 

required for the sorting of axons into class-specific glomeruli in the antennal lobe of the 

brain. I conclude by discussing the meaning of these results and how they may apply to 

other systems and species. 
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The following chapter is adapt ed from Barish and Volkan (2015). Mechanisms of 

ÖÓÍÈÊÛÖÙàɯÙÌÊÌ×ÛÖÙɯÕÌÜÙÖÕɯÚ×ÌÊÐÍÐÊÈÛÐÖÕɯÐÕɯ#ÙÖÚÖ×ÏÐÓÈȭɯ6(1$ɀÚɯ#ÌÝÌÓÖ×ÔÌÕÛÈÓɯ!ÐÖÓÖÎàȰɯƘȹƚȺȯƚƔƝ-

21. doi: 10.1002/wdev.197. 

1.1 Mechanisms of olfactory receptor neuron specification in 
Drosophila 

Detection of a broad range of chemosensory signals is necessary for the survival 

of multicellular organisms. Chemical signals are the main facilitators of foraging, escape, 

and social behaviors. To increase detection coverage, animal sensory systems have 

evolved to create a large number of neurons with highly specific function s. The olfactory 

system, much like the nervous system as a whole, is astonishingly diverse (13ɬ15). The 

mouse olfactory system has millions of neurons with over a thousand classes, whereas 

the more compact Drosophila genome has approximately  80 odorant  receptor genes that 

give rise to 50 neuronal classes and 1,300 neurons in the adult (16). Understanding how 

neuronal diversi ty is generated remains one of the central questions in developmental 

neurobiology. Here we review the current knowledge on the development of the adult 

Drosophila olfactory system and the progress that has been made towards answering this 

central question. 

1.1.1 Structure of the Drosophila olfactory system 

Adult flies have two main olfactory appendages, the antennae and the maxillary 

palps. The surfaces of both structures are covered with hair -like structures called sensilla 

(13,17ɬ19). Each sensillum houses 1-4 olfactory receptor neurons (ORNs, Figure 1A) 
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(13,17ɬ19). Sensilla can be divided into three morphological classes, trichoids, 

ceoloconics, and basiconics. They can be further divided into subtypes based upon the 

invariable combinations of ORNs they house (Figure 1B) (18). Each sensillum is named 

by two letters and a number, representing the olfactory appendage, the morphological 

class and the subtype number, respectively. For example, the at4 sensilla are the 4th 

subtype of the antennal trichoid sensilla. ORNs in the basiconic and trichoid sensilla 

express olfactory receptor (Or) genes, whereas coeloconic ORNs express the ionotropic 

receptors (Irs) (16,20). There are also ORNs, such as the CO2 sensory neurons on the 

antennae, which express genes that resemble gustatory receptors (Gr) more than Or 

genes (21ɬ23). ORN cell bodies reside at the base of sensilla where they are surrounded 

by supporting cells (Figure 1C)  (18). Each ORN extends its dendrites into the sensillar 

protrusion where it is exposed to the environment through the cuticular pores that 

enable diffusion of odorants into the sensilla  (Figure 1C) (19). Axonal projections of 

ORNs from the antennae enter the antennal lobe in the brain via the antenna nerve, 

whereas projections from the maxillary palp ORNs enter via the labial nerve  (18,24,25). 

In the antennal lobe, axonal terminals of each ORN class synapse with the dendrites of 

projection neurons (PNs) within class specific glomeruli (Figure 1D)  (24ɬ26). The 

antennal lobe is the first relay station of olfactory processing and projection neurons 

then send this information into higher brain structures, by projecting their axon 

terminals primarily into the mushroom body calyx and lateral horn  (19). The Drosophila 
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olfactory system serves as an excellent model for general nervous system development 

with a few distinct advantages. First, because each neuron expresses a single receptor 

and connects to a single glomerulus it is possible to more carefully understand the 

relationship between neuronal identity and axonal conn ectivity. Second, the terminal 

fate of ORNs generated from each individual  precursor can be clearly defined as they 

cluster within the same sensillum. Using the unique genetic toolkit available in 

Drosophila, it is possible to trace the fate of each precursor and interrogate the function 

of different proteins in assembling this diverse circuitry .  

1.2 Regulation of olfactory receptor expression 

One of the major questions in understanding the development of the Drosophila 

olfactory system is how olfactory receptor genes are regulated in different ORN classes, 

where each ORN class expresses a single receptor from the large number of possibilities 

in the genome. What are the intrinsic and extrinsic factors that instruct each ORN to 

express a particular receptor? In Drosophila Or expression at the periphery seems to be 

highly zonal and deterministic  (19,27). The mammalian olfactory epithelium is  also 

divided into several zones, each containing ORNs  that express distinct  sets of olfactory 

receptors (28). However  in contrast to Drosophila, mammalian  neurons within each zone 

seem to stochastically express a single allele of a single receptor (27). This system of 

selection certainly has its advantages for mammals, which can have over 1,000 Or genes 

and over a million ORNs.  The amount of regulatory factors needed to deterministically 
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specify each fate in the mammalian system would be staggering, so some stochasticity 

likely eases the regulatory burden on the organism. In addition , the dynamics of neuron 

turnover in mammalian olfactory system also can benefit from a stochastic selection 

process as new neurons are integrated into existing circuits.  Specifying the ~60 ORN 

classes from the ~80 Or genes that exist in Drosophila however, is much more 

manageable by comparison, while maintaining a highly diverse system. The 

determinism seen in the Drosophila olfactory  system may make it a better model for 

general nervous system development, which  is less likely to rely on stochastic 

mechanisms where precise fate decisions are required. 

1.2.1 Larval and pupal patterning factors 

The antenna and maxillary palps, like many  other adult structures in the fly, both 

arise from an imaginal disc, specifically the eye-antennal disc (29,30). Imaginal discs are 

small epithelial sacs that are put aside during embryon ic development that give rise to 

adult structures during pupal metamorphosis. Each disc is specified into its respective 

structure by the expression of homeotic genes (29). Homothorax  is the primary homeotic 

factor that controls antennal fate, although it is also known to have other functions in the 

leg disc (31,32). The legs and antennae have long been thought of as analogous organs. 

Both appendages are segmented, ventral organs, unlike unsegmented, dorsal organs 

such as the wing. Further, gain of function mutations of the homeotic gene antennapedia 

converts the antennae into legs (33). This suggests that the antennae and the legs may 
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share a common developmental strategy for diversifying cell types, which is particularly 

interesting because the legs are gustatory organs that are covered by sensilla that house 

diverse sets of gustatory receptor neurons expressing Gr and Ir genes (30,34ɬ36). Most 

imaginal discs, including the leg and antennal discs are patterned by the expression of 

several genes and signaling pathways. For example, engrailed (en) is expressed early in 

disc development in the posterior compartment of the discs and activates hedgehog, 

which then signals to the anterior compartment of the disc (Figure 2A)  (30). Hedgehog 

then activates both Wingless (Wg) and Decapentaplegic (Dpp), which  are expressed in 

wedge-like patterns on opposite sides of the disc (Figure 2A) (37). The reason that these 

wedge-like patterns form is that in the  posterior compartment of the disc , the 

downstream signaling pathway of Hh is repressed by En, thereby restricting the 

activation of Wg and Dpp.  Wg and Dpp then diffuse outward to form signaling 

gradients, which specify the ventral and dorsal fate respectively, thereby layering a new 

axis on top of the anterior-posterior compartments . At the center of the disc, where the 

expression of Wg and Dpp meet, the combination of these signaling pathways establish 

the proximal -distal axis of the antenna through activation of vein, an EGF receptor 

ligand, and distal-less (dll) (Figure 2A). Both are expressed in the center of the disc (37) 

and  give rise to the more distal regions of the antenna, namely the entire third segment.  

EGFR signaling is critical for delineating the proximal -distal axis of the antenna, with 
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the highest amount of activity in the center of the disc (distal) and gradually decreasing 

towards the outermost region (proximal)  (32,37). 

1.2.2 Control of Morphological Identity 

Several genes are expressed in larval and pupal antennal discs that lay down an 

initial patterning, which is necessary for proper antennal development. Three of the 

factors expressed at these stages, lozenge (lz), amos, and atonal, control the morphological  

identity of sensilla (Figure 2B, C) (38ɬ41). Lz, a member of the AML-1/Runt transcripti on 

factor family, is the first of these factors to be expressed, beginning at the third instar 

larval stage and controls both basiconic and trichoid fates, most of which generate ORNs 

that express Ors (26, 29). Interestingly, it has been proposed that the trichoid and 

basiconic identities are control led by the level of expression of lz (41). Hypomorphic 

mutations in lz lead to antennae that lack basiconic sensilla, whereas strong lz mutants 

lack both basiconic and trichoid sensilla, suggesting different thresholds for L z function 

for determining basiconic and trichoid fates  (41). These data have led to the idea that a 

subset of lz+ precursors express a high level of lz and become basiconics and another 

express a low level of lz and become trichoids (Figure 2B, C). Lz also is a positive 

regulator of amos, a bHLH transcription factor that controls morphological class identity  

(38). Like lz, amos is required for both basi conic and trichoid sensilla  (38). Lz mutants 

lack amos expression and broad activation of lz correspondingly leads to broad 

expression of amos (38). As such, amos expression begins after lz, around the initiation of 
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puparium formation (0 hrs APF , after puparium formation ) and peaks around 6-8 hrs 

APF (38). It is worth noting that basiconic sensilla have their own morphological 

subclasses, named large, thin, and small basiconics. While both lz and amos are required 

for all three types of basiconics, the factors that divid e each subtype are not known . The 

development of coeloconic sensilla, which express primarily Irs as opposed to Ors, 

requires another bHLH transcription factor, atonal, which is highly related to amos 

(Figure 2B) (40). Atonal expression starts before amos, but generally overlaps with it in 

early pupal developmen t as sensory organ precursors are being selected (40). Both Amos 

and Atonal function as proneural transcription factors  and control precursor selection 

and identity, which underlie their role in specifyi ng sensillar morphological identity  

(38,40).  

1.2.3 Control of sensillar subtype 

Diversification d ecisions regarding sensillar subtype identity are regulated by 

additional factors. For example, unlike  the regulators of morphological divisions of 

sensilla (lz, amos and atonal), Rotund (Rn), Dachshund (Dac) and Engrailed (En) specify 

sensillar subtype identity  (42). Dac specifies several sensilla subtypes within basiconic 

sensilla, whereas En regulates specification within a subset of each morphological class 

(43,44). Rn, similar to En, is also required to specify half of the subtypes within each 

morphological class (Figure 2B, C) (42). However, unlike en mutants, rn mutants convert 

certain sensilla subtypes to others within each morphological sensilla type . For example, 
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in trichoid sensilla both at1 and at3 precursors express rn, whereas precursors for at4 

and at2 do not (42). In rn mutants, at1 and at3 sensilla are converted to at4 sensilla (42). 

In this model,  Rn diversifies both at1 and at3 fates from the default at4. In other words, 

each trichoid sensilla type can be defined as Rn+ or Rn-. Lineage tracing experiments 

show that Rn+ precursors do in fact give rise to not only half of the subtypes within  

trichoids but also basiconics and coeloconics (Figure 2B, C), suggesting that it functions 

to specify several fates within each morphological class (42). Indeed, in rn mutants, rn+ 

sensilla and the ORNs housed in them are converted to one of the default rn- sensilla 

and ORN identities wit hin all sensilla morphological  types (Figure 2B, C) (42). These 

results suggest that Rn regulates the combinations of ORN identities that can be 

generated from a given multipotent precursor cell. It is intriguing that rn is expressed in 

the very early stages of olfactory system development and is turned off prior to the onset 

of receptor expression. In addition, Rn does not bind to Or/Ir  promoters, thus how Rn  

regulates the ORN differentiation potential of precursors and sensilla identity is still not 

clear (42). Thus, it is likely that Rn regulates the olfactory receptor expression patterns 

indirectly via induction of transcription factors, which can either directly interact with 

Or promoters or modify chromatin around Or promoters.  
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1.2.4 Notch Signaling 

Once the precursor potentials are determined by the early patterning factors 

described in the previous section, each multipotent precursor undergoes several rounds 

of asymmetric division s to generate 1-4 terminally differentiated ORNs in the same  

sensillum (8). Each consecutive asymmetric division from a single multipotent precursor 

is associated with binary segregation of possible cell fates. Notch signaling is a common 

pathway that is utilized for such binary segregation , and also contributes to proper 

segregation of ORN fates within each sensillum through lateral inhibition  (Figure 3) (8). 

The current model su ggests the initial precursor, pI, undergoes an asymmetric division 

and generates two daughters, pIIa and pIIb (Figure 3) (8). pIIa, a Notch-on precursor, 

generates outer, supporting cells, whereas pIIb, a Notch-off precursor generates the 

ORNs of each sensillum (8). pI, pIIa, pIIb all express senseless (sens), a marker of 

precursor identity  (8). pIIa and pIIb then each undergo a second round of asymmetric 

division to create the transit amplifying (or intermediate precursor) cells pOa and pOb, 

pNa and pNb respectively  (8). pO cells express cut, whereas pN cells continue to express 

sens (8). As the number of ORNs in different sensilla vary from 1 -4 cells, this division 

pattern is thought to be complemented by mechanisms, such as cell death or adoption of 

glial fates, which  determine the total number of ORNs per sensillum  (45). And finall y, 

ORN classes within a given sensillum can be classified as Notch-on or Notch -off based 

upon their requirement for Notch for their identity  (8). For example, mutations in the 
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positive effector of Notch signaling, mastermind (mam), leads to duplication of one ORN 

identity (Notch -off) at the expense of another (Notch-on) within a sensillum  (8). In 

contrast, in mutants for numb, which encodes a protein that  antagonizes Notch 

signaling, the Notch-on ORN is duplicated at the expense of the Notch-off (Figure  3) (8). 

Thus, Notch signaling governs binary fate segregation of specific combinations of ORN 

identities from each precursor divisions. Mutations in early patterning factors, like rn 

mutants, cause regions of the antenna to lose pools of ORNs housed in sensilla from rn-

positive precursors and are rather covered by sensilla from rn-negative precursors, 

keeping the ORN pairing and fate segregation appropriate. These results suggest that 

precursor identity must be multipotent yet be restricted in its potential to give rise to a 

restricted set of ORNs. Once this potential is set by early patterning factors, Notch 

signaling acts on each precursor division in a context dependent manner to segregate 

binary fate decisions toward terminally differentiated ORNs.  It is unclear however, 

what molecularly defines the rest ricted ORN potentials of different precursors. It is 

likely that the transc riptional and chromatin profile patterns  in the fields of cells 

antennal disc cells during development are what define the precursor cell potentials.  
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1.2.5 Epigenetic regulation of OR genes 

Because Notch signaling is used broadly in all sensilla, each precursor must then 

have a restricted differentiation potential or allowable combination of olfactory receptor 

genes that can be expressed by its daughters. Thus, the intermediate  precursor cells 

must retain a cellular memory for Notch signaling to act on during each asymmetric 

division. It is plausible to imagine that the mechanisms governing these processes will 

likely include chromatin regulation.  

Indeed, recent work has connected the mechanism of Notch signaling in ORN 

specification to the chromatin modifiers Hamlet (Ham, a homolog of Prdm16) and C-

terminal binding protein (CtBP ) (46). Hamlet is expressed in a subset of ORNs within 

each sensillum and is required for regulating Or expression (46). Ham functions as a 

repressor of Notch signaling and complexes with CtBP to reduce the amount of 

activating H3K4 methylation and increase the amount of repressive H3K27 methylation 

around Notch target genes (46). Further, the transcriptional co -repressor Atrophin (Atro) 

has been shown to regulate Or expression in Notch-on ORNs (47). Loss of Atro leads to 

the derepression of Notch-on ORs in other Notch-on ORNs, and likewise, 

overexpression of atro represses Notch-on Ors (47). Interestingly, atro overexpression 

leads to a reduction in the amount of H3 acetylation in ORNs and t he loss of Or 

expression in atro overexpression can be rescued by the loss of the histone deacetylase 

hdac3 (47). These data suggest that modulation of chromatin and epigenetic states are 
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critical for proper segregation of alternate ORN fates. As Notch signaling is used 

broadly across all sensilla types, it is not clear how Notch signaling during asymmetric 

divisions regulate Or expression among the ORNs to be generated from each precursor 

in a context independent manner. One attractive possibility is that the prepatterning 

factors discussed earlier modify each precursor to create a unique Or expression 

competency, on which Notch signaling  can then act to generate individual ORNs.  

Recent work has also connected regulation of the CO2 receptors Gr21a and Gr63a 

expression to chromatin modifying proteins, specifically the MMB/dREAM complex  

(48). The MMB/dREAM complex is composed of several transcription factors and 

chromatin remodeling factors. Two members of the dREAM complex, Myb and Mip130, 

positively regulate Gr63a expression, whereas other members, Mip120 and E2F2, repress 

Gr63a expression in inappropriate ORNs  (48).  dREAM complex antagonizes H3K9 

methylation to regulate Or expression in the appropriate olfactory appendages and 

ORNs (48). These data present a new layer of complexity to what is known about Or 

regulation  that may lead to many new insights. However, a true interrogation of 

chromatin states at Or promoters at multiple developmental stages will be necessary to 

truly understand how epigeneti c modifications contribute to Or regulation . 
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1.2.6 Late transcription factors 

There are several transcription factors that are expressed in later stages of ORN 

development and regulate Or expression in postmitotic ORNs. This set of transcription 

factors are similar to the terminal selector genes proposed by Oliver Hobert, that 

function by directly binding to the promoters of Or genes, as the terminal differentiation 

genes (49). The more extensively studied of these factors is acj6, which is required for Or 

expression in a subset of ORN classes (50). Acj6 is a POU domain transcription factor  

that is expressed in adult maxillary palps and antennae (50). In acj6 mutants the 

response profiles of a large number of ORNs are changed suggesting a change in ORN 

identity  (51). Later research showed that expression of both antennal and palp Or genes 

are affected in acj6 mutants (51,52). In addition to presence of Acj6 binding sites 

upstream of these Or genes, most of the work on the molecular function of Acj6 in Or 

regulation was carried out for palp Or genes (53). These studies identified 13 different 

acj6 splice isoforms, each of which differentially regulate s subsets of Ors in the maxillary 

palp (53). Expression of a single isoform of acj6 leads to the rescue expression of a subset 

Ors regulated by Acj6 in an acj6 mutant and individual isoforms can have both 

activation and repression functions  (53). The molecular details of how each isoform of 

acj6 functions are still unclear but it is possible that each isoform binds to unique 

binding motifs or complexes with a unique set of other proteins. Pdm3 is also POU 

domain transcription factor, whose expression and function are similar to that of acj6 
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(54). Pdm3 has also primarily been investigated in the palps, where it is required for 

activation of Or42a (54). Although pdm3 is expressed broadly in the antenna and 

maxillary palp,  its function in each ORN class is not clear. In the context of Or42a, Pdm3 

is known to work cooperatively with A cj6, suggesting they work in combination or 

possibly dimerize to regulate expression of their target Or genes (54). 

Given the large number of Or genes, and the singular expression of an Or gene in 

each ORN, the most parsimonious model suggests that a combinatorial code of 

transcription factors contro ls expression of different receptors in Drosophila. Most 

recently, Jafari et al. identified combinator ial function for Acj6 and six novel 

transcription factors ( zf30c, sim, xbp1, fer1, E93 and onecut), that are required for proper 

Or expression in the antenna (52). Of these six proteins, Xbp1 and E93, function to both 

activate and restrict Or expression and all others serve solely as activators (52). These 

factors, as well as Acj6 and Pdm3, support the combinatorial regulation model of Or 

expression. However, there is evidence to suggest that these TFs alone cannot entirely 

explain how ORNs select a particular Or to express. For example, analysis of TF binding 

motifs shows that binding motifs  for specific TFs are often present upstream of many Or 

genes, yet the expression of only a subset of OR genes are affected in the TF mutants 

(52). This might be due to combinatorial or competitive interactions at specific promoter 

elements, or the neuron-specific patterns of TF expression. This set of TFs also act only in 

late stages of pupal development around the onset of Or expression. The only exception 
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being zf30c, whose expression is required in both early and late stages of development 

(52). We anticipate that a thorough lineage map of TF expression patterns along with 

mutational  analysis and the chromatin landscape in different ORNs and precursors will  

help reconcile these contradictions in the future.  

