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Abstract 

Proneural proteins are transcription factors of the bHLH family and have a conserved 

role in directing neurogenesis from invertebrate to mammals. In Drosophila, 

proneural proteins are required for early developmental specification of precursor 

cells of sense organs (SOPs). Despite considerable progress having been made in this 

field, it remains unknown how proneural proteins organise the well-orchestrated 

process that facilitates each type of SOP to acquire both generic neuronal properties 

and individual neuronal subtype identity during the progression from specification to 

differentiation. To approach this question, we investigate the gene regulatory 

network by proneural protein Ato by means of the microarray analysis. Ato directs 

the formation of the Drosophila chordotonal organs (Ch), important proprioceptive 

sense organs (Jarman et al., 1993b). The microarray study generated a list of 

candidate Ato target genes (Cachero et al., 2011). My PhD project entails the 

characterisation of two potential Ato target genes arising from this screen: Rfx and 

dila. To determine their positions in the gene regulatory network, I analysed the 

regulation and function of these genes.  

 

First, I demonstrated that both Rfx and dila are activated during Ch neurogenesis as 

direct targets of Ato. This was established by characterising their expression patterns, 

cis-regulation analyses and identifying the potential Ato binding sites by site-directed 

mutagenesis. RFX is a well-known ciliogenic regulator (Dubruille et al., 2002; El 

Zein et al., 2009; Swoboda et al., 2000), and its activation by Ato is consistent with 

Ch neurons having ciliated dendrites. However, the role of dila was completely 

unknown, but its sequence suggested that it may be involved in neuronal 

differentiation rather than gene regulation.  
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I generated several dila mutant alleles and demonstrated that dila mutants exhibit 

severe uncoordination, due to a series of defects in ciliated neurons. These defects 

were linked to a disruption in the ciliogenesis machinery, particularly in the process 

known as intraflagellar transport (IFT). dila mutants also display reduced male 

fertility because of aberrant basal body function, which leads to a disorder in sperm 

individualisation. Thus DILA is required for the differentiation of all ciliated cells in 

Drosophila. Visualisation of tagged protein localised DILA to the basal body and 

transition zone of the sensory cilia. Further analysis revealed the genetic interaction 

between DILA and UNC (another basal body protein) during ciliogenesis. Taken 

together I propose that DILA regulates IFT at the base of the cilia in collaboration 

with UNC. Given that dila is an evolutionarily conserved gene, dila homologues 

could be candidate genes for human ciliopathies.  

 

Rfx is essential for ciliogenesis in both Ch and the external sense (ES) organs, which 

have distinctive cilia. Despite of this common role of RFX, I discovered that Rfx is 

expressed differently in Ch and ES lineages, which led me to hypothesise that the 

difference in Rfx expression modulates ciliogenesis in these two lineages. I obtained 

preliminary data that support this hypothesis.  

 

Overall, my study demonstrates important links between Ato and the regulation of 

ciliogenesis, which is an important process in Ch neuron differentiation. The data 

support a model in which Ato controls ciliogenesis both directly (e.g. via activating a 

ciliary genes like dila) and indirectly (e.g. via regulating the transcriptional factors 

essential for ciliogenesis, like RFX).  
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INTRODUCTION 
A prerequisite for organisms to survive is the capacity to respond to various changes 

in the living environment. In animals, nervous systems have evolved to fulfil this 

function. The nervous system includes the central nervous system (CNS) and the 

peripheral nervous system (PNS). Contact with the external world and internal 

environment is conveyed through peripheral sensory neurons that are associated with 

specialised structures formed as sense organs located in the skin, muscles and organs. 

 

The peripheral nervous system (PNS) of Drosophila consists of a wide range of 

sense organs that detect, transduce and integrate different kinds of stimuli such as 

light, odour and movement. To function normally, flies rely on various sense organs 

to appropriately interpret external signals into neuronal potentials which are 

delivered to the central nervous system (CNS).  

 

During its life cycle, Drosophila undergoes four different life forms: embryo, larvae, 

pupa and adult fly. Sense organs start to form from the embryonic stages and fully 

differentiate into sense organs at the end of embryogenesis. The functional sense 

organs ensure that once the larva emerges from the embryo case, it is able to move 

and feed immediately. During the pupation stage, a metamorphosis takes place, 

which leads to the emergence of the adult fly which has no resemblance to the larva 

which it develops from. However, sense organs in the larva and the fly have much in 

common with respect to both the genesis mechanism and their physiological 

functions.  
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1.1 Drosophila Sense Organs 

Sense organs are structurally and functionally specialised, in order to perceive 

specific stimuli. The majority of sense organs are composed of several support cells 

and a sensory neuron. During evolution, each type of sensory neuron has become 

specialised in responding to certain types of stimuli and their corresponding support 

cells facilitate the transmission of stimuli to the sensory neuron. According to the 

position of sense organs, they can mainly be categorised into two groups: external 

and internal. External sense organs are suitably located on the exterior surface with 

specialised epidermal structures that facilitate the detection of external signals. 

Mechano- and chemo-sense organs belong to this category, as this type of sense 

organs possesses either bristles or campaniform sensilla (Romani et al., 1987). There 

are mainly two types of internal sense organs, chordotonal organs and multidendritic 

(md) neurons. Both of them are located beneath the epidermal layer (Matthews, et al., 

1990). Chordotonal organs are important structures involved in sensing stretch and 

vibration, while md neurons have been implicated in detecting the stretch, pressure 

and temperature (Brewster and Bodmer, 1995; Ghysen and Dambly-Chaudière, 

1993). Besides external and internal sense organs, the Drosophila PNS also includes 

olfactory sense organs and photoreceptors to sense the odours and visual signals 

respectively.  

 

In Drosophila, sense organs are always stereoptypically located throughout the entire 

body. Figure 1.1A shows the distribution of sense organs in abdominal segments of 

the Drosophila embryo that foreshadows the pattern of sense organs in the larvae. 

Adult sense organs originate from the imaginal discs during metamorphosis. The 

localisation of different types of sense organs in the adult fly is indicated in the 

Figure 1.1B.   

 

Due to the invariant pattern and distinguishable characteristics of sense organs, the 

Drosophila PNS has become a powerful model for studying neurogenesis. Moreover, 

Drosophila sense organs are composed of a relatively small number of cells and the 

lineage of these cells has been well characterised. This advantage provides the 

potential to discover molecular components by genetic screens.  
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Figure 1.1 Distribution of sensory organs in Drosophila. (A) Sensory organs in the abdominal 

segment of Drosophila embryos. Adapted from Orgogozo and Grueber (2005). Three types of 

sensory organs are found: Ch organ, external sensory (ES) organ and multidendritic (md) neuron 

and the names of individual sensory organs are indicated. As both Ch neurons and ES neurons 

have one ciliated dendrite, they are termed as type I neuron. (B) The distribution of sensory 

organs in the adult fly, including Ch organs, ES organs that exist in two forms: bristles and 

campaniform sensilla, olfactory sensory organs and photoreceptors. The location of sensory 

organs is schematically indicated with dots in different colours; however the number of dots does 

not represent the exact number of sensory organs.  
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As both external and Ch organs are innervated by a single and ciliated neuronal 

dendrite, these two types of sensory neurons are termed type I neuron, as opposed to 

the md neurons which possess more than one dendrite but without any ciliated 

structure (Fig. 1.1A). The presence of cilia in a subset of sense organs makes the 

Drosophila PNS a good model to study ciliogenesis, which has emerged as a hot 

topic because of its intimate association with ciliopathies.  In the following part, I 

would like to focus on these two types of sense organs and introduce their function, 

structure and genesis in detail. 

 

1.2 Chordotonal Organ 

1.2.1 Distribution and functions of chordotonal org ans in fly 

Ch organs are internal mechanosensory organs that have evolved only in insects and 

crustaceans. Ch organs in insects exert two major functions: hearing and 

proprioception (Field and Matheson, 1998). Over 200 units of Ch organs are 

collectively grouped in the second segment of the adult antenna, which is called the 

Johnston’s organ. The Johnston’s organ functions as the hearing organ of the insect, 

as it has been specialised to transduce airborne vibration into neuronal sound 

impulses. Apart from the antenna, Ch organs are also widely distributed in the joints, 

limbs and body segments, where they act as proprioceptive receptors by providing 

the sensory feedback of position. Flies rely on such feedback to coordinate their 

movement. In the adult fly, femoral Ch organs (FCO) that are found in the femoro-

tibial joint are longitudinally situated underneath the cuticle and are extended 

through the entire length of the femur. They are distally attached to the femoro-tibial 

joints so as to sensitively detect the stretch stimulus during movement. Another two 

clusters of Ch organs are found in the abdominal segment of the adult fly. They are 

arranged in near-parallel and attached distally to the cuticle, thereby efficiently 

sensing the movement of the abdomen.  
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1.2.2 Chordotonal organ structure 

The Ch organ sensory unit is called the scolopidium, which is composed of one to 

three sensory neurons (Ch organs found in the embryo and larval trunk have only one  

neuron, while there are two neurons in the FCO and two to three in the Johnston’s 

organ) and three support cells, arranged in a linear manner (Field and Matheson, 

1998; Shanbhag, 1992). From the distal to the proximal, the support cells are the cap 

cell, scolopale and ligament cell (Field and Matheson, 1998; Moran et al., 1975). The 

central structure is a ciliated sensory neuron which is wrapped by a spindle-shaped 

scolopale and the distal tip of the cilium is encased in an extracellular dendritic cap 

which is secreted by the cap cell (Field and Matheson, 1998; Moran et al., 1975). The 

Ch neuron together with the scolopale is anchored to the apical and basal of cuticles 

by the attachment cell and the ligament cell (Fig. 1.2). The whole structure of Ch 

organ is positioned in a longitudinal array (Fig. 1.2). Such a delicate configuration 

makes Ch organ connect to two separate spots of cuticles, therefore the Ch organ is 

capable to detect the cuticle displacement during movement. The ciliated neuron 

plays a pivotal role in such detection. Stretches from the cuticle opposing to the cap 

cell lead to a displacement of the distal cilium in the sensory neuron (Kernan, 2007). 

By virtue of mechanical transduction molecules that are located in the cilia, the 

mechanical force arising from the displacement is converted into a neuronal 

electrical signal through the cilium (Kim, 2007). Disruption in any of these 

component cells could result in a reduced response. Frequent phenotypes seen in Ch 

organ mutants are deafness because of the absence of response to the vibration in 

antenna and uncoordinated behaviour caused by lack of the proprioceptive feedback.  

 

1.3 External Sense Organ 

1.3.1 The distribution and functions of external se nse organs 

ES organs have two forms: bristles and campaniform sensilla. Sensory bristles are 

the most abundant sensilla on the adult fly. Two types of bristles exist in the fly: 

macrochaetae and microchaetae. Bristles have an invariant position. The large 

macrochaetae are located on the head, thorax, limb, along with more or less regularly 
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scattered small microchaetae over the entire body surface (Fig. 1.1B). Each bristle is 

an independently innervated sense organ. Bristles are mainly involved in sensing 

touch stimuli and providing proprioceptive feedback by converting the bristle 

deflection into a mechanosensory signal (Fig. 1.2) (Jarman, 2002; Kernan, 2007).  

The campaniform sensilla appear as cuticular domes in contrast to the bristle shaft, 

otherwise they are structurally and functionally similar to bristles. They are found 

around the limb joints, along the wing blade and on the halteres. Sensory neurons in 

the campaniform sensilla are stimulated by deformations of the cuticular dome 

during movement (Kernan, 2007).  

 
 

  

 

 

 

 

 

 

 

 

Figure 1.2 Cartoons of an external sense (ES) organ and a chordotonal (Ch) organ showing their 

structures and their similarities. Adapted from Jarman (2002). The cartoon in the left panel shows 

one type of ES organs, the one in the form of the bristle. It is formed by one neuron surrounded 

by three support cells (sheath cell, socket cell and shaft cell). The schematic picture to the right 

illustrates the structure of the Ch organ, which is also formed by one neuron and three support 

cells (the scolopale cell, the cap cell and the ligament cell). The Ch organ sits beneath the 

epidermis and the cap cell and the ligament cell anchor this structure onto the cuticle at two 

points, where it is stimulated by stretch. According to the origin and the function of the support 

cells, the cap in chordotonal organs correspond to the socket in external organs, while the 

scolopale cell corresponds to the sheath cell. The ligament cell in the chordotonal organ has the 

same function as the shaft cell in the external organ.  
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1.3.2 The structure of the external sense organ 

An ES organ is composed of a sensory neuron and three support cells that surround 

the sensory processor and form the external sensory structure. From the innermost to 

the outermost, the order of the support cells is sheath cell, socket and shaft cell. The 

bristle is formed from the secretion of the shaft cell and seated in the socket cell. The 

neuronal dendrite that is surrounded by a sheath cell connects to the base of the 

bristle via a dendritic sheath, an extracellular matrix formed by the secretion of the 

sheath cell (Fig. 1.2) (Jarman, 2002; Kernan, 2007). Like Ch dendrite, the ES neuron 

also has a ciliated sensory processor, but it is very short compared with the Ch cilium 

that extends throughout the outer segment of its length (Keil, 1997). Instead, the 

distal end of the outer segment of ES cilium is filled with abundant microtubules, 

termed tubular body (Keil, 1997). The mechanism of ES organ mediated 

mechanosensory transduction is that cuticle compresses from either the bristle 

deflection or the deformation of campaniform sensilla is sensed by the ciliated 

dendrite via the tubular body and then transformed into neuronal potential (Eberl et 

al., 2000; Keil, 1997).  

 

1.4 Proneural Proteins 

1.4.1 Drosophila proneural genes  

The development of Drosophila sense organs is initiated by the expression of 

proneural genes. Evidence from loss-of-function (LOF) and gain-of-function (GOF) 

studies has established that Drosophila proneural proteins are necessary and 

sufficient in directing the generation of sense organs. Inactivation of proneural genes 

results in the disappearance of sense organs. Ectopic expression of these genes 

induces the formation of extra organs. The specific absence or formation of a 

particular type of sense organ provides valuable information to define the specific 

proneural activity of individual proneural genes. Up to date, Drosophila proneural 

genes can be categorised into two families: achaete-scute gene complex (AS-C) and 

ato-related genes, including ato and amos (Bertrand et al., 2002). AS-C is required 

for the generation of ES organs and a subset of neurons in the CNS. The AS-C 



Chapter 1: Introduction 
 

 8 

complex consists of four genes: achaete, scute, lethal of scute and asense, among 

which achaete and scute have been identified as proneural genes (Campos-Ortega, 

1998). These two genes function redundantly in directing the genesis of sense organs. 

ato accounts for the formation of Ch organs. In addition to ato’s role in the selection 

of chordotonal progenitors, it has also been shown to specify the founder 

photoreceptors of retina, a subset of olfactory organs (sensilla coeloconica) and some 

md neurons in the PNS (Jarman et al., 1993b; Jarman et al., 1994). Amos, an ato-

related protein, has a proneural role for most olfactory sensilla (sensilla basiconica 

and trichodea) and a group of md neurons (Goulding et al., 2000b). AS-C, ato and 

amos together govern all proneural activity in the PNS.  

 

All the Drosophila proneural proteins belong to the basic helix-loop-helix (bHLH) 

family of transcription factors. bHLH factors play an important role in the 

development of a wide range of tissues. In addition to neurogenesis, bHLH proteins 

have also been reported to be involved in myogenesis and haematopoiesis (Porcher et 

al., 1996). The bHLH domain is composed of a basic domain that binds to DNA, and 

two alpha-helixes which are connected by a loop region, together forming the HLH 

domain (Ledent and Vervoort, 2001). The HLH domain has been shown to be 

required for dimerisation. Upon activation of target gene transcription, Drosophila 

proneural proteins form a heterodimer with the ubiquitously expressed bHLH protein 

Daughterless (Da) via the HLH domain (Brown et al., 1996; Cabrera and Alonso, 

1991; Goulding et al., 2000b).  

 

1.4.2 Vertebrate proneural genes 

The counterparts to AS-C and ato related genes have been found in vertebrates. 

Mouse Mash1 (Ascl1) belongs to AS-C family, and its homologues have been found 

in many species (Guillemot et al., 1993). Vertebrate ato family genes have many 

members, including Neurogenin (Ngn)1, Ngn2, Math1 (Atoh1), Math5 (Atoh1) and 

NeuroD (Lee, 1997; Ma et al., 1996).  Among those genes, only Math1 and Math5 

are considered to be homologous to Drosophila ato according to the conserved 
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bHLH domain in their encoded proteins (Hassan and Bellen, 2000; Lee, 1997). The 

rest of genes are only concerned to be ato related genes (Lee, 1997).  

 

Functional studies further support the close relationship between ato and its mouse 

homologues. Math1 is expressed and has a function in the formation of cerebellar 

granule cells, hair cells in the inner ear and Merkel cells (touch receptor cells) that 

located throughout the skin (Ben-Arie et al., 1997; Ben-Arie et al., 2000; 

Bermingham et al., 1999; Bermingham et al., 2001; Izumikawa et al., 2005). This 

sheds light on a functional similarity between Math1 and Ato, as it has been 

mentioned earlier that Ch organs are required for the balance and hearing of the fly. 

Significantly, two parallel experiments consistently indicate that Math1 and Ato are 

functionally interchangeable. In the Ben-Arie (2000) study, expression of Math1 is 

able to drive the formation of extra Ch organs in the wild-type flies, and also to 

partially rescue the Ch loss phenotype in ato mutants. Slightly later, Wang (2002) 

demonstrated that Drosophila Ato has the capacity of partially rescuing mouse 

Math1 phenotypes. Corresponding to Ato’s function in the Drosophila eye, Math5 is 

required for retinal ganglion cell and optic nerve formation (Brown et al., 2001; 

Wang et al., 2001).  

 

Despite of the functional similarity between Ato and Math1/Math5, the role of them 

as proneural proteins has not been established. The conventional sense to define the 

proneural activity is from the observation of missing certain type of neural 

progenitors in LOF experiments. However, this does not happen in their mutants. 

Nevertheless, several studies have implied that they may possess partial proneural 

activity. One of the evidence is from the GOF studies of Xenopus Xath1. Ectopic 

expression of this gene induced neuronal differentiation from ectodermal progenitors, 

suggesting that Math1 has partial proneural activity (Kim et al., 1997). Similar to 

Math1, Math5 has shown to be involved in part of the neurogenesis process, such as 

the differentiation of RGCs, but it still has not been identified as a proneural protein 

(Kanekar et al., 1997a; Kanekar et al., 1997b).  
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Only three vertebrate genes, Mash1 (Casarosa et al., 1999; Horton et al., 1999), Ngn1 

(Lo et al., 2002) and Ngn2 (Scardigli et al., 2001), to date have been identified as 

proneural genes. Similar to AS-C and ato in the Drosophila PNS, Mash1 and Ngn 

genes have a complementary role in the specification of neuronal progenitors 

throughout the nervous system (Bertrand et al., 2002; Cau et al., 2002).  

 

Taken together, particular types of sense organs or the specific neuron type induced 

by proneural genes indicate that proneural genes are involved in specifying their 

subtype identity. How this is achieved will be explained in detail in the next section. 