1.2.7 Cis-regulatory elements 

A critical step in ORN specification is the selection of the olfactory receptor. In 

Drosophila , artificial Or promoter reporter constructs  are able to faithfully recapitulat e 

Or expression, even when not inserted in the endogenous locus. This observation has led 

to the conclusion that all of the in formation required for regulation of Or expression is 

contained within Or promoters. These sites are thought to encode information regarding 

which olfactory appendage, sensilla type and subtype  a given Or gene will be expressed 

in. The decision determining in whic h olfactory appendage a given Or gene will be 

expressed requires two motifs, Dyad1 and Oligo1 (14). Dyad 1 is required for expression 

of Or71a, Or46a, and Or85e in the maxillary palps  (14). Conversely, Oligo1 is required to 

repress antennal expression of the same maxillary palp ORs (14). Other TFs that regulate 

OR expression in late stages, such as acj6 and pdm3, also have known binding motifs 

upstream of OR genes that are required for proper expression of specific set of Or genes 

(55). Examination of the trichoid Or promoter structure of Or47b, Or88a, Or65a, and 

Or67d has identified both activator and repressor elements (56). Or47b, Or88a and Or65a 

are expressed in at4 sensilla, whereas at1 sensilla have a single ORN expressing Or67d. 
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Miller  and Carlson identified a GCAATTA motif common to the Or47b, Or88a, Or65a, 

and Or67d promoters they examined (56). Even though this motif served both as an 

activator and a repressor depending on the position of the motif within the promoter, 

the TF interacting with this specific motif is still unknown  (56). In addition, b oth Or47b 

and Or67d promoters contain repressor elements that restrict their expression to the 

trichoid sensilla zone on the antennae (56). Deletion of these elements leads to Or47b and 

Or67d expression in basiconic sensilla, both in antennae and maxillary palps (56). 

Interestingly, not only d o Or47b and Or67d promoter deletion transgenes show ectopic 

expression in different subsets of basiconic sensilla, but Or67d expression was also 

detected in non-neuronal cells, suggesting that there are other factors repressing the 

expression of specific trichoid Ors within subsets of basiconic sensilla (56).  

These data point to two prevailing theories of Or regulation:  larval patterning 

and restriction of precursor cell potentials that determine the allowable combinations of 

Or genes to be expressed in a given sensillum, and a combinatorial code of terminal 

selector TFs that control Or expression during or after the asymmetric precursor 

divisions . Both mechanisms work in conjunction with each other to specify ORN fates. 

This model would also allow for more evolutionary flexibility as evolutionary processes 

can add or eliminate regulatory factors at different  precursor decision points to alter Or 

expression or ORN diversity . What is currently missing is a clear link between these two 

theories. Unification of these two theories could also explain some of the inconsistencies 
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between sets of results. For example, why are there Acj6 binding motifs present 

upstream of Ors that Acj6 does not regulate? As discussed earlier, this can be due to 

either differences in the expression pattern of TFs or the differences in chromatin 

landscape around Or promoters in specific precursors set up by early prepatterning 

genes. It is plausible to think that the expression of the appropriate OR gene requires the 

presence of both the appropriate factor and the accessibility of the chromatin. So even 

though all ORs might have the binding site for a given transcription factor, th eir 

expression might not be affected by that transcription factor because of chromatin 

modifications that are a result of programs that pattern and restrict the differentiation 

potential of precursors in specific lineages. Understanding the mechanisms that underlie 

the patterning of precursors will likely be critical to establishing this link and pushing 

the field forward , as well as leading to key insights into the developmental strategies for 

generating cellular and neuronal diversity . 

1.2.8 MicroRNA control of ORN circuit assembly 

In addition to the layers of transcri ptional regulation of ORN specification 

described above, the microRNA miR-279 has also been implicated in the control of ORN 

specification, specifically as a regulator of the position of CO2 sensory neurons (57). In 

wildtype flies, the CO 2 receptors, Gr21a and Gr63a, are co-expressed in the ab1 sensilla 

on the antenna and connect to the most ventral glomerulus in the antennal lobe. In miR-

279 mutants however, Gr21a and Gr63a expressing ORNs are found in the maxillary 
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palp and connect to a medial glomerulus  (57). The expression pattern and connectivity 

of these ectopic neurons resembles that of a hybrid between mosquitoes which are 

attracted to CO2 and Drosophila, which normally avoid CO 2 (57). Further work has 

demonstrated that miR-279 functions in the development of maxillary palp olfactory 

sensilla precursors. miR-279 is expressed in sensory organ precursors in the maxillary 

palps and miR-279 mutants have an extra neuron that is generated within particular 

palp sensilla (57,58). This is likely due to derepression of miR-279 targets that function in 

the developmental program of the sensillum, which eventually determines the numbe r 

of neurons. In the presence of miR-279 these factors are downregulated in Drosophila 

leading to the elimination of CO 2 ORNs from the maxillary palps  (57,58). The 

transcription factor Prospero may be a key regulator of this pathway, as it has been 

shown to activate miR-279 (58). This work has revealed a new level of post-

transcriptional regulation of the development of the Drosophila olfactory system, 

highlighting the complicated n ature of generating such a diverse system.  

1.3 Axonal Targeting 

Not only must ORNs choose a receptor to express in a stereotyped manner, they 

must also connect to their class-specific glomeruli in the antennal lobe.  ORN axons in the 

antenna form three major bundles that fasciculate to form the antennal nerve (59). Axons 

from the antennal nerve enter the antennal lobe beginning around 18-20 hrs APF, and 

once in the brain the antennal nerve defasciculates into a ventromedial  and a 
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dorsolateral pathway  (Figure 4) (59). ORN axons then cross the midline via the dorsal 

commissure and connect to the appropriate glomerulus in both contralateral and 

ipsilateral antennal lobes (25,26). Maxillary palp ORN axons enter the antennal lobe via 

labial nerve around 30 hours APF and are guided to their glomerular target regions 

through interactions with  antennal ORN axons that are already within the lobe (Figure 

4) (25,60,61). The rest of pupal development of the antennal lobe is devoted to refining  

and segregating the glomeruli , which  are easily identifiable by size, position and 

structure . In order to achieve the class-specific connectivity of 50 different  ORN classes 

to non-overlapping glomeruli,  ORN axons of the same type must converge onto the 

same glomerulus and synapse with the proper PNs as well as repel axons of all other 

classes (Figure 4). One simple solution to this problem is the use of olfactory receptors as 

instructive cues to govern glomerular targeting in order to  compartmentalize  

connectivity  in such a diverse system. Indeed, this strategy has been adopted in 

mammalian olfactory system  (62ɬ64). In mammals, Or genes encode G-protein coupled 

receptors, and differences in agonist independent signaling from each OR leads to 

differences in the levels and combinations of cell surface molecules, which signal to sort 

out ORN axons as they innervate the olfactory bulb  (63,64). Despite the organizational 

similarities of olfactory system in mammals and Drosophila, Drosophila ORNs do not 

require receptor function for glomerular targeting. This suggests that in Drosophila 

programs for regulation of Or expression and glomerular connectivity are distinct, but 
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must be coupled during ORN development. Indeed some of the early patterning factors, 

such as Hedgehog, also pattern the axonal projections and glomerular connectivity of 

ORNs (65). In addition, the molecular mechanisms that regulate Or expression, such as 

Notch signaling, and the transcription factors A cj6 and Pdm3, also play a significant role 

in controlling glomerular targeting  (8,54,66). For example disrupting Notch signal ing not 

only leads to conversion of sensory fates but also glomerular targeting (8). Both Acj6 and 

Pdm3 function to control targeting for  different subsets of ORNs, with their loss 

produc ing ectopic glomeruli as well as glomeruli with diffuse boundaries  (54,66). 

Because both Acj6 and Pdm3 are transcription factors, it is likely that they regulate 

expression of cell surface proteins and/or guidance molecules that control wiring 

identity . It is thought that  combinations of cell surface and guidance molecules 

expressed by ORN classes ensure proper connectivity  in stepwise fashion that includes 

ORN axon trajectory selection, inter- and intra -glomerular interactions tha t establish 

glomerular boundaries, and ORN -PN matching that ensures ORN wiring specificity.  

1.3.1 Coordination of wiring among neurons within the same 
sensillum 

As discussed earlier, cell bodies of ORNs are clustered within individual sensilla, 

which deve lop through asymmetric divisions of a single precursor cell. As ORN axons 

from the same sensilla enter the antennal lobe they take separate trajectories, along 

either dorsolateral or ventromedial bundles. Despite the well -known role of Notch 

signaling on binary segregation of ORN fate decisions regarding olfactory receptor 
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expression and targeting programs, until recently the molecular mechanisms working 

downstream of Notch to specifically regulate axonal trajectory selection were unclear. 

Recent work has connected Semaphorin -2b (Sema-2b) and Plexin-B (PlexB) signaling to 

proper bundle  segregation during this process (67). Sema-2b is member of a family of 

secreted molecule, which signals through PlexB receptors. sema-2b is expressed in ORNs 

whose axons project along the ventromedial bundle  and sema-2b mutants lose the binary 

bundle separation and exclusively project through the dorsolateral bundle  (67). This 

evidence suggests that Sema-2b attracts and consolidates ORN axons into the 

ventromedial bundle . Notch-Delta signaling, in addition to controlling olfactory 

receptor expression among the ORNs, also segregates Sema-2b expression within ORNs 

in the same sensillum (67). Notch signaling negatively regulates Sema-2b expression, 

where Notch -off neurons are positive for sema-2b expression, suggesting Notch signaling 

negatively regulates sema-2b (67). Perturbations to Notch signaling lead to inappropriate 

expression of sema-2b accounting for the glomerular targeting defects observed in mam 

mutants. This is consistent with the observation that glomeruli targeted by Notch -on 

and Notch-off ORNs are segregated within subsections of the antennal lobe. 

1.3.2 ORN Axon Guidance 

Once in the antennal lobes, ORNs must navigate to specific regions to ultimately 

connect to their appropriate PN partners. General axon guidance molecules such as 

Dscam and Robo receptors were both shown to be required for this process (68,69). Both 
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Dscam and Robo receptors signal through the  SH2/SH3 adaptor protein Dreadlocks 

(Dock) and the serine/threonine kinase Pak, which suggests that the action of these two 

molecules is coordinated (68,69). Drosophila  has three Robo receptors (Robo, Robo2, 

Robo3), all of which  are expressed in the olfactory system (69). robo is broadly expressed 

across the majority of ORN axons, whereas expression of robo2 and robo3 are more 

restricted (69). robo2 is enriched in and near the commissure, and robo2 mutants are 

unable to properly cross the midline and form ectopic glomeru li near the commissure 

(69). robo3 is expressed primarily i n axons that follow the ventromedial trajectory, and 

loss of robo3 in these axons causes mistargeting and the formation of ectopic glomeruli, 

although some axons are still able to find the correct glomerulus (69). Suppression of 

Robo function leads to broad defects in glomerular structure, likely because many axons 

follow incorrect trajectories and choose incorrect targets leading to indistinct glomeruli  

(69). Similar to Robos, Dscam is also required for proper glomerular targeting. Dscam is 

a repulsive cell surface molecule and a member of the IgG superfamily  (70). Dscam 

shows extraordinary mo lecular diversity through generation of approximately 38,000 

alternative splice isoforms (70). Work on dscam in other contexts has suggested that 

stochastic alternative splicing  within neurons leads to neuron -specific expression of a 

subset of dscam isoforms, which show isoform -specific homophilic binding  (70). In the 

olfactory system, loss of dscam is associated with ectopic glomerul ar targeting and 

defects in both ipsilateral and contralateral ORN projections (68). These data suggest 
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that Dscam is critical for proper targeting and guidance of ORN axons , however this 

function of Dscam is diversity indepen dent (68). Dscam diversity, on the other hand, is 

required for the proper class-specific convergence of ORN axons within glomeruli  (70) 

Even though dscam null mutants show ectopic glomerular targeting, they can still 

converge to form proper glomerular structures  (68). In contrast, in flies that express only 

a single dscam isoform, ORN axons also show mistargeting defects and are unable to 

converge into distinct glomeruli (70). It is possible that the diversity independent 

function of Dscam regulates the initial  axon guidance to specific regions within the 

antennal lobe, whereas Dscam diversity is required for class-specific sorting and 

convergence into glomerular structures (68,69).  

1.3.3 Intra-class attraction 

One of the critical steps in ORN connectivity is  the class-specific convergence 

and arborization of ORN axon terminals within a single glomerulus. This requires 

recognition among the ORN axons of the same class to confine them to the same 

glomerulus. As discussed above Dscam diversity is required for pr oper glomerular 

convergence, as diversity-compromised mutant ORN axons arrive at the antennal lobe 

yet are unable to converge and establish glomerular boundaries. This likely occurs due 

to repulsion of ORN axons of the same class in single dscam isoform mu tants. In addition 

to Dscam, N-cadherin (Ncad), which  belongs to the calcium-dependent cell adhesion 

molecule family , also contributes to the glomerular convergence (71,72). In the olfactory 
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system, ncad mutant  ORN axons correctly target distinct regions within the antennal 

lobe, but they are not able to properly condense into protoglomeruli during mid pupal 

development leading to defects in the adult  glomerular formation  (71). These data 

suggest that Ncad is required for intra -class attraction during class-specific convergence 

of ORNs into a single glomerulus . It is not entirely clear whether Nc ad also mediates 

interactions between ORNs or between ORNs and PNs. ncad is also broadly expressed 

across most ORN classes and as such ORN axons must have a way to distinguish and 

repel different classes. 

1.3.4 Inter-class repulsion 

Establishing 50 non-overlapping glomeruli for class-specific connections of 50 

ORN classes requires inter-class repulsion, which ensures that axon terminals from 

different ORN classes do not intermingle. Semaphorin-1a (Sema-1a) has been shown to 

be largely responsible for repulsion between c lasses of ORN axons. Unlike Sema-2b, 

Sema-1a is a transmembrane protein  that acts through the Plexin-A receptor. sema-1a is 

required for segregating different ORNs into distinct glomeruli  (73). Mutants for sema-1a 

show an intermingling of different ORN classes (73). Mutant axons are able to follow the 

correct trajectories into and through the antennal lobe, but then fail to properly sort into 

the correct glomeruli , and instead stay intermingled  (73). Unlike ncad, clonal analysis of 

sema-1a mutants demonstrate that it acts non-cell autonomously, which suggests that its 

primary role is to repel axons of different classes. This repulsive function is critical for 
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the formation of distinct glomerular boundaries  (73). sema-1a is broadly expressed in 

most ORNs and different classes express sema-1a at different levels , but it is not clear 

how differe ntial expression levels of sema-1a lead to glomerular segregation (73). 

However, Sema-1a signaling acts at short ranges in the olfactory system, which could 

explain how it can be broadly expressed but lead to fine tuning of glomerular 

boundaries. 

1.3.5 ORN-PN Matching 

The final step in establishment of ORN circuits is proper class-specific matching 

of ORNs with appropriate PNs for synaptic connectivity. It is plausible to imagine that 

cell surface molecules regulating ORN guidance will ultimately regulate ORN -PN 

matching. For example, in addition to its function in ORN connectivity, Dscam and 

Ncad have also been shown to affect PN targeting  (74). Loss of dscam in PNs inhibits 

proper arborization of PN  dendrites within glomeruli leading to dendritic clumping, 

consistent with its self-avoidance function identified in other dendritic structures  (74). 

Overexpression of dscam in PNs, on the other hand, leads to more diffuse dendritic 

structures as well as positional shifts (74). Interestingly, the positional shift of PN 

dendrites also causes ORN axons to shift while  maintaining ORN -PN matching  (74). 

This suggests that ORN axons recognize the appropriate PN dendrites, likely through  

other transmembrane interactions. Indeed, gradients of Sema-2a and Sema-2b expressed 

by PNs are required to position both PN dendrites and incoming ORN axons to specific 
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zones within the antennal lobe (61,66). Ncad also contributes to ORN-PN matching. ncad 

mutant axons of both ORNs and PNs ultimately retract , unable to arborize within the 

glomerulus,  and instead remain on the surface of the neuropil  (71). The Luo group has 

also shown that the synaptic partner matching between ORN axons and PN dendrites 

requires the cell surface molecules, tenuerins (75). Teneurin-m (Ten-m) and Teneurin-a 

(Ten-a) are homophilic attraction proteins, expressed in matching pairs of ORNs and 

PNs (75). However, the partially overlapping expressi on of both ten-m and ten-a suggests 

that additional cell surface molecules working in combination should be specifying 

synaptic matching for 50 different ORN -PN to establish the proper connectivity of the 

olfactory circuits in the antennal lobes. Indeed, more recently Toll receptors, especially 

Toll -6 and Toll-7 were also shown to contribute to ORN-PN matching  (76). Toll receptors 

are involved in embryonic patterning and innate immunity, however, their role in 

connectivity in the olfactory circuit seems to be independent of Toll pathways involved 

in these processes. Toll receptors encode transmembrane proteins with leucine rich 

repeats (LRR) involved in heterophilic protein -protein interaction s. These results 

suggest both homophilic and heterophilic interactions govern synaptic partner selection 

between ORNs and PNs. 

1.4 Concluding Remarks  

Despite the considerable work that has been done to elucidate mechanisms 

controlling ORN specification and diversity, much of the molecular details coordinating 
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regulation of OR expression and wiring decisions to establish ORN circuits  remains 

unknown . First, what molecular mechanisms link expression of specific olfactory 

receptor and wiring identity? While it is clear from the overall structure of the olfactory 

system that both decisions must be coordinated, receptor function is not required for 

proper targeting. As of yet only  notch, acj6 and pdm3 have been shown to control both 

processes, but the molecular mechanisms utilized by these proteins at distinct 

developmental decision points remain largely unknown. Second, how do ORNs and 

their precursors determine which OR to express? While evidence exists for models of 

prepatterning of precursors as well as a combinatorial code of terminal selector TF 

expression, no clear link has yet been established between these two theories. It is likely 

that stepwise restrictions on distinct fate programs through combinations of 

transcription factors and cell surface molecules diversify sensory and wiring identities as 

ORNs are generated from precursors. Future work focusing on identificat ion of these 

pathways and understanding their molecular and cellular details will allow us to 

understand mechanisms of neuronal diversity in the nervous system and will likely be 

broadly applicable in other systems. 
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Figure 1: Structure of the Drosophila  olfactory system. A) The antenna is covered by 

sensory hairs called sensilla  that can be divided  into three classes based upon their 

morphology , basiconics, trichoids and coeloconics . B) Within morphological classes, 

sensilla can be divided into subtypes defined by the combination of ORNs they 

house. There are four classes of trichoid sensilla, at1 -4. Each houses a unique set of 

ORNs. C) An example a of a basiconic sensillum. ORNs project their dendrites into 

sensillum and express their receptors on the surface of their dendrites where the 

receptors dimerize with the olfactory co -receptor, Orco, and are exposed to the 

environment . D) The antennal lobe of  the fly brain  is divided into class -specific 

glomeruli, where ORN axons synapse  with PN dendrites. Each glomerulus is 

distinguished by its size position and shape. The glomeruli corresponding to ORNs 

from C are highlighted.  
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Figure 2: Control of ORN identity by larval prepatterning factors. A) Schematic of 

morphogen signaling in the antennal disc. en and hh are expressed in the posterior 

compartment of the disc and Hh diffuses and signals to the anterior compartment. Wg 

and Dpp signaling are activated by Hh and establish the dorso -ventral axis. In the 

center of the disc, where Wg and Dpp signaling events meet, EGFR is activated to 

establish the proximal -distal axis. B) Decision tree of SOP identity based upon 

combinatorial expression of prepatterning factors. Each SOP expresses a combination 

of prepatterning f actors that control its fate in a nested and hierarchical fashion. The 

expression of  any given factor modifies the fate of a given SOP based upon the 

previous or concurrent expression of other prepatterning factors. C) Expression of lz , 

amos, and atonal  define sensillar morphological classes. atonal  expressing precursors 

develop into coeloconic sensilla. amos expression is required for both basiconic and 
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trichoid sensilla. The level of lz  expression then divides out the two classes, with 

basiconics and thic hoids expressing high and low lz  respectively. rn expression 

creates two populations of precursors within each morphological class, thereby 

increasing the number of possible sensilla fates by a factor of 2.  

 

 

Figure 3: Generation of a sensillum from a single SOP through the use of Notch 

signaling. The initial SOP, pI, divides to create two daughter cell pIIa and pIIb, which 

will generate supporting cells and ORNs respectively. pIIb is Notch -off and laterally 

inhibits pIIa from adop ting a neural precursor fate through Notch signaling. pIIa and 

pIIb undergo two more rounds of division each before generating terminally 

differentiated cells. Blue cells express sens, green cells express cut, and N represents a 
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Notch -On state. Each ORN wi thin a sensillum can also be defined by the 

combinatorial expression of elav, ham, and seven-up (svp). 

 

 

Figure 4: Development of the Drosophila antennal lobe. ORN axons enter the 

antennal lobe around 18 hrs APF via the antennal n erve, guided by Dscam and Robos, 

and defasciculate into two major bundles based upon Sema -2b/PlexinB signaling. 

Around 22 hrs APF ORN axons begin to target their respective glomeruli controlled 

by Dscam, Robos teneurins, and Sema-2b, and cross the midline at the commissure to 

reach the contralateral antennal lobe. Around 30 hrs APF maxillary palp ORN axons 

enter the antennal lobe and protoglomerular formation begins, under the control of 

Ncad and Sema-1a. From 40 hrs APF on, glomeruli segregate and form dis tinct 

boundaries and ORN axons synapse with their PN dendrites, under the guidance of 

Dscam, teneurins and Sema2a/2b. 



 

34 

2. A Functionally Conserved Gene Regulatory Network 
Module Governing Olfactory Neuron Diversity 

This chapter is modified from the previou sly published work Li and Barish et al. 

(2016). A Functionally Conserved Gene Regulatory Network Module Governing Olfactory 

Neuron Diversity. PLoS Genetics. 12(1):e1005780. doi: 10.1371/journal.pgen.1005780. 

2.1 Summary 

Background 

Sensory neuron diversity is required for organisms to decipher complex 

environmental cues. In Drosophila, the olfactory environment is detected by 50 different 

olfactory receptor neuron (ORN) classes that are clustered in combinations within 

distinct sensilla subtypes. Each sensilla subtype houses stereotypically clustered 1ɬ4 

ORN identities that arise through asymmetric divisions from a single multipotent 

sensory organ precursor (SOP). How each class of SOPs acquires a unique 

differentiation potential that accounts for ORN diversi ty is unknown. Previously, we 

reported a critical component of SOP diversification program, Rotund (Rn), increases 

ORN diversity by generating novel developmental trajectories from existing precursors 

within each independent sensilla type lineages. 

The surfaces of these olfactory organs are covered by multiporous sensory hairs, 

ÊÈÓÓÌËɯɁÚÌÕÚÐÓÓÈɂȭɯ$ÈÊÏɯÈÕÛÌÕÕÈɯÈÕËɯÔÈßÐÓÓÈÙàɯ×ÈÓ×ɯÊÖÕÛÈÐÕÚɯÈÉÖÜÛɯƘƕƔɯÈÕËɯƚƔɯÚÌÕÚÐÓÓÈȮɯ

respectively, that house clusters of 1-4 ORNs [8,9]. Each ORN typically expresses a 
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single receptor gene from a repertoire of 80 genes, creating a total of 50 adult ORN 

classes that are clustered into stereotypical combinations within 22 individual sensilla 

subtypes [11].  

Results 

Here, we show that Rn, along with BarH1/H2 (Bar), Bric -à-brac (Bab), Apterous 

(Ap) and Dachshund (Dac), constitutes a transcription factor (TF) network that patterns 

the developing olfactory tissue. This network was previously shown to pattern the 

segmentation of the leg, which suggests that this network is functionally conserved. In 

antennal imaginal discs, precursors with diverse ORN differentiation potentials are 

selected from concentric rings defined by unique combinations of these TFs along the 

proximodistal  axis of the developing antennal disc. The combinatorial code that 

demarcates each precursor field is set up by cross-regulatory interactions among 

different factors within the network. Modifications of this network lead to predictable 

changes in the diversity of sensilla subtypes and ORN pools. 

Conclusions 

In light of our data, we propose a molecular map that defines each unique SOP 

fate. Our results highlight the importance of the early prepatterning gene regulatory 

network as a modulator of SOP and terminally differentiated ORN diversity. Finally, 

our model illustrates how conserved developmental strategies are used to generate 

neuronal diversity.  
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2.2 Results 

2.2.1 A time-course RNAseq analysis reveals mis-regulation of 
developmentally critical genes in rn mutants 

Previously, we demonstrated that the Krüppel -like transcription factor Rn cell -

autonomously diversifies ORN classes by branching off novel sensilla subtype lineages 

from parallel default ones. In rn mutants, ORN diversity is reduced almost by hal f. 

Neurons from at4 sensilla in the trichoid zone, ac2 in the coeloconic zone, and ab1 and 

ab9 in the basiconic zone are all expanded at the expense of specific ORNs in rn-positive 

sensilla subtypes (42). To reveal the molecular mechanism by which Rn modulates ORN 

precursor identities, we compared transcript abundances from a time -course RNAseq 

analysis in wild type ( w1118), heterozygous and homozygous rn mutant flies (see 

Materials and Methods) at four temporal landmarks during antennal development. We 

surveyed the prepatterning (larval), SOP selection (8hr pupal), neurogenesis (40hr 

pupal) and terminally differentiated adult stages (38ɬ42,77). For the adult stage, changes 

in OR expression in rn mutants were consistent with the overall tr end described from 

our previous report (Fig ure 5), suggesting that our experiment effectively identifies 

genes whose expression is affected by rn.  

To find key developmental genes likely acting downstream of Rn, we focused on 

the three early stages. As Rn is only expressed during larval and early pupal periods, we 

reasoned that the genes under direct Rn control would show differential expression in 

one or more of these early time points. A Venn diagram generated from the final lists for 
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all early stages reveals that some genes may be misregulated only in one particular 

stage, while others show misregulationɭboth up and  downɭacross multiple stages 

(Figure 6A, B, also see Materials and Methods).  

Although an in -depth analysis of all genes affected by Rn is beyond the scope of 

this analysis, several pieces of evidence suggest that genes important for development 

are misregulated in the rn mutant background. GO term analysis showed an excess of 

misregulated genes with potential functions in development, such as t ranscription 

factors and signaling molecules. In addition, functional clustering analysis using the 

online tool, DAVID (78,79), for each category in the Venn diagram, uncovered a 

functional group including homeodomain( -like) proteins BarH1/2 (B-H1/2, Bar or B) and 

Bric-à-brac1 (Bab1) as being modified in rn mutants. Interestingly, both B-H1/2 and Bab1 

showed changes in transcription levels only during early developmenta l stages (Figure 

7A). It is important to note that B -H1 and B-H2, as well as Bab1 and Bab2, are 

functionally redundant, and have extensively overlap ping expression patterns (Figure 

8B) (80,81). Because only bab1 but not bab2 was included in the initial functional 

clustering analysis, we re-examined the RNAseq datasets for bab2. We found that bab2 

had an overall higher level of expression than bab1, and similar trend of misregulation 

exists for bab2 (Figure 7A). While the p values were still above the arbitrary cutoffs in 

several casesɭlikely due to th e cellular heterogeneity of antennal disc samples used in 

transcriptome analysisɭthe interrelatedness of these genes and rn suggested that they 
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together might have an important role in ORN diversity. Thus, we focused on B -H1/2 

and Bab1/2 in this study and explored their roles in ORN diversification further.  

2.2.2 A common molecular network patterning the antennal and leg 
appendages  

Rn was previously reported to function in a gene regulatory network together 

with B -H1/2, Dachshund (Dac), Apterous (Ap) and Bab1/2 to pattern the segmentation 

of the Drosophila leg disc in the proximodistal (PD) axis (82,83). In the leg, the temporally 

dynamic PD gene regulatory network, under the influence of morphogen gradients, 

defines a number of concentric domains on the leg disc via cross-regulation, which in 

turn determines individual segment identities in the leg. These data led us to 

hypothesize that the neuronal diversity phenotypes observed in rn mutants arise due to 

the changes of expression domains for the PD network components during antennal disc 

patterning. To  test this hypothesis, we first systematically examined the spatial patterns 

of these factors in the developing antennae of wild type animals, and found that each 

factor is expressed in a concentric ring along the PD axis of the discs (Figure 7B). The 

gene expression patterns are remarkably similar between the legs and antennae, 

suggesting that these two organs share the same molecular tool kits that pattern their 

respective discs (84ɬ87).  

Rn was previously shown to be a positive regulator of Bab1/2 and a negative 

regulator of B-H1/2  in the developing leg disc (84,85). Given the evolutionary 

relationship between the leg and the antennae, we  thought a similar regulatory network 
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may exist in the antennal disc (88). Indeed, the regulatory relationships of PD genes 

from the leg-patterning network can explain  the misregulation of B-H1/2 and Bab1/2 in 

the antennal disc in our RNA -seq data. This idea was then confirmed by examining their 

in vivo expression patterns (Figure 7C-E, Figure 8A). B-H1 is normally expressed in the 

center of the disc, bounded by the central fold (Fig ure 7C). In rn mutants, B-H1 is 

expanded outside of the central cells into cells that are normally Rn-positive and B-H1/2-

negative, but the expansion is confined within the distal boundary of Dac (Fig 1C). The 

ectopic cells that are labeled with B-H1 antibody in rn mutants are positive for the rn 

promoter reporter, suggesting that this rn-positive precursor domain may have switched 

fates as a result of the loss of Rn and the expansion of B-H1/2 (Figure 7C). On the other 

hand, Bab2 expression is significantly reduced in rn mutants (Figure 7D, E). Consistent 

with the RNAseq results, we did not detect obvious changes in ap expression in the third 

instar larval stage (Figure 8A, Figure 10E and F). Taken together, these results suggest 

that a common PD gene regulatory network module operates in parallel during leg  and 

antennal disc development. 

2.2.3 Expansion of Bar expression in rn mutants underlies changes in 
ORN diversity and expansion of a default fate 

In rn mutant antennae, the number of ORNs in some rn-negative sensilla (e.g. 

Or47b ORNs in at4) are increased at the expense of ORNs in rn-positive sensilla (42), and 

this occurs in parallel to the expansion of Bar in the antennal disc. To test if the 

expansion of Bar leads to an increase in at4 ORNs in rn mutants, we analyzed Bar/rn 
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double mutants. Normally, approximately 60 Or47b ORNs are found in wild type flies, 

and this number is increased to ~90 in rn mutants (42). We first generated eyFLP-

induced  MARCM clones, which induced small cl ones that are either wild type or Bar 

mutant in approximately 20% of all ORNs (Fig ure 9C, D). These analyses showed that 

the number of total Or47b ORNs in Bar mutant clones was not significantly different 

than that of the wild type clones. However, when ge nerating similar Bar mutant 

antennal clones in rn mutant animals, we detected a statistically significant suppression 

of Or47b ORN expansion down to ~80 cells, using ANOVA and post -ÏÖÊɯ2ÛÜËÌÕÛɀÚɯ3-

test (Fig 2A, B, p>0.01, Fcrit=3.25, df=39). We specifically detected a loss of Or47b ORNs 

from the ectopic antennal zone seen in rn mutants (Figure 9A). These data suggest that 

the expansion of Bar is causal for the increase of at4 ORN fates in rn mutants. As at4 

sensilla are rn and dac-negative (42,43), they are likely developed from the Bar -positive 

inner circle of the disc (Figure 7B, also see below for genetic analyses and fate mapping). 

Consistently, at4 ORNs express the Bar promoter reporter (Fig ure 11, Table 1). 

Remarkably, Bar seems to be dispensable for the endogenous at4 fate (Figure 9C-D), 

presumably due to the robustness of this fate to genetic perturbations.  

2.2.4 Rn directly binds upstream of BarH2 and bab2 gene regions in 
vivo  

Next, we wanted to know if the genes in the network directly regulate each 

other. We focused on the function of Rn, as this may help explain the misregulation of B-

H1/2 and bab1/2 in rn mutant s. Previous in vitro  assays have shown that Rn binds to a T-
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rich motif (T13) in the LAE (leg and antennal enhancer) sequence upstream of bab2 to 

activate its expression during leg and antennal development. However, in vivo evidence 

for Rn binding targets has been missing due to the lack of a high-quality antibody. We 

generated a fly line that carries an EGFP endogenous tag for Rn (Rn-EGFP), which was 

confirmed and validated for  functionality (89). We then used EGFP antibodies to do 

chromatin immunoprecipitation (ChIP) followed by qPCR to test binding of Rn to bab or 

Bar regulatory elements in the antennal discs.  

qPCR primers were designed in the first 2kb upstream of the transcription start 

site (TSS) in the Bar loci (Materials and Methods). A primer set covering the T13 motif in 

the bab2 enhancer was used as a positive control, while the M1 motif region from O r82a 

promoter was used as a negative control (42,85). ChIP on antennal disc tissues was able 

to detect direct binding of Rn to the published bab2 enhancer and the promoter region of 

B-H2 using the Rn-EGFP line, and further confirms th at Rn does not bind to OR 

promoters (Figure 9E). We noticed that the binding of Rn to the bab2 promoter is more 

robust compared to B-H2 sites, which might arise due to the differences in the genomic 

organization of these binding sites. Since both B-H2 and Or82a contain T13-like motifs in 

their upstream regions, the binding of Rn seems to require some special chromatin 

environment and/or the facilitation of binding by other factors in addition to the 

presence of a T13 consensus sequence. While our analysis cannot distinguish whether 

Rn binds to a different motif in the B-H2 promoter, these results suggest that the 
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concentric TF domains may be formed by cross-regulatory relationships, and that Rn 

regulates components of the network through directly binding to their promoters.  

2.2.5 Partitioning of prepatterning domains 

We noticed that the expression domains of several PD factors overlap in the third 

instar antennal disc, and therefore we wanted to dissect the spatial relationships 

between these factors more carefully. To simplify the descriptions, we use the central 

fold (CF) as a landmark, which is usually observed as an unstained dark circle in a 

superficial section of confocal images, to separate the disc into inner and outer regions 

(Figure 10B, Figure 8D). In the outer region, dac, rn and bab are expressed from more 

distal  to more proximal  areas in the disc (Figure 10B). Due to the substantial overlap in 

their expression patterns, these three factors divide the region into four concentric rings. 

We number the rings starting with the outermost one being R(1), and therefore R(1) to 

R(4) are assigned to this region because they express combinations of dac, rn, and bab 

(Figure 10A, B, Figure 8D).  bab is expressed in a gradient, similar to its previously 

reported expression in the leg discs (90). Our results show that the highest level of Bab is 

found near the central fold, and its expression decreases toward both outermost and 

innermost areas of the disc (Figure 10B, Figure 8C). 

Three more rings can be found inside the central fold. R(5) is the only ring that 

shows quadruple l abeling by 4 factors examined (rn, bab, ap, and Bar) (Figure 10C, D). 

This ring also corresponds to the only region that expresses Rn inside of the central fold 
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(Figure 10C-F). Bar expression cannot be detected in the centermost region (Figure 10C-

E). Taken together, the partial overlapping patterns of dac, rn, bab1/2, B-H1/2 and ap 

expression demarcate seven concentric ring domains in the third instar antennal disc, 

and each ring is marked by a unique combination of prepatterning factors (Fig ure 10A, 

Figure 8D).  

2.2.6 Sensilla subtype fates mapping onto the prepatterned domains 

Next, we asked which precursor identities are generated from each of these 

seven domains. As all of the components within a sensillum arise from a single SOP, we 

wanted to know the sensilla subtype identities of SOPs from each concentric domain. To 

do this, we used promoter -driven reporter lines for each individual gene to label ORN 

axons. Because ORN sensory identities are closely linked with the glomerular identities 

in the brain, we can infer which ORN classes express the given factor from the 

glomerular labeling pattern in this analysis (Fig ure 11, Table 1, and Figure 12). Bar- and 

bab-GAL4s were analyzed at both adult and pupal stages, whereas ap-GAL4 was 

analyzed only at mid -pupal stages due to the lack of adult expression.  

2.2.6.1 Ring 1 

ab1, ab9, and ab3 are labeled by the dac reporter, but negative for rn, Bar and ap 

(Table 1), and it has been shown that Dac is required for the specification of these three 

sensilla subtypes (43). Therefore, we map ab1, ab9, and ab3 to R(1) (Figure 13A). 

However, they are also positive for bab based on reporter expression in ORNs (Table 1, 
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Figure 11). Because there is no ring that is positive for Bab and Dac expression but 

negative for Rn in the 3rd instar larval antennal disc based on antibody stainings (Figure 

10A), we attribute this discrepancy to  either an artifact of the bab reporter or late 

expression of Bab unrelated to precursor fate determination.  

2.2.6.2 Rings 2, 3, 4, and 5 

Next, we wanted to map sensilla to the middle 4 rings all of which are rn-

positive. Because the only Rn-positive, Bab-negative and Dac-positive domain is R(2) 

(Fig 3A), we assigned this ring with the ab10 fate, which is the only sensilla subtype that 

meets the same criteria (Table 1, Figure 11, 13A). Likewise, ab7 and ai1 are the only two 

sensilla subtypes that are triple labeled by rn, bab and dac reporters, and are therefore 

mapped to R(3) (Table 1, Figure 13A). at1, at3, ab5 are labeled by rn and bab but not by 

any other reporters, we assigned them to R(4) (Table 1, Figure 13A). Finally, ac1 and ac4 

are mapped to the quadruple positive R(5). Consistent with this mapping, these two 

sensilla are positive for rn and bab, and ac1 is labeled by the ap reporter, ac4 is labeled by 

the Bar reporter. Even though it seems neither of these two sensilla are labeled by all 4 

factors simultaneously, the expression of these factors may be only required for 

precursor fate specification in a narrow window of the larval stage, and later restricted 

to specific lineages and daughter cells for downstream functions. Consistent with this 

explanation, ap expression is highly dynamic, and disappears in the adult stage. We also 

detected dac and Bar expression in IR75d ORNs in coeloconic sensilla, which is the only 
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ORN class that is found in more than one sensilla subtype  (ac1, ac4, and ac2). We 

currently cannot distinguish whether this is due to a developmentally related event 

unique to this ORN class or is an artifact of the reporter expression. 

2.2.6.3 Ring 6  

R(6) is labeled by Bar, ap, and Bab in the antennal disc (Figure 10A, C-E). The 

only remaining sensillum that is unambiguously labeled by these three factors is at4. 

Consistent with the notion that these sensilla arise from R(6), at4 sensilla are expanded 

in rn mutants (42) and this expansion is dependent on the expansion of Bar expression in 

the disc during development (Fig ure 9A, B). The only other sensilla subtype that is left 

and also expanded in rn mutants is ac2, which is bab-, Bar-positive, and ap-, rn-negative. 

Given that ac2 behaves similarly to at4 from our genetic studies (see below) and 

previously published results (42), we deduced that the R(6) region generates precursors 

that give rise to ORNs in ac2, as well as at4 sensilla (Figure 13A). The reporter line we 

used for ap may not capture its expression in ac2 ORNs properly due to the complexity 

of its enhancer elements.  

2.2.6.4 Ring 7 

Finally, at2, ab2, ab4, ab6, ab8, and ac3 are rn-negative and unaffected in rn 

mutants (42). This would place them either in the center of the disc or on the periphery, 

based on whether they express dac (periphery) or ap/bab (center). Because all contain at 

least one ORN class that is positive for ap and/or bab, but they are all negative for dac, we 
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assigned them to R(7) in the center (Table 1, Figure 11, 13A). ab3 has been placed within 

R(1), because of the expression of dac and its requirement for the development of ab3  

ORNs (Figure 13A).  However, ab3 behaves similarly to the sensilla subtypes from the 

center R(7) in some genetic manipulations (see the following section). We are thus 

unable to fully resolve the origin of ab3 sensilla. It is possible that ab3 is determined by 

different sets of factors, one specified in R(7), and the other one specified in the 

outermost R(1). 

These series of analyses provide us with a sensilla subtype fate map on the 

concentric domains of the larval antennal disc. Each ring is labeled by a unique set of PD 

transcription factors, corresponding to a specific subset of sensilla subtype fates (Figure 

13A). We used this model to explain the majority of the phenotypes observed in rn 

mutants and other perturbations of the network components (Fig ure 13B, Appendix A ). 

2.2.7 Functional involvement of PD genes in generating ORN diversity 

Our model makes predictions as to how manipulations of the patterning network 

would lead to changes in ORN diversity. As previously reported, rn mutation effectively 

halves the amount of ORN diversity in the antenna (42) (Figure 7E-G, Figure 9A-D). We 

constructed a scheme to depict the spatial relationships of the PD transcription factors in 

rn mutants (Figure 13B). In this model, the TF combinations in rn-positive domains, 

namely R(2) to R(5), are altered due to the changes to the expression of Bar, Bab and Rn. 

As a result, R(1) would be expanded into R(2) and the proximal portion of R(3). 
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Similarly, R(6) would be expanded into R(4) and R(5) in rn mutants (Figure 13B, 

Appendix A ).  