 

1.5 Drosophila Sense Organ Formation 

Despite the distinct neuronal activities and sense organ structures, the process of 

generating Ch organs and ES organs has much in common. Both of them develop 

from three steps. Sense organ development starts from an expression of proneural 

proteins in a cluster of cells, the so-called proneural clusters (PNCs), which are 

ectodermal cells. The second stage is to endow a single cell from the PNC with a 

neural fate, becoming a sense organ precursor (SOP) (Fig. 1.3). The spatial location 

of SOP cells determines the position of future Ch or ES organs. At the final stage, 

SOPs divide and the progeny cells differentiate into the components of the 

specialised sense organs (Merritt, 1997). Even though the sense organs vary in 

morphology and function, the formation of sense organs generally shares a common 

progressive determination process (Fig. 1.3). 
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Figure 1.3 Schemes of Drosophila Ch and ES sense organ development. (A) The formation 

procedure of Ch and ES organs can be divided into three steps. Step I: the onset of sense organ 

genesis is marked by the expression of proneural cells in a cluster of ectodermal cells, which give 

rise to the proneural cluster (PNC). Step II: one cell from the PNC is specified as sensory organ 

precursor (SOP) as a result of an accumulation of proneural protein in this cell and the reduced 

level of proneural protein in the surrounding cells. Step III: The SOP undergoes several rounds of 

cell division and the daughter cells differentiate into the component cells of sense organs 

(detailed information is shown in B). (B) Schematic of cell lineage leading from an SOP to a 

Ch/ES organ (same colour scheme as in A and in Figure 1.2). This model is proposed by Lai and 

Orgogozo (2004). After three rounds of division, the SOP gives rise to five cells, which all have 

different cellular fates, including one neuron, three accessory cells, and one epidermal cell called 

the ligament cell (in Ch lineage) or glial cell (in ES lineage, but this usually dies shortly after it 

forms). As both Ch and ES lineages are subjected to the same division process, it suggests a 

functional similarity among components from these two sense organs (refer to Fig. 1.2).  
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1.5.1 SOP selection 

The expression of proneural genes provides each cell from the PNC with a potential 

to become a sense organ precursor (SOP), but does not necessarily ensure this 

commitment (Cubas et al., 1991; Simpson, 1990). With regards to the strict control 

of the number of sense organs, it is critical that only one SOP is formed eventually 

from a cluster of cells expressing proneural genes. This is achieved by an up-

regulation of proneural gene expression in the potential progenitor cells concurrently 

with a down-regulation in the surrounding cells, thereby preventing these cells from 

taking the same fate (Bertrand et al., 2002). Indeed, SOP selection is mediated 

through several feedback loops, including both a negative regulation that inhibits 

proneural gene expression in the surrounding cells, and a positive regulation which 

leads to a quick accumulation of proneural activity in potential SOPs.  

 

1.5.1.1 Negative regulation feedbacks in SOP select ion 

First, the Notch-Delta signalling pathway plays an essential role by preventing the 

neighbouring cells from differentiating via repressing proneural gene expression in 

these cells. This process is termed as ‘lateral inhibition’ that is a cell-cell signalling 

occurring within PNC. Both Notch and Delta are transmembrane proteins and act as 

the emitter and receptor respectively (Heitzler and Simpson, 1991). In the PNC, all 

cells express Notch and Delta and signal to each other through direct interaction. The 

recipient cells activate a sequential Notch signalling cascade, which activates the 

expression of Enhancer of split complex (E(spl)) via Suppressor of Hairless [Su(H)]. 

E(spl) protein complex directly represses proneural gene transcription (Bailey and 

Posakony, 1995; Barolo et al., 2002; Castro et al., 2005). The higher level of 

proneural proteins a cell accumulates, the stronger activity in antagonising its 

neighbouring cells, and consequently, the weaker inhibition emitted from its 

neighbours. Thus, within a proneural cluster, only one cell escapes from such a 

mutual inhibition because it accumulates higher levels of proneural proteins than 

adjacent ectodermal cells (Artavanis-Tsakonas et al., 1999; Artavanistsakonas et al., 

1995; Culí and Modolell, 1998). Once the selected cell commits to the SOP fate, it 

emits a maximal antagonistic effect that prevents the surrounding cells from being 
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committed to the same fate (Bertrand et al., 2002; Ghysen and Thomas, 2003; Lai 

and Orgogozo, 2004).  

 

There is another factor contributing to lowering the transcription level of the 

proneural genes in the neighbour cells of presumptive SOPs. senseless (sens) 

encodes a zinc-finger transcription factor shown to be required for SOP selection. Its 

expression is activated by proneural genes and it is, in turn, involved in the down-

regulation of proneural protein activity in cells surrounding the presumptive SOP by 

directly binding to the auto-regulatory region of the proneural genes (Culí and 

Modolell, 1998; Sun et al., 1998). Sens acts as a repressor when it is at a low level in 

the PNC cells. Therefore the repressive effect from Sens further blocks the 

expression of proneural genes in the adjacent cells of the SOP (Jafar-Nejad et al., 

2003). In fact, Sens has a dual role during SOP selection and also acts as an 

activation of proneural protein transcription in the SOP as will be discussed in the 

next section.  

 

Negative loop regulation reflects the fact that the level of proneural protein is a 

pivotal determinant of neural fate. All the cells from the PNC initially express low 

levels of proneural proteins, which endow them exclusively with a competence to 

become a neural progenitor but not a commitment. Whilst towards the end of SOP 

selection, the fate of the majority of cells is reverted to ectodermal, due to the low 

level of proneural protein activity. Once a cell is singled out to take the neural fate, 

this process becomes irreversible. The obligatory condition for this irreversible 

process is that proneural proteins reaches and later on maintains a threshold value in 

the SOPs. Numerous papers have shown that positive-feedback mechanisms have a 

pivotal role in the up-regulation of proneural gene expression and maintenance of the 

high level of proneural proteins in the SOPs.  

 

1.5.1.2 Positive regulation feedback in SOP selecti on 

The above section has introduced the repressive function of Sens in the 

transcriptional regulation of proneural genes in the PNC. However, Sens is also able 
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to act both as a repressor to inhibit the majority of PNC cells from becoming SOPs, 

and as an activator to promote proneural gene expression in the potential SOPs 

(Jafar-Nejad et al., 2003). Its opposing regulatory action is closely correlated with its 

concentration in the cell. Sens is thought to only function as an activator when its 

level is high enough (Jafar-Nejad et al., 2003). Proneural proteins Ato and Sc 

produce a higher level of Sens in the potential SOPs by direct transcriptional 

activation, where Sens, in turn, strongly activates proneural gene expression through 

a synergistic effect from direct interaction with proneural proteins (Acar et al., 2006).  

 

Direct up-regulation of proneural genes in the SOP arises from the self regulation. 

The mechanism has been well demonstrated for sc and ato. The proneural proteins 

Ato and Sc activate their own transcription by binding to E-boxes present in their 

auto-regulatory enhancers (Culí and Modolell, 1998; Sun et al., 1998). Such a self-

stimulated regulation promotes an accumulation of proneural protein in the SOPs.  

 

1.5.1.3 Crosstalk among various regulation loops 

The above section described separately that three loops are involved in the regulation 

of the levels of proneural protein during SOP selection: Notch-Delta, a binary switch 

of Sens and the self regulation of proneural proteins. Actually these regulation loops 

interact with each other and the SOP selection is a combined effect of all of these 

regulations. For instance, Sens directly binds to the proneural protein Ato and Sc to 

augment their self regulation activity (Acar et al., 2006). Whilst in the remaining 

cells of the cluster, Sens represses such an auto-regulation (Jafar-Nejad et al., 2003). 

The cross-talk is also observed in the Notch-Delta signalling and proneural protein 

auto-regulation processes. E(spl) protein complex, an effector of Notch-Delta 

pathway, antagonises the self-stimulatory loop of sc in the neighbouring cells of 

presumptive SOPs, thereby preventing them from acquiring a neural fate (Culí and 

Modolell, 1998).  
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1.5.2 SOP recruitment  

In most cases, SOPs are selected from the PNC. However, in a couple of cases of Ch 

organs, SOPs are recruited from the surrounding uncommitted cells by the adjacent 

already formed SOPs. For example, in each abdominal segment of the embryo, there 

are eight Ch SOPs, five of which are selected from two proneural clusters while three 

of which are recruited from the ectodermal cells (zur Lage et al., 1997). The femoral 

chordotonal organ contains around 70-80 scolopidia. SOP recruitment plays an 

essential role in the generation of such a large Ch organ and the recruitment in this 

case is reiterative (zur Lage and Jarman, 1999). During recruitment, the founding 

SOPs trigger the expression of the protease Rhomboid (Rho), which activates the 

expression of EGF ligand Spitz. The secreted Spitz is accepted by the EGF receptor 

of the SOP surrounding cells, and then leads to an up-regulation of ato expression in 

these cells by a cooperated regulation by Ato itself and its co-factor, Pointed (Pnt), 

which is an effector of EGF signalling (zur Lage et al., 2004). Lateral inhibition also 

exists in the SOP recruitment. Therefore, the recruited SOP is a result of competition 

of the positive response from EGF signalling against the negative response from 

Notch lateral inhibition. Consistent with this assumption, blocking EGF signalling 

results in a failure of recruitment of extra chordotonal SOPs in all cases (zur Lage et 

al., 2004). The level of rho expression is critical for the selection result, as it decides 

the intensity of EGF signals in ectodermal cells adjacent to SOPs (zur Lage et al., 

2004).  

 

1.5.3 Asymmetric cell division of the SOP 

Soon after an SOP is formed, this SOP enters into a series of cell divisions. After two 

rounds of mitosis, it gives rise to four specialised cells, including one neuron and 

three accessory cells. These cells then differentiate into individual components of 

sense organs (Fig. 1.3B) (Lai and Orgogozo, 2004). The asymmetric division ensures 

each daughter cell is different from each other, thereby endowing them with different 

cell fate. The Notch-Delta signalling pathway, the same one controlling SOP 

selection, is also involved in the fidelity of asymmetry of the sense organ lineage 

(Lai and Orgogozo, 2004).  
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Examination of the three accessory cells from both the ES and Ch organs with 

several gene markers clearly shows a functional similarity between those cells. The 

cap and attachment cells in  the chordotonal  organs  correspond  to  the  socket  and  

shaft  cells  in the external  organs, while the scolopale cell corresponds to the sheath 

cell (Fig. 1.2, Fig. 1.3B) (Jarman, 2002; Lai et al.,  2004).  

 

1.6 the Gap Between the Proneural Function of Ato a nd the 

Terminal Differentiation of the Ch Neuron 

The section above summarised the mechanisms underlying the early events of sense 

organ genesis, including the onset of proneural gene expression, SOP selection and 

continuing until the asymmetric cell division of the sense organ lineage. However the 

mechanism by which proneural proteins direct the activation of genes for neuronal 

differentiation is still poorly understood. More interestingly, the Ch neuron possesses 

a specialised ciliary subcellular structure that is required for processing the 

mechanosensory signal transduction, suggesting that ciliogenesis is an important 

event during Ch neuron differentiation. Also, cilia from Ch and ES organs differ in 

both morphology and physiology, which are closely related to the distinctive 

functions of Ch and ES organs.   

 

As mentioned above, the proneural protein Ato directs the formation of the Ch 

organs while the proneural protein Sc governs the genesis of the ES organs. Many 

studies have shown that proneural proteins determine sense organ formation by 

controlling SOP selection. However proneural gene expression ceases soon after the 

SOPs are formed (Chang et al., 2008). This raises an intriguing question about how 

the transiently expressed proneural proteins deploy a long-lasting effect that controls 

cell differentiation, a rather late occurring event. Furthermore, given the similar but 

distinct features of Ch and ES organs, it remains obscure that how a gene regulatory 

cascade initiated by proneural proteins not only results in different sense organs to 

acquire common features, but also directs them to acquire the subtype identity. 
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Answering these questions, then, will largely depend on the understanding of the 

gene regulation network of proneural proteins.  

 

Although much progress has been made in understanding the functional specificity of 

proneural proteins in the past, all of these studies mainly focuses on their activities 

concerned with the SOP selection (Cachero et al., 2011). Thus the question of how 

proneural proteins like Ato regulate differentiation remains unexplored. The 

investigation of the proneural regulation network underlying cell differentiation is 

significantly hindered by a poor understanding of target genes of proneural proteins.  

 

1.7 Microarray Analysis to Reveal the Ato Regulatio n 

Network 

In an attempt to fill the gap between the proneural function of Ato and the activation 

of genes required for Ch neuron differentiation, a microarray analysis was carried out 

in our lab several years ago to investigate the molecular pathway mediated by Ato in 

the developing Ch lineage. Ato dependent cells were labelled by GFP reporter gene 

expression, which was driven by the Ato embryonic enhancer. This enhancer 

specifically supports expression in Ch SOPs and their progeny cells (Cachero et al., 

2010; Cachero et al., 2011). Cell dissociation and sorting were followed to harvest a 

purified population of GFP cells that represent the Ato cells, from which the Ch 

organs arise. Whole-genome microarray analysis was employed to uncover the 

progression of gene expression during Ch organ formation. A time course embryo 

collection (t1, t2 and t3) was employed to obtain a complete profile of gene 

expression from the SOP stage toward to the differentiation stage but not covering 

this stage (Fig. 1.4). The early time point collection (t1) corresponds to the moment 

of ato expression in SOPs, while the later time points cover the divisions of SOPs 

and their progeny cells that will lead to differentiation (Fig. 1.4).  

 

Despite hundred of Ato potential target genes have been generated by the microarray, 

it only provides us a very fragmented view of the process of Ato-mediated Ch 

lineage, because the hierarchical relationship between the components of the Ato 
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network still has not been characterised. This would be very to be important to be 

identified by several in vivo approaches.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.4 Investigation of the gene regulation network during Ch organ development. (A) The 

flowchart of the microarray experiment to acquire the progression of cell expression profiles in 

Ch cells (illustrated by Jarman, AP). In this experiment, a transgenic line was made to label the 

ato-expressing cells with the reporter gene GFP expression in embryos. Therefore ato-dependent 

cells are represented by GFP positive cells, which are isolated by cell dissociation and FACS cell 

sorting. Gene expression profiles are compared between GFP positive and GFP negative cells, so 

as to generate a list of genes which are enriched in ato cells (Cachero et al., 2011). (B) Diagram 

of Ch lineage. The perdurance of Ato activity is labelled. It starts from the PNC and ceases 

within the first round of cell division. t1, t2 and t3 indicate three time points of embryo collection, 

which covers the progression from Ch SOP to the end of asymmetric cell division, but before cell 

differentiation. This is quoted from Cachero et al. (2011). 
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1.8 Two Ato Candidate Genes: Rfx and dila  

GO term analysis indicates an enrichment of genes required for ciliary differentiation 

in the Ch lineage, consistent with the observation about ciliogenesis during Ch organ 

formation. Unexpectedly, I noticed an early transcriptional activation of a subset of 

ciliary genes at the moment when the terminal Ch neuron differentiation had not yet 

occurred (Cachero et al., 2011). In an attempt to understand Ato regulation in 

ciliogenesis, one of the ciliary genes, Rfx, was chosen as my research focus. I shall 

list several reasons which made me determined to characterise its position in the Ato 

network.  

 

First of all, Rfx is an evolutionarily conserved regulator of ciliogenesis. It has been 

proven that it directs ciliogenesis by activating ciliary gene expression in a wide 

range of invertebrates and vertebrates (Bonnafe et al., 2004; Dubruille et al., 2002; 

Laurençon et al., 2007; Senti and Swoboda, 2008; Swoboda et al., 2000). In 

Drosophila, Rfx is required for the assembly of ciliary structure in both Ch and ES 

sensory neurons (Dubruille et al., 2002; Laurençon et al., 2007). It indicates an 

important role of Rfx in Ch development.  

 

Secondly, although previous studies have established an essential role for RFX in 

directing ciliogenesis during cell differentiation, unexpectedly, its expression has 

already been robustly triggered from a very early stage, at the time that cells have not 

yet divided to generate the neuron. This is indicated by its 9.76-fold enrichment in 

ato cells at t1, Rfx ranked 12th in the list (Cachero et al., 2011). Thus an unexpected 

early appearance of Rfx in the Ch lineage suggests that its expression may be directly 

activated by Ato.  

 

Last but not least, several known and predicted RFX target genes are also highly 

enriched for all three time-points, many of which have been implicated as the ciliary 

genes, such as CG6129, CG4525 (Cachero et al., 2011). The presence of these genes 

implies that RFX probably acts as the bridging factor that links the early proneural 

function of Ato to the late ciliogenesis event.  
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Taken together, it is of great significance to elucidate the regulation relationship 

between Ato and Rfx, which would contribute to understanding how the transiently 

expressed Ato exerts its function to the terminal differentiation during Ch formation. 

In addition, the master role of Rfx in ciliogenesis has been well established 

(Dubruille et al., 2002; Senti and Swoboda, 2008; Thomas et al., 2010); however 

how such a core factor is being regulated remains elusive. Investigation of Ato 

regulation of Rfx will provide valuable information to help answering this question.  

 

Another gene from the microarray gene list which attracted my attention is CG1625. 

It is a novel gene. Later on, it was named as dilatory according to its mutant’s 

phenotype. Similar to Rfx, the microarray study suggested that dila is highly 

expressed in early Ato-dependent cells. It is 11-fold enriched at t1 and ranks 10th in 

the gene list (Cachero et al., 2011). Whilst many genes ranking high in the 

microarray list have known or predicted cellular functions, dila is one of those whose 

function had not been characterised (Cachero et al., 2011). Its high and early 

expression profile suggested that it could be directly regulated by Ato. Therefore 

examining the regulation of dila could provide one more example of a direct target of 

Ato. However, unlike Rfx, dila does not seem to encode a transcription factor 

according to its sequence. Apart from a conserved coiled-coil domain, there is no any 

other recognisable domain (details will be introduced in Chapter 3). Thus, 

investigation of dila’s role in the Ch organ is equally important to the 

characterisation of its regulation. Such information will substantially contribute to 

establishing a thorough picture of the Ato regulatory cascade from SOP specification 

to cell differentiation.   

 

1.9 Aims of This Study  

The proneural genes have a fundamental role in neurogenesis. Despite their transient 

activity, they are able to direct a subtype specific differentiation programme. It is 

likely that the long-lasting effect on neuron differentiation is achieved by deploying a 

regulation cascade, which not only confers generic characteristics, but also specifies 
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subtype identity. The subtype specificity may occur through activation of different 

downstream genes in different lineages and differential regulation of a common set 

of target genes. Such difference could be produced from both DNA binding 

differences and co-operated activation with subtype specific cofactors (Powell et al., 

2008).  

 

All the available evidence for proneural subtype specificity is still patchy, and there 

is no clear picture for any proneural protein on a global and genomic level. In an 

attempt to characterise the regulation network triggered by the Drosophila proneural 

protein Ato, a microarray analysis was carried out in our lab (Cachero et al., 2011). 

This study revealed hundreds of Ato downstream genes, which provides us with a 

great opportunity to systematically elucidate the gene regulation cascade underlying 

Ato control.  

 

My PhD study started with examining two potential Ato target genes (Rfx and dila) 

that were selected from the microarray result. To verify the microarray result, I 

investigated the expression of these two genes, which was followed by the 

characterisation of Ato regulation of their expression. This study has expanded our 

knowledge of Ato target genes that is essential for elucidating Ato-mediated network 

during Ch organ development. This work is included in Chapter 2.  