Because we observed an expansion of Bar in rn mutants and this expansion is 

required for their ORN phenotypes,  we wanted to test the effects of ectopic Bar 

expression in the rn expression domain on ORN populations. Ap was previously shown 

to protect Bar from being repressed by Rn during leg development (84), and as expected, 

ap overexpression resulted in the ectopic expression of Bar protein outside of its normal 

boundaries in the antennal disc (Figure 15B, C). Therefore, either overexpressing Bar 

directly o r indirectly by overexpressing ap should at least partially recapitulate the adult 

ORN phenotypes in rn mutants. We analyzed OR expression as readouts of ORN classes 

using quantitative RT -PCR (qRT-PCR) for a panel of 20 olfactory receptor genes 

representing each of the antennal sensilla subtypes in these genetic backgrounds. We 

confirmed that this assay provides a reliable readout of ORN fates, by showing that the 

predicted OR expression profiles in rn mutants were readily reproduced (Fig ure 13C) 

(42).  

As predicted, when Bar or ap was overexpressed, the changes in the expression of 

the majority of ORs trended towards changes observed in rn mutants (Figure 14D, 15D). 

One exception was Or47b in at4 that was downregulated in Bar overexpression lines. We 

have already shown, however, that the expansion of Bar expression accounts for the 

increase of at4 sensilla in rn mutants. To reconcile this discrepancy, we re-examined the 
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expression of Or47b using a reporter line in Bar overexpressing flies. Although we 

observed an overall decrease in the number of Or47b neurons consistent with the qPCR 

result, the domain of expression was expanded to the medial region similar to the 

manner observed in rn mutants (Figure 16). In agreement with the expansion of at4 

sensilla, glomerular sizes appeared larger for all at4 ORNs (Or47b, Or88a, and Or65a) 

compared to wild type ( Figure 17A, B and D), a similar phenomenon observed in rn 

mutants. (Figure 17A, C) (42). In contrast, the target glomeruli are lost for ab5 ORNs, 

which show dramatic reduction based on OR expression in qRT-PCR (Figure 14D, 15D, 

17A-D Fig). We further validated the expression of a subset of ORs in the antenna using 

reporter lines, we could recapitulate the same changes in OR expression uncovered by 

the qPCR analysis (Fig 17E-M). Of particular note is that ORs in the same sensillum 

(ab10: Or49a, ab7: Or67c) changed in a similar manner to their partner OR genes (ab10: 

Or67a, ab7: Or98a) (Figure 14D, 15D, 17E-M). These results suggest that manipulating 

the PD gene network causes switches of SOP fates and ORN populations. 

During our examination of Bar -overexpressing larval antennal discs, we found 

that the central fold (CF) disappeared (Figure 14B, C, 18). In contrast, ap and bab 

expression patterns were unaffected (Figure 18). Similarly, dac showed normal 



 

49 

expression, despite the reported function of Bar to repress dac in the distal area, which 

suggests that the repression may be time-sensitive and/or context-dependent (80,86).  

Next, we examined the effects of ap overexpression on the expression patterns of 

the network genes in the antennal disc. Similar to rn mutants, an expanded Bar zone is 

bounded by the distal limit of dac in this background (Fig ure 15B, C). However, unlike in 

rn mutants, Bar does not fully extend to the boundary, and hence, these proximal cells in 

R(4) are positive for rn but negative for dac and Bar (Figure 19D). They also express bab 

and ap, making them a separate subpopulation within R(4).  In addition, we saw a loss of 

rn expression in R(5), leaving the domains within the central fold devoid of Rn 

expression (Figure 19A-C). The simplest interpretation of the se data is that increased 

levels of ap repress rn expression in a context-dependent manner. Moreover, we found 

that dac expression is decreased in R(2) and R(3) that also express Rn (Figure 15B, C), 

suggesting that rn promoter -mediated ap expression represses dac in this overlapping  

domain. Because Dac represses bab (91), the reduction in dac expression should 

theoretically cause an increase in Bab expression, although we cannot detect any obvious 

changes for Bab. This may be due to its overall low concentration in this region by 

repression from other factors (91). 

Based on these analyses, we drew similar illustrations for precursor domains in 

the ap and Bar overexpression backgrounds (Figure 14A, 15B, Appendix A ). They reveal 

different patterns of gene expression for a number of rings compared to the rn mutants, 
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which may account for their differences in adult ORN classes as shown by the qPCR 

results (Figure 14D, 15D). We conclude that the PD genes function in combinations to 

diversify precursor and ORN fates.  

We next examined the requirement of Bar in producing the four fates that arise 

from the Bar-positive region (Fig ure 13A). To do this, we created Bar mutant clones that 

delete both BarH1 and BarH2. However, our analysis did not reveal any significant 

changes in adult OR expression (Figure 20A, Figure 9C, D). The most likely explanation 

for this observation is that Ap and Bar may have partially redundant functions for some 

sensilla subtypes, such as at4 and ac2 in R(6). Consistent with this, transheterozygous ap 

mutant alleles using apmd544GAL4 and the nap1 deficiency did not affect ORNs from at4 and 

ac2 precursors, either. In fact, only three sensilla subtypes (ab4, ab6, and ac1) from R(7) 

and R(5) showed modest decreases in OR expression in ap mutants (Figure 13A, 20B). 

These results suggest that the developmental refinement of SOP fates in the three inner 

rings are robust, which makes their dependence on factors like Bar and Ap limited.  

It has been shown in the leg that this network of PD genes functions under the 

control of an EGF signaling gradient, which is highest at the center of the disc and 

decreases outward (92). There, EGFR signaling represses rn and activates Bar expression 

(82,92). We next tested the hypothesis whether perturbations in EGFR signaling can 

cause modifications to ORN fates. To do this, we expressed a constitutively active EGFR 

(92) using rn89GAL4 and performed qRT-PCR on ORs (Figure 21A). As expected, these 
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experiments showed that ectopic activation of EGFR function is associated with an 

expansion of Bar and reduction of Rn expression in the antennal disc (Figure 21B, C). In 

addition, the ORN classes originated from R(1), R(2), R(3), and R(5) precursor domains 

were affected in the adult. These results suggest that EGFR signaling may indirectly 

regulate ORN diversity by modulating the PD gene network.  

2.2.8 Separation of different precursor fates within a ring by Bab 
concentration gradients 

Bab is partially activated by Rn, and it is significantly downregulated in rn 

mutants (Figure 7F, G). It is plausible to think that Bab functions downstream of Rn to 

specify rn-positive precursor fates. If this is the case, we should see reduced expression 

of the receptors from the eight rn-positive sensilla subtypes in a bab mutant.  To our 

surprise, only two of the eight receptors tested showed reductions, and another two 

were even increased in the babPR72 hypomorphic allele (Fig ure 22B).  

We noticed a range of changes for sensilla subtypes from the same ring (Figure 

22B). For example, among sensilla specified in R(7), ab2 and ab6 are reduced, whereas 

at2 is increased in the bab mutant. The simplest interpretation is that different levels of 

Bab are required to distinguish these fates in the same ring. When the overall level of 

Bab is decreased, some sensilla requiring higher Bab may be converted to the ones that 

require lower Bab. Similarly, only ac1 from R(5) is reduced, and one explanation is that 

the lowered Bab expression is still above the threshold for specifying ac4, but not for ac1. 

Alternatively, ac1 (requiring higher Bab) may be converted to ac4 (requiring lower Bab), 
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and compensates for the loss of the endogenous ac4, which may die due to the loss of 

Bab. The same reasoning can be applied to ai1 versus ab7 from R(3). For R(4), we saw 

increases in at1 and ab5, and a trend towards downregulation for at3 in the mutant, 

albeit the latter was not significant (Fig 8B). We then counted the number of Or19b 

neurons housed in at3 sensilla, and found that it is significantly reduced (Fi gure 22C, D). 

This discrepancy in the qPCR result may be due to the random fluctuation of gene 

expression levels, especially when the changes in the numbers of cells are small. This 

result suggests that similar conversions may occur in R(4) among the three fates when 

Bab is reduced. In contrast, the bab-positive at4 and ac2 from R(6) appear to be normal in 

this hypomorphic allele. This could either be because these two sensilla are specified 

with wider ranges of Bab levels or some other factors are needed to differentiate the two 

fates. Taken together, these data suggest that Bab could be an essential factor to 

distinguish alternate SOP fates within a ring using its concentration gradient.  

2.2.9 Functionally conserved molecular network in patterning 
gustatory receptor neuron fates 

The distal portions of both the legs and antennae are chemosensory organs 

covered by sensilla. The legs, being part of the gustatory system, display neuronal and 

molecular diversity that is characterized by a huge variety of gustato ry receptors 

expressed on the legs. Unlike ORNs, individual gustatory receptor neurons (GRNs) 

express multiple receptors, and a given GRN class can be found in different sensilla 

within different GRN clusters (36).  
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Because the legs and antennae use the same molecular network to pattern these 

chemosensory appendages, we asked if a similar genetic program operates to pattern the 

adult GRN fates. We tested this hypothesis in rn mutants as Rn is thought to be required 

for the development of tarsal segment 3 (ta3), and this segment is lost in rn mutants (93). 

However, we do  not have a reporter line that uniquely labels ta3. 

On the other hand, Gr5a and Gr61a are expressed in the mid and hind legs, 

where they are restricted to the GRNs in ta4 and ta5. In both cases, we could 

reproducibly detect an extra neuron in the mid or hi nd legs in rn mutant s (Figure 23 and 

24). To confirm this result, we used a reporter to label the bitter receptor Gr58c, which is 

expressed by a partner neuron in the same sensilla. We observed ectopic Gr58c neurons 

in rn mutants (Figure 23). In contrast, the Gr43a-expressing neurons, which coexpress 

Gr61a but are housed in another sensillum appeared be unchanged in the mutant 

(Figure 24). These results suggest that the sensilla, 5b and 4s, that house the Gr5a/Gr61-

expressing sugar neurons and the Gr58c-expressing bitter neuron are expanded towards 

the proximal segment of the legs in rn mutants (Figure 23). Taken together, we speculate 

that the same molecular network is used in parallel to diversify chemosensory neurons 

in the antennae and legs. 

2.3 Discussion 

How neuronal diversity in the brain is generated from a limited genomic toolkit 

remains largely unknown. In the Drosophila olfactory system, selective expression of 
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typically a single olfactory receptor gene from a repertoire of approximately 80 possibl e 

genes generates 50 different classes of ORNs. ORN classes are found in invariable 

clusters of 1-4 neurons in individual sensilla, which can be classified into types based on 

their morphology and subtypes based on the specific combination of ORN classes they 

house (18,19,24). Here, we show that a functionally conserved cross-regulatory 

transcription factor (TF) network module patterns the ORN precursor field along the 

proximodistal axis prior to neurogenesis. The interactions between different components 

of the TF network module partition the precursor field into concentric  domains in 

response to an EGF signaling gradient. These domains represent clusters of epithelial 

cells with distinct differentiation potentials, which are defined by unique combinations 

of TFs that ultimately drive specialization of these cells into sensi lla subtype lineage-

specific SOPs. Genetic manipulations of the network alter this combinatorial code and 

lead to predictable shifts between sensilla subtypes and neuronal identities. Our results 

suggest that this early TF network plays a major role during  neuronal diversification by 

prepatterning the antennal disc, thereby restricting the identities of cells in the precursor 

field.  

Although  our model of sensilla fate mapping can explain the majority of sensilla 

subtype specification and consequent ORN diversity, it is likely incomplete. For 

example, some distinct sensilla subtypes within a ring are specified by the same set of 

factors suggesting that additional/unknown genes must be contributing to the 
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differentiation process. One possibility is that facto rs that establish the dorsal/ventral 

(D/V) axis or anterior/posterior axis, such as engrailed and other prepatterning genes 

such as lozenge, can be superimposed onto the presented network and used in this 

process. These factors might function to regulate the expression of proneural genes, 

atonal and amos, adding an additional spatio -temporal aspect to regulate the selection of 

SOPs from prepatterned fields, as in the case of amos being regulated by lozenge 

(38,39,41,94). Further work should address the contributio n of these axis determination 

events to ORN diversification. The current study mainly focused on the final phase of 

the prepatterning stage, and hence the functional relevance of the temporal aspect of the 

TF network deserves further investigation.  

2.3.1 A common strategy with simple logic steps for generating 
neuronal complexity 

We propose a conserved stepwise strategy to explain the overall ORN diversity. 

First, the prepatterning phase generates distinct pools of epithelial cells with unique 

differentiati on potentials. This is followed by sensory organ precursor selection by 

proneural genes. Finally, these precursors undergo neurogenic divisions that allocate 

alternate fates into daughter cells through Notch signaling and terminal selector 

transcription fa ctors. One salient aspect of this cellular diversification strategy is its 

modularity. Each step is driven by context -independent rules, yet produces vastly 

different neuronal outcomes across systems in a developmentally context-dependent 

manner. For example, Rn is used to generate distinct precursor differentiation potentials 
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in both the antennal and leg discs to increase the complexity of the patterned precursor 

fields, which give rise to ORNs and GRNs, respectively. Similarly, Notch is reiteratively 

used during SOP divisions to generate each sensillum. Its function of segregating binary 

cell fates is context-independent, although the exact fates being segregated are quite 

different for each sensillum (8). Therefore, this stepwise mechanism simplifies the 

overall difficulty of creating neuronal diversity all at once by logically deconstructing 

similar differentiation processes into single -purpose steps with shared control elements.   

Even though our findings are in the PNS, there are similar examples of stepwise 

patterning and diversification in the fly CNS. For example, different neuroblast lineages 

in the Drosophila embryonic CNS are first specified by spatially restricted factors within 

specific positions of an orthogonal grid in the embryo (95). Anterior -posterior axis 

specification is controlled by Hox -segment polarity genes, which determine the overall 

fate, just as in the PNS (leg vs. antenna). Dorsoventral patterning is controlled by cross-

regulatory transcription factors, which are turned on in response to  different 

concentrations of morphogens such as Hedgehog and Dpp. Similar to olfactory SOPs, 

patterning of the neuroepithelium is followed by the expression of proneural genes and 

selection of neuroblasts, which undergo asymmetric divisions and neurogenesi s. The 

division patterns and factors that are asymmetrically segregated into each daughter cell 

are remarkably similar regardless of the neuroblast lineages to which they belong 

(95,96).  
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There are also parallels between our findings in the fly olfactory system and the 

more complex vertebrate olfactory system. Even though stochastic selection has been 

proposed as a mechanism for the expression of specific OR genes by different ORNs, the 

restriction of mammalian OR expression into distinct zones suggests that a deterministic 

mechanism may also be at play (14).  Consistent with this hypothesis, some OR classes 

that are restricted to specific domains in the mammalian olfactory epithelium were 

shown to contain known TF binding sites (97,98). Interestingly, some TFs, such as the 

mammalian orthologue of Apterous, Lhx2, have evolutionarily conserved 

developmental functions in olfactory neurons (99). We are curious to see if any of the 

mechanisms used in diversifying fly ORNs are also used in the mammalian system 

during the step of OR zonal separation. We suspect that some of the mechanisms used in 

diversifying fly ORNs may also be used in th e mammalian system during the step of OR 

zonal separation.    

Examples of similar neuronal diversification cascades utilizing gene regulatory 

networks under mor phogen gradient control are also seen in the vertebrate CNS and 

PNS. In the classic example of spinal cord neuron diversification, morphogen gradients 

(BMP/Shh) along the D/V axis of the neural tube activate different sets of transcription 

factors in the precursors to set up a number of domains prior to neurogenesis, thereby 

diversifying both progeni tor and sensory neuronal subtypes they generate (100,101). 

Recently, the radial glia that give rise to neurons of the cortex were also found to be 
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heterogeneous (102). Such combinatorial TF network modules confer positional and 

temporal information to each neural stem cell in order to create a diverse progenitor 

population in the mammalian cerebral cortex (102). Segmental patterning of these neural 

stem cells contributes to neuronal and glial diversity (103). Similarly, cortical projection 

neuron fates can be switched among lineages when the corresponding gene network is 

modified, changing the zonal partitioning of the neocortex (104). These results, in light 

of our findings, point to a common strategy composed of modular and simple 

commands functioning in a nested manner to increase neuronal diversity in multiple 

developmental contexts. 

2.3.2 ORN precursor fate specification and OR expression 

We associate terminal differentiation of ORNs with the specific selection of an 

OR gene for expression. At least in flies, it is possible that OR expression and ORN 

ËÐÝÌÙÚÐÛàɯÈÙÌɯÙÌÎÜÓÈÛÌËɯÉàɯÈɯÚÌÛɯÖÍɯɁÛÌÙÔÐÕÈÓɯÚÌÓÌÊÛÖÙɯÎÌÕÌÚȮɂɯÚÐÔÐÓÈÙɯÛÖɯÛÏÖÚÌɯ×ÙÖ×ÖÚÌËɯ

by Oliver Hobert (49). Here a TF, or combination of TFs, directly regulates the 

expression of genes required for terminal differentiation and function (49). So far, a list 

of postmitotic TFs have been shown to directly regulate OR expression by associating 

with OR promoters (47,52ɬ54,105). However, the loss of these TFs only affects the 

expression of specific subsets of OR genes, and yet most OR genes have binding sites for 

these factors. The functional specificity of each TF and their expression patterns in ORN 

classes have not been well defined. It is possible that chromatin states around OR 
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promoters in different ORN classes govern how these TFs function within each class. 

Epigenetic modulations of chromatin status have been shown to play an important role 

in numerous developmental processes, including the development of the olfactory 

system (46,48,106ɬ108). The prepatterning TFs could recruit epigenetic modifying factors 

to change the open and closed states of the chromatin around genes critical for different 

fates. These modifications can be inherited during cell divisions, and affect the genomic 

accessibility of later factors. Regardless of the exact mechanisms in between, it is likely 

that the expression/function of terminal selector genes are regulated, at least in part, by 

the developmental context established by the prepatterning network that we have 

described. Establishing a clear link between the early patterning networks and the late 

terminal selector TF network will be critical to resolving the se paradoxical results.   

2.3.3 Deployment of the same network module in diversifying 
olfactory and gustatory neurons 

This patterning network is remarkable in its functional and structural similarity 

in driving neuronal diversity in two related chemosensor y organs, the antennae 

(olfactory) and the legs (gustatory). At the top of the hierarchy of the cascade, Hox genes 

determine the overall neuronal identities within the discs during embryogenesis. 

Olfactory lineages, for instance, are determined by the gene homothorax in the antennal 

disc, whereas homothorax is inhibited by Antennapedia in the leg discs conferring 

gustatory identities (30). Strikingly, regardless of the particular Hox gene, the PD gene 

network module seems to perform similar diver sification commands in both 
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chemosensory systems. It will be interesting to ask how different sets of identity genes 

are regulated in different tissues on the molecular level, and how the cellular memory is 

passed down through the cascade. 

2.3.4 Modular evolution of gene regulatory networks and neuronal 
diversity 

Understanding the diversification process from homogeneous fields of 

precursors to diverse, terminally differentiated neuronal populations will provide key 

insights into how cascades of master regulatory transcription factor networks can 

generate and modify the cellular complexity seen in multicellular organisms. 

Understanding this diversification process can also help us understand the origins of 

this complexity. At an evolutionary scale, clear ana logy exists between ORN precursor 

diversification process and the segment diversification during early embryogenesis 

along the myriapods -insect lineage (109). The addition or elimination of TFs  governing 

either process might reflect, or likely instruct the generation of new fates. Based on a 

ÔÖËÌÙÕɯÝÌÙÚÐÖÕɯÖÍɯɁÛÏÌɯÓÈÞɯÖÍɯËÌÝÌÓÖ×ÔÌÕÛɂɯ×ÖÚÛÜÓÈÛÌËɯÈÓÔÖÚÛɯÛÞÖɯÊÌÕÛÜÙÐÌÚɯÈÎÖɯ(110), 

the history of the acquisition of increased complexity of a tissue and the concommitant 

genetic changes giving rise to that complexity is recapitulated by the temporal role and 

order of the genes that give rise to that complexity. Under this assumption, a primordial 

state in antennal development might be the expression domains of Bar and Dac in the 

antennal disc. Rn was then added to this network later in development and evolution. 