 

One of the selected Ato target genes, dila, is a novel gene. Nothing is known about 

its role in Ch organ formation. Therefore, one of the projects of my PhD was to 

extensively investigate its function. Identification of dila’s function would reveal part 

of the enigma of how and through what kind of mediated factors Ato strictly controls 

the complicated processes involved during Ch neuron specification and 

differentiation. This work is summarised in Chapter 3.  

 

RFX has been indicated as an evolutionarily conserved regulator of ciliogenesis. The 

widely held view for RFX is that it directs a core event of ciliogenesis that confers 

various cilia with generic features. Rfx is present as a downstream gene of Ato and 

also I noticed a differential profile of Rfx between Ch and ES lineages. Given that the 
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Ch cilium differs from the ES cilium in many aspects, it inspires me to speculate 

whether RFX also has a novel role in directing subtype specific ciliogenesis besides 

its well-established function. To answer this question, I decided to focus on the 

association between different levels of RFX activity and diverse phenotypes of 

Drosophila type I cilia (Ch cilium and ES cilium). This study will contribute to 

decoding the origin of ciliary diversity. The preliminary data for this project is 

depicted in Chapter 4.  
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2  

Ato Regulation to Rfx and dila Expression  

2.1 Aims of This Chapter 

Drosophila sense organ specification starts in the ectoderm with the selection of 

SOPs. Proneural proteins, Ato and Sc that are the bHLH transcription factors, not 

only select SOPs from the ectoderm cells, but also endow them with specific neural 

fates. SOPs then undergo cell divisions and eventually differentiate into subtype 

specific sense organs. The whole process of sense organ genesis is tightly controlled 

by a cascade of molecular regulation initiated by proneural proteins. Thus an 

acquisition of lineage identity of sensory organ depends on the functional specificity 

of proneural proteins. The activity of proneural proteins during SOP specification has 

been well characterised, however, their functional specificity in directing cell 

differentiation has not been addressed. To uncover Ato mediated regulatory network 

that directs Ch SOP to develop and differentiate into Ch organ, a microarray analysis 

has been carried out. This study reveals abundant Ato dependent genes. Identification 

of these genes will provide a powerful opportunity to construct a genetic program 

underlying Ato mediated neuron differentiation.  

 

Given the sparsity of confirmed Ato target genes, there is a great demand to identify 

more targets. Two genes, Rfx and dila, from the microarray gene list, have been 

suggested to be the potential direct targets of Ato by their highly enriched 

transcriptional profiles in the early Ato-dependent cells. In this chapter, I am going to 

test this hypothesis.  
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First of all, in order to confirm the validity of microarray data, the expression 

patterns of these two genes in the sensory organ lineages will be characterised. 

Second, a thorough enhancer analysis will be undertaken to characterise the role of 

proneural proteins in their expression. This study will provide us with valuable 

information to establish the Ato-regulatory network. 
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2.2 Introduction 

2.2.1 Proneural proteins bind to the E box motif 

bHLH (basic-helix-loop-helix) transcription factors play an important role in various 

developmental processes in animals, including neurogenesis, myogenesis, 

hematopoiesis (Massari and Murre, 2000). They constitute a large family of 

transcription factors. During neurogenesis, proneural proteins have been shown to be 

both necessary and sufficient to promote the generation of the neural progenitor cells 

and sequentially direct them to develop and differentiate into functional neuronal 

units in both Drosophila and vertebrates. Genetic studies in Drosophila have 

provided evidence that only three proneural genes (ato, sc and amos) account for the 

development of all the sense organ development in the PNS. To activate the 

transcription of their target genes, most of bHLH proteins bind as either homodimers 

or heterodimers to a specific DNA sequences, known as E-boxes (CANNTG, the 

consensus sequence is underlined throughout the text) in the target regulatory regions 

(Blackwell and Weintraub, 1990; Ellenberger et al., 1994; Murre et al., 1989). Like 

other bHLH family transcription factors, proneural proteins also specifically bind to 

the consensus E box motif, but function as heterodimers with a ubiquitously 

expressed bHLH protein daughterless (Da) (Brown et al., 1996; Cabrera and Alonso, 

1991; Goulding et al., 2000a). The basic domain makes the direct contact with the E 

box (Ledent and Vervoort, 2001). The majority of the DNA-binding residues from 

this domain are completely conserved among different types of bHLH proneural 

proteins. Such conservation provides an explanation for a common regulatory ability 

of proneural proteins in directing neurogenesis.  
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2.2.2 The bHLH domain encodes certain functional sp ecificity 

information for proneural proteins.  

Proneural proteins promote the formation of distinct types of sense organs and the 

function of each type of proneural protein cannot be substituted by another (Bertrand 

et al., 2002). This suggests that individual proneural proteins possess distinct 

activities to regulate unique target genes for neuronal subtype characteristics. An 

important question is where this intrinsic regulation difference resides in proneural 

proteins.  

 

To approach this question, several structure-function studies have been done to map 

key elements for the functional specificity to regions within the proneural proteins 

(Chien et al., 1996; Maung and Jarman, 2007; Talikka et al., 2002). In a chimeric 

protein assay, the ability of specifying Ch organs can be endowed to the Sc protein 

by swapping its basic domain with the one from Ato, suggesting that the basic 

domain of Ato possesses the important information for the specification of Ch fate 

(Chien et al., 1996). The determinant role of the basic domain in proneural functional 

specificity is also observed between Amos (a member of Ato-like proteins) and Sc 

(Maung and Jarman, 2007). The specificity of the basic domain of Ato and Sc is 

probably translated into the information for the lineage identity via preferentially 

binding to different sites.  

 

However, apart from the DNA-contact, protein interactions are also likely to be 

important for proneural proteins. The chimeric assay (Chien et al., 1996) also showed 

that swapping HLH domain of Ato together with its basic domain enhanced the 

ability of chimeric proteins in the induction of Ch organs, indicating that the 

difference between HLH domains of Ato and Sc acts as a contributor to the subtype 

specification (Chien et al., 1996). Unlike the basic domain, the HLH domain is not 

involved in the direct DNA-binding. In addition, seven residues from the basic 
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domain of Ato that do not seem to contact DNA directly are also required for the 

proneural specificity (Chien et al., 1996). Such a structure provides a platform to 

make contacts with subtype-specific cofactors. Taken together, the encoded 

information of functional specificity of proneural proteins from bHLH domains is far 

beyond the direct physical interaction with the E-box.  

 

Although the bHLH domain has been determined to be important for the distinctive 

regulatory activity of individual proneural proteins, non-bHLH sequences may also 

modulate their functional specificity. This speculation is supported by the 

observation from Drosophila Ato and Amos. Both Ato and Amos are categorised as 

Ato-like proteins due to the high similarity of their bHLH domains (Goulding et al., 

2000b). Strikingly, their basic domains that make contact with DNA are identical 

(Maung and Jarman, 2007). However, both of them have unique functions in 

specifying different types of sense organs (Goulding et al., 2000b; Maung and 

Jarman, 2007). The structure-function studies suggested that the distinctive 

functional capabilities between Ato and Amos were very likely achieved by the 

modulation from the non-bHLH domains (Maung and Jarman, 2007). 

 

2.2.3 Variant E boxes provide information for the s elective 

regulation 

The last section supports an idea that the intrinsic properties of the proneural proteins 

can support at least part of function distinctness. This could be linked to the fact that 

different types of proneural proteins have their own preferences in binding to 

different E boxes. Although all the proneural proteins are able to recognise the 

common E box (CANNTG), two bases from the central position varied among 

proneural proteins from different families (Bertrand et al., 2002). On the basis of 

identified target genes of AS-C and Math proteins (the vertebrate homologue of Ato), 
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the deduced E boxes for AS-C and Math are CAGGTG vs CAGCTG (Bertrand et al., 

2002). Thus it is likely that the specificity from proneural protein conformation 

endows individual proneural proteins with a preference of utilizing different E boxes.  

 

The specific DNA-binding information does not seem to come from the nucleotides 

from the E box core alone, the nucleotides from the adjacent positions have also been 

found to be important for the binding specificity. According to the sequences from 

identified Ato and Sc direct target genes, Powell et al (2004) deduced consensus E 

box motifs for both Ato (EAto: AWCAKGTGK) and Sc (ESc: GCAGSTGK) tested by 

both in vivo and in vitro experiments (Powell et al., 2008; Powell et al., 2004). These 

motifs include information for both the core (CANNTG) and flanking sequences. 

The in vivo reporter gene analysis shows that the tandem repeats of a 20-bp sequence 

which contains the Ato and Sc E boxes are sufficient to give rise to a proneural 

protein-specific expression pattern respectively, consistent with the above notion that 

the E box confers some regulation specificity of proneural proteins (Powell et al., 

2004). Importantly, this study also indicated that the residues immediately flanking 

CANNTG are crucial for the activity of E box, supported by the observation that 

alteration of flanking nucleotides alone from the wild-type enhancer regions caused a 

substantial disruption of enhancer activity in both Ato and Sc cases (Powell et al., 

2004). Thus the variant flanking nucleotides from the E boxes may add the additional 

information to the binding preference of Ato and Sc. Taken together it suggests that 

proneural specificity could be modulated in part at the level of DNA binding. 

 

2.2.4 Cofactors further facilitate the regulation s pecificity of 

proneural proteins 

Even if variant E boxes among different types of proneural proteins may contribute 

to the specific regulation from proneural proteins, it alone is unlikely to be 
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responsible for distinguishing all the subtype-specific target genes. Bioinformatics 

analysis indicates that about 10,000 to 200,000 (depending on the threshold 

employed) matches to the Ato binding consensus exist throughout the Drosophila 

genome, far more than the likely real regulation (Aerts et al., 2010). In this case, 

there must be other limitations to help proneural proteins locate the correct targets. 

Several studies have demonstrated that interactions with cofactors serve an important 

role for the selective regulation of proneural proteins (Aerts et al., 2010; Bertrand et 

al., 2002; Powell and Jarman, 2008). An elegant example of cofactor-dependent 

selective regulation is provided by the regulation of NeuroM to Hb9. Whilst ChIP 

analysis shows that both bHLH proteins NeuroM and Mash1 are able to bind to an E 

box in the promoter of Hb9, only NeuroM can activate its expression (Lee and Pfaff, 

2003). It has been speculated to be due to the specific affinity of NeuroM to the 

cofactor LIM-HD (Lee and Pfaff, 2003). Indeed, many observations suggest a 

requirement of cofactors to synergise the regulatory capacity of proneural proteins. 

One is from the Ato self-regulation during SOP recruitment. To specify Ch SOPs 

from ectodermal cells requires an up-regulation of ato expression, which is achieved 

by a cooperated regulation from Ato and its cofactor Pointed. Activation of Ato self-

regulation requires Pointed binds to a site close to the Ato binding site in the ‘SOP 

recruitment’ enhancer of ato (zur Lage et al., 2004). Such a combinational regulation 

is also observed in another Ato target gene, dacapo, a cdk inhibitor gene, controlling 

the cell cycle during specification of retinal precursor cells (Sukhanova et al., 2007). 

The cofactor-mediated functional specificity of proneural proteins is widely expected 

to vary in a cellular context-dependent manner. Different cell types or cells at 

different stages provide the proneural proteins with variant cofactors. Thus the co-

occurrence of cofactors and the binding site for the bHLH proteins together can 

navigate proneural proteins to regulate specific target genes.  
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2.2.5 How are differentiation genes regulated by At o? 

Numerous genetic and misexpression analyses in a range of organisms have already 

shown that proneural proteins not only specify the neuronal fate at the precursor 

stage but also lead the precursor to acquire the specific neuronal phenotypes during 

the sequential development. Since the phenotype of sensory neurons is acquired 

during the differentiation stage, each proneural protein must govern a subtype-

specific differentiation process. Proneural protein expression subsides soon after 

SOPs are formed, thus there is a long temporal gap between SOP formation and 

terminal cell differentiation. So how proneural protein controls neuronal 

differentiation in a subtype specific manner is an intriguing question?  

 

Despite the extensive studies on the neurogenesis of the Drosophila PNS in the past, 

the proneural gene regulatory networks remain largely unknown. Up to the present, 

there is only one systematic analysis of the regulation network of proneural proteins, 

which was carried out by Reeves and Posakony (2005), but particularly revealed 

genes involved in defining the proneural cluster, the initial phase of sense organ 

development. Therefore, the subsequent cellular program that leads to the terminal 

differentiation is to be revealed. The work of constructing a full regulatory network 

of proneural proteins was hampered by the paucity of identified target genes of 

proneural proteins. The known direct targets of AS-C are Bearded (Brd), Enhancer 

of split m7, Enhancer of split m8, scabrous (Singson et al., 1994), Delta (Kunisch et 

al., 1994), phyllopod (Pi et al., 2004), senseless (Jafar-Nejad et al., 2003) and ac 

itself (Martinez et al., 1993). For the proneural protein Ato, even fewer target genes 

have been reported. The confirmed direct targets of Ato are Tachykinin like receptor 

at 86C (Takr86C) (Rosay et al., 1995), Brd (Powell et al., 2004), senseless (Jafar-

Nejad et al., 2003) and ato itself (Sun et al., 1998; zur Lage et al., 2004). Among 

those genes, apart from Takr86C, all the rest are specifically required for the early 

program of sense organ formation.  
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Our microarray study yields a gene list of Ato candidate targets that may bridge the 

gap between proneural function to the neural terminal differentiation. It reveals that 

many differentiation genes already become activated in the early ato-expressing cells, 

implying that Ato could control the process of differentiation by a direct regulation 

(Cachero et al., 2011). To construct the Ato regulation network from this microarray 

data, first of all, I have to validate this data by in vivo tests. Two genes (Rfx and dila) 

from the list are predicted to be the direct targets of Ato, according to their enriched 

expression profiles in early ato cells. A series of regulation analyses will be carried 

out to explore the mechanisms underlying their early expression. The knowledge 

from this study will not only value the confidence of our microarray data, but also 

enrich our understanding about the Ato regulation in Ch neuron differentiation.   
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2.3 Results 

2.3.1 Both Rfx and dila are enriched in the early ato-expressing 

cells.  

Rfx and dila have been shown to be highly enriched in the early ato-expressing cells 

from the microarray study. To verify this data, their early expression patterns are 

compared with that of Ato in the embryos. RNA in situ hybridisation with Rfx and 

dila probes together with antibody staining with Ato revealed that transcripts of these 

two genes overlap with Ato (Fig. 2.1A, Fig. 2.2A). Such observations validate the 

data from the microarray analysis that these two transcripts are enriched in Ato-

expressing cells.  

 

Ato marks the position of Ch SOP (Jarman et al., 1993b). However, I also noticed 

that Rfx and dila expression is not limited to Ch SOPs. To investigate more about 

their expression, a sensory neuronal marker, Senseless (Sens) was used to identify 

the identity of those remaining cells. Sens is able to marker all SOPs (Nolo et al., 

2000). Comparison of the expression pattern of Rfx and dila relative to that of Sens 

in the early stage embryos shows that Rfx and dila transcription is initiated in Ch 

SOPs only, and slightly later their expression occurs in ES SOPs (Fig. 2.1B,C, Fig. 

2.2B,C). This observation suggests that both Rfx and dila are activated in both Ch 

and ES lineages. Their expression patterns in the embryonic PNS are going to be 

thoroughly characterised in the following sections.  
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Figure 2.1 The early expression pattern of Rfx. RNA in situ hybridization with Rfx probe (blue) 

and a second marker antibody (brown). (A) Stage 11. Expression of Rfx relative to Ato. Rfx was 

detected in Ch SOPs, marked by the presence of Ato. An enlarged dorsal hemisegments is shown 

in the box region at the right bottom corner. Rfx overlaps with Ato in two Ch SOPs (arrows) (B, 

C) Rfx expression relative to the SOP marker, Senseless (Sens), shown by magnification of 

abdominal segments at stage 11 (B) and stage 12 (C). (B) Stage 11 embryos, showing both ES 

(empty arrow) and Ch (arrow) SOPs indicated by Senseless staining. However, at this moment, 

not all the SOPs express Rfx. Rfx is only detected in Ch SOPs. (C) Stage 12 embryos, showing 

that ES cells starts to weakly express Rfx (arrowhead) while Rfx expression in Ch cells becomes 

more intense. The dashed lines divide all the SOPs into two clusters, Ch SOPs cluster (to the 

posterior) and ES SOPs cluster (to the anterior) according to their position.   
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Figure 2.2 The early expression pattern of dila. Embryos were double labelled by dila probe 

(blue) and a second marker antibody (brown). (A) Stage 11. Early dila expression in relation to 

the formation of Ch SOPs is indicated by Ato staining. dila overlaps Ato in a dorsal SOP (arrow). 

(B, C) Magnification of three abdominal segments from stage 11 (B) and stage 12 (C) embryos 

show a delayed dila expression in ES SOPs, which are marked by Senseless (Sens) antibody. (B) 

Stage 11. dila mRNA only appears in Ch SOPs (arrow), and is barely detectable in ES SOPs 

(open arrow), despite the fact that ES SOPs have been well formed at this stage. (C) Stage 12. 

Arrowhead points to the first dila expressing ES SOP. By this time, dila is expressed in more Ch 

SOPs.  

 

2.3.2 Rfx is differentially expressed in embryonic PNS cells  

Rfx expression in the embryonic PNS was first characterized by Durand et al. (2000). 

My observations are in agreement with previous publications about Rfx (Durand et 

al., 2000; Vandaele et al., 2001), but also extend these observations. The first sign of 

Rfx expression appears almost simultaneously in a single cell of each thoracic and 

abdominal hemi-segment between late stage 10 and early stage 11 (Fig. 2.3A). At 

later stage 11, this expression transits into a pair of cells. These cells were confirmed 
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as Ch SOPs by double labelling embryos with Ato antibody (Fig. 2.1A). Rfx starts to 

appear in ES cells around stage 12 (Fig. 2.3B) by the time the first generation of SOP 

progeny cells are produced. This suggests that there is a delay in Rfx expression in 

ES cells, relative to its expression in Ch cells (Fig. 2.4). Eventually Rfx is expressed 

in the progeny of most SOPs, but there is a detectable difference between Rfx levels 

in Ch and ES cells (Fig. 2.3C,D). By stage 15, the mRNA expression reaches its peak 

(Fig. 2.3D), and is restricted to four clusters (d, l, v’ and v), which closely resembles 

the final arrangement of PNS organs (Fig. 2.3E). The uneven distribution of Rfx 

mRNA between Ch and ES becomes more obvious at this stage: Rfx is highly 

expressed in all the Ch neurons (lch5, v’ch1 and vchA×B), while it is weakly 

expressed in the ES neurons (Fig. 2.1D, Fig. 2.4). Rfx progressively disappears from 

much of the PNS after around stage 16. At the end of embryogenesis, Rfx signal 

becomes restricted only to Ch neurons of the thoracic and abdominal segments. 

Apart from PNS, strong expression is also observed in the sensory organs of the head 

during the embryonic stage, and in the brain throughout larval and pupal 

development (Durand et al., 2000; Vandaele et al., 2001).  

 

The expression pattern of Rfx has been described about 10 years ago. However, this 

is the first time that differences in timing and level of Rfx expression in Ch and ES 

lineages is noticed.  
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Figure 2.3 Rfx expression during embryogenesis. RNA in situ hybridisation to the whole-mount 

embryos. Anterior is to the left and dorsal is up. (A) Stage 11. Rfx is first detected in a single Ch 

SOP in all the thoracic (out of focus) and abdominal segments. (B) Stage 12. Rfx is strongly 

detected in a row of Ch SOPs in each segment (bracket), and also becomes visible in ES SOPs 

(arrow) from this stage. (C) Stage 13. Rfx is detected in two separate clusters of cells in each 

segment (indicated by the dashed line), corresponding to the Ch cell clusters (to the posterior) 

and the ES cell clusters (to the anterior). Rfx expression in Ch cells becomes more intense, and 

weak expression of Rfx was detected in ES cells. (D) Stage 15. Rfx expression pattern matches 

the final PNS arrangement in four clusters: dorsal (d), lateral (l), ventral prime (v’) and ventral 

(v), and Rfx is only expressed in Ch and ES neurons. Strong staining was detected in all the Ch 

neurons (lch5, v’ch1 and vchA*B, indicated by arrows). (E) Schematic representation of PNS in 

one abdominal hemisegment is taken from Brewster and Bodmer (1995). Black circles and 

hatched circles correspond to Rfx staining in Ch and ES neurons, respectively. Open circles 

correspond to multidendritic (md) neurons not stained by Rfx probe. Rfx is expressed in the brain 

throughout embryo development (labeled by asterisks in B, C, D). 

A B 

C 

Ch 

Es 

Rfx mRNA Rfx mRNA 

Rfx mRNA 

   St11    St12 

   St13 

Ch neuron 

ES neuron 

md neuron 

E 

Ch SOP 

* 

* 

D 

d 

l 

v’ 

v 

lch5 

v’ch1 

vchA*B Rfx mRNA 

   St15 
* 

* 

l cluster 

v’ cluster 

lch5 

v’  ch1 

d cluster 

p8 desD 

lch5 

dbd 
lesC 

lesB 

lesA da 

v cluster 

p5 

P4 



Chapter 2: Ato Regulation to Rfx and dila Expression 
 

 37 

 

 

 

 

 

 

 

 

 

Figure 2.4 The expression profile of Rfx differs in Ch and ES lineages. The progression of Rfx 

expression is depicted in the schemes of Ch and ES lineages. The strong expression of Rfx in Ch 

cells is marked with dark blue, while its weak expression in ES cells is labelled with light blue.  

In the Ch lineage, Rfx expression initiates from Ch SOPs at round stage 11. However, Rfx is not 

discernable in the ES lineage until the first round of ES SOP division, indicating a delay of the 

onset of Rfx expression in ES lineage.   

 

2.3.3 dila is differentially expressed in embryonic PNS cells   

Since expression of the dila gene has not been described before, this was analysed in 

detail. dila expression was found in a dynamic pattern, quite similar to that of Rfx. I 

identified Ch/ES SOPs and their daughter cells from dila expression pattern, based 

on comparison with the SOP markers used above. dila is first expressed in a single 

Ch SOP soon after it was formed during late stage 10 and early stage 11, indicated by 

the observation of an overlap between dila mRNA and Ato antibody staining (Fig. 

2.2A,B, Fig. 2.5A). Like Rfx, dila transcription does not become discernible in the 

ES lineage until the first round of SOP division, suggesting a delay, compared with 
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its expression in the Ch lineage (Fig. 2.2B, 2.5B). Also, throughout the development, 

Ch cells are always clearly labelled with dila, whereas the staining in ES cells 

appears to be less intense (Fig. 2.5B, C, D). This profile difference exists from the 

onset of dila expression in the first ES SOP (Fig. 2.5B), and gradually increases 

throughout the embryo development (Fig. 2.5C, D). It finally results in a dramatic 

difference in dila levels between Ch and ES neurons observed at stage 15 (Fig. 2.5D). 

Apart from its expression in the sensory cells, dila is also present in the head (Fig. 

2.5C, D). It is also worthy pointing out that so far dila expression in the embryo is 

only detected in the PNS and no non-PNS expression is observed. In general, dila is 

expressed in a very similar fashion to Rfx, especially in terms of the temporal and 

spatial pattern.  

 

2.3.4 Rfx is expressed in the type I sensory organs in the l arvae.  

The Rfx expression pattern in the imaginal discs of the 3rd instar larvae has been 

characterized in detail in (Ma, 2007). Consistent with the observation of Rfx 

expression in the PNS in the embryonic stage, Rfx was found in all the developing 

adult type I sensory organ (Ch and ES organ) analysed (in antennae, leg and wing 

discs). Also, strong Rfx signals were detected in all the Ch organs, such as the 

femoral Ch organ, Johnston’s organs and Ch organs in the wing disc, while signals 

which were found elsewhere are relatively weak. Transient overlapping expression 

between Ato and Rfx has been observed in the Ch SOPs. However, no expression 

was detected in the eye disc, which is in agreement with the previous report 

(Vandaele et al., 2001). 
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Figure 2.5 dila expression during embryogenesis detected by RNA in situ hybridisation. (A) 

Stage 11. dila appears in a single Ch SOP in each hemisegment. (B) Stage 12. dila is intensely 

expressed in more Ch SOPs. A faint signal is visible in the anterior area of each segment, 

corresponding to ES SOPs (arrow). (C) Stage 13. SOPs and their progeny cells are grouped into 

the Ch (towards posterior) and the ES cluster (towards anterior). dila is expressed strongly in Ch 

cells, and weakly in ES cells. (D) Stage 14. dila expression is refined to four clusters of cells (d, l, 

v’, v). dila is only expressed in type I neurons (ES and Ch neurons). It is strongly detected in Ch 

neurons (lch5, v’ch1 and vch A*B) and weakly in ES neurons. (This pattern was labelled 

according to the the schematic graph in Fig. 2.3E.) dila expression is also observed in the sensory 

organs of the head segments (asterisk).  

 

2.3.5 dila is expressed in the type I sensory organs in the l arvae.  

Similar to Rfx, the dila transcript was found in all the developing type I sense organs 

in the larvae. In the leg disc, dila transcripts are accumulated in the large femoral Ch 

organ (Fig. 2.6A). Small patches with faint staining were seen in the leg discs as well, 

which were presumably ES organs according to the pattern (Fig.2.6A). dila 

expression was also detected in the Ch organs and ES organs in the wing disc (Fig. 
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2.6B). In the eye-antennal disc, expression occurs in two clusters of cells, 

corresponding to the Johnston’s organ (Fig. 2.6C). Unlike Rfx, dila is also weakly 

expressed in 2 or 3 stripes of cells just after the morphogenetic furrow (Fig. 2.6C).  

 

 

 

 

 

 

Figure 2.6 In imaginal discs, dila mRNA is expressed in type I sense organs SOPs. dila 

expression in wild type imaginal discs is detected by the whole-mount RNA in situ hybridisation 

in discs from the 3rd instar larvae. Ch SOPs and ES SOPs are indicated by arrows and arrowheads 

respectively. (A) The leg disc. dila is strongly expressed in the femoral Ch SOPs (arrows). The 

rest of scattered cells with staining correspond to the ES SOPs (arrowheads). (B) The wing disc. 

(C) The eye-antennal disc. The strong dila staining was shown in the Johnston’s organ (Ch 

organ). dila is also weakly detected in two or three rows of photoreceptors (bracket) just after the 

morphogenetic furrow.  

 

In summary, the above close examination of the spatiotemporal expression pattern of 

Rfx and dila has shown that both of them are involved in the Ch and ES organ 

development, and more importantly, both of their expressions start at a very early 

stage of this process, suggesting a possibility that Rfx and dila could be directly 

activated by proneural proteins. To test this hypothesis, I carried out a series of cis-

regulatory element analyses on these two genes.  
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2.3.6 Investigation of Ato regulation in Rfx and dila expression   

As a proneural factor, Ato activates its target gene expression by binding to a version 

of the E-box motif (Ea), which has a currently known consensus sequence of 

AWCAKGTGK (W is A or T, and K is G or T) (Powell et al., 2004). To explore the 

question that whether Rfx and dila are direct targets of Ato, 5-kb around the genomic 

sequences of Rfx and dila were scanned for matches to this consensus sequence. In 

Rfx, three potential Ea sequences are present. One of them is located in the upstream 

region of Rfx and another two were located in the first intron (Fig. 2.7). In dila, two 

putative Ea matches were found in the upstream region (Fig. 2.8). The presence of 

these E-box motifs prompted me to investigate whether Ato regulates Rfx and dila 

through these sites. To approach this question, fragments including these E-boxes 

sites were first selected to test their enhancer activity. Once selected fragments were 

determined to contain Ato-responsive regulatory elements, the importance of the Eas 

for enhancer activity was then tested.  

 

 

 

 

 

 

 

 

 

Figure 2.7 Schematic diagrams of various Rfx reporter gene constructs (pHStinger vector) 

(Barolo et al., 2004) used to identify the cis-regulatory elements for Rfx expression. The genomic 
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region of Rfx is shown above with the 5’ upstream and the first intron regulatory regions and the 

locations of Ato E-box (Ea) labelled: two Eas are within the first intron and one in the upstream 

region. A 1.5-kb fragment from the first intron, three overlapping subdivided fragments (Rfx-A, 

Rfx-B, Rfx-C) and Rfx-A with the mutated Ea1 (Rfx-A-M) were tested for the enhancer activity 

by fusing to the upstream of reporter genes. The Ea1 and Ea2 boxes mentioned in the text are 

marked. The Ea1 sequence is shown and the core nucleotides mutated are underlined. One Sc 

binding motif was found in Rfx-B, and the sequence was shown (Sc motif consensus: 

GCAGSTGK) (Powell et al., 2004).  

 

 

 

 

 

 

 

 

 

Figure 2.8 Schematic diagrams of various dila reporter gene constructs (pHStinger GFP), which 

are used to test the enhancer ability of each fragment. Two Ea boxes are present within a 1.0-kb 

fragment from the dila upstream region. This fragment was further divided into two sub-

fragments, dila-A and dila-B. Both of those two E-boxes are located in the sub-fragment dila-B. 

Two Ea boxes within fragment dila-B were mutated to test their importance for enhancer activity. 

Sequences for both of the Eas are given, and the core nucleotides mutated are underlined. 
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2.3.7 Identification of an enhancer region of Rfx 

A 1.0-kb fragment from the Rfx upstream region, which contains an Ea, had been 

shown to have no enhancer activity in the PNS related expression in my MSc project 

(Ma, 2007). A 1.5-kb fragment from the Rfx first intron, which contains two Eas, had 

previously been cloned into the pHStinger dsRed vector. The pHStinger vector is a 

Drosophila transformation vector by virtue of containing P element sequences. It 

also has a mini-white selectable marker and nuclear-targeted GFP encoding sequence 

as an enhancer reporter that is downstream of a minimal hsp70 promoter (Barolo et 

al., 2004). The resulting construct Rfx-dsRed containing the Rfx first intron fragment 

was used to make transgenic lines by microinjection during my MSc project (Fig. 

2.7). Two independent lines were established (Jarman Stock 1901 and 1902), but 

these lines were not analysed during my MSc project due to insufficient time.  

 

Given the fact that the dsRed protein takes time to fold and then emit the 

fluorescence, I analysed the reporter gene expression by examining dsRed transcript 

rather than its protein. In addition, detection of dsRed transcript directly reflects the 

process of transcription, thereby avoiding potential problems caused by the 

perdurance of dsRed protein.  

 

I found that the 1.5-kb first intron fragment supported dsRed reporter gene 

expression in embryos in a pattern reminiscent of endogenous Rfx. dsRed transcript 

was first detected as early as stage 11 in P cells (the first Ch SOP), and later on 

appears in more Ch SOPs, indicated by Ato staining (Fig. 2.9A,B). dsRed appears in 

Ch SOPs. This pattern exactly mirrors that of endogenous Rfx (Fig. 2.9B). Slightly 

later dsRed expression initiates in ES cells (Fig. 2.9C). dsRed expression continues in 

more cells and the pattern becomes more complex. At stage 12, dsRed-expressing 

cells could be divided into two groups: the Ch group and the ES group, which 

resembles the distribution of Rfx, and suggests that the reporter gene is expressed in 
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all of the Ch and ES SOPs and their progeny cells (Fig. 2.9C). In summary, this 1.5-

kb fragment supports expression in a pattern which suggests that it includes all the 

cis-regulatory elements that controls Rfx expression in both Ch and ES lineages. 

 

 

 

 

 

 

 

 

Figure 2.9 Expression of Rfx-dsRed in the embryo. Activity of a 1.5-kb fragment from the Rfx 

first intron driving dsRed expression in Ch and ES cells. (A, B) A Rfx-dsRed embryo is double 

stained with Ato antibody (brown) and digoxigenin dsRed probe (blue). (A) Stage 11, Ato 

expression is seen in a row of 4 to 5 SOPs. dsRed appears later and follows the Ato expression 

pattern. (B) A high magnification of abdominal segments that are outlined in (A). dsRed is 

expressed with a general dorsal-to-ventral order, closely following Ato expression. (C) Stage 12, 

dsRed transcript is detected in more cells, including both Ch (arrows) and ES cells (arrowheads).  

 

2.3.8 Division of the 1.5-kb Rfx enhancer fragment into three sub-

fragments 

The above analysis indicates that cis-regulatory elements of Rfx were located within 

a 1.5-kb fragment. In order to identify a minimal regulatory region supporting its 

PNS expression, I divided the 1.5-kb fragment into three overlapping sub-fragments 

(Rfx-A, Rfx-B and Rfx-C) of around 500 bp each (Fig. 2.7). Two E-boxes (Ea1 and 
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Ea2) were separated into Rfx-A and Rfx-B. Subsequently sub-fragments were 

inserted into the pHStinger GFP vector, in which GFP is the reporter gene, but 

otherwise is exactly the same as pHStinger dsRed vector. The resulting constructs 

(Rfx-A-GFP, Rfx-B-GFP and Rfx-C-GFP) were injected into embryos and stable lines 

were established. The transgenic lines are listed in Table 2.1. The GFP expression 

pattern driven by each sub-fragment was examined as below. 

 

2.3.9 The sub-fragment Rfx-A supports early expression in Ato-

dependent cells exclusively. 

Co-labelling Rfx-A-GFP embryos with Ato suggested that gfp coincides with Ch 

SOPs exclusively. Moreover, it is expressed only in the early stage Ch SOPs (Fig. 

2.10). Unlike for the original fragment, no GFP expression was detected later in the 

progeny cells of Ch SOPs. The pattern of gfp suggests that an enhancer responsible 

for early Rfx expression in the Ch lineage is present in the Rfx-A fragment. Such 

expression is very likely regulated by Ato, indicated by a good overlap between Ato 

and gfp transcript and the presence of an Ea in this fragment. Whether Ato directly 

regulates Rfx via this Ea box will be discussed later.  

 

 

 

 

Figure 2.10 Analysis of Rfx-A-GFP exprssion in the embryo. A stage 11 Rfx-A-GFP embryo was 

double stained with Ato antibody (brown) and digoxigenin gfp probe (dark blue). Ch SOPs were 

indicated by Ato staining. Three enlarged hemisegments are shown in the right panel. The intense 

gfp staining is in some Ch SOPs, suggesting that its expression closely follows the Ato 

expression pattern. In addition, Rfx-A-gfp expression is confined to Ch SOPs.  
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2.3.10 The sub-fragment Rfx-B supports the later expression 
in ES cells. 

In Rfx-B-GFP embryos, gfp was first present in a row of cells in the anterior part of 

each segment at stage 12 (Fig. 2.11B). These gfp expressing cells are displayed in a 

pattern which resembles that of Sc-dependent cells, indicated by the comparison with 

[sc-E1]6-GFP embryos, in which the reporter gene expression is supported by 6 

repeats of Sc-binding motifs (Fig. 2.11C) (Powell et al., 2004). Correspondingly, I 

reasoned that the sub-fragment Rfx-B supports GFP expression in ES cells (Fig. 

2.11B). Later on, Rfx-B-gfp was detected in more cells, but was still confined to the 

ES-lineage cells (Fig. 2.11C). The Rfx-B fragment does not support GFP expression 

in Ch cells at any stages (Fig. 2.11A, B, D). Although the sub-fragment Rfx-B 

contains an Ea sequence (Ea2) (Fig. 2.8), the lack of GFP expression in Ato 

dependent cells suggests that this E-box is not an Ato binding site. Therefore, I 

conclude that sub-fragment Rfx-B is an ES enhancer of Rfx. 
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Figure 2.11 Rfx is indirectly regulated by Sc via fragment Rfx-B. (A) The Rfx-B-GFP embryo at 

stage 11 was double labeled with Ato antibody and digoxigenin gfp probe. gfp is not detectable in 

Ato expressing cells. Two lobes with gfp staining could be caused by the artefact, as the 

endogenous Rfx is not present in this region. (B-C) The pattern of Rfx-B-GFP resembles that of 

[Sc-E1]6-GFP, suggesting that Rfx-B drives gfp expression in Sc-dependent cells and no gfp 

expression is detected in Ato cells. (B) A stage 12 Rfx-B-GFP embryo. gfp is present in few cells 

per segment, which are predicted to be ES SOPs, according to their localisation. (C) A [Sc-E1]6-

GFP embryo at stage 12. GFP expression is supported by 6 repeats of Sc binding motifs. GFP 

expressing cells represent ES SOPs and progeny cells. Double labelling with Ato and GFP 

reveals the relative position of Ch SOPs and ES SOPs at this stage. (D) Rfx-B-GFP embryo at 

stage 13. More gfp is detected in ES cells, and gfp is still absent from the Ch cell clusters (area 

outlined with the dotted line). (E-E’’) A stage 11 embryo stained with RFX (magenta) and Sc 

(green) proteins. Arrowheads point to the RFX expression in the Ch SOP clusters and arrows 

indicate the weak RFX expression in the ES SOP cluster. Sc is not detected in the RFX 

expressing ES SOPs. It is likely that Sc has switched off in those cells.  
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2.3.11 Sub-fragment Rfx-C does not include any independent 

regulatory element 

The sub-fragment Rfx-C does not support GFP expression in any sense organ cell 

throughout the embryonic development (Fig. 2.12). The appearance of GFP staining 

in some internal embryonic tissues excludes the possibility that the absence of 

reporter gene expression in the PNS is due to a problem with the line (Fig. 2.12A). 

As endogenous Rfx is not detected in this region, this GFP expression is considered 

to be the artefact. Hence, I conclude that Rfx-C contains no independent enhancer 

element.  

 

 

 

Figure 2.12 Rfx-C is not important in the regulation of Rfx expression. (A) An early stage embryo 

carrying Rfx-C-GFP was hybridised with gfp probe. No specific staining is detected in any sense 

organ cell. gfp is only detected in the two clusters in the middle of the embryos, which could be 

artefact. (B) A late stage Rfx-C-GFP embryo. gfp is not detected in any PNS cells.  