This would explain the dramatic decreases in ORN diversity and the expansion of 
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specific ORN populations in default sensilla subtypes in rn mutants as well as Bar/ap 

overexpression. Indeed, the onset of rn expression is later in third instar discs compared 

to dac/Bar/ap (84), and Rn seems to be unique to Arthropods, especially insects. Thus, it 

is plausible that Rn is a newer addition to the network. Conceivably, Rn evolved to 

generate novel olfactory neurons in order to help the ancestral Arthropods exploit novel 

olfactory niches. 
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Figure 5: Heatmap of olfactory receptor expression in the control and rn mutant adult 

antennae by RNAseq. Normalized expression of all olfactory receptors in the adult 

stage by DESeq2 is shown. Sequencing results of two biological replicates of paired -

end reads per genotype is used as the input. Each transcri ption variant is treated 

individually.  
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Figure 6: Summary of RNA -seq analysis. (A) Venn diagram showing the numbers of 

genes misregulated in rn mutants in the three early stages  T1 (3rd instar larval), T2 (8hr 

APF), and T3 (40hr APF). (B) Summary of misregulated genes based on the directions.  
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Figure 7: Rn controls the expression of BarH1/2 and bab1/2 in the antennal disc. (A) 

Expression levels of B -H1/2 and Bab1/2 between the control and mutants in diffe rent 

ÚÛÈÎÌÚȭɯ-ÖÙÔÈÓÐáÌËɯÌß×ÙÌÚÚÐÖÕɯËÈÛÈɯÉàɯ#$2ÌØƖɯÞÈÚɯÜÚÌËȭɯɓɯ×ǾƔȭƕɯɖɯ×ǾƔȭƔƙɯɖɖɯ×ǾƔȭƔƕɯɖɖɖɯ

p<0.001. (B) Expression patterns of PD genes in the third instar larval antennal disc. 

They are expressed in concentric rings along proximodistal axis. Anti -B-H1 (T. 

Kojima), anti -Bab2 (F. Laski), anti-Dac were used to visualize Bar, Bab and Dac. aprK568 

(stained with anti -ϕ-gal) and CRISPR tagged Rn-EGFP (89) were used to visualize Ap 

and Rn. Images were taken from different animals. (C) Confirmation of RNAseq 

results on Bar expression. Antibodies to B -H1 (red) were used. Expansion of B -H1 

outside CF (arrow) is apparent in rn mutants. The expansion of Bar is restricted within 

the distal boundary of D ac (blue). In the expanded zone outside the central fold, Bar 

expression overlaps with Rn expression (lower panel). (D) Bab2 antibody staining 

(blue) shows concentration gradients in wild type. In these composite images, two 

circles (arrow heads) on the ri dges of the central fold show the highest concentrations, 

but the high level of expression is continuous along the central fold (see S2C Fig). 

Bab2 level is weaker in rn mutants, although the overall pattern is unchanged. The 

rn89GAL4 reporter labels cells  that have active rn promoter (green). CF, central fold 

(arrow). (E) Quantification of Bab2 levels in (F). n=10, *** p<0.001  
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Figure 8: (A) ap expression (red) visualized by the enhancer trap line aprK568 remains 

inside the  central fold (compared to Fig 10 E and F). CF, central fold (dashed line). (B) 

Confocal images of the third instar larval antennal disc. Bab1 expression is visualized 

by staining the enhancer trap line bab1A128 ÞÐÛÏɯϕ-gal antibody. Bab2 is stained with 

its anti body (F. Laski). These two genes are partially redundant and overlapping in 

expression. Both genes show gradient expression and are confined within the 

boundary set by Dac (red). A single slice of the confocal image shows the boundary 

between Bab and Dac. Boxed area is shown on the right. Weak Bab2 slightly overlaps 

with Dac, while the overlapping between bab1A128 and Dac is not obvious, presumably 

due to the level of expression below the detectable range. (C) A side view of the 

antennal disc highlighting t he central fold. Both Rn (green) and Bab (red) are present 

continuously throughout the central fold. White arrows point to the central fold. (D) 

Cartoon schematic showing the rings of the antennal disc as viewed from the side.  
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Figure 9: Relationship between BarH1/2 and rn. (A) Expression of Or47b from at4 

sensilla as detected by Or47b:mCD8-GFP reporter in control, rn single mutant and 

rn/Bar  double mutant flies. Or47b expression is expanded into an anterior zone (right 

panel, arrowhead) in the rn-/- antenna. When mutant clones for BarH1/2 have been 

introduced in the rn-/- background, the expansion of Or47b expression in the anterior 

zone is no longer obvious (arrowhead). (B) Quantification of the numbers of Or47b 

expressing neuron s from (A). There is a significant decrease in the number of Or47b 

neurons in Bar/rn  double mutants as compared to rn single mutants. n=15. **p<0.01, 

***p<0.001. (C) Or47b neurons in wildtype and Bar MARCM clones. Or47b neurons 

were labeled using Or47bGAL4 to drive UAS-mCD8GFP. Clones were generated using 
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ey-FLP FRT19A TubGAL80. (D) There was no detectable difference between the 

numbers of Or47b neurons in wildtype and mutant clones. Quantification showed 

that the average number of cells observed was approx imately one fifth of the total 

number of Or47b neurons (B), suggesting that MARCM occurred in a small portion of 

the antennal disc. (E) ChIP -qPCR using anti -EGFP antibodies to pull down 

endogenous Rn-EGFP from third instar antennal discs and test the bindi ng of Rn to 

Bar/bab regulatory regions. T13 enhancer sequence upstream of bab2, which was 

previously reported to bind to Rn in vitro, showed enrichment for Rn -EGFP in the 

ChIP assay. Primers spanning different regions of BarH2 upstream of  its TSS (BarH2-

399, BarH2-728, and BarH2-1588) also showed binding of  Rn-EGFP. Or82a, which is 

expressed in ORNs that develop from rn-positive ORNs did not show binding as 

previously reported (42). **p<0.01. 
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Figure 10: Intercalation of prepatterning genes inside and outside the central fold. (A) 

A schematic model showing 7 concentric domains in the antennal disc  determined by 

unique combinations of transcription factors. Four rings are placed outside the central 

fold (CF), and three are inside. (B -F) Expression analysis of Rn, Bab and Dac (B); Rn, 

Bab, and Bar (C); Rn, Bar and ap (D and E); Bab and ap (F) demarcate 7 different rings 

in the antennal discs based on combinations of these factors as well as Bab 



 

69 

concentration gradient. Middle confocal sections were shown for (B -D), and 

superficial sections were shown for (E) and (F). Bab expression is highest near the 

central fold and decreases towards outermost and innermost regions. Bab was labeled 

with anti -Bab2. Rn was labeled with tagged EGFP in Rn -EGFP. Dac was labeled with 

a monoclonal anti -Dac antibody. Bar was labeled with anti -B-H1. ap was labeled with 

anti -ϕ-gal in aprK568. Individual channels are shown on the right of each image. Boxed 

areas are shown below in higher magnification. Rn expression is seen as a circle 

(arrow) inside the central fold in the middle sections (C). Central fo ld is denoted by a 

dashed line. Each ring is numbered and marked by a bracket.  

 

 

Figure 11: Expression pattern of PD network components in ORNs. Antennal lobe 

innervation of ORNs expressing GFP driven by (A) BarNP4099, (B) apmd544, and (C) 

bab1Pgal4-2. For bab and Bar expression, analysis was done on adults. For ap, 50-75 hour 

APF pupal brains were examined. Top rows show anterior confocal slices and the 

bottom rows show the posterior slices.  

 

 

 



 

70 

Table 1: Summary of the ex pression analysis shown in Fig 11 . Pupal brains (50-75 hr 

APF) were used to examine ap-positive ORN identities by apmd544-driven GFP. Adult 

brains were used for analyzing the bab (by bab1Pgal4-2-driven GFP) and Bar (by 

NP4099-driven GFP) dataȭɯ6ÌÈÒɯÌß×ÙÌÚÚÐÖÕɯÐÚɯÐÕËÐÊÈÛÌËɯÉàɯɁǶɤ-Ɂȭɯrn and dac 

expression data are taken from published results (42,43). 
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Figure 12: Expression of GFP in the mid -pupal antennal lobe driven by Bar or bab1 

GAL4. (A) A confocal Z -projection showing neuropil (magenta) and Bar-GAL4 U AS-

sytGFP (green). (B) As in (A) but with bab1-GAL4. Both images were taken from 

approximately 50 hr APF pupal brains.  
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Figure 13: Model depicting the PD network that determines the precursor identities of 

the rings and the ORN po pulations.  (A) Wild type antennal disc showing the 7 rings 

corresponding to subsets of sensilla subtype fates created by the combinatorial 

expression of the PD network components, as well as the Bab gradient. The cross -

regul atory network that operates with in the antennal disc is shown below. The origin 

of ab3 (with a question mark) is unclear.  (B) Scheme showing the changes to the 

overlapping domains within the antennal disc in rn mutants. R(6) and R(1) are 

expanded at the expense of R(2-5). See Appendix A  for explanations. (C) qRT -PCR of 

OR genes as a readout of ORN populations in antennal samples from rn mutant  flies.  
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Figure 14: Effect of Bar overexpression on ORN populations.  (A) Model depicting the 

changes to the combinatorial  code in rn89GAL4 UAS-BarH1 flies. The fate conversions 

among the rings are represented by arrows. See Appendix B  for explanations. (B) and 

(C) Rn89GAL4 UAS-GFP (green), Bar (red), and Dachshund (blue) staining on antennal 

discs from control (B) and rn89GAL4 UAS-BarH1M13 flies (C) shows expansion of Bar up 

to the Dachshund expression boundary (bracket). Central fold is missing in the 

overexpressing line (arrowhead). (D) qRT -PCR of OR genes as a readout of ORN 

populations in antennal samples from rn89GAL4 UA S-BarH1M13 flies. The receptors that 

show the same phenotype as in rn mutants are blocked in green shade.  
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Figure 15: Effect of apterous overexpression on ORN populations.  (A) Model 

depicting the changes to the combinatorial code  in rn89GAL4 UAS -ap flies. (B) and (C) 

Rn-EGFP (green), Bar (red), and Dachshund (blue) staining on antennal discs from 

wild type (B) and rn89GAL4 UAS-ap flies (C) shows expansion of Bar to R(4) and 

decreased Dachshund staining in R(2/3) (brackets). Indivi dual channels are shown on 

the right. Boxed areas are shown below at a higher magnification. (D) qRT -PCR of OR 

genes as a readout of ORN populations in antennal samples from rn89GAL4 UAS-ap 

flies. The receptors that show the same phenotype as in rn mutants  are blocked in 

green shade. 
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Figure 16: Expansion of Or47b in Bar overexpression. (A) Quantification of cell counts 

of Or47b neurons in (B). Flies that overexpress BarH1 with the rn89Gal4 driver show 

significant reductions in th e numbers of Or47b neurons in both females (blue) and 

males (red). * p < 0.05, ** p < 0.01. (B) Antennal images of Or47b neurons in BarH1 

overexpressing flies. Although the number of Or47b neurons is reduced, we detect 

ectopic neurons (arrowheads) in the a nterior portion of the antenna, consistent with 

the phenotype seen in rn mutants.  
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Figure 17: Changes in sensilla identity in rn mutant as well as Bar and ap 

overexpression. (A -D) Glomerular targets of ab5 ORNs (blue dashed lines)  and at4 

ORNs (yellow dashed lines are shown in wild type (A), rn mutants (B), BarH1 , and Ap  

overexpression (C and D, respectively). The glomerular targets of at ORNs are 

expanded in all cases and the targets of ab5 ORNs are lost in all cases. (E-M) Analys is 

of OR expression in adult antennae also corroborates qPCR data (Fig 14D, 15D). ab7 

sensilla (Or98a and Or67c) are downregulated in BarH1 overexpression (F) and (I) but 

are upregulated in Ap overexpression (G) and (J) compared to (E) and (H). Or49a, 

whic h pairs with Or67a in ab10 sensilla, is downregulated in both Bar and Ap 

overexpression (K -M).  
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Figure 18: TF expression in Bar overexpression. (A) and (B) Single slices of 3 rd instar 

larval discs show ing the expression patterns o f rn, ap and dac in control and Bar 

overexpressing lines. The central fold is highlighted as a dashed line and is absent in 

Bar overexpressing larvae . No change was detected in rn or ap staining. (C) and (D) Z -

stacks of antennal discs stained for Bab and D ac in wildtype and Bar overexpressing 

discs. Beyond the loss of the central fold, no change in bab expression was detected. 
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Figure 19: Changes in TF expression in ap overexpression. (A) and (B) Single slices of 

3rd instar larval discs showing the expression patterns of rn, bab and Bar in control 

and Ap overexpressing lines. Bar is expanded outside of the central fold (arrowhea ds) 

in larvae that overexpress ap. No change was detected in Bab staining. rn expression is 

lost in R(5) i nside of the central fold (arrows). (C) Loss of Rn (arrowheads) inside of 

the central fold (dashed line) in ap overexpressing larvae. (D) Single slice of the 

confocal image shown in Fig 15C. Limit of Bar expansion is defined by dac 

expression. rn-positive,  dac-negative cells that do not express (asterisks) or express 

low levels of Bar (crosses) can be seen in the enlarged area (boxed). 
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Figure 20: Effect of loss of apterous or Bar on OR expression. (A) Quantitative RT -

PCR analysis for ORs in control ( ey-FLP FRT19A/FM6) and bar mutant clones ( ey-FLP 

FRT19A/D(f)1 Bar FRT19A). No significant changes were detected for all ORs tested. 

(B) Quantitative RT -PCR analysis of w 1118 and ap mutants ( nap1/apmd544Gal4). The 

expression of IR31a (ac1), Or85a (ab2), and Or56a (ab6) were significantly reduced in 

ap mutants. All three ORN classes were also shown to be positive for ap expression 

(Table 1, Fig 5A). * p < 0.05, ** p < 0.01. 
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Figure 21: Overexpression of constituti vely active EGFR. (A) Quantitative RT -PCR 

analysis of OR genes in UAS -GFP; rn89Gal4 and UAS-lambda top 4.4/  rn89Gal4 flies. Or67b 

(ab9), Or13a (ai1), and IR84a (ac4) were downregulated and Or67a (ab10) was 

upregulated in EGFR overexpressing flies (* p < 0.05, ** p < 0.01). (B) Staining on the 

control UAS -GFP; rn89Gal4 third instar larval discs for Bar (red), rn89 (green) and Dac 

(blue). The central fold (dashed line) and R(2) -(4) are highlighted. (C) Staining as in 

(B) in flies overexpressing EGFR. Bar -posi tive region had expanded and the location 

of the central fold had changed. Bar and Dac domains became adjacent to each other. 

There is also significant repression of rn expression, consistent with previous reports 

of the function of EGFR signaling.  
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Figur e 22: Effects of hypomorphic bab mutants on ORN populations. (A) Model 

depicting the changes to the combinatorial code in babPR72 homozygous flies. The fate 

conversions among the rings and ORN pools are represented by arrows. (B) q RT-PCR 

of OR genes as a readout of ORN populations in antennal samples from babPR72 

homozygous flies. * p<0.05, ** p<0.01, *** p<0.001. (C) Antennal images of Or19b (at2) 

expression in control (left) and babPR72 mutant (right) flies. The top panel is femal es 

and the bottom panel is males. (D) Quantification of the number of Or19b neurons 

from (C). Both males and females show a significant reduction in the number of 

neurons. *** p < 0.001. 
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Figure 23: Regulation of GRN patterns by t he PD network.  GRN and ORN 

specification may be regulated by the same molecular network. In rn mutant, tarsal 

segment (ta3) is missing, and other segments are fused. Ectopic expression of Gr61a 

and Gr58c can be seen in the distal region of the second tarsa l segment, suggesting a 

duplication of 4s/5b sensilla. Neurons labeled by the red asterisk in the pictures are 

the ectopic neuron only seen in the mutant. Different sections of confocal images are 

shown when neurons are not on the same focal plane. All leg s are either from the mid 

or from the hind leg. Cartoon illustrating the rn phenotype in GRNs is shown below. 

The ectopic sensillum is labeled in red. The scheme for GRN classes and the receptors 

expressed in the 5b/4s and 5v sensilla are modified from (36). The GR that 

distinguishes 5b from 5v is circled in yellow (Fig  24). Receptors that are analyzed in 

the figure are circled in green. In the wild type, there is a pair of sensilla for each 

sensilla type, although only one for each pair is drawn.   
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Figure 24: Expression of Gr5a and Gr43a in rn mutant legs. (Top) The sweet s ensing 

Gr5a neuron (co-expressing Gr61a) is expanded in rn mutants. Control flies have four 

Gr5a neurons (left, white asterisks) in the 4 th and 5th tarsal segments. In rn mutants an 

ectopic neuron is present (right, red asterisk). (Bottom) The bitter sensi ng Gr43a 

neurons are unchanged in rn mutants, suggesting the expansion of Gr61 (Fig 23) 

comes from 5b/4s instead of 5v sensilla.  

 

2.4 Materials and Methods 

2.4.1 Fly genetics 

babA128, Df(3L)babPR72, were from Frank Laski. Df(1)B263-20 FRT19A, UAS-BarH1M13 were 

from Tetsuya Kojima. UAS -$ÎÍÙȭϞÛÖ×ƘȭƘɯÞÈÚɯÍÙÖÔɯ ÔÈÕËÈɯ2ÐÔÊÖßȭɯÙÕtot, rntod was 

previously described (42). OR-CD8 GFP, OR-GAL4, IR-GAL4, GR-GAL4 lines were from 

Leslie Vosshall, Barry Dickson, Richard Benton and John Carlson, respectively  (18,24). 

Or67dGAL4 knock-in stock was a published line showing faithful expression of Or67d 

(111). rn89, bab1Agal4-5 (#6802), bab1Pgal4-2 (#6803), apmd544, aprK568, UAS-ap, Df(2R)nap1, tubP-

GAL80 ey-FLP FRT19A, FRT19A, UAS-CD8 GFP, UAS-Syt GFP, UAS-FLP were all from 
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Bloomington Stock Center. NP4099 (BarGAL4) was from Drosophila Genetic Resource 

Center. 

2.4.1.1 Genotypes for fly genetics:  

Figure 7C. w1118. aprk568. Rn-EGFP  

Figure 7D and E. rn+/-: UAS-CD8 GFP/+; rn89GAL4/TM6b. rn-/-: UAS-CD8 GFP/+; rn89GAL4/rn tod  

Figure 8A. aprK568/UAS-CD8 GFP; rn89GAL4/rn tod  

Figure 8B. bab1A128/+ 

Figure 8C. Rn-EGFP  

Figure 9A. Bar+/- rn+/-: eyFLP FRT19A TubGAL80/+; Or47b::mCD8-GFP/+; rn tot/+. Bar+/- rn-/-

:  eyFLP FRT19A TubGAL80/+; Or47b::mCD8-GFP/+; rntot/FRT rntot. Bar-/- rn-/-: eyFLP FRT19A 

TubGAL80/ Df(1)B263-20 FRT19A; Or47b::mCD8-GFP/+; rntot/FRT rntot  

Figure 9C. Control: eyFLP FRT19A TubGAL80/FRT19A; Or47b GAL4 UAS-GFP/+. Bar 

MARCM:  eyFLP FRT19A TubGAL80/ Df(1)B263-20 FRT19A; Or47b GAL4 UAS-GFP/+  

Figure 9E. w1118. Rn-EGFP  

Figure 10B, C. Rn-EGFP.   

Figure 10D, E. aprK568/+, Rn-EGFP  

Figure 10F. aprK568/+  

Figure 11A-C and Figure 12A, B. NP4099 BarGAL4; UAS-CD8GFP. apmd544; UAS-CD8 GFP. 

bab1Pgal4-2/UAS-CD8 GFP. NP4099 BarGAL4; UAS-Syt GFP. bab1Pgal4-2/UAS-Syt GFP.  

Figure 13C. w1118. rntot/FRT rntot  
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Figure 14B. UAS-CD8GFP/+; rn89GAL4/TM6B 

Figure 14C. UAS-CD8GFP/+; rn89GAL4/UAS-BarH1M13   

Figure 14D. UAS-CD8GFP/+; rn89GAL4/TM6b. UAS-CD8GFP/+; rn89GAL4/UAS-BarH1M13  

Figure 16. Or47b::mCD8GFP/+; rn89GAL4/TM6b: Or47b::mCD8GFP/+; rn89GAL4/UAS-BarH1M13  

Figure 17C. rn89GAL4/rn tod.  