 

2.3.12 Mutation of Ea1 in Rfx-A fragment leads to the 

abolishment of enhancer activity 

Judging from the reporter gene expression driven by the sub-fragment Rfx-A, it 

appears that Rfx-A contains an enhancer element responsible for Rfx expression in 

Ch SOPs in the early stage. The good overlap between gfp and Ato and the presence 

of an E-box within this fragment implies a direct Ato regulation of Rfx. To determine 

whether Ea1 (AACATGTGT) (Fig. 2.7) is required for the enhancer activity, I 

decided to mutate this E-box. The bHLH domain makes major DNA contacts via 

binding with CA and the TG from the E-box. Previous studies on Ato binding motif 

Rfx-C-GFP 

     St11    gfp RNA 

Rfx-C-GFP 

         St13 gfp RNA 

A B 



Chapter 2: Ato Regulation to Rfx and dila Expression 
 

 49 

has shown that change CATGTG into AATGTT leads to the loss of the 

transcriptional activity of Ato-dependent binding sites in vivo and loss of Ato protein 

binding in vitro (Powell et al., 2004). I mutated the Ea1 sequence from CATGTG 

into AATGTT by site directed mutagenesis. The resulting construct (Rfx-A-M-GFP) 

was transformed into flies. Two independent lines were established (Jarman stock 

1994 and 1999). Both of these two lines were examined to determine if GFP 

expression was altered. When Ea1 is mutated, the early gfp expression in Ato cells is 

abolished (Fig. 2.13). Thus, Ea1 is likely to be an Ato binding site through which Ato 

turns on Rfx expression in the embryonic Ch SOPs.  

 

 

 

 

 

Figure 2.13 Mutation of Ea1 in Rfx-A fragment leads to the loss of reporter gene expression in 

chotodotonal SOPs. A stage 11 Rfx-A-M-GFP embryo carrying the Rfx-A fragment with the 

mutated Ea1 box is stained with Ato antibody (brown) and digoxigenin gfp probe (blue). gfp 

expression is absent from the chordotonal SOPs, which is marked by Ato antibody.   

 

2.3.13 Different proneural regulation modes underli e Rfx 

activation in Ch and ES lineages 

Rfx is expressed in both Ato and Sc-dependent cells, where its expression overlaps 

with the SOP marker Sens (Fig. 2.1C). However, there is a notable difference 

between its expression in Ch and ES lineages. In the Ch lineage, Rfx expression starts 

from the P cell, the first Ch SOP. In contrast, Rfx is not expressed in the ES lineage 

until the first round of ES SOP division, indicated by the observation that Rfx only 
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overlaps with Sens in the progeny of ES SOPs (Fig. 2.1C). Sc expression in ES SOPs 

is very transient and its level is down-regulated before the first round of SOP 

division (Chang et al., 2008). Indeed, double-labelling embryos with RFX and Sc did 

not show any indication of overlap (Fig. 2.11E-E’’). In contrast to the direct 

activation from Ato, the ES enhancer is active only after sc expression is switched 

off, suggesting that Sc activates Rfx in ES cells in an indirect manner. Nonetheless, I 

noticed that Rfx-B does contain one match to the Sc binding site (GCAGSTG) (Fig. 

2.7) (Powell et al., 2004). How important this motif is in the enhancer activity 

remains unknown. It is possible that Sc regulates Rfx expression into the ES lineage 

by binding to this site prior to the initiation of Rfx transcription (Cachero et al., 2011).   

 

2.3.14  Rfx-A+B has an identical enhancer activity as the 1.5-

kb fragment 

Even though Rfx-A supports expression in the Ch lineage, its activity is limited to the 

early stage. Rfx-B is an ES-exclusive enhancer. Neither sub-fragment supports a late 

expression in Ch cells, so together they do not completely recapitulate the expression 

supported by the full-length fragment (1.5-kb). This suggests that an enhancer 

element from this fragment was being split by the breakpoint of the sub-fragments. 

To test this, I made a longer fragment (Rfx-A+B) that contains sub-fragment A and B 

combined (Fig. 2.7). Following microinjection I obtained two lines for Rfx-A+B-

GFP. Interestingly, fragment A+B produced an expression pattern similar to that 

obtained with the full-length fragment as the expression in the Ch progeny cells 

become apparent in this line (Fig. 2.14), even though its constituent fragments (Rfx-A 

and Rfx-B) do not support such a pattern. This suggests that, as suspected, a later Ch 

expression enhancer was indeed split by the separation of A and B.  
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2.3.15 Summary of Rfx regulation 

First, a 1.5-kb enhancer fragment which governs Rfx expression in both Ch and ES 

lineages was identified. Subsequently, I found that this 1.5-kb fragment could be 

subdivided into three sub-fragments: Rfx-A that supports the expression in the early 

Ch SOPs, Rfx-B that controls the expression in ES SOPs and progeny cells, and Rfx-

C is not necessary for the enhancer activity. The enhancer element that stimulates 

expression in Ch SOPs is likely to be regulated by Ato, while expression in ES cells 

is probably under Sc regulation. When the Ea box from Rfx-A was mutated, the early 

reporter gene expression in Ch cells was abolished. Therefore, it is very likely that  

 

 

 

 

 

 

 

 

 

Figure 2.14 Analysis of the gfp expression pattern driven by Rfx-A+B fragment. (A) A stage 11 

embryo shows an early gfp expression in Ch SOPs that are labelled by Ato antibody staining 

(brown). (B) A stage 12 embryo shows the gfp expression just started in some ES cells and 

continued in Ch cells. One segment is outlined by the dotted line. Ch cells form a cluster to the 

posterior of the segment while ES cells are to the anterior. (C) A late stage embryo shows the 

expression in both ES and Ch lineages.  
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Ato directly regulates Rfx by binding to this Ea site. As expression of the proneural 

factor Sc does not overlap with Rfx, Rfx expression in the ES lineage is probably 

regulated by Sc in an indirect manner. Subdivision of the enhancer fragment shows 

that the proneural factors Ato and Sc regulate Rfx expression through separable 

regulatory elements. However, Rfx expression in the late Ch lineage seems to require 

a combined regulatory function from sub-fragments A and B.  

 

Table 2.1 Summary of Rfx enhancer analysis 

Rfx enhancer 
fragment 

Transgenic line 
(Jarman Stock) 

Activity in Ch cells Activity in ES cells 

Rfx 1.5-kb 1901*, 1902* Yes Yes 

Rfx-A 1910*, 1911* Yes 
(but only in Ch SOPs) 

No 

Rfx-B 1912* No Yes 

Rfx-C 1913*, 1914, 1915 No No 

Rfx-A+B 
1985, 1986* Yes 

(both Ch SOPs and the 
progeny cells) 

Yes 

Rfx-A-M 1994*, 1999* No No 

* indicates the line has been analyzed.  

 

2.3.16 Identification of a region containing  dila regulatory 

element 

After identification of Rfx as a direct target of Ato, a similar analysis was applied to 

identify another Ato potential target, dila.  

 

In an attempt to characterise the potential Ato regulation in dila expression, a 1.0-kb 

genomic DNA fragment containing two E-box sequences from the dila upstream 

region was assessed for its enhancer activity (Fig. 2.8). The upstream region had 
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been previously cloned into pHStinger dsRed vector and the resulting construct dila-

dsRed had been made into a transgenic line in my MSc project (Ma, 2007). However 

this line had not been characterised properly in the previous study. The 1.0-kb dila 

fragment supports reporter gene dsRed expression in a pattern resembling that of the 

endogenous dila. dsRed becomes discernable in Ch SOPs as early as stage 11 and 

later on it is present in all the Ch and ES SOP progeny cells (Fig. 2.15A, A’). The 

reporter gene dsRed analysis leads to the identification of the dila enhancer which 

supports the expression in both Ch and ES lineages, in agreement with dila’s pan-

PNS distribution pattern in the embryo.  

 

Rfx cis-regulation analysis has shown that the enhancers required for the expression 

in different subtypes of sense organs are separate. In order to investigate the 

proneural gene regulation of dila expression better, I dissected the dila enhancer into 

smaller sub-fragments. The 1.0-kb fragment was split into two sub-fragments 

measuring approximately 500 bp each (Fig. 2.8). Each sub-fragment was inserted 

into the pHStinger GFP vector, injected into embryos and made into stable lines. The 

detailed information for the transgenic lines can be found in Table 2.2. The GFP 

expression pattern driven by each fragment was examined.  

 

2.3.17 Sub-fragment  dila-A does not exhibit any enhancer 

activity 

Like sub-fragment Rfx-C, dila-A does not produce any reporter gene expression in 

type I sense organ cells (Fig. 2.15B, B’). Therefore, the cis-regulatory region of dila 

was excluded from this fragment.   
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2.3.18 Sub-fragment dila-B appears to retain the full 

enhancer activity 

Sub-fragment dila-B supports GFP expression in a pattern which mimics that of the 

endogenous gene. That is, expression is observed initially in Ch SOPs and slightly 

later in ES SOPs (Fig. 2.15C). By stage 14, GFP is detected in the majority or all the 

progeny cells of Ch and ES SOPs (Fig. 2.15C’). As there is no discernable difference 

between dila-B-GFP expression pattern and GFP expression driven by the full-length 

dila fragment, the enhancer fragment of dila was narrowed down to the dila-B. 

 

2.3.19 Mutation of Ea in dila-B results in the loss of early Ch 

lineage expression 

The analysis above indicates that dila-B is sufficient to support an expression in both 

Ch and ES lineages. As two Ato E-box motifs are present within the dila-B fragment, 

I speculated whether Ato directly regulates dila expression via binding to these sites. 

It was explored by the site-directed mutagenesis. Ea1 was mutated from 

AACAGGTGT into AAAAGGTTT and Ea2 was mutated from AACATCTGG into 

AAAA TCTTG. The activity of sub-fragment dila-B with the mutated E-boxes was 

tested by the analysis of reporter gene expression in the pHStinger GFP vector. E-

box mutation resulted in a complete loss of Ato-dependent GFP expression in Ch 

SOPs (Fig. 2.15D). Thus either one or both of these two E-boxes are indispensable in 

the enhancer activity. However, abolishment of Ea activity in dila did not disrupt the 

expression in late Ch SOP progeny cells (Fig. 2.15D’), consistent with the transient 

expression characteristic of Ato that limits its activity to the early Ch SOPs only. In 

addition, the gfp expression in ES lineage appears normal as well (Fig. 2.15D’).   
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Figure 2.15 dila enhancer analysis. (A-A’) gfp expression in dila-dsRed embryos, in which 

reporter gene dsRed expression is supported by a 1.0-kb fragment from dila upstream. (A) At 

stage 11, dsRed can be detected in several Ch SOPs (labelled with Ato). An Enlargement of two 

segments is shown in the right hand panel. dsRed appears in several Ch SOPs. At this stage, a 

weak dsRed signal is detected in ES SOPs (arrow). (A’) By stage 13, dsRed is extensively 

expressed in a pattern corresponding to all the Ch and ES neurons. (B-B’) dila-A does not show 

any enhancer activity. (B) A stage 11 embryo, co-labelled with Ato and gfp. gfp is not detected in 

any Ato cells. (B’) Stage 13, still no gfp is detectable. (C-C’) The sub-fragment dila-B exhibits an 

equivalent enhancer activity to that of the full-length enhancer fragment. (C) An early stage dila-

B-GFP embryo. dila is first present in Ch SOPs and slightly later expressed in ES SOPs (arrow). 

(C’) dila-B-GFP has a same expression pattern as the dila-dsRed, being expressed in all the type 

I neurons. (D-D’) gfp expression in embryos driven by the dila-B with mutated Ea boxes. (D) An 

early stage dila-B-M-GFP embryo shows a significant loss of gfp expression in Ato-expressing 

cells. (D’) A late stage dila-B-M-GFP embryo reveals that gfp expression in later Ch and ES cells 

are not affected. It looks the same as that of dila-B-GFP and dila-dsRed.  
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2.3.20 Summary of dila regulation 

In summary, a 1.0-kb fragment from the dila upstream region contains an enhancer 

responsible for the expression in both Ch and ES cells. A sub-fragment (dila-B) 

selected from the above 1.0-kb fragment exhibits a similar enhancer activity to that 

of the 1.0-kb fragment. More importantly, E-boxes within dila-B are essential for the 

Ch regulation, suggesting that dila is a direct target of Ato. As the sub-fragment dila-

B is only 500 bp, I did not subdivide this fragment further. Hence, it remains unclear 

whether the expression of dila in Ch and ES cells is controlled by separate enhancers 

or not, like the separable Ch and ES enhancer in the regulation of Rfx. 

 

Table 2.2 Summary of dila enhancer analysis 

dila enhancer fragment Transgenic line 
(Jarman Stock) 

Activity in 
Ch cells 

Activity in 
ES cells 

dila 1.5-kb 1903*, 1904* Yes Yes 

dila-A 1916*, 1918* No No 

dila-B 1919*
, 1920* Yes Yes 

dila-B-2M 1973*, 1974, 1975*, 1976 No No 

* indicates the line has been analysed.  

 

 

 



Chapter 2: Ato Regulation to Rfx and dila Expression 
 

 57 

2.4 Discussion 

2.4.1 The cis-regulation analysis validates Ato candidate target  

genes produced from the microarray analysis 

Before our microarray analysis, only four genes were known as Ato targets, namely 

sens, dap, brd, TAKR86C and mir-7 (Jafar-Nejad et al., 2003; Li et al., 2009; Pepple 

et al., 2008; Powell et al., 2004; Rosay et al., 1995; Sukhanova et al., 2007). Through 

my cis-regulation analysis, two more Ato target genes have been identified: Rfx and 

dila. This study validates the microarray result, suggesting that this assay produced a 

high-confident prediction of Ato downstream genes that are identified from the fold 

changes of gene transcription profiling. Rfx and dila are the only two genes have 

been closely examined in my study. However the list generated by the microarray 

assay contains hundreds of genes. The high quality of the microarray data validated 

from my study implies that there will be more direct targets among this list.   

 

2.4.2 Different regulation strategies of the proneu ral proteins Ato 

and Sc are linked to the differential expression of  their 

shared targets in Ch and ES lineages.  

It is known that the genesis of Ch organs and ES organs is controlled by proneural 

proteins Ato and Sc respectively (Cabrera et al., 1987; Jarman et al., 1993b). The 

current model is that the shared properties of sense organs require Ato and Sc to 

regulate a set of common target genes and their distinctive features are acquired from 

subtype-specific targets (Bertrand et al., 2002). However, this model may now need 

to be modified, as many of these shared targets are not equally expressed in these 

two lineages, including Rfx and dila (Cachero et al., 2010). Results presented in this 

chapter lead me to speculate that the variations of shared gene expression between 

Ch and ES lineages may underlie different proneural protein regulation schemes, 
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ensuring that the specific levels and temporal distribution of these gene products 

orchestrate the subtype-specific programs in Ch and ES organ formation. This notion 

is soundly supported by the results from Rfx enhancer analysis. Rfx expression 

overlaps with Ato, but not with Sc. Therefore, as a common target of both, Rfx is 

directly activated by Ato but only indirectly by Sc. It is very likely that Sc regulates 

dila indirectly as well , as similar to Rfx, dila expression only becomes detectable 

after the first round of the ES SOP division by the time Sc activity has already 

subsided (Fig. 2.2) (Chang et al., 2008). 

 

Similarly, different modes of regulation by Ato and Sc are observed for another 

shared target gene, cato. cato encodes an Ato-related bHLH protein, and has been 

shown to be involved in cell cycle control and SOP fate maintenance (zur Lage and 

Jarman, 2010). Like Rfx, cato is also expressed in a Ch-enriched pattern (zur Lage 

and Jarman, 2010). Besides, it has separable Ch and ES enhancers, and is regulated 

directly by Ato and indirectly by Sc (zur Lage and Jarman, 2010). Taken together, it 

encourages me to speculate that the difference in transcription regulation may be a 

common strategy by which proneural proteins establish the subtype-specific gene 

expression profile.  

 

2.4.3 Does the different expression profile of Ato and Sc shared 

targets contribute to establishing the lineage char acteristics? 

Ch and ES organs are evolutionarily related sense organs with similar but distinct 

morphological and functional characteristics (Jarman, 2002; Kernan, 2007). 

According to our observation, proneural proteins could establish the subtype identity 

by several means. Parallel studies in the lab suggest that it could be achieved by 

regulating some lineage specific genes, such as Ch-specific genes (Cachero et al., 

2011). It could also result from the differential regulation of common intermediate 
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target genes, such as the direct regulation of Rfx, dila and cato by Ato, but indirect 

regulation from Sc, so as to render different sense organ lineages with an appropriate 

level and timing of gene expression. The first situation seems obvious, and is indeed 

consistent with the current model (Bertrand et al., 2002). However, the second 

hypothesis relies on a prerequisite of whether differential expression of shared targets, 

like Rfx and cato, contribute to the establishment of subtype specific properties. This 

question has not been explored before.  

 

The importance of the specific expression profile of cato in lineage fate 

determination is still unclear. However, a basis can be proposed for the correlation 

between a differential expression of Rfx and the differences in sensory neuron 

dendrites. Notably, both Ch and ES organs rely on a ciliated dendrite to receive and 

process sensory signal information. Therefore, ciliogenesis is an important event in 

the differentiation of both neuronal lineages. However, cilia from Ch and ES neurons 

have dramatic differences in term of structure and function, characterised by a long 

and complex cilia in Ch neurons and a short and simple cilia in ES neurons (Kernan, 

2007). RFX, as a ciliogenic regulator, is present and required for the ciliogenesis in 

both Ch and ES lineages (Dubruille et al., 2002). It might therefore be expected that 

it is a common target of proneural factors. However, the differential expression and 

regulation shown here suggest that such a difference might let Rfx function 

differently in directing the ciliogenesis in two sensory lineages, and that this 

differential regulation may be an important part of how proneural genes regulate 

different sensory subtypes. Whether the strong and persistent expression of Rfx is 

required for the formation of Ch-specific cilia is an intriguing question, which will be 

pursued in Chapter 4.  
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2.4.4 Speculations on Scute regulation in Rfx expression 

As RFX does not overlap with Sc, it suggests that Rfx is only an indirect target of Sc. 

Therefore some intermediate regulator(s) must bind to the sub-fragment Rfx-B to 

activate Rfx expression in the ES lineage. However, we have little idea of candidates 

for this role. Nevertheless, scanning the sequence of Rfx-B with the binding motif of 

all known neuronal transcription factors will possibly provide us some information.  

 

However, the above scenario could not be the exclusive explanation, as a sequence 

that perfectly matches to the Sc binding motif was found in Rfx-B sub-fragment (Fig. 

2.7). It is well known, however, that perfect sequence matches to transcription factor 

binding sites occur very frequently and widely in the genome, and most matches are 

likely not to be the real binding sites in vivo. This would be the most expected 

explanation for the case of Rfx-B. Why is such perfect match not binding site? It has 

been thought that it is very often proneural protein mediated transcription depend on 

interactions with further factors, here referred to as cofactors (Bertrand et al., 2002; 

Powell et al., 2008). Several examples have shown the essential role of cofactors in 

proneural protein regulation. For instance, during SOP recruitment, ato self-

regulation not only requires Ato itself binds to the E-box in its enhancer, but also an 

ETS factor, Pointed, is required to bind to an adjacent binding site (zur Lage et al., 

2004). Ato and Pointed coordinated activation also occurs in the regulation of 

another target gene of Ato, dacapo (Sukhanova et al., 2007). Due to the proximity of 

Ato and Pointed binding sites in the regulatory region, it has been speculated that 

protein-protein interactions between Ato and Pointed is an indispensable input for the 

cooperative regulation. The example of Ato and Pointed shows that the cofactor 

facilitates proneural protein activity by interacting with the enhancer where 

transcription factor binds. Another strategy for cofactors to contribute to the 

cooperative transcription is to directly interact with proneural proteins. Studies on the 

Xenopus proneural factors Ngn1 and NeuroD provide an elegant example for this 
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model. During neuronal differentiation, the brg1, which encodes a subunit of the 

SWI/SNF chromatin remodelling complex, has been shown to have a conserved role 

in mediating the transcriptional activity of these two proneural proteins (Seo et al., 

2005). Loss of Brg1 leads to an abnormal proliferation of neural progenitor cells and 

a failure in cell differentiation. Brg1 requirement is likely due to a direct interaction 

with Ngn1 and NeuroD. Therefore, lack of interactions with co-factors would 

prevent Sc from utilising the E-box in Rfx-B fragment.  

 

Another more speculative possibility is that Sc does bind to this site. Such hypothesis 

arises from the observation that Rfx is not the unique case, as the ES enhancer of cato 

also contains an Esc box but cato transcription occurs is delayed from Sc activity. 

One possibility is that Sc binding leads to the chromatin modification. However, 

such modification is not sufficient to trigger transcription. Instead, it renders the 

fragment Rfx-B more accessible for other factors that lead to the activation of 

transcription. In this scenario, Sc serves to ‘prime’ enhancer for the sequential 

transcriptional activation. A crucial test for this hypothesis will be to check whether 

the Esc from Rfx-B is important for the ES enhancer activity by the site-directed 

mutagenesis. This experiment is currently being undertaken in our lab. If the result 

supports the hypothesis, ultimately an in vivo ChIP would be essential to find out 

whether Sc does directly bind to this site.  

 

2.4.5 Additional factors are required for Rfx and dila expression in 

late Ch lineage 

In both Rfx and dila cases, E-box(es) mutation only abolished reporter gene 

expression in the early Ch cells, but the expression in the later Ch lineage was 

unaffected. This phenomenon suggests Rfx and dila’s initial expression in Ch SOPs 

is directly activated by Ato, however there must be some other intermediate factors 
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are responsible for their late expression in Ch cells. Analysis of the Rfx enhancer has 

indicated that Rfx-A+B includes an important cis-regulatory element which supports 

the later expression in the Ch lineage. As neither sub-fragment Rfx-A nor Rfx-B 

alone is able to support GFP expression in the later Ch cells, it is possible that the 

late expression requires the regulatory information provided by both of sub-

fragments. Alternatively, perhaps, a certain intermediate regulator binds to the 

junction region of Rfx-A and Rfx-B, so as to exert its regulatory activity for the later 

stage expression. Unfortunately, no known binding motif so far has been identified 

around this region.  

 

2.4.6 Further exploration of Ea boxes from Rfx and dila enhancers 

By means of site-directed mutagenesis, an Ea box from Rfx enhancer and two Ea 

boxes from dila enhancer have been shown to be important for the enhancer activity. 

The importance of these sites was further supported by other in vivo tests carried out 

in our lab. When ato is misexpressed in the ectodermal cells in embryos, GFP 

reporter gene expressions supported by Rfx-A and dila-B fragments that contain Ea 

sites were correspondingly detected in those cells, while such ectopic GFP 

expression did not occur in the wild type embryos, suggesting that these two 

fragments contain specific Ato regulation information (Cachero et al., 2011). 

Conversely, mutation of these E boxes abolished the ectopic activation in the 

ectoderm cells (Cachero et al., 2011). This observation further supports a key role of 

these putative Ea boxes in the Ato regulation.  

 

However, in terms of examining the direct protein-DNA interaction, these 

experiments still have limitations, as none of them is able to provide direct 

information about whether Ato binds to these sites. Chromatin immunoprecipitation 

(ChIP) would be the best way to verify the result above. ChIP is an effective 
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approach to characterise the regulatory binding of transcription factors in the context 

of the native chromatin structure. The binding sites of transcription factors are 

located through cross-linking (of protein to DNA) and the protein-DNA complexes 

are harvested via immunoprecipitation of the endogenous transcription factors from 

the cells. The DNA fragments are then released, by reversing the cross-links, for 

further identification. Thus ChIP would be used to capture Ato binding to genomic 

DNA on a global level, and quantitive PCR (qPCR) would be followed to check 

whether the fragments with predicted Ea boxes are enriched in the resulting DNA 

fragments.  

 

2.4.7 The role of Rfx and dila in Ato-mediated network 

Although previous studies have identified few direct targets of Ato, the function of 

majority of them are limited to the SOP selection and specification (Aerts et al., 2010; 

Cachero et al., 2011). Obviously, these genes could not account for functions 

required for the sequential cell differentiation. As RFX is a well-known ciliogenic 

regulator (Dubruille et al., 2002; Laurençon et al., 2007; Thomas et al., 2010), 

identification of Rfx as a direct target of Ato links its proneural activity to the 

ciliogenesis, a typical differentiation event. Thus this study expands current thinking 

about the transcriptional activity directed by proneural proteins, suggesting that the 

regulation from proneural proteins is not confined to the neural precursor selection. 

dila is another identified Ato target gene. According to its sequence, it does not seem 

to encode a transcription factor. What does it do in the Ato regulatory network is an 

intriguing question. In the next chapter, I am going to elucidate its function in Ch 

organ development.  
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2.5 Chapter Summary 

The microarray analysis suggests that Rfx and dila are highly enriched in the early 

ato-expressing cells. This observation prompted me to investigate whether these two 

genes are the direct targets of Ato. To test this assumption and also to evaluate the 

validity of the microarray data, the expression pattern of Rfx and dila was compared 

with that of Ato. The overlapping expression pattern between Rfx/dila and Ato 

suggests a high quality of the microarray data about predictions of Ato downstream 

genes. Next, I elucidated how Rfx and dila are transcriptionally controlled by 

proneural proteins via analysis of their cis-regulatory regions. The regulatory regions 

for both Rfx and dila were confirmed and also putative Ato binding sites were 

identified. Mutation of these sites abolished the enhancer activity of supporting the 

expression in Ch SOPs.  

 

Unexpectedly, it has been found that proneural proteins Ato and Sc regulate Rfx and 

dila by two different ways: direct activation by Ato and indirect regulation by Sc. 

Such different regulation modes may lead to the differential expression profiles of 

Rfx and dila in Ch and ES lineages, which sequentially contribute to establishing the 

subtype identity of sense organs. Despite the Rfx expression pattern having been 

characterised a decade ago, its differential expression pattern was the first time to be 

addressed in my study. The importance of variant RFX levels in setting up the sense 

organ lineage identity will be further explored in Chapter 4.  

 

Importantly, identification of Rfx as a direct target of Ato provides a novel insight 

that proneural protein activity is not limited to the precursor selection, as the function 

of RFX directly links to a differentiation activity, ciliogenesis. Unlike Rfx, dila’s 

function is still unknown. Thus I am going to investigate its function in the next 

chapter.  
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3  

Dilatory Is a Conserved Basal Body-

Associated Protein Required for Cilium 

Formation in Drosophila 
 

3.1 Aims of This Chapter 

Research into the cilium has recently undergone resurgence with its close association 

to a number of inherited human diseases and its involvement in many developmental 

processes. The majority of components of the ciliary protein complex have been 

revealed in the past decade, providing a fairly complete dataset to understand human 

ciliopathies. However, although many centrosome/basal body proteins have been 

identified, their functions are still poorly understood.  

 

In the study of Ato directed Ch organ formation, the proneural factor Ato has been 

shown to control Ch neuron differentiation in two distinctive ways. The first strategy 

is to switch on certain intermediate transcription factors, which subsequently activate 

gene expression for neuronal cell differentiation. Unexpectedly, it is also able to 

directly regulate genes that directly construct the differentiated cell types such as dila. 

These genes are different from genes like Rfx that leads to the cell differentiation by 

changing the gene expression. dila encodes a conserved protein and its mammalian 

orthologue, AZI1, was first found to localise to the preacrosome region of spermatids 

in mouse (Aoto et al., 1995). However, its biological function remains unknown. 
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This raises the question as to why Ato switches on the expression of this gene in such 

an early stage of neuronal differentiation. This question prompted me to find out the 

function of this gene in Drosophila neurogenesis.  

 

My first goal was to investigate the function of dila in sense organ differentiation, 

which was investigated by creating a series of deletion mutation lines. Mutating dila 

resulted in an abnormal behaviour phenotype, which was linked to defective sensory 

cilia. Secondly, a fusion protein was generated to reveal the subcellular location of 

DILA, which provided more information about its function. Thirdly, I investigated 

how dila is involved in the ciliogenesis by analysing ciliary phenotypes of dila 

mutants with several ciliary markers.  

 

In this chapter, I outline the essential role of dila during ciliogenesis, and also 

propose a potential model by which dila participates in building a cilium. Hopefully, 

this will provide an insight into the further study of AZI1 as a candidate gene for 

human ciliopathies. To understand this better, I would first like to summarise what is 

known about ciliary structure, function and construction. 
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3.2 Introduction 

3.2.1 Distribution of eukaryotic cilia and flagella  

Both cilia and flagella are hair-like projections that extend from the cell surface. 

There are two different names (flagellum and cilium) for the same structure, and are 

often used interchangeably in eukaryotic cells. Typically, the term flagella tends to 

be used when cells possess one or two long filaments, like flagella in green alga 

Chlamydomonas reinhardtii, and sperm flagella, whereas the term cilia is used when 

the filaments are short or abundant on a single cell.  

 

The cilium is an evolutionarily conserved subcellular structure. Except for some 

eukaryotes that are thought to secondarily lose cilia during evolution (e.g. flowering 

plants, and most fungi) (Johnson and Leroux, 2010), cilia have been found 

throughout the eukaryotes: from the flagella in the ancestral eukaryote like green 

alga to the primary cilium on human cells. Particularly, in human, cilia are located on 

the surface of virtually all polarised cell types. As cilia are strategically projected 

from the cell surfaces, during evolution cilia have been advantageously adapted to 

performing various functions involved in motility and sensory perception. The 

remarkably versatile functions of the cilia have been recognised to play an 

indispensable role in physiology and development in humans (Berbari et al., 2009; 

Satir and Christensen, 2007). Mutations in ciliary proteins cause ciliopathies which 

are characterised by a wide spectrum of organ disorders. Its evolutionarily conserved 

ultrastructure underlies its diverse but fundamental functions in the eukaryote. In the 

first part of this chapter, I shall introduce the conserved functions of cilia and the 

evolutionarily conserved ultrastructure and assembly machinery. Knowledge of cilia 

structure and assembly machinery will facilitate the understanding of its function. 
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3.2.2 Functions of eukaryotic cilia and flagella 

There is abundant evidence to implicate involvement of cilia in diverse functions, 

such as cellular motility, propelling fluid, chemosensation, mechanosensation and 

signal transduction. All these important functions have rendered cilia essential for 

organism development, homeostasis maintenance and reproduction throughout most 

eukaryotes.   

 

3.2.2.1 Motile Function 

One of the vital roles of cilia and flagella in organelles is to generate beat patterns 

and thereby play an essential role in various circumstances where motion on a 

cellular level is required, such as propelling the swimming of protozoa and 

spermatozoa. Also the transport of fluid in the vertebrate respiratory tract and oviduct 

is attained through cilia regular beating on the epithelial cells. Another spectacular 

finding of the importance of ciliary beats is its vertical motion in the nodal cilia in 

the early embryos, which directly determines the left-right asymmetry during 

embryological development by creating an external fluid flow (Nonaka et al., 1998; 

Okada et al., 2005). This machinery has been found conserved across many 

vertebrate species for the establishment of the left-right axis (Okada et al., 2005). 

Nonaka et al. (1998) showed that in mouse mutants that lack the nodal cilia the heart 

has an equal chance of being formed at the right side. On the other hand, the artificial 

rightward flow was able to direct the heart to form in the right side (Nonaka et al., 

2002). Abnormal motility in human primary cilia is the cause for one of the most 

commonly seen ciliopathies, primary ciliary dyskinesia (PCD). Its phenotype is 

characterised by chronic respiratory disease, male infertility, and in about 50% of 

affected individuals with an abnormal left-right asymmetry (Pennarun et al., 1999).  
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3.2.2.2 Sensory function  

The non-motile cilia in vertebrates are usually called primary cilia. The primary 

ciliary membrane has been found to contain various ciliary-specific receptors and ion 

channels which make cilia capable of converting extracellular information into 

signalling cascades via ciliary compartment and then to transduce it further to the cell 

body (Fliegauf et al., 2007). Primary cilia are implicated in virtually all known 

sensory processes, including photosensation, mechanosensation, chemosensation. In 

human, the outer segment of the photoreceptor cell is a type of modified primary 

cilium, which accounts for the visual stimulus transduction. Cilia in the olfactory 

cells play an essential role for detecting odours and sensing tastes (Jenkins et al., 

2009). The kinocilia found in hair cells of the vertebrate inner ear has been shown to 

be important in deciding the rotation of hair cells in the perceptions of vibration 

signals (Axelrod, 2008). The sensory role of cilia is not confined to sensory organs. 

A well studied example of cilia sensing fluid flow is in the kidney. It was found that 

in polycystic kidney disease (PKD), the defective proteins were located at the 

primary cilium, and these proteins were identified as components of Ca2+ ion channel 

(Hildebrandt and Otto, 2005; Nauli et al., 2003). Influx of Ca2+, which is triggered by 

the flow-induced passive cilia bending, is normally required for regulating cell 

proliferation and apoptosis in the renal epithelium. Loss of cilia-mediated 

mechanosensation subsequently leads to abnormal cyst formation (Hildebrandt and 

Otto, 2005; Nauli et al., 2003). Cilia function in a similar way in liver and pancreas 

as well (Huang et al., 2006). Recently, primary cilia found in osteocytes have been 

implicated as the mechanosensor in bone homeostasis, however the cellular 

mechanism of how the mechanical forces are converted into the biochemical signals 

is still elusive (Temiyasathit and Jacobs, 2010).  
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3.2.2.3 Signalling centre 

Apart from being found in the cells mentioned above, cilia are present in almost all 

other cell types in vertebrates. Those cilia are not specialised with any motile or 

sensory function, hence called as primary cilia. Such cilia have been ignored as being 

vestigial organelles with no important function for over a century. Recently, however, 

a number of fundamental studies established that the primary cilium functions as an 

“antenna” for sensing a wide range of signalling molecules involved in cellular and 

developmental processes. The pathways that so far have been suggested to rely on 

ciliary functions include the hedgehog (Hh), wingless (Wnt) and platelet derived 

growth factor (PDGF) pathways (Eggenschwiler and Anderson, 2007). Among them, 

the Hh pathway has been studied extensively and its association with cilia is 

supported by both in vivo and in vitro data. Hedgehog (Hh) is a signalling protein 

regulating a vast number of developmental processes in both vertebrates and 

invertebrates. Several studies support a close relationship between primary cilia and 

the Hh pathway in vertebrates by revealing the dynamical localisation of the 

components of Hh pathway in the cilia (Corbit et al., 2005; Haycraft et al., 2005; 

May et al., 2005). Cells with impaired cilia are unable to response to the Hh ligand. 

The Sonic hedgehog (Shh) pathway, one of the Hh pathways, regulates pattern 

formation of a neural tube and a limb bud formation. Ciliary-induced defects in Shh 

display a neural tube defect and polydactyl (Huangfu et al., 2003; Liu et al., 2005; 

May et al., 2005). Interestingly, unlike in mammals, components of the Hh pathway 

in Drosophila are targeted to membranes or intracellular vesicles. Therefore, 

although an analogous mechanism is applied in Drosophila Hh signalling, cilia are 

not required, suggesting an evolutionary divergence, most likely secondarily lost in 

Drosophila (Incardona et al., 2002). Very recently, Wong (2009)  links the role of 

cilia in the Hh pathway to tumorigenesis, explaining for the first time the role of cilia 

in human tumor. This discovery revealed that cilia mediate the up and down 

regulation of tumorigenesis via activating or suppressing Hh signal transduction.  
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Another putative cilia dependent signalling transduction occurs via the Wnt pathway. 

Wnt can be divided into a canonical and non-canonical pathway. Some studies 

proposed that the cilium acts as a regulatory switch to control the balance between 

these two signalling pathways (Berbari et al., 2009; Corbit et al., 2008; Simons et al., 

2005). However, this connection between cilia and Wnt pathway is still controversial 

(Goetz and Anderson, 2010).  

 

3.2.2.4 Multiple ciliary dysfunctions 

Consistent with the broad tissue and cellular distribution, the dysfunctional cilia can 

result in a group of related phenotypes. Such a combination of organ-specific cilia 

dysfunction is exemplified in many pleiotropic disorders such as Bardet-Biedl 

syndrome (BBS) and PCD (Eggenschwiler and Anderson, 2007). In some BBS cases, 

the characteristic features of rod cone dystrophy, anosmia and polycystic kidney 

disease are present in conjunction with developmental abnormalities, such as 

polydactyl and situs inversus. The dysfunction of visual, olfactory and renal systems 

can be explained by defects in the specialised cilia in the epithelial cells of these 

organs (Eggenschwiler and Anderson, 2007). Reversed organ placement (situs 

inversus) is ascribed to a defect in motile or mechanosensory cilia of the embryonic 

node (McGrath et al., 2003). Polydactyly reflects a dysregulation of the Hh pathway, 

which may result from defective primary cilia during development (Tayeh et al., 

2008). Similar to BBS, PCD, is another prevalent multisystemic ciliopathy, 

characterised by a group of disorders caused by defective cilia. PCD patients had 

chronic respiratory infection, reduced fertility, cystic lesions in the kidneys, and 

often accompanied with congenital defects, such as reversed organ placement, 

implying a nodal cilia dysfunction during embryo development (Zariwala et al., 

2007).  
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3.2.3 Ciliary ultrastructure 

The cilium is a membrane-bounded cellular projection that contains a highly 

organised microtubule cytoskeleton, called the axoneme. The axonemal cytoskeleton 

is surrounded by the ciliary membrane, where specific receptors and ion channel 

components locate, so as to pass extracellular signalling by transducing mechanical 

or chemical stimuli into intracellular chemical changes. Apart from the ciliary 

membrane, to some extent, microtubule axoneme structure is also specialised 

according to their function. Most motile cilia have a 9+2 axoneme pattern, in which 

nine doublet microtubules surround a central pair of singlet microtubules (Fig. 3.1A 

ii, iii). Motile cilia also possess several appendage structures: inner and outer dynein 

arms, radial spokes and nexin links (Fig. 3.1A ii, iii). The inner and outer dynein 

arms mediate axoneme motility, and the radial spokes are important in regulating 

dynein arm activity via passing on the movement signals from the central pair of 

microtubules to the arms. Nexin links connect microtubules next to each other. 

Taken together, these appendages serve as the molecular motors to enable the 

movement (Satir and Christensen, 2007). In contrast, the 9+0 axoneme pattern is 

common in non-motile cilia that lack the two central microtubules and are also 

devoid of axoneme appendage elements (Fig. 3.1A i). In a canonical way, 9+2 cilia 

are motile and 9+0 cilia are solitary, although there are exceptions. For example, 

nodal cilia of vertebrates lack the central pairs but are still motile (Fliegauf et al., 

2007). Interestingly, olfactory cilia are in a 9+2 configuration, but are immotile, due 

to lack of dynein arms necessary for the movement (Menco, 1984). One type of 

sensory cilium (Ch cilium) found in Drosophila does not fall into the canonical 

pattern either. This will be described in detail in the next section.  
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3.2.3.1 Cilia ultrastructure in Drosophila 

In Drosophila, only two types of cells have ciliary structures: sperm and type I 

neurons. The sperm tail is a specialised cilium, which can reach up to 8 mm once it is 

fully assembled. On the contrary, the ciliary structure of type I neurons are relatively 

short, only a few microns. Apart from the difference in length, the ciliary 

ultrastructure from these two cells is also different. The distinctive ultrastructure 

from each subtype of cilia will be described in detail in the following section.  