Figure 17E-M. OR::mCD8GFP. OR::mCD8GFP; rn89GAL4/UAS-BarH1M13. OR::mCD8GFP; 

rn89GAL4/UAS-Ap 

Figure 18A. Rn-EGFP UAS-BarH1M13/TM6B  

Figure 18B. Rn-EGFP UAS-BarH1M13/rn89GAL4 

Figure 18C. UAS-BarH1M13/TM6B 

Figure 18D. UAS-BarH1M13/rn89GAL4 

Figure 15B and Figure 19A, C. UAS-Ap/+; Rn-EGFP/TM6B  

Figure 15C and Figure 19B-D. UAS-Ap/+; Rn-EGFP/rn89GAL4   

Figure 15D. UAS-CD8GFP/+; rn89GAL4/TM6b. UAS-CD8GFP/+; rn89GAL4/UAS-Ap  

Figure 20A. eyFLP FRT19A TubGAL80/FM6.  eyFLP FRT19A TubGAL80/ Df(1)B263-20 FRT19A  

Figure 20B. w1118. Df(2R)nap1/ apmd544  

Figure 21B. w1118: babPR72  

Figure 21C. Or19b::mCD8GFP/+; babPR72/TM6b: Or19b::mCD8GFP/+; babPR72   

Figure 22. UAS-CD8GFP/+; rn89GAL4/TM6b. UAS-CD8GFP/+; rn89GAL4/UAS-$ÎÍÙȭϞÛÖ×ƘȭƘ  
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Figure 23 and Figure 24. rn+/-: GR-GAL4/UAS-CD8 GFP; rntot/TM6b. rn-/-: GR-GAL4/UAS-

CD8 GFP; rntot/FRT rntot.  

2.4.2 RNA extraction and library preparation 

For the RNAseq analysis, wandering third instar larval antennal discs (~70 for 

each genotype), 8hr APF pupal antennae (~50 for each genotype), 40hr APF pupal 

antennae (~50 for each genotype), and adult antennae (150 males and 150 females) from 

w1118, rntot/TM6b, and rn tot/rn tot flies were dissected. RNA was extracted with RNeasy kit 

(Qiagen) following manufacturer's instructions, and was treated with on -column DNase 

digestion (Qiagen). We extracted RNA only from the antennal portion of the larval eye-

antennal discs in order to remove contamination by transcripts from the developing eye. 

All samples were diluted to 20ng/ul in 55ul volume with H 2O, out of which 3.5ul was 

used for quality control using Bioanalyzer (Duke Microarray Core Facility). The 

concentrations were measured again with Qubit 2.0 (Life Technologies), and 700ng RNA 

was diluted to 50ul total volume with H 2O for each sample. RNA sequencing libraries 

were prepared with TruSeq Stranded mRNA Sample Prep Kit (Illumina) following the 

manufaÊÛÜÙÌÙɅÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ%ÖÙɯÛÏÌɯ1- ɯÍÙÈÎÔÌÕÛÈÛÐÖÕɯÚÛÌ×ȮɯƝƘʁ"ȮɯƖÔÐÕɯÞÈÚɯÜÚÌËɯÞÐÛÏɯ

the intention to obtain a median size ~185bp. PCR amplification was done with 15 cycles. 

A total of 24 multiplexed libraries (barcoded) were accessed for quality and mixed 

altogether before separating to two identical pooled libraries, which are subject to cluster 
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generation followed by Illumina 50bp paired -end sequencing by UNC High -Throughput 

Sequencing Facility (HTSF).  

2.4.3 RNAseq analysis 

Drosophila melanogaster transcript ome (r5.57) was downloaded from flybase and 

bwa indexed was created with bwa -0.7.8. Each sequencing file was aligned to the 

transcriptome, and .sam files for each sample were generated by putting two alignments 

from both reads together. At least over 80% of the total reads were able to align to the 

reference. After that, count tables were made for each sample with a customized python 

script, and further consolidated into a matrix containing transcript ID and read counts 

from all genotypes for each stage with a Ruby script. These matrices were used as inputs 

for differential expression analysis using a customized DESeq2 R script.  

For each stage, we first filtered out ORs/IRs/GRs from the RNAseq datasets, and 

excluded the genes with low expression levels in all three genotypes (normalized count 

< 20). We then narrowed the analysis down to genes that show the same trend of 

differential expression when comparing homozygous vs. w1118 and homozygous vs. 

heterozygous datasets. Because the heterozygous background may have some dominant 

effects due to the presence of the balancer chromosome and the heterozygous flies do 

not show any OR phenotypes (42), saving genes that pass both comparisons would help 

remove irrelevant genes modified by the balancer chromosome and meanwhile enhance 

the discovery confidence. Because of these stringent filtering steps, we could maximize 



 

88 

our gene lists with  a more relaxed cutoff (unadjusted p < 0.1) for the gene ontology (GO) 

and functional clustering analyses. 

2.4.4 Immunohistochemistry 

Samples were fixed with 4% paraformaldehyde, washed with phosphate buffer 

with 0.2% Triton X -100, and staining as previously described (57). Primary antibodies 

were used in the following dilutions: rabbit a-GFP 1:1000 (Invitrogen), chicken a-GFP 

1:700 (Aves Labs), rat a-Ncad 1:20 (Developmental Studies Hybridoma Bank), mouse a-

Bruchpilot 1:20 (Developmental Studies Hybridoma Bank), mouse a-CD2 1:1000 

(Serotec), mouse a-Dac 2-3 1:20 (Developmental Studies Hybridoma Bank), rabbit a-ϕɯ

galactosidase 1:800 (Invitrogen), mouse a-ϕɯÎÈÓÈÊÛÖÚÐËÈÚÌɯƕȯƜƔƔɯȹ/ÙÖÔÌÎÈȺȮɯÙÈÛɯa-Bab2 

1:1500 (Frank Laski), rabbit a-Bar-H1 1:100 (Tetsuya Kojima). The following secondary 

antibodies were used: Alexa 488 goat a-rabbit 1:1000, Alexa 488 goat a-chicken 1:1000, 

goat  a-mouse-Cy3 1:100, goat a-rat-Cy3 1:200, goat a-rabbit -Cy3 1:200, Alexa 568 goat 

a-mouse IgG highly cross-adsorbed 1:300, Alexa 647 goat a-rat 1:200, Alexa 633 goat a-

mouse 1:200, Alexa 647 goat  a-mouse 1:200. Confocal images were taken by an 

Olympus Fluoview FV1000 or Zeiss LSM 510 (Light Microscopy Core Facility).  

2.4.5 Real-time RT-PCR 

Antennae from approximately 50 flies were dissected for each genotype and at 

least three biological replicates were analyzed for each genotype. RNA was extracted 

with an RNeasy kit (Qiagen), treated with on -column DNase digestion (Qiagen), and 



 

89 

then reverse transcribed into cDNA using the SuperScript First -Strand Synthesis System 

for RT-PCR (Invitrogen). qPCR was performed using the FastStart Universal SYBR 

Green Master Mix (Roche) or the FastStart Essential DNA Green Master Mix using 

standard protocol. Expression for each gene was analyzed in triplicate. Ct values were 

used to calculate dilution factors for each gene based upon standard curves created for 

each gene. Dilution factors were then normalized to the average factor of all ORs tested. 

 

Table 2: qPCR primers for olfactory receptors.  

PRIMER NAME  SEQUENCE AMPLIFICATION EFFICIE NCY 

OR67D-QPCR-F  GCATCAGCTGTATACTAGAATGCTT  1.004581 

OR67D-QPCR-R  GGGCCAGGCTTTCATAAAGAT   

OR23A-QPCR-F  ACTGTACCTGATCTCCGAGC  1.022281 

OR23A-QPCR-R  GTCACATCGAGTAATCTATACAGCG   

OR2A-QPCR-F  CCTTCTACGATTGCAACTGGAT  1.05291 

OR2A-QPCR-R  AACCTCATGACCTGCTCGAAG   

OR47B-QPCR-F  CAAATCTCAGCCTTCTGCGG  1.012215 

OR47B-QPCR-R  GATACTGGCACAGCAAACTCA   

GR21A-QPCR-F  CCAACATGTACGGCATGTACT  0.9796537 

GR21A-QPCR-R  ACAGACC CACCTCCTTGTAG  

OR92A-QPCR-F  TGATATCTTCAAGCTCTCGGATTG  0.9533596 
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OR92A-QPCR-R  TAGGCGGTCTTATAGAGGCG   

OR85A-QPCR-F  GAGCGACGATACAGAACCAC  0.9776528 

OR85A-QPCR-R  AAGCGAACTTGGCCATCTTTAT   

OR22A-QPCR-F  CCGATCGTCGCTACAAATCC  1.034769 

OR22A-QPCR-R  ATGCCAGCT TCACCATAGCC   

OR56A-QPCR-F  TTGACAGTTGGCGTTCCAAG  0.9354389 

OR56A-QPCR-R  AAGCAAGGCTCAGTTCATCG   

OR82A-QPCR-F  CTCCAATTGGCATCTGGCTT  0.943322 

OR82A-QPCR-R  GTTCGACAGATCCCAACGAAA   

OR49B-QPCR-F  ACAAGGTGGGAAAGTTGATGG  1.008808 

OR49B-QPCR-R  AATGGCAGGACTCTTT CGCT  

OR98A-QPCR-F  ATTCAAGCCGCAGTTACAAGT  0.956284 

OR98A-QPCR-R  TGCCAGCTTAGCCACCTTAAT   

OR9A-QPCR-F  GAGACCAACTGGACCGACTT  0.9326372 

OR9A-QPCR-R  GAACAATCGTCGAGAAGGTGG   

OR67B-QPCR-F  AGATCGTTTGCATGCCTGTT  1.068821 

OR67B-QPCR-R  GCCGGGTAAGTCAAGGTCAT   

OR67A-QPCR-F  ATTCAAGCCCATAACGCACC  1.045276 

OR67A-QPCR-R  TCATCAGATCAGTGAGTCGAAGT   

IR31A-QPCR-F  CGAGATCTGTGATCTGCGTG  0.9775197 
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IR31A-QPCR-R  CCTGGGCATTACACATAGCTG   

IR41A-QPCR-F  CCAAATTGATTCATCTGCCGC  1.020108 

IR41A-QPCR-R  ACCACGAGTACATAGCTCCAA   

OR35A-QPCR-F  CGACTTGGCCTTTACTACGGA  0.9652927 

OR35A-QPCR-R  AGGGCTTGCTGTTCATCTCA   

IR84A-QPCR-F  CAGTTGGTCAGGTGTGATGG  0.9322729 

IR84A-QPCR-R  AAAGTGGATGTTCTGGGTGTG   

OR13A-QPCR-F  CAATCGTTCACGCCAACAAC  0.9915544 

OR13A-QPCR-R  ATCGAGGTACTTAGAATGGCCG   

ACT5C-QPCR-F GGCGCAGAGCAAGCGTGGTA  1.029591 

ACT5C-QPCR-R  GGGTGCCACACGCAGCTCAT   

GAPDH2 -QPCR-F  CGTTCATGCCACCACCGCTA  1.053987 

GAPDH2 -QPCR-R  CCACGTCCATCACGCCACAA   

 

2.4.6 Chromatin immunoprecipitation 

This procedure is modified based on a published protocol (112). For each 

genotype, approximately 800 eye-antennal discs were dissected. The samples were 

cross-linked with 1% formaldehyde in dissection buffer for 10min at room temperature. 

To quench cross-linking, glycine was added to 125mM final concentration, and the 

samples were incubated for 5min. The discs were homogenized and sonicated in a 
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Bioruptor machine for 13min (high frequency; 30 sec ON/30 sec OFF).  The chromatin 

was pre-cleared with pre -washed Dynabeads Protein G (Life Technologies) for 1hr at 

Ƙʁ"ɯÖÕɯÈɯÕÜÛÈÛÖÙȭɯɯ3ÏÌɯ×ÙÌ-cleared chromatin was split into 2 tubes (1ml/tube), and 

another 20ul (2%) was saved as input and stored at -ƖƔʁ"ȭɯƙÜÎɯ ÕÛÐ-GFP antibody 

(Ab290) or an equal amount of normal rabbit IgG were ad ded to either tube, followed by 

ÖÝÌÙÕÐÎÏÛɯÐÕÊÜÉÈÛÐÖÕɯÈÛɯƘʁ"ȭɯ!ÌÈËÚɯÞÌÙÌɯÈËËÌËɯÛÖɯÉÖÛÏɯÛÜÉÌÚȮɯÈÕËɯÛÏÌɯÚÈÔ×ÓÌÚɯÞÌÙÌɯ

ÐÕÊÜÉÈÛÌËɯÍÖÙɯƖɯÏÖÜÙÚɯÈÛɯƘʁ"ɯÖÕɯÈɯÕÜÛÈÛÖÙȭɯ!ÌÈËÚɯÞÈÚɯÉÙÐÌÍÓàɯÙÐÕÚÌËɯÞÐÛÏɯÞÈÚÏɯÉÜÍÍÌÙɯ(ɯ

(50mM K-HEPES, pH7.8, 140mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 0.1% 

Na-deoxycholate, 0.1% SDS), and washed 1X with wash buffer I, 1X with wash buffer II 

(the same as buffer I, except that NaCl is 500mM), 1X with wash buffer III (250mM LiCl, 

0.5% Igepal CA-630, 0.5% Na-deoxycholate, 1XTE), 2X with the T$ɯÉÜÍÍÌÙȮɯÈÛɯƘʁ"Ȯɯ

5min/each wash. The chromatin was eluted 2X with pre -warmed elution buffer (1% SDS, 

100mM NaHCO 3). For each elution, beads were incubated in 100ul solution for 10min at 

ƚƙʁ"ȮɯÞÐÛÏɯÎÌÕÛÓÌɯÝÖÙÛÌßÐÕÎɯÌÝÌÙàɯƖ-3 min. To reverse cross-link, 5M NaCl was added to 

ÌÈÊÏɯÛÜÉÌȮɯÍÖÓÓÖÞÌËɯÉàɯÖÝÌÙÕÐÎÏÛɯÐÕÊÜÉÈÛÐÖÕɯÈÛɯƚƙʁ"ȭɯ3ÏÌɯ"Ï(/-ed DNA was treated 

with RNase and proteinase K, and extracted by PCR purification columns (Qiagen). The 

purified DNA was tested for enrichment of DNA fragments by qPCR. For eac h target 

gene, up to 150bp amplicons were selected every ~300bp in the first 2kb region upstream 

of the coding region. To test direct binding of Rn to the published 13bp T13 motif within 

the Bab2 LAE (leg and antennal enhancer) in vivo, a primer pair cover ing this region was 
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designed for ChIP-qPCR analysis (85). This result, prov ided being positive, would serve 

as a positive control. To confirm that Rn does not bind to the M1 motif upstream of rn-

positive OR promoters, primer sets covering the motif from Or49a and Or82a promoters 

were designed and used in ChIP-qPCR analysis. This experiment can also be used as a 

negative control.  

Table 3: ChIP-qPCR primers. 

Primer Name Sequence 

Bab2_ChIP_T13_F TATTTGCGTGGAGCCTTC 

Bab2_ChIP_T13_R TAACGATTGCCGCGATTT  

Or82a_ChIP_M1_F CACAGTACATACAGCCATACAG  

Or82a_ChIP_M1_R CGCTTCCTTCTGCTTGTT 

B2_ChIP_399_F CCCTCAAAGATAACGAACACG  

B2_ChIP_399_R CGAACTACAACCGCACAAA  

B2_ChIP_728_F TGAGTTTCAAGCTGCCATAA  

B2_ChIP_728_R TTGTACAGGAATGACAGAACAT  

B2_ChIP_1588_F CATGGTTTATTCAGAGGCAATAC  

B2_ChIP_1588_R CCAAGCATTTACGACCTGA  

Note: B1 and B2 stand for Bar-H1 and Bar-H2, respectively. T13 and M1 are the motif 

names (42,85). The numbers correspond to the lengths between transcription start sites 

and the beginning of the amplicons.  
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2.4.7 Statistical analysis 

Statistical analysis of Bab2 expression levels, qPCR results, and neuron counts 

was by unpaired, two -ÛÈÐÓÌËɯ2ÛÜËÌÕÛɀÚɯÛɯÛÌÚÛȭɯ%ÖÙɯÈÓÓɯÛÌÚÛÚȮɯɖɯp< 0.1, ** p<0.01, *** p<0.001. 

Single factor ANOVA was used to analyze the number of Or47b neurons. Post-hoc, 

unpaired, two -taÐÓÌËɯ2ÛÜËÌÕÛɀÚɯÛɯÛÌÚÛÚɯÞÌÙÌɯÊÈÓÊÜÓÈÛÌËɯÈÍÛÌÙɯ -.5 ȭ 
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3. Transcriptional profiling of olfactory system 
development identifies distal antenna as a regulator of 
subset of neuronal fates  

This chapter is modified from the previously published work Barish et al. (2017). 

Transcriptional profiling of olfactory system development identifies distal antenna as a regulator 

of subset of neuronal fates. Scientific Reports; 7:40873. doi: 10.1038/srep40873. 

3.1 Summary 

Background 

Drosophila uses 50 different olfactory r eceptor neuron (ORN) classes that are 

clustered within distinct sensilla subtypes to decipher their chemical environment. Each 

sensilla subtype houses 1-4 ORN identities that arise through asymmetric divisions of a 

single sensory organ precursor (SOP). Despite a number of mutational studies 

investigating the regulation of ORN development, a majority of the transcriptional 

programs that lead to the different ORN classes in the developing olfactory system are 

unknown.  

Results 

Here we use transcriptional profi ling across the time series of antennal 

development to identify novel transcriptional programs governing the differentiation of 

ORNs. We surveyed four critical developmental stages of the olfactory system: 3rd 

instar larval (prepatterning), 8 hours after p uparium formation (APF, SOP selection), 40 

hrs APF (neurogenesis), and adult antennae. We focused on the expression profiles of 
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olfactory receptor genes and transcription factorsɭthe two main classes of genes that 

regulate the sensory identity of ORNs. 

Conclusions 

We identify distinct clusters of genes that have overlapping temporal expression 

profiles suggesting they have a key role during olfactory system development. We show 

that the expression of the transcription factor distal antenna (dan) is highly similar to 

other prepatterning factors and is required for the expression of a subset of ORs. 

3.2 Results 

3.2.1 Stage specific analysis of developing olfactory system 
transcriptome 

To analyze the transcriptional dynamics of olfactory system development in  

Drosophila melanogaster, mRNA was sequenced from developing antennal discs and 

antennae at four different stages (3L, p8, p40, adult). For every time point, we generated 

two biological replicates, each comprised of RNA pooled from >50 w1118 flies (113). We 

first performed principal component analysis (PCA) to assess the sources of variation of 

transcripts across RNA datasets from 4 developmental stages (Fig 25A). Variation  

detected in the first two principal components (PC1 and PC2) showed high level of 

similarity between 3L and p8, both of which significantly differed in global transcription 

from p40 and adult antennae (Fig 25A). As expected, the biological replicates for each 

stage were most similar to each other, segregating away from the transcriptional profiles 

of other stages (Fig 25A). The first principal component segregates the samples based on 
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developmental time, such that, the right side of the graph corresponds t o earliest 

developmental stages and the left is the more differentiated states (Fig 25A). The second 

principal component clusters the first three time ɭ3L, p8, and p40--points close together 

while adult antennae are highly segregated by this principle compo nent (Fig 25A). In 

other words, each developmental time appeared to have a unique transcriptional profile 

that clusters away from other stages, especially the adult stage. Given their temporal 

proximity, it is striking that the p40 and adult antennal trans criptional profiles appeared 

most distant from each other according to the second principal component (Fig 25A). We 

next analyzed which transcripts contribute to PC1 and PC2. Of the >29,000 transcripts 

that were analyzed only 17 had a correlation coefficient >0.1 for PC1 (Table 4). Three of 

these transcripts were annotated as having metabolic functions, three as odorant binding 

proteins (Obps), one as involved in lateral inhibition and 10 had no known function. 21 

transcripts had correlation coefficients >0.1 for PC2 (Table 5), and of these 10 were 

involved in cuticle/chitin development, 8 had no known function and one each were 

involved in wing disc morphogenesis, lateral inhibition, and metabolism. These results 

are consistent with the observation that PC2 segregates adult antennae from the other 

three developmental stages and suggests that the primary transcriptional changes in the 

antenna that drive late stages of development control the development of the cuticle and 

adult structures. Given that almost h alf of the genes identified have no known function 

suggests that many of the key players in this process remain uncharacterized. 
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We next analyzed which genes were differentially expressed between each time 

point, which are represented in MA plots (Fig 25B-D). Genes that show significant 

differential expression in each comparison are represented by red dot (p<10-6, Table 6-8). 