 

3.2.3.2 Flagella ultrastructure in Drosophila sperm 

Flagella in the sperm have a canonical 9+2 axoneme arrangement, including nine 

outer doublet microtubules with attached dynein arms, nine outer accessory tubules 

and two central singlet microtubules (Fig. 3.1Bi). At later stages of spermatid 

elongation, when it approaches maturity, nine supplementary accessory tubules and 

nine radial spokes are added to the basic 9+2 structure (Blachon et al., 2009; Ghosh-

Roy et al., 2004) (Fig. 3.1Bii). Both central pair microtubules and the fully-equipped 

appendages enable the sperm to generate the robust swimming movement.  

 

3.2.3.3 Cilia ultrastructure in type I neuron 

As introduced in Chapter 1, the Ch organ acts as both a proprioceptor and auditory 

organ in insects. It is able to efficiently sense the vibration from the environment and 

relative displacement of movable body parts. Its ciliated neuron is essential for the 

Ch organ to fulfil its functions. Although the Ch cilium shares two common features 

with other cilia: first, it is nucleated from a basal body, and second, it is assembled 

with a microtubule-based axoneme, two distinctive features make the Ch cilium 

different from cilia found in other tissues.  
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First of all, there is a modified structure close to the distal end of the cilia, where 

axoneme bends outward at this site and then continues without interruption once past 

that area. This structure is called the ciliary dilation according to its shape (Fig. 3.1C). 

The ciliary dilation is a characteristic of Ch cilia. So far it has only been found in 

Drosophila and other insects. The space within the ciliary dilation is filled with 

electron-dense material which is commonly detected as a hexagonal lattice or as 

parallel tubes, depending on the plane of section in TEM (Lee et al., 2008). The 

ciliary dilation has been thought to have a specific function in mechanical signal 

transduction in Ch organ (Eberl et al., 2000).  

 

On the basis of the complex ultrastructure of Ch cilia and also its function in 

mechanical transduction, Ch cilium can be divided into a non-motile segment and a 

motile segment (Lee et al., 2008). The part of the cilium which is distal to the ciliary 

dilation is delimited to the nonmotile sensory segment, while the part of the cilium 

proximal to the ciliary dilation belongs to motile segment (Fig. 3.1Cvi, vii). Dynein 

arms were found attached to every doublet in the proximal cilia but not distal cilia 

(Kavlie et al., 2010; Sarpal et al., 2003) (Fig. 3.1Cvi). In this respect, the ciliary 

dilation has a specific role in maintaining functional distinction between the distal 

cilium and the proximal cilium. In typical motile cilia, dynein arms act as the 

molecular motors by driving the adjacent microtubular doublet walking along, 

thereby bending the cilium. Lack of dynein arms abolishes the motility of the cilia. In 

Drosophila Ch cilia, the dynein arm seems to function in the same way as it does in 

other motile cilia. A proposed model is that when the small displacement at the tip of 

the cilium passes through the proximal cilia, dynein arms will rotate the membrane 

relative to the axoneme, and the twist of the cilium leads to the membrane strain at 

the base of the cilium, which in turn results in opening ion channels and developing 

the generating potential (Moran et al., 1975). This model was supported by the 

observation of bending happening at the base of femoral Ch cilia in response to 
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mechanical stimulation in grasshopper (Gopfert et al., 2006; Moran et al., 1975) (Fig. 

3.1Cv). Another piece of evidence is from the Drosophila tilB mutant, in which 

failure in producing a sound-evoked response is caused by the very specific loss of 

dynein arms in the context of otherwise normal ciliary structure (Kavlie et al., 2010). 

The function of dynein arms in mechanotransduction further supports the idea that 

the Ch cilium is not a completely non-motile cilium, despite the lack of a central pair 

of microtubules.  
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Figure 3.1 Ciliary ultrastructure. (A) Basic structures of 9+2 and 9+0 cilia (i) Representative 9+0 

axonemal pattern. (ii) Schematic diagram revealing 9+2 arrangement of nine peripheral 

microtubule doublets surrounding a central microtubule pair. (iii) The cross section of the wild-
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type motile cilia in respiratory duct (taken from Plesec et al. (2008)). Ciliary components are 

labelled. (B) Transverse sections through the tails of wild-type Drosophila elongating (i) and 

matured (ii) spermatids. Axonemes of spermatid flagella consist of nine microtubule doublets 

plus two central tubules (9+2) and each outer doublet microtubule is attached with dynein arms. 

Once the spermatids are fully developed, the axonemal structure is equipped with few more 

accessory elements, such as supplementary accessory tubules (AT), spokes and their secondary 

fibrils (SB). (C) The ultrastructure of Drosophila Ch cilia. The full length of Ch cilia can be 

subdivided into eight regions from the proximal end to the distal tip according to their distinct 

characteristics of each part. They are rootlet, proximal basal body, distal basal body, transition 

zone, proximal cilium, ciliary dilation, distal cilium and distal tip. Both proximal (ii) and distal 

basal body (iii) inherit the cylindrical structure of centrioles, comprising a ring of nine triplet 

microtubules, labelled a, b, c. Triplets in the proximal basal body connect tightly to the next (ii). 

The periphery of the proximal basal body is surrounded by a ring of root processes (ii), which 

starts from the distal end of the distal basal body and fuse to form a single root, called rootlet 

proximally (i). In the longitudinal section, the root process and rootlet have a banded appearance 

(v). Distal basal body is decorated with nine radiating spokes which connect the triplets to the 

plasma membrane (iii). These spokes are called transitional fibres, also called alar sheets (or alar 

spokes) sometimes. Its structure is shown schematically and in a TEM cross-section of a Ch 

cilium of Australian cicada, which is adapted from Young (1973) (iii). Two of microtubules 

(stemming from A and B tubules) are continuous into the apartment above the distal basal body 

and only singlets (A tubules) left in the distal tip. A region immediately above distal basal body 

and below proximal cilia is termed as transition zone (also called ciliary necklace) (iv). The 

transition zone converts the triplet microtubular structure of the basal body into the axonemal 

doublet structure (iv). The Y-shaped linker connects each doublet to the membrane (iv). 

Transition zone is easily distinguished from the rest part of the cilium by the dark region around 

the base of cilia in TEM (our TEM image) (Moran et al., 1975; Moran et al., 1977; Varela et al., 

1977) (v). The darkness corresponds to the densely accumulated particles around the doublet (v) 

(Field and Matheson, 1998; Varela et al., 1977). The representative schematic structure and cross 
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section TEM of this compartment are shown in (iv). TEM are adapted from ref. (Young, 1973). 

The ciliary compartment is demarcated into the proximal region and the distal region by ciliary 

dilation. Apart from the distal tip, the rest of ciliary compartment is composed of nine doublets. 

Microtubules expands near the distal end, thus this region is named ciliary dilation. This region is 

filled with a large electron-dense, amorphous material. The proximal cilium distinguishes from 

the distal cilium by the addition of dynein arms (inner and outer dynein arms), which are 

concerned to rend the motility of this part of the cilia. (vi) and (vii) show the schematics and 

TEM respectively. The longitudinal section through the base of the Ch cilia also shows the bend 

at the base, which distorts the apical membrane of the inner dendritic segment, similar to the 

observation of the displacement of proximal cilia happened in the stimulated grasshopper (Moran 

et al., 1975). Despite basal feet have been shown in many types of cilia, it is not indicated in the 

ciliary schematic picture, since the location of basal feet in Drosophila Ch cilia is still not clear 

yet. Scale bars in (i), (ii), (iii), (iv), (v), (vi) represent 50nm. The scale bar in (v) 

represents 500nm. Abbreviations: idn=inner dynein arm; odn=outer dynein arm; tz=transition 

zone; db=distal basal body; pb=proximal basal body; rt=rootlet 

 

3.2.3.4 Basal body 

The ciliary axoneme is extended from the basal body. The proximal and distal basal 

bodies are two centriole-like structures that form the base of the ciliary axoneme. 

Both of these structures consist of nine triplets of microtubules connected to each 

other in the shape of a ring (Fig. 3.2C ii, iii). The distal basal body is the place where 

ciliary axoneme originates from. Two microtubules of each triplet extend distally 

from the basal body into the cilia compartment.  

 

There is a well organised fibrous appendage anchoring the pair of basal bodies onto 

the plasma membrane and also bridging the gap between the basal body and ciliary 

compartment. This appendage structure is composed of transitional fibre (Fig. 3.2C 



Chapter 3: Investigation of DILA’s Function in Drosophila Ciliogenesis 
 

 79 

iii), basal foot and rootlet (Fig. 3.2C i) from the distal to the proximal tips. The 

position of the basal body in the apical cytoplasm is sufficiently stabilised by 

attaching its distal end to the cytoplasmic membrane through the basal foot and 

transitional fibre and its proximal end to the nucleus via rootlet. Moreover, this 

fibrous structure is also indispensable for the basal body’s function.  

 

The basal body has several roles in cells. First of all, as basal bodies are transformed 

from centrosomes, their nine-fold symmetric structure that is inherited from the 

centrioles provides a template on which the nine-fold symmetry axonemal structure 

of the cilia/flagella can be built. Second, one of the basal body’s functions is to 

anchor the cilium to the cell surface. In many cases, the precise position and 

orientation of the cilium are critical to ensure that the fluid flow generated by the 

motile cilia is in the correct direction and also that cilia point in the right direction so 

as to efficiently detect the mechano- or chemo-signals from the environment. Last 

but not least, many studies have suggested that the basal body creates a barrier 

between cytoplasm and the cilium that restricts entry of vesicles and macromolecules 

in and out of the cilia. Defects in any of these functions could result in dysfunctional 

organelles and ciliopathies in humans.  

 

3.2.3.5 Transitional fibre 

Transitional fibres (also termed as alar sheet) were first characterised in the study of 

structure in green algae, and later on was confirmed in the basal bodies from Ch cilia 

in insects and primary cilia in the mammalian oviduct, suggesting this is an 

evolutionarily conserved structure in the cilia (Anderson, 1972; Field and Matheson, 

1998; Ringo, 1967). It is a sheet-like projection which connects the outer triplet 

microtubule from the distal basal body barrel to the plasma membrane (Anderson, 

1972) (Fig. 2C). Each fibre appears wider at the base and becomes narrow as it 
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emanates away from the basal body. This fibrous structure was thought to have 

derived from the distal appendages of the mother centriole (Anderson, 1972; Seeley 

and Nachury, 2010). It has also been shown to function as a gatekeeper in restricting 

vesicles in and out of the cilium (details will be discussed in the section 5) (Deane et 

al., 2001).  

 

3.2.3.6 Basal foot 

The basal foot is a conical structure that projects laterally from the side of the 

proximal basal body to the cytoplasmic membrane. Hence this structure serves as 

another anchor of the basal body in the apical cytoplasm. The number of the basal 

feet varies depending on the type of cilium. In motile cilia, the basal body has only 

one basal foot and its projection direction is associated with the direction of the 

ciliary beating, whereas up to five basal feet have been found from basal bodies in 

primary cilia (Hagiwara et al., 2008).  

 

3.2.3.7 Rootlet 

The rootlet is another prominent fibrous structure which closely associates with the 

basal body. It is composed of striated fibres that connect the distal and proximal 

basal body at their proximal end and extend toward the cell centre (Field and 

Matheson, 1998). The rootlet is very long, often reaching as far as the neuron cell 

body. Therefore, the rootlet forms a solid nucleus-basal body connector. Its structural 

composition is largely unknown. So far only one protein, Rootletin, has been 

exclusively linked to this cellular structure (Yang et al., 2002).  
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3.2.3.8 Transition zone 

The transition zone (also called transition region) is another specialised compartment 

at the base of the cilia, just distal to the basal body. It bridges the gap between the 

basal body and the ciliary axoneme. The transition zone was first described by Gilula 

and Satir in 1972 in a study of ultrastructure of cilia in Elliptio (mussel) (Gilula and 

Satir, 1972), and later on subsequently found in Chlamydomonas (green alga) (Weiss 

et al., 1977) and insects (Craige et al., 2010; Gilula and Satir, 1972; Toh, 1985; 

Weiss et al., 1977), suggesting it is a highly conserved structure. One prominent 

feature of transition zone is that many Y-shaped fibres emanate from microtubules 

outer doublets and link the microtubules to the plasma membrane (Gilula and Satir, 

1972) (Fig. 3.1C iv). The connecting site of Y-shaped fibres projecting to the 

membrane forms a necklace pattern, therefore the boundary from the cross section of 

this region is termed as a ciliary necklace (Gilula and Satir, 1972; Silverman and 

Leroux, 2009). In this region, nine triplet microtubules of the basal body transform 

into nine doublet microtubules (Silverman and Leroux, 2009) (Fig. 3.1C iv). So the 

boundary between the cilium and cytoplasm compartments is demarcated by the 

distal tip of the transition zone. In motile cilia, the central pair microtubules begin at 

the distal end of the transition zone (Gilula and Satir, 1972).  

 

It is worth noticing that in C.elegans the transition zone is synonymous to the basal 

body rather than a specific distal region to the basal body. So far, there is no 

description about the gap region between basal body and the ciliary axoneme in 

C.elegans, probably because the region around the base of the cilia is too small to be 

further demarcated.  

 

The transition zone has also been found in the Ch cilia in insects. It was first revealed 

by Young in the study of Ch organ in Australian cicada in 1973, and later on Toh and 

the colleague depicted the same structure in American cockroach in 1985 (Toh, 1985; 
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Young, 1973). Even if the transition zone has been suggested to be a conserved 

structure among species, including algae, mussels and insects, this region was either 

neglected or mixed up with the distal basal body in most of the Drosophila studies. 

As Drosophila has become a prominent model in ciliogenesis research, it is 

necessary to define and explore the function of the transition zone in Drosophila.  

 

3.2.4 Ciliogenesis  

As the ciliary axonemal pattern is highly conserved in common across a variety of 

cilia and flagella, it is perhaps no surprise that the ciliogenesis machinery is also 

conserved. Since cilia are void of protein synthesis, a protein delivery system is 

required to transport ciliary proteins from the synthesis site in the cell body into the 

distal tip of the cilium where axoneme is assembled. The ciliated cells solve this 

problem by means of intraflagellar transport (IFT) (Rosenbaum and Witman, 2002). 

Via IFT, ciliary building blocks are transported continuously along the microtubule 

doublets from the base to the tip, and the turnover is brought back to the base of the 

cilia/flagella for recycling (Rosenbaum and Witman, 2002). Almost all eukaryotic 

cilia and flagella are synthesised in this way. It has been reported that defects in IFT 

cause the disrupted assembly of ciliated sensory cilia in C.elegans and Drosophila, 

non-motile primary cilia and many motile cilia in vertebrates, and flagella in 

Chlamydomonas, sea urchin and Tetrahymena (Rosenbaum and Witman, 2002). 

Cilia derived from IFT-mediated assembly are called compartmentalised cilia, as the 

ciliary membrane and axonemes are assembled synchronously, appearing as a 

compartment distinct from the cell body (Avidor-Reiss et al., 2004). However, in a 

few exceptions, cilia/flagella are assembled in the cytoplasm and only later on are 

they extruded to form the shape of the flagellum, e.g. the flagella of Drosophila 

sperm and Plasmodium (Tokuyasu et al., 1972). The mechanism underlying this type 

of cilia assembly is called cytosolic ciliogenesis. The assembly of cytosolic cilia is 
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independent of IFT (Avidor-Reiss et al., 2004; Han et al., 2003). Cytosolic 

cilia/flagella are usually very long, for example Drosophila sperm flagellum is 

around 8 mm in length. In contrast, compartmental cilia are only measured in nm or 

µm. Probably because of this distinction, cytosolic ciliogenesis evolves as a 

divergent machinery to meet the demand of building up the long cilia/flagellum 

(Briggs et al., 2004).  

 

In the following sections, I shall focus on the IFT mechanism, by which the 

compartmentalised cilia are assembled and maintained, with particular emphasis on 

molecular components and functions of IFT. 

 

3.2.4.1 IFT in ciliogenesis 

Once the basal body docks onto the apical plasma membrane, ciliary assembly 

begins. This process is mediated via IFT. IFT is a bidirectional motility transport and 

is localised in the narrow lumen spaces between the axonemal outer doublets and the 

flagellar/ciliary membrane (Pedersen et al., 2008). During anterograde IFT (from 

base to tip), axonemal precursors, such as preassembled microtubules, dynein arms 

and radial spokes, are delivered to the assembly site at the ciliary tip where building 

blocks are unloaded for assembly. Following the unloading, axonemal turnover 

products are loaded. The IFT particles reverse direction (retrograde) and then 

transport back to the base of the cilia, where the IFT particles are recycled.  

 

3.2.4.2 History of discovery of IFT 

Much of our current comprehension about IFT stems from studies on the flagella of 

the green alga Chlamydomonas reinhardtii. The IFT was first observed in 

Chlamydomonas as a bidirectional particle movement along the flagellum by video 

enhanced differential interference contrast (DIC) light microscopy (Kozminski et al., 
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1993). Furthermore electron microscopy (EM) showed in detail that the particles 

were lined up and moving along the axonemal outer doublet microtubules just 

beneath flagella membrane (Fig. 3.2) (Kozminski et al., 1993). IFT particle 

movement has subsequently been visualised in the cilia of sensory neurons in 

nematode and in primary cilia of cultured kidney cells with the aid of fluorescent-

tagged IFT component proteins (Orozco et al., 1999; Snow et al., 2004). These 

studies suggest IFT is a highly conserved process, essential for the formation and 

maintenance of almost all the compartmentalised cilia and flagella. Mutations 

leading to defective IFT can result in defects in the assembly of motile flagella in 

green alga, sea urchin and Tetrahymena, of ciliated sensory neuron in C.elegans and 

Drosophila, and of primary cilia in kidney and nodal cilia in mice (Pedersen and 

Rosenbaum, 2008; Rosenbaum and Witman, 2002).  

 

3.2.4.3 Distinctive roles of two IFT complexes 

Studies in numerous ciliated organisms such as green alga, C.elegans, Drosophila, 

Tetrahymena, zebrafish and mouse have contributed significantly to the knowledge 

of molecular components of IFT and their cellular activities. IFT particles were first 

isolated and identified from Chlamydomonas flagella. They are composed of at least 

sixteen proteins which fall into two subcomplexes IFT-A and IFT-B (Cole et al., 

1998; Piperno and Mead, 1997). Comparative genomics studies have shown that 

genes encoding these proteins are highly conserved among ciliated organisms but are 

not present in non-ciliated species (Avidor-Reiss et al., 2004; Li et al., 2004), 

suggesting their specific roles in ciliogenesis.  