This analysis confirmed results from PC analysis: 3L and p8 appeared more similar and 

segregate from p40 and adult (Fig 25B-D, Table 6-8). These results underscore that the 

transcriptional profile of the developing olfactory tissue is dynamic across 

developmental time and that each stage has a characteristic transcriptional profile. Yet 

the antenna is a highly complex tissue, and defining the specific cell types undergoing 

these transcriptional changes requires detailed transcriptome analysis of sorted cell 

populations.  

Analysis of both PCA clustering and MA plots comparing 3L -p8, p8-p40, and 

p40-adult sequences showed that transcriptional changes occurring in later stage 

transitions are much more dramatic as compared to earlier stages (Fig 25A-D). To 

identify the genes driving transcriptional differences between each time point, we 

determined enriched functional gene groups among the genes that vary across time 

points using Gene Ontology (GO) plot package in R (Fig 26-28). For each comparison, 

we performed two analyses: using the 500 genes either with the largest fold change or 

with the lowest p -values (Fig 26-28). The genes with the largest fold change between 3L 

and p8 are enriched for functions in chitin and cuticle development, and the 

extracellular matrix (Fig  26A-B, Table 9). Similar enrichment for structural components 
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of chitin, cuticle development, and the extracellular matrix are  also detected for the 500 

genes with lowest p-values, in addition to genes involved in developmental processes, 

transcription factor activity and neuronal fate commitment (Fig  26C-D, Table 9). 

Between p8 and p40 genes were significantly enriched for changes in the development 

of the cuticle and chitin synthesis (Fig 27A-B, Table 10). We also observed that there was 

enrichment among the genes with the lowest p-values, for cell cycle processes (Fig 27C-

D, Table 10), which is consistent previous observations that all neurons of the antenna 

are generated by 40hrs APF (43). Finally, between p40 and Adult transcriptomes 

differentially expressed g enes were enriched for odorant binding and sensory 

perception (Fig 28, Table 11) consistent with the upregulation of OR genes. Metabolic 

processes were also enriched for genes with the largest fold change between these time 

points (Fig 28A-B, Table 11). Interestingly, we also detected enrichment in both groups 

of genes for plasma membrane structure and function. We observe that processes such 

as cell cycle regulation, transcription factor activity, and neuronal fate commitment are 

enriched in the lowest p-value groups but not the largest fold change. This suggests that 

the largest transcriptional changes occur for genes regulating the development of 

antennal structure, while other developmental processes are make smaller though 

significant changes. Overall, these results suggest that earlier stages of antennal 

development are dedicated for cellular and structural development of the antennal 
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tissue, and the later stages, especially adult stages, are enriched in genes responsible for 

functional and sensory prop erties of the antenna. 

3.2.2 Temporal Dynamics of OR Expression 

Because it has been previously shown that the onset of olfactory receptor 

expression begins around 40 hrs APF (114), we were curious to see which, if any, ORs 

are expressed at this stage. We were able to detect OR transcripts at this stage, but they 

were expressed at much lower levels as compared to the adult stage (~2 orders of 

magnitude lower, Fig 29). Because the expression of ORs at p40 was so low, we wanted 

to determine if the expression in our RNA -seq data was biologically relevant. We first 

compared OR expression levels at p40 to the expression of gustatory receptors (GRs). 

Gustatory receptors primarily function in taste sensation and are expressed 

predominantly in the labial palps and legs  (36,115,116). With the exception of the four 

olfactory GRs (Gr21a, Gr63a, Gr28b, and Gr10a) (24), GRs are not known to be expressed 

in the olfactory system, and should therefore not be expressed above background levels 

in the antenna (117). The structure of GRs and their expression in gustatory neurons, is 

relatively similar to ORs in the olfactory organs, except that multiple GRs can be 

expressed in the same neuron. Most reporters of GR expression show exclusion from the 

antennae (36,115,116,118). Using a negative binomial model (Methods), we calculated 

confidence intervals for each of the 62 antennal ORs to determine if they were above 

background expression levels. Nearly half (21; 17 ORs and 4 IRs) of the ORs in the 
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olfactory system were expressed at p40 (Fig 29, Table 12, 13, p>0.05). Typically, one 

receptor per sensilla subtype was expressed at p40 (Fig 29, Table 12, 13) with a few 

exceptions. For instance, ab1 expresses two receptors at p40 and is the only sensilla 

subtype to house four ORNs, as well as express GRs (Fig 29, Table 12, 13). In contrast, 

ab5 and ab8 sensilla also expressed two receptors at p40 and only house two ORN 

classes. Why specific subsets of the ORs are expressed early in each sensillum remains 

unknown, but may represent the sequence of developmental and cell-cell 

communication events as ORNs in the same sensillum pick specific olfactory receptors 

from limited possibilities.  

We next wanted to confirm that we could detect expression of ORs at p40 with 

expression of OR reporters. Well-established OR-GAL4 drivers have been shown to be 

faithful reporters of OR transcription  (18). Therefore, detecting expression of OR 

reporters at p40 should provide confirmation of the transcriptome results. For example, 

in our transcriptome data, amon g the at4 sensilla OR genes, Or47b is the first to be 

expressed, followed by the expression of Or65a and Or88a, which are not detected until 

the adult stage (Fig 29, Table 12, 13). We confirmed the temporal dynamics of ORs 47b 

and 88a using OR reporters in the antenna (Fig 30). The Or47b reporter is expressed at 40 

hrs APF, but only in a few neurons (Fig 30A, C), corresponding to the low transcript 

levels of Or47b at this stage (Fig 29). Our results are also consistent with previous 

reports that show that OR transcript expression level correlates with the number of 
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neurons expressing a given receptor (113). The early OR expression is also unlikely to be 

a by-product of the  larval olfactory system as the larval olfactory system is not housed in 

the antennal disc (18,119,120) and none of the ORs expressed early are OR genes 

previously shown to be expressed in the larval olfactory system  (18,119,120). Or88a 

expression however is not detected until ~80 hrs APF, by which point Or47b expression 

has reached the adult level (Fig 30B, D). ORN fates within each sensilla subtype are 

defined by whether or not they require Notch for their development (Notch ON or 

Notch OFF) as they are generated from asymmetric divisions of sensory organ 

precursors (8,46). We therefore wanted to know whether the ORs that are expressed 

early shared a common Notch state (i.e. Notch-On of Notch -Off)  (8), which might 

suggest that they are regulated by the same set of Notch dependent transcription factors. 

We did not  observe any correlation however, among the Notch states of the olfactory 

receptors expressed at p40, based on previous genetic descriptions (Table 13). In fact, 9 

of the ORs expressed at p40 are Notch-On fates and 8 are Notch-Off. So, while there is a 

slight bias for Notch -On fates, there does not appear to be a clear correlation between 

Notch state and expression of an OR gene at p40. Based on these criteria, our data also 

showed that a subset of ORs are expressed at uniformly low levels across the first three 

stages of development and then sharply increased in the adult. We found that Or19a/b 

(co-expressed in the same ORN) and Or43b, housed in at3 and ab8 sensilla respectively 
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were expressed throughout development, although at much lower levels than in th e 

adult (Fig 29, Table 12).  

Our results suggest that there is a temporal sequence to the onset of OR gene 

expression within a given sensillum, with some OR genes activated early, and others 

later. We speculate that the temporal sequence of OR expression among the ORNs in the 

same sensillum might arise as a result of inter-neuron communication that distributes 

limited OR gene possibilities individually to each neuron. It is possible that the sequence 

of OR expression is also tied to the molecular age of the receptor (121), with 

phylogenetically older receptors turning on first and newer ones later. This appears to 

hold true for both ab1 and at4 sensilla. For ab1 sensilla, Or92a is older than Or10a and is 

expressed at p40 (Figure 29, Table 12, 13), whereas we do not detect expression of Or10a 

until the adult stage (Figure 29, Table 12, 13). Or42b is older than either of these 

receptors (121) and is the first receptor to be expressed in ab1 sensilla (Figure 29, Table 

12, 13). In at4 sensilla, Or47b is older than Or88a and turns on before Or88a (121) (Figure 

29 and 30). Thus, given the dynamic nature of olfactory receptor sequence evolution, the 

temporal order of olfactory receptor expression within a sensillum might represent the 

processes that correlate with the evolutionary emergence of new receptors and their 

integration into new circuits as a novel class of ORN. 
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3.2.3 Temporal Dynamics of IR Expression 

Four of the IRs were expressed at p40: Ir75a, Ir75b, Ir75c and Or35a (An OR 

expressed in coeloconic sensilla) (Fig 29). Ir75a is expressed in multiple sensilla and we, 

therefore, cannot determine which of the sensilla are expressing this receptor at p40. No 

Irs were expressed at all stages, but Ir75a was expressed at every stage except for 3L (Fig 

29, Table 12, 13). As was the case for Or19a/b and Or43b, the expression of Ir75a was 

much lower at early developmental stages and sharply increased at the adult stage (Fig 

29, Table 12). Each coeloconic sensilla subtype contains at least one receptor that is not 

expressed in the other sensilla subtype, whereas the others are shared across subtypes 

(20,122). Interestingly, we only observed expression of ac3 IRs (Or35a and Ir75b/c) at p40 

(Fig 29, Table 12, 13). This suggests that the specification of ac3 sensilla occurs first, 

whereas other subtypes are specified at a later time than that of OR expressing sensilla. 

3.2.4 Transcription Factor Expression  

While it is well understood that transcription factors play a key role in 

specification of ORN identity at all stages of  antennal development (38,40,42,52,113,123), 

the precise timing of the expression of these genes across development is not known. 

Given the combinatorial nature of ORN identity, it is plausible that combinations of 

transcription factors accumulate on promoters of genes regulating  trajectory of a given 

ORN class in an additive manner, where newly added transcription factors build on, or 

complex with, existing transcription factors occupying and maintaining the memory of 
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cellular decisions. It is likely that the current set of trans cription factors that regulate 

ORN specification is incomplete. Thus far, most studies have focused on the regulation 

of ORs in the basiconic and trichoid sensilla (52ɬ54) and only a few have examined the 

regulation of ORs/IRs in coeloconic sensilla (40,42,113). Furthermore, these studies have 

primarily been conducted with biased approaches, focusing  on only a few ORs at a time. 

Adopting unbiased approaches for determining which transcription factors may play a 

role in ORN specification is critical to advancing our understanding of the mechanisms 

of olfactory system development.  

To identify transcription factors expressed during olfactory system development, 

we queried approximately 400 annotated transcription factors from Flybase and 

analyzed their expression profiles in our data set (Fig 31, Table 14). We observed three 

patterns of transcription factor expression: those that are expressed early, those that are 

expressed late, and those that are expressed throughout all stages (Fig 31, Table 14). 

These expression patterns are also generally predictive of the function of known 

transcription factors (Fig 32). Prepatterning factors and proneural genes, such as rotund 

(rn), apterous (ap), lozenge (lz), amos, and atonal (ato), are expressed primarily at 3L and p8 

but absent at the p40 and adult stages, consistent with previous reports (38,40,42,89) (Fig 

32). Terminal selector transcription factors  on the other hand, such as acj6, fer1, onecut, 

and eip93F, are highly expressed in p40 and adult antennae but largely absent from 3L 

and p8 antennal discs (Fig 32), consistent with their function as direct regulators of OR 
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expression (52). Other transcription factors from b oth the prepattering network and the 

terminal selectors (Distal-less (Dll), Bar-H1/2 (B-H1/2), dachshund (dac),bric-a-brac1/2 

(bab1/2), xbp1 and zf30c) however, are expressed throughout development (Fig 27, Table 

11) (43). It is unclear what function these genes have outside of their already well -

defined roles in the development of the antennal disc  (32,52,113,124). 

3.2.4.1 Clustering Analysis  

 Because we observed a correlation among known transcription factors between 

their function and expression pattern, we reasoned that global analysis of the expression 

patterns of transcription factors could yield novel candidate genes that govern ORN 

identity. Hierarchical clustering analysis based on developmental expression profile 

uncovered groups of genes that likely have similar functions (Fig 32). Transcription 

factors were clustered based upon their average expression level and pattern across all 

stages. Clustering analysis revealed 11 clusters of transcription factor expression in the 

olfactory system (Fig 31, Table 15). The majority of known regulators of  olfactory system 

development do not cluster together. Instead they segregate into separate groups, 

revealing more refined patterns of expression that may be predictive of function. Several 

clusters stood out because of their pattern and the genes that cluster within them. 

Cluster 3 contains genes that are primarily expressed early and their expression 

decreases or is absent at p40 and in the adult (Fig 4). This cluster contains rn and ap (Fig 

31), both of which are critical prepatterning factors that regul ate ORN identity  (42,113). 
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This cluster also contains genes known to play a role in imaginal disc and antennal 

development, such as twin of eyeless (toy), teashirt (tsh), distal antenna (dan), and distal 

antenna related (danr) (Fig 31) (125,126). It is possible that genes in this cluster play a role 

in prepatterning of the anten nal disc and control ORN specification.  

Cluster 5 contains three terminal selector genes onecut, 48 related 1 (Fer1), and 

abnormal chemosensory jump 6 (acj6), as well as seven up (svp), prospero (pros), and the glial 

marker reversed polarity (repo) (Fig 31), all of which function primarily in later stages of 

olfactory system development  (52,127). These genes are all expressed lowly in larval 

antennal discs and their expression increases over time and are highly expressed in 

adult antennae (Fig 31, Table 14). Interestingly, POU-domain protein 2 (pdm2) is present in 

this cluster, which may suggest that it functions as a terminal selector, particularly 

because other POU-domain transcription factors, acj6 and pdm3, are known to regulate 

OR expression and connectivity (Fig 31) (54,123). 

Thus far, two major proneural genes, amos and atonal, have been shown to 

regulate development of basiconic/trichoid and coeloconic sensilla, respectively (38ɬ40). 

In agreement with their role in precursor selection, we found that both ato and amos 

expression peaks at p8 in our data (Fig 31, Table 14). Genes in cluster 8 are expressed 

almost exclusively at 3L and p8 (Fig 31). Most of the genes in this cluster are also known 

to function as proneural genes and in Notch -Delta signaling, such as acheate (ac), scute 

(sc), asense (ase), senseless (sens), atonal (ato), and cousin of atonal (cato) as well as some 
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enhancers of split (E(spl)) (Fig 31, Table 15) (128ɬ131). Of these genes, only sens and ato 

have been shown to function in the olfactory system (132). Investigating the effects of 

these genes on ORN and sensilla development will be critical in the future.  

Interestingly, four E(spl)s were present in Cluster 8: E(spl)-m6, m8, mdelta, and 

mgamma (Fig 31). Three other E(spl) genes, E(spl)-m7, m3 and mbeta, were detected in our 

data set but did not cluster in Cluster 8 (Fig 31). E(spl)m3 and mbeta were present in 

Cluster 1 and were expressed at all developmental stages (Fig 31, Table 14). E(spl)m7 was 

present in Cluster 3 and was expressed at 3L, p8, and p40, but its expression decreased 

in the adult. At early pupal stages, Notch mediates the selection of sensory organ 

precursors and the expression of proneural genes. During neurogenesis however , Notch 

signaling segregates binary cell fates during asymmetric divisions of sensory organ 

precursors to generate each sensillum (8,38,46). Notch, Delta and Serrate are all expressed 

throughout development in our analysis (Table 14). It is plausible to imagine that the 

expression of different E(spl) genes or different combinations underlie the different and 

context-dependent roles that Notch signaling plays during olfactory system  

development. 

3.2.5 Confirmation of Expression of Bar, Ap, Bab, and Dan  

We next confirmed expression of several transcription factor s in the olfactory 

system using immunofluorescence and imaging of reporters. We have previously 

published that the transcription factors BarH1/2 (B-H1/2), apterous (ap), and bric-a-brac1/2 
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(bab1/2) are expressed in the antennal disc and are critical regulators of ORN identity  

(113). In the RNA -seq data, we detected expression of B-H1/2 and bab1/2 at p40 and the 

adult (Fig 31, Table 14). ap expression however, is mostly absent at both of these stages 

in antennal transcriptomes (Fig 31, Table 14). Immunostaining for B-H1/2 was detected 

broadly in the antenna and expression of the Bar-H1-Gal4 was present in adult antennae, 

consistent with the transcription data (Fig 33A, B). Expression of ap-Gal4 was present in 

a small number of ORNs at p40, but was entirely absent in adult antennae, as observed 

in the RNA -seq data (Fig 33C, D). We also detected weak expression of the bab1-GAL4 in 

adult antennae, verifying our transcriptomic a nalysis (Fig 33E).  

As mentioned above, we detect expression of dan mRNA at 3L and p8 in our 

RNA -seq data (Fig 31, Table 14) and we were able to confirm this and previous reports 

of expression with immunofluorescence in the antennal disc (Fig 33F). dan is expressed 

throughout the entire portion of the antennal disc that specifies the third segment of the 

antenna (Fig 33F). We also observe that dan expression is not uniform in all cells across 

the disc, and that some cells express high levels of dan and some barely have any 

fluorescent signal (Fig 33G).  

3.2.6 Dan Functions to Regulate the Expression of a Subset of 
Olfactory Receptors 

It has been previously reported that loss of dan function leads to the production 

of ectopic hairs on the 3rd segment of the antenna (126,133). In addition, overexpression 

of dan in the leg disc causes the claw to develop into an arista like structure (126). 
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Because dan was present in Cluster 3 and is expressed in a highly similar pattern to 

prepatterning factors like rn and ap (Fig 31), we were curious as to whether Dan may 

also regulate the development of ORNs as well as larger structures of the antenna. Using 

qPCR as published previously by our lab, we measured the expression of 20 OR genes 

representing at least one receptor that is expressed in each of the sensilla subtypes on the 

antenna in wildtype and dan mutant flies. We detected four ORs that were significantly 

down -regulated and three that were significantly up -regulated (Fig 34A). There does not 

appear to be any particular pattern of those ORs.  

We were able to confirm our qPCR results by imaging of OR reporters in the 

antenna (Fig 34B-G). We observed a statistically significant decrease in the number of 

Or49b and Or98a ORNs in dan mutants (Fig 34B-G). It is plausible to think that different 

sensilla subtypes are specified by the expression of both dan and danr, but some 

subtypes are more sensitive to changes in dan expression. Correspondingly, we see some 

cells that express Dan at lower levels than other cells of the antennal disc (Fig 33G, white 

arrowheads). It would also be reasonable to think that a distinct subset of ORs would be 

misregulated in danr mutants. It has been previously published that down regulation of 

dan and danr via mutation  of ss leads to an up-regulation of Antennapedia (Antp) (126), 

which could suggest that in dan mutants the antenna has undergone a partial conversion 

to a leg phenotype and therefore altered the expression of some OR genes. 
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3.3 Discussion 

Here we report a detailed transcriptome analysis of the adult Drosophila 

olfactory system during development. Our analyses have revealed the temporal 

dynamics of all antennal olfactory receptor gene expression during ORN  development. 

We also identified transcription factor programs in the developing olfactory system with 

stage specific functions corresponding to different processes in ORN development. And 

finally, we show that one of these transcription factors, distal antenna, is required for the 

development of a subset of ORN classes. Although this study is the first to analyze the 

transcriptome of the olfactory system across developmental stages, the antenna is a 

highly complex tissue and further cell type specific anal yses will likely yield further 

insights into these processes. 

ORNs in the same sensillum arise through asymmetric divisions of a single 

multipotent precursor cell, yet the timing for terminal differentiation of ORNs, as 

assayed by the onset of olfactory receptor expression, has not been identified. Our 

analysis showed that within each sensillum, there is a temporal order to the onset of 

expression among the olfactory receptor possibilities. That is, onset of olfactory 

expression occurs earliest in only one of the neurons, followed by other olfactory 

receptors expressed sequentially, suggesting cell to cell communication among ORNs 

that determines the temporal order of olfactory receptor expression. Indeed, 

perturbations in Notch signaling were shown to contr ibute to the selection of alternate 
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olfactory receptor expression by alternate ORNs in the same sensillum (8). Upon 

ÚÌÓÌÊÛÐÖÕɯÖÍɯÈɯɁËÌÍÈÜÓÛɂɯÖÓÍÈÊÛÖÙàɯÙÌÊÌ×ÛÖÙɯÞÐÛÏÐÕɯÌÈÊÏɯÚÌÕÚÐÓÓÜÔȮɯ-ÖÛÊh signaling can 

ÙÌÓÈàɯÛÏÐÚɯÐÕÍÖÙÔÈÛÐÖÕɯÛÖɯÕÌÐÎÏÉÖÙÐÕÎɯ.1-ÚɯÛÖɯÚÜ××ÙÌÚÚɯÌß×ÙÌÚÚÐÖÕɯÖÍɯÛÏÌɯɁËÌÍÈÜÓÛɂɯ

receptor and select another olfactory receptor transcriptionally available in the lineage. 

These modifications might require chromatin regulation, as mutatio ns in alhambra (alh), a 

chromatin modulator, result in acquisition of the default olfactory receptor expression at 

the expense of alternate olfactory receptors without modifying the target site of ORN 

axons in the antennal lobe (114). There might be different spatial  and temporal 

requirements of transcription factor and chromatin complexes for each sensilla lineage, 

as effects of alh mutants are restricted to only few sensilla  (114). The expression patterns 

of both chromatin modulators and transcription factors in specific cell types remains an 

understudied area of olfactory system development.  

The transcriptional profile of olfactory system development showed dynamic 

and complex trends in the expression of transcription factors that might function in 

specification of ORN fates. Three different trends for transcription factor dynamics were 

detected. Among these, a majority of prepatterning and proneural genes are expressed 

early and are turned off in later stages of ORN development. Transcripts for a small 

number of these transcription factors did persist till later stages. Transcription factors 

previously shown to directly regulate olfactory receptor expression in genetic studies, on 

the other hand, generally showed a trend towards expression in late developmental 
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stages, with only a few exceptions.  Analysis of approximately 400 proteins with 

transcriptional regulatory roles  revealed other factors that show similar temporal 

profiles to known factors. One of these factors is distal antenna (dan), which has been 

previously shown to  be expressed in many developing neural tissues, including the 

antennal disc. In addition, it has been shown to regulate fate specification of neuronal 

pools from embryonic neuroblasts.   

The majority of ORN classes were not affected by loss of dan, except for a few 

classes namely: Or49a, Or56a, Or98a and Or23a, which all showed changes in transcript 

levels in qRT-PCR from dan mutant antennae. Among these, the number of Or49b and 

Or98a ORNs were confirmed to be decreased by antennal reporter imaging, which 

underlies the decrease in their transcripts in dan mutant antennae. Most of the ORs that 

are affected by dan mutation developmentally arise from the center of the antennal disc 

except for Or98a (113). Other than this trend, there does not seem to be any clear pattern 

to which ORs are affected by loss of dan. Because of its broad expression pattern, we 

would have expected a wider array of ORs to have been affected and so it remains 

unclear why these particular ORs are more sensitive to changes in dan expression. It is 

plausible to imagine that expression of dan works  together with the rest of the 

transcription factor networks patterning the antennal disc in a combinatorial code to 

determine different precursor potentials. Broad dan expression in the antennal disc is 

similar to the expression of bab1 and bab2, which also belong to the combinatorial code 



 

114 

defining different zones on the antennal disc. Mutations in bab1 and/or bab2 also weakly 

affect only specific ORN fates(113). Of the ORs that were significantly down -regulated in 

dan mutants, none completely lost expression as has been reported in mutation of other 

genes that function in prepattering of the antennal disc  (42,113). This is likely due to the 

possible redundant functions of dan and danr in the antennae (126,133). We would 

therefore predict to see more dramatic phenotypes and many more ORs affected in dan-

danr double mutants. Previous work has shown that dan and danr are critical regulators 

of antennal identity  (126,133). It is possible that they provide a link between the 

regulation of broad antennal development and the development of specific ORN 

identities. Understanding the interaction between dan, danr and the early prepatterning 

gene regulatory networks will provide key insights into the specification of different 

sensilla identities and ORN classes. 
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Figure 25: PCA analysis and MA plot comparisons of gene expression across all time 

points and pairwise comparisons r espectively. (A) PCA analysis of all four 

transcriptional time points. The adult transcriptome appears the most divergent 

among the developmental time points, whereas the 3L and p8 timepoints show the 

highest similarity. (B -D) MA analysis showing different ially expressed genes 

between developmental stages (p < 10-6), which are highlighted in red.  
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Figure 26: Pairwise GO plot analysis of differentially expressed genes between 3L and 

p8 stages. Bar graphs and bubble plots showing en richment of GO terms for the 500 

genes with the largest fold change (A, B) and the 500 genes with the smallest p -values 

(C, D). Key for GO term numbers is located in Table 9. Green = Biological Process, 

Red = Cellular Component, Blue = Molecular Function.  
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Figure 27: Pairwise GO plot analysis of differentially expressed genes between p8 and 

p40 stages. Bar graphs and bubble plots showing enrichment of GO terms for the 500 

genes with the largest fold change (A, B) and the 500 genes  with the smallest p -values 

(C, D). Key for GO term numbers is located in Table 10. Green = Biological Process, 

Red = Cellular Component, Blue = Molecular Function.  
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Figure 28: Pairwise GO plot analysis of differentially expresse d genes between p40 

and Adult stages. Bar graphs and bubble plots showing enrichment of GO terms for 

the 500 genes with the largest fold change (A, B) and the 500 genes with the smallest 

p-values (C, D). Key for GO term numbers is located in Table 11. Green = Biological 

Process, Red = Cellular Component, Blue = Molecular Function.  
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Figure 29: OR/IR developmental expression profiles grouped based on sensilla 

pairings of ORNs. Expression is graphed with normalized log 2 expression val ues, 

where highly expressed genes are represented in dark blue and low expressed genes 

are represented with green or white.  
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Figure 30: Expression of OR reporters in developing pupal antennae. A small number 

of neurons express OR47b (top left) at 40-45 hrs APF, whereas Or88a expression is not 

detected at this stage (top right). By 75 -80 hrs APF Or47b expression appears fully 

developed (bottom left), while OR88a expression is present in only a few neurons 

(bottom right).  
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Figure 31: Clustering analysis of ~400 transcription factors based on expression 

profiles. 11 Clusters were identified based on similarity of expression profiles. 

Expression is graphed with normalized log 2 expression values, where highly 

expressed genes are represented in dark blue and low expressed genes are 

represented with green or white.  
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Figure 32: Hierarchical clustering of the expression patterns of transcription factors 

known to regulate ORN specification.  Transcription factors in the olfactory system 

are expressed generally in accordance to their function. Prepatterning and pronueral 

factors cluster at the bottom of the heatmap, indicating high expression early in 

development and low expression later. Term inal selectors on the other hand cluster 

just above, corresponding to low expression early and high expression late in 

development. Genes that cluster at the top of the heat map are expressed highly 

throughout development and fall into both categories.  
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Figure 33: Confirmation of RNA -seq with immunofluorescence and reporter 

expression. (A-C) Expression of BarH -1 (A), Ap (B), and Bab1 (C) in p40 antennae 

(left) and adult antennae (right). (D, E) Expression of Distal antenna (Dan, gr een) in 

the antennal disc. Immunostaining for Dan show that it is broadly expressed 

throughout the antennal disc as has been previously reported. Single slices (E) also 

show that Dan is not expressed at the same level in all cells. White arrowheads 

highlig ht cells that show low Dan expression.  
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Figure 34: Dan is required for the expression of a subset of ORs. (A) qRT -PCR of OR 

genes as a readout of ORN populations in antennal samples from wildtype and 

danAC116 mutant flies. Five re ceptors (Or98a, Or23a, Or49b, Or56a, and Or85a) showed a 

statistically significant misregulation in dan mutants. (B-G) Confirmation of qPCR 

results for Or49b and Or98a by antennal reporter imaging. An average of seven Or49b 

neurons were present in heterozy gous antennae (B, D) and an average of four were 

present in mutant antennae (C, D). An average of 15 Or98a neurons were present in 

wildtype antennae (E, G) and an average of 10 neurons were present in dan mutant 

antennae (F, G).  *p < 0.05 **p < 0.01 ***p < 0.001. 
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3.4 Materials and Methods 

3.4.1 Fly Genetics 

w1118 flies were used for RNA -seq analysis. OR CD8-GFPs and OR-GAL4s were 

gifts from Leslie Vosshall and Barry Dickson respectively. bab1Pgal4-2 (#6803), danAC116 

UAS-CD8 GFP and apmd544 were acquired from Bloomington Stock Center. NP4099 

(BarGAL4) was from Drosophila Genetic Resource Center. 

3.4.1.1 Fly Genotypes  

Figure 30A, C. Or47b-Gal4 UAS-CD8GFP 

Figure 30B, D. Or88a-Gal4 UAS-CD8GFP 

Figure 33A. w1118, NP4099 (BarGAL4)/+; UAS-CD8GFP/+ 

Figure 33B. apmd544 Gal4/+; UAS-CD8GFP/+ 

Figure 33C. UAS-CD8GFP/+; bab1Pgal4-2/+ 

Figure 33D. w1118 

Figure 34A. w1118, danAC116 

Figure 34B. Or49bmCD8GFP/+; danAC116/TM6B 

Figure 34C. Or49bmCD8GFP/+; danAC116 

Figure 34D. Or49bmCD8GFP/+; danAC116/TM6B, Or49bmCD8GFP/+; danAC116 

Figure 34E. Or98a-Gal4 UASCD8GFP/+; danAC116/TM6B 

Figure 34F. Or98a-Gal4 UASCD8GFP/+; danAC116 
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Figure 34G. Or98a-Gal4 UASCD8GFP/+; danAC116/TM6B, Or98a-Gal4 UASCD8GFP/+; 

danAC116 

3.4.2 Immunohistochemistry 

Samples were fixed with 4% paraformaldehyde, washed with phosphate buffer 

with 0.2% Triton X -100, and staining as previously described. rabbit a-Bar-H1 (Tetsuya 

Kojima) or a-Dan (Minoree Kohwi) was used in a 1:100 and 1:500 concentration, 

respectively.  

3.4.3 RNA-seq 

RNAseq was performed as described before (113). Wandering third instar larval 

antennal discs (~70 for each genotype), 8hr APF pupal antennae (~50 for each genotype), 

40hr APF pupal antennae (~50 for each genotype), and adult antennae (150 males and 

150 females) from w1118 flies were dissected. We extracted RNA only from the antennal 

portion of the larval eye -antennal discs in order to remove contamination by transcripts 

from the developing eye. RNA sequencing libraries were prepared with TruSeq 

Stranded mRNA Sample Prep Kit (Illumina) following the manufacturer's instructions. 

%ÖÙɯÛÏÌɯ1- ɯÍÙÈÎÔÌÕÛÈÛÐÖÕɯÚÛÌ×ȮɯƝƘʁ"ȮɯƖÔÐÕɯÞÈÚɯÜÚÌËɯÞÐÛÏɯÛÏÌɯÐÕÛÌÕÛÐÖÕɯÛÖɯÖÉÛÈÐÕɯÈɯ

median size ~185bp. PCR amplification was done with 15 cycles. A total of 24 

multiplexed libraries (barcoded) were accessed for quality and mixed altogether before 

separating to two identical pooled libraries, which are subject to cluster generation 
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followed by Illumina 50bp paired -end sequencing by UNC High-Throughput 

Sequencing Facility (HTSF), as described in Li and Barish et al 2016 (113).  

3.4.4 Analysis of RNAseq data 

Following Li et al  (113). The Drosophila melanogaster transcriptome (r5.57) was 

downloaded from Flybase and bwa indexed was created with bwa-0.7.8. Each 

sequencing file was aligned to the transcriptome, and .sam files for each sample were 

generated by putting two alignments from both reads together. At least 80% of the total 

reads were able to align to the reference sequence. After that, count tables were made for 

each sample with a customized python script, and furth er consolidated into a matrix 

containing transcript ID and read counts from all genotypes for each stage with a Ruby 

script. These matrices were used as inputs for differential expression analysis using 

customized DESeq2 R script.  

3.4.5 Estimating the Probability That a Gene Is Expressed 

With in situs and similar tools it is straightforward  to determine if a particular 

OR is expressed in adult. In the larval stages we need to use the RNAseq data to 

determine which genes are on or off.  Negative binomial di stributions are commonly 

used to model gene expression in RNAseq data. For each stage, we parameterized a 

negative binomial using the raw  count data from non -antennal GR.  These are expected 

ÛÖɯÕÖÛɯÉÌɯÌß×ÙÌÚÚÌËɯÈÕËɯÛÏÜÚɯÈÕàɯɁÊÖÜÕÛÚɂɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌÚÌɯÎenes should 

correspond to experimental noise.  We then compared the observed levels of OR 
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expression to this distribution.  P-values corresponding to the chance that the observed 

level of expression could have occurred by chance under this model were then 

calculated. 

3.4.6 PCA Analysis 

PCA was preformed using the normalized count tables described above and the 

princ comp function in R.  

3.4.7 Gene ontology analysis 

The data files of differential gene expression were processed & filtered with 

command line tool s. Gene Ontology enRIchment anaLysis and visuaLizAtion (GOrilla) 

analysis (134) on differentially expressed genes (Fig S1). We entered the entire 34,946 

reference sequences and 30169 of the genes from this list was recognized. 14,952 

dupli cate genes were removed (keeping the highest ranked instance of each gene) 

leaving a total of 15,217 genes. The GOrilla output was saved to a flat file with Excel, 

then processed with command line tools/a trivial regex Python script. he data wa s 

visualized  with GOPlot (1.0.2) (135) and R (version 3.3.2). Results were compared topGO 

(136) and qualitatively similar.  

3.4.8 RNA extraction 

RNA extractions on w1118 and danAC116 flies were performed as described in Li 

and Barish et al., 2016 (113). 
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3.4.9 qRT-PCR   

qRT-PCR from antennal RNA samples were performed for OR, GR, and IR genes 

in wild type and dan mutants. The primers used for OR and IR genes have been 

described in Li and Barish et al., 2016 (113). 
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4. Combinations of DIPs and Dprs control 
olfactory receptor neuron axon sorting in 
Drosophila  

4.1 Summary 

Background 

The human brain contains over 80 billion neurons that make approximately 100 

trillion connections. In Drosophila, 50 classes of olfactory receptor neurons (ORNs) 

connect to 50 class-specific glomeruli in the antennal lobe. Despite identification of cell 

surface molecules regulating axon guidance, how ORN axons sort to form 50 

stereotypical glomeruli remains u nclear.  

Results 

Here we show that the heterophilic binding proteins, DIPs/Dprs, are expressed in 

ORNs as glomeruli start to form. Each ORN class expresses a unique combination of 

DIPs/Dprs, with neurons of the same class expressing ligand-receptor pairs. 

Mathematical analysis of DIP/Dpr expression sorts clusters of ORN classes, which 

mimics their glomerular positioning in the antennal lobe, suggesting a role in ORN axon 

sorting. Perturbations of  DIP/dpr gene function result in invasion of neighboring 

glomeruli.  

Conclusions 

Our results suggest that context-dependent adhesion through Dpr/DIP 

combinations sort ORN axons into different glomeruli. Mammalian orthologues of 
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DIPs/Dprs include Kirrel2/3, which sort mammalian ORN axons into separate glomeruli, 

suggesting convergent mechanisms of glomerular formation in mammals and flies.  

4.2 Results 

To identify candidate genes that may be involved in the establishment of 50 class 

specific glomeruli, we analyzed our previously reported antennal transcriptome data 

from  four critical stages of development: 3rd instar larval antennal discs (3L), 8 hrs after 

puparium formation (APF) antennal discs (p8), 40 hrs APF antennae (p40) and adult 

antennae (Adult) (113,137). Axon guidance, glomerular sorting, and ORN -PN matching 

are inherently temporal processes that occur in a specific developmental order (Barish & 

Volkan 2015). We therefore mined this dataset to identify novel regulators of wiring 

specificity of ORNs, whose expression overlapped with the timing of glomerular 

formation. We queried approximately 250 Flybase annotated cell surface molecules 

(CSMs) and analyzed their developmental expression patterns using hierarchical 

clustering to group genes based upon their developmental expression patterns (Figure 

35A, Table 17). We found 8 clusters of CSMs with distinct expression patterns (Figure 

1A, B). Two broad patterns emerged from this analysis, genes that are expressed at 

constant levels throughout (Clusters 3, 5, 6, and 8, Figure 35A, B), such as sema-1a/b and 

dscam1, and genes that are weakly expressed early in development and increase in later 

stages (Cluster 1 and 2, Figure 35A, B), such as robo3 (Table 16). Cluster 7 contained 

many genes that were highly expressed at the first three stages of development but 
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decreased at the adult stage, and Cluster 4 contained genes whose expression peaked at 

40 hrs APF (p40). Known regulators of ORN wir ing grouped into Clusters 7 and 8 as 

well as Cluster 1, meaning that they were expressed highly throughout development or 

lowly expressed early and increased their expression at the later stages (Figure 35A-C) 

consistent with their roles in ORN axon guidan ce, which begins very early in olfactory 

system development. 

4.2.1 DIP and Dprs are expressed in late stages of ORN wiring 

Even though most ORN axons arrive at the antennal lobe by 30 hours APF, the 

timing of OR gene expression and glomerular formation ove rlap and start around 40 

hours APF (19,137). However, only a subset of ORs are expressed at 40 hrs APF, like 

Or47b (137). This suggests that the molecular and cellular events that sort ORN axons 

and connect them to appropriate PNs to form glomeruli occur at later pupal stages. W e 

therefore hypothesized that genes that were highly expressed at the two later stages of 

development (p40 and Adult) but lowly expressed at the two early stages (3L and p8) 

were more likely to be involved in class -specific glomerular formation. Our analys is of 

CSM expression profiles showed that the majority of Dpr family of CSM proteins and 

their binding partner DIP proteins were expressed at p40 and in adult antennae, but 

showed low or no expression during earlier stages of antennal development (Figure 

35D, E). These results pointed to a possible role for DIP/Dpr family members in 

glomerular formation.  
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4.2.2 DIPs and Dprs are expressed in a combinatorial code in ORNs 

Dprs and their binding partners DIPs are members of the Ig superfamily of 

proteins and each contain 2-3 Ig extracellular domains (139). Members of the Ig 

superfamily of proteins, such as Dscam, and Kirrels, are well established to control axon 

guidance and sorting in other systems (70,140). DIPs and Dprs themselves have recently 

been shown to direct synaptic target matching in the Drosophila eye (139,141). In 

addition, the relatively large number of dpr and DIP genes (20 and 9 respectively) make 

them good candidates to contribute to a combinatorial code of CSMs that direct wiring 

specificity for each class of ORNs. 

Although ou r RNA -seq data establish temporal patterns of DIP and dpr 

expression in the developing olfactory system, it does not inform us of the ORN class-

specific expression of each DIP and dpr gene. To investigate which ORN classes express 

each DIP and dpr, we used MIMIC insertion -derived GAL4 lines to drive UAS -

SynaptotagminGFP (sytGFP), which localizes to presynaptic terminals in the antennal 

lobes belonging to ORNs, and local interneurons, but not to PNs (139,141,142). Because it 

is known which ORN classes synapse at each glomerulus, we were able to map the 

expression of each DIP and dpr gene to a particular set of ORN classes, based on sytGFP 

expression in the antennal lobe (Figure 36, Figure 37A-L). These analyses showed that 

each ORN class has a unique DIP and dpr expression profile (Figure 39A). Some DIPs 

and dprs are expressed very broadly across ORN classes (DIP-Ϛ, Figure 36H), and others 
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are expressed in fewer ORN classes (DIP-ϕȮɯ#(/-ϖ, Figure 36E, F). These results suggest 

that the unique combination of DIPs and Dprs in each ORN class might direct ORN class 

specific glomerular formation.  

Next, we analyzed expression of DIPs and dprs in the antenna to confirm the 

expression patterns we observed in the antennal lobe corresponded to expression in 

ORN cell bodies. To do this we used DIP and dpr-GAL4s to drive the expression of UAS-

CD8GFP (Figure 37M-W). Consistent with o ur RNA -seq analysis, most of the genes we 

analyzed showed expression in ORNs consistent with glomerular expression patterns 

(Figure 37M-W). A small number of genes did not show expression in the antenna 

(Figure 37M-W), which suggests that they are instead expressed in local interneurons. 

We conclude that the majority of DIPs and dprs are robustly expressed in ORNs but a 

few are expressed in local interneurons.  

 Previous studies have shown that the expression of Dprs in 

photoreceptor cells and their interacting DIPs in the target lamina neurons contribute to 

synaptic partner matching in the Drosophila visual system. In order to ask whether 

DIPs/Dprs play a similar role in synaptic partner matching between ORNs and their 

target PNs we next analyzed the expression patterns of each DIP and dpr in PNs (Figure 

38). We drove UAS-DenMark-RFP using DIP and dpr-GAL4s, which specifically labels 

postsynaptic dendrites (143), thereby labeling PNs in the antennal lobe. Similar to ORNs 

and in agreement with recent single cell RNAseq studies, some of the genes were 


























































































































































































































































































































































































































































