 

The function of almost all known IFT particle proteins has been studied in multiple 

organisms. These studies have shown that, in general, mutations in the IFT-B 

proteins almost invariably result in the inhibition of cilium assembly, implying the 
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essential role of IFT-B complex in anterograde delivery of building blocks into 

ciliary compartment (Pedersen and Rosenbaum, 2008; Pedersen et al., 2008). IFT88 

is one of the well studied IFT–B proteins. Chlamydomonas IFT-88 mutants fail to 

synthesise flagella (Pazour et al., 2000). In mutants of Drosophila IFT88 orthologue, 

nompB, cilia in sensory neuron are either completely absent or severely shortened 

(Han et al., 2003). A similar phenotype was also found in C.elegans osm-5 (IFT88 

orthologue) (Qin et al., 2001). Consistent with this, the mutation of polaris 

(orthologous gene of IFT88) in mouse results in disrupted cilia assembly in almost 

all the tissues (Pazour et al., 2000).  

 

In contrast to the complete absence or severely shortened ciliary phenotype upon loss 

of an IFT-B component, IFT-A mutants are often able to assemble truncated cilia, 

but with bloated ends, which are usually found filled with massive IFT particles. This 

observation has lead to the notion that IFT-A is important for retrograde transport 

(Pedersen and Rosenbaum, 2008; Pedersen et al., 2008). For example, in one of the 

Drosophila IFT-A mutants, rempA, NOMPB-GFP (nompB encodes an IFT-B 

component) is delocalised and redistributed towards the distal end of the blunt cilia, 

suggesting a failure in recycling the IFT-B complex back to the cell body. A similar 

phenotype was also observed when this protein was inactivated in C.elegans (Qin et 

al., 2001).  However, some studies also suggest IFT-A has function in anterograde 

movement, but whether this is restricted to certain species or tissues is presently 

elusive (Pedersen and Rosenbaum, 2008).  

 

3.2.4.4 Functional analysis of IFT motors 

The bidirectional transport of IFT particles is powered by different motors. Motors 

that drive anterograde IFT belong to the Kinesin-II family; while the retrograde 

motor is an isoform of cytoplasmic dynein called cytoplasmic dynein 2.  
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Kinesin-II (also termed as Kinesin-2) was first indicated as an anterograde motor in 

the analysis of a Chlamydomonas mutant, FLA10, which encodes a subunit protein of 

Kinesin-II. The FLA10 null mutant is aflagellate, indicating Kinesin-II is 

indispensable for flagellar assembly (Matsuura et al., 2002). Moreover, observation 

from a study on temperature-sensitive mutations showed that Kinesin-II is also 

required for the maintenance of flagellar length, as temperature induced FLA10 

inactivation caused the cessation of IFT and the shortening of flagella (Kozminski et 

al., 1995). Moreover, immunoelectron microscopy has shown that FLA10 is 

localised just underneath the flagella membrane, where the IFT-B complex was 

found. This observation further supported the possibility that Kinesin-II is associated 

with IFT-B during flagellar synthesis. Subsequent studies in other organisms also 

demonstrated the same notion. Drosophila Klp64D encodes a Kinesin-II motor 

subunit. Mutations in this gene completely eliminated the ciliary structure from 

sensory neurons, similar to the defects in Drosophila nompB mutants (nompB 

encodes an IFT-B protein) (Sarpal et al., 2003). In this case, the IFT-B mutant 

phenotypes were almost phenocopied by mutations in genes encoding Kinesin-II, 

consistent with the role of Kinesin-II in anterograde movement. 

 

There is a growing body of evidence suggesting that additional kinesin motors may 

function redundantly with Kinesin-II during anterograde IFT. Some of these 

accessory anterograde IFT motors contribute equally to the ciliary assembly and 

maintenance, whilst others have been found to be important in ciliary diversity. 

Details about these motors have been described in many reviews (Pedersen and 

Rosenbaum, 2008; Pedersen et al., 2008; Scholey, 2008). 

 

Cytoplasmic dynein 2 (also called dynein 1b) emerged as a candidate retrograde IFT 

motor primarily based on four parallel lines of studies on a gene encoding a subunit 
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of cytoplasmic dynein 2, DYNC2H1. In Chlamydomonas, mutants null in this gene 

display short cilia with a massive accumulation of IFT particles, suggesting a defect 

in the retrograde movement (Pazour et al., 1999; Porter et al., 1999). Genetics and 

motility analysis revealed a similar role of cytoplasmic dynein 2 in C. elegans 

(Signor et al., 1999). Drosophila mutants that are null in the gene encoding 

DYNC2H1 homologue, beethoven (btv), display a phenotype similar to that of the 

Drosophila rempA mutant (encoding an IFT-A protein) in that the sensory cilium is 

swollen and has ectopic deposits of IFT particles in the distal tip (Lee et al., 2008). 

Similarly, mouse mutants lacking DYNC2H1 exhibit a severe patterning defect, 

which is linked to short and bloated cilia in the ventral node. Taken together, 

according to observations among species, the truncated and bulbous cilia observed in 

cytoplasmic dynein 2 mutants are similar in appearance to phenotypes from IFT-A 

mutants, indicating that cytoplasmic dynein 2 as the motor of retrograde transport is 

conserved.  

 

3.2.4.5 Model for IFT 

On the basis of our current understanding of IFT components and their functions, a 

canonical IFT model has been proposed. The whole process of IFT (Fig. 3.2) is able 

to be divided into five steps according to the specific events in each step.  

   

Step I: Proteins destined for the ciliary compartment (like axonemal proteins, 

membrane proteins) gather around the base of cilia, where they are uploaded onto the 

IFT-B complex.    

 

Step II: IFT-B along with its cargos, IFT-A and inactive cytoplasmic dynein 2 form 

an anterograde particle, which is transported by the active form of Kinesin-II from 

the base to the tip of the cilia along the outer doublet microtubules.  
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Step III: At the tip, significant remodelling of IFT anterograde particle takes place. 

The cargos are unloaded for assembly, IFT-A and IFT-B dissociate from each other, 

Kinesin-II is inactivated and cytoplasmic dynein 2 is activated (the order of these 

events is still not clear).  After that, all the refreshed particles are assembled again 

into a retrograde particle. Ciliary turnover products (such as IFT-B, inactive Kinesin-

II) are loaded onto the IFT-A complex, which binds to active form of cytoplasmic 

dynein 2.  

 

Step IV: Finally, cytoplasmic dynein 2 brings everything back to the cell body. The 

whole process of IFT is accomplished when all the IFT components are recycled to 

the cytoplasm.  

 

Given that the available evidence about protein associations involved in IFT is 

limited, this model will still need to be modified with upcoming discoveries.  
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Figure 3.2 IFT in ciliogenesis. (A) Model of canonical IFT. This figure is modified from the 

diagram published in GeneReviews (Chapter: Bardet-Biedl Syndrome). At the ciliary base, only 

proteins with a specific ciliary targeting motif are allowed access through the entrance defined by 

the fibrous structure of basal body and transition zone. Proteins that have been given access are 

uploaded onto the raft, where IFT-B is the core. Apart from ciliary precursors, IFT-A and 

inactive cytoplasmic dynein 2 are also attached to IFT-B in the form of anterograde particles. 

Kinesin-II drives the anterograde particles to the tip of ciliary compartment along axoneme. At 

the distal end of the cilia, many events happen: the anterograde particles dissociate from each 

other, the ciliary precursor components are released, Kinesin-II is inactivated, and cytoplasmic 

dynein 2 becomes active. Once ready, IFT-A attaches to dynein 2, followed by the uploading of 

turnover materials (such as IFT-B, inactive Kinesin-II). The accomplishment of IFT is marked by 

the recycling of particles into cytoplasm via the retrograde traffic driven cytoplasmic dynein 2. 

The figure on the top left panel shows TEM of partial longitudinal section of Chlamydomonas 

flagella (quoted from (Pedersen et al., 2008)) . IFT particles are visible between the outer 

doublets and the flagellar membrane (arrows).    

transition 

Y linker 
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3.2.4.6 Two essential functions of the basal body 

In electron micrographs, it is clearly seen that the ciliary axoneme doublets are 

extended from the triplet microtubules of the basal body. Studies on Chlamydomonas 

have shown that alterations in triplet pattern in the basal body consequently lead to 

the abnormal doublet formation in the cilia compartment (Hiraki et al., 2007; 

Nakazawa et al., 2007). The basal body performs another important task beyond just 

simply being the template of the axoneme doublets. As cilia are devoid of protein 

synthesis, the IFT machinery transports cilia formation and functionality required 

proteins from cytoplasm into the cilium. The potential hazard in the process is that 

import of improper proteins could seriously disrupt cilia/flagella assembly. As the 

basal body is the last stop in the cytoplasm before ciliary particles enter the cilium, 

naturally the basal body is assigned a task of controlling the admission of particles in 

and out of the cilium. By virtue of immunogold staining, IFT particles have been 

found at the base of the cilia and particularly reside on the transitional fibres of the 

basal body, implying a role of basal body as a gatekeeper of IFT (Deane et al., 2001; 

Marshall, 2008). Both of these two functions are critical for proper ciliary formation. 

 

3.2.4.7 Basal body proteins 

The complex ultrastructure of the basal body reflects its complex protein 

composition. A number of proteins have been found to localise to the basal body and 

their activities are closely related to the specific role of basal body in ciliogenesis. A 

subset of basal body proteins are inherited from the centriole. These proteins 

compose the fundamental structure of the basal body. Mutations in these genes often 

lead to the ciliary defects, which have been demonstrated in many species. For 

example, Drosophila centriolar proteins Sas-4 and dPLP, whose mutants display a 

strikingly uncoordinated phenotype due to the impaired sensory cilia (Basto et al., 

2006; Martinez-Campos et al., 2004a). Chlamydomonas Bld10p and SAS-6 have 
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been localised to the core of the cartwheel of the basal body and their mutants have 

affected flagella, which have been linked to the aberrant axonemal pattern in the 

basal body (Matsuura et al., 2004; Nakazawa et al., 2007). A large subset of basal 

body proteins are actually temporarily recruited to the basal body prior to their 

transport into the cilia, including IFT components and the BBS family of proteins 

(Marshall, 2008). BBS is a ciliopathic disorder that affects many body systems. So 

far, twelve genes have been found responsible for this disorder. BBS proteins are 

assembled into multiple protein complexes involved in vesicular trafficking to the 

cilium (Nachury et al., 2007). Some of the BBSome complexes have been found 

associated with the basal body (Nachury et al., 2007). Another subset of basal body 

proteins particularly constitute the transitional fibres, which have been suggested to 

act as the docking site of IFT (Deane et al., 2001). Consistent with this, mutations in 

these proteins result in the disrupted fibrous structure of the basal body, which in turn 

perturbs the IFT trafficking (Graser et al., 2007).  

 

Although cilia are of indisputably importance in the various cellular functions, it is 

only in the past decade that this organelle attracted our attention. A combination of 

experimental approaches has already revealed its complicated ultrastructure, protein 

composition and assembly mechanism. As well as anchoring the cilium, the basal 

body has been consistently concerned with being a selective filter in regulating the 

entry of ciliary proteins and vesicles in IFT. Little is yet known of how basal body 

structure and molecular composition relate to this function. Thus, there is a clear 

need to thoroughly characterise individual basal body proteins and their associations 

with the particular aspect of basal body functions in cilia formation. 

 

 



Chapter 3: Investigation of DILA’s Function in Drosophila Ciliogenesis 
 

 92 

3.3 Results 

3.3.1 Two dila isoforms in Drosophila 

A microarray screen for genes expressed during Ch organ formation described in 

Chapter 2, identified the gene dilatory (dila) is highly enriched in Ch cells and its 

expression depends strongly on Ato function. dila RNA exhibits a Ch-enriched gene 

expression pattern in embryos, and in vivo reporter gene analyses led to the 

identification of an enhancer required for dila expression in Ch cells. Mutation of 

two Ato E box motifs within this enhancer resulted in loss of early expression in Ch 

SOPs, suggesting dila is a direct target of Ato.  

 

Drosophila dila has two predicted transcripts, known as isoforms CG1625-RA (3381 

bp) and CG1625-RB (3480 bp) (Fig. 3.3A). RT-PCR was carried out to clone the full 

length open reading frame (ORF) of RA and RB. RNA was extracted from embryos. 

The upstream primer CG1625 cDNA 5’B 

(GCGAATTCAACATGGATTTATGTCTTAAGG) and CG1625 cDNA RB5’ 

(GCGAATTCAACATGAAGTGGAGTGGAGAGG) were used to clone CG1625-

RA and CG1625-RB respectively (Fig. 3.3A). On the basis of the transcript 

prediction from Flybase, RA and RB share the stop code site. Therefore, the 

downstream primer CG1625 cDNA3’B 

(GCCTCGAGAGTAATTGTCTATTTAACAC) was shared in cloning both 

transcripts (Fig. 3.3A). In both RA and RB, sequences preceding the first ATG 

poorly fit the Drosophila translation initiation consensus sequence (Cavener, 1987). 

To alter this, the upstream primer which includes an addition of the CAAC sequence 

upstream of the ATG start codon was designed such that the last cytosine nucleotide 

(C) overlaps with the EcoRI restriction site (Fig. 3.3A). The restriction site of XhoI 

was added to the 3’ end primer (Fig. 3.3A). RA and RB PCR fragments were 

digested with EcoRI and XhoI, followed by insertion into pSC-A vector 
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(StrataClone). The resulting constructs (pSC-A- dila RA and pSC-A- dila RB) were 

sequenced (Fig. 3.5).  

 

RT-PCR results suggest there are indeed two isoforms of CG1625 in Drosophila (Fig. 

3.3B). However, dila transcripts from our sequencing result show a discrepancy from 

the published ones. Alignment analysis of my sequences with the published ones 

indicated that the divergence resides in the first exon and resulted from different 

splicing of the first and second exon. In RA, 21bp which is predicted to be part of 

first intron in Flybase has been confirmed as part of the second exon according to my 

sequence result (Fig. 3.4A). In the case of RB, the Flybase prediction of whole first 

intron on the basis of Flybase prediction appears to be part of first exon in my result 

(Fig. 3.4B). In the case of both RA and RB, the additional exon sequences do not 

change the open reading frame of either isoform. Apart from the difference in the 

splicing of the first intron and exon, all the rest of the sequences are consistent with 

the sequence predictions from the Flybase database. With respect to the comparison 

between RA and RB, there is a slight difference in the fist exon, otherwise the rest of 

the sequences are identical. All of the following studies are based on RA.  
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Figure 3.3 CG1625 (dila) cDNA clone. (A) Genomic region including two isoforms of transcripts: 

RA and RB. Boxes represent exons; filled boxes represent coding region. Primer sets used to 

clone RA and RB are indicated. A covener sequence CAAC was added prior to the ATG 

translation initiation site in the upstream primers. EcoRI and XhoI sites were introduced into the 

sequence during PCR. (B) A gel picture shows RT-PCR products of dila-RA and dila-RB. Lanes: 

M, HyperLadder I (Bioline), the molecular sizes are indicated; 2, RT-PCR product of dila-RA; 2, 

RT-PCR product of dila-RB. dila-RA fragment is slightly shorter than dila-RB. 
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Figure 3.4 Alignment comparison of dila cDNA sequences. (A) Alignment of our dila-RA 

sequence (new) with the one from Flybase shows a 21bp difference in the first exon close to the 

5’ end. This fragment was predicted to be at the 3’ end of the first intron according to the 

published RA splicing result, whereas it was detected in the second exon in our sequence. (B) 

According to our sequence (new), the first intron of dila-RB predicted in Flybase is included in 

the first exon. In another word, in the new dila-RB transcript, the first intron starts from the same 

site to the RB Flybase sequence, but ends to the 3’ end of 2nd exon in RB Flybase.   
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Figure 3.5 Multi-step cloning procedures for constructing the UAS-dila-FLAG fusion protein 

expression plasmids. The whole experiment is based on dila-RA (dila). Step 1: During the RT-

PCR, a consensus Cavener sequence (CAAC) was inserted just in front of the ATG. The cloning 

site EcoRI/XhoI was introduced through RT-PCR. The RT-PCR product was cloned into the 

pSC-A vector. The resulting construct was named pSC-A-dila. Step 2: A short sequence 

encoding three repeats of FLAG (DYKDDDDK) was introduced into either the N-terminus or C-

terminus by the site directed mutagenesis. Step 3: Fragments including the full length of dila 

ORF and FLAG tag sequences were cut out from the resulting constructs from Step 2 and 

subcloned into pUAST vector by EcoRI/XhoI. Construct pUAST-dila N FLAG and pUAST-dila 

C FLAG were injected to make the transgenic fly lines.  

 

3.3.2 dila encodes a protein homologous to the mammalian 

coiled-coil protein AZI1  

dila is predicted to encode a protein that has a C-terminal region with four coiled-coil 

domains (amino acids 838-1123) (Fig. 3.6A). The predicted protein shares 30.4% 

consensus (18.6% identity) with the mouse protein AZI1, suggesting that this is a 

conserved protein (Fig. 3.6B). Within the coiled-coil domain, the similarity rises to 

42.2% (27.5% identity), implying that this is a conserved motif. In addition, the 
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conserved coiled-coil domains seem to be a feature of AZI1 proteins, as they are 

found in all the mammalian AZI1 orthologues. The remainder of the protein sequence 

contains no recognisable motifs.  

 

3.3.3 dila is expressed in all ciliated cells in the PNS 

As depicted in Chapter 2, dila mRNA is expressed exclusively in the PNS in 

Drosophila. Transcription begins at stage 11 in Ch SOPs (Fig. 3.7A), but later it is 

present in both Ch and ES lineages (Fig. 3.7B). Expression is always stronger in the 

Ch cells than in ES cells. dila overlaps with the PNS marker, Senseless, indicating 

that cells with dila expression are Ch and ES SOPs (Fig. 3.7D). At stages 13 (Fig. 

3.7C) and 14, dila expression appears to be confined to the Ch and ES neurons (both 

Type I neurons), but not in Type II neurons (md neurons) (Fig. 3.7C). By the final 

stage of its expression, dila is largely confined to the Ch neurons.  
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Figure 3.6 dila encodes a protein homologous to mammalian AZI1. (A) shows DILA protein 

scheme. Red lines show the position of coiled-coils domains which are close to the C terminal. 

(B) Clustal W amino acid sequence alignment of Drosophila DILA with its mouse orthologue  
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Figure 3.7 RNA in situ hybridisation reveals dila expression in type I sense organs and 

spermatids. (A) At stage 11, dila was first detected in Ch SOPs. (B) At stage 12, dila appears in 

both Ch and ES SOPs. (C) dila expression continues in both Ch and ES lineages at stage 15. (D) 

dila expression in two abdominal segments of stage 12 embryo relative to the PNS marker, 

Senseless (Sens). dila is weakly expressed in ES SOPs and extensively expressed in Ch SOPs. (E) 

An adult testis. The distal testis is enlarged in the right panel, showing dila mRNA in the heads 

of each individual spermatid cyst, where the nuclei of spermatids localise (arrows). 

 

3.3.4 dila is also expressed in sperm 

Given that AZI1, the vertebrate orthologue of DILA, was first found in sperm of 

mice (Aoto et al., 1995), it raises an interesting question as to whether dila could 
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have a similar expression profile as its vertebrate orthologue. Drosophila spermatids 

arise from spermatocytes that undergo a series of mitoses and meioses so as to give 

rise to a cyst of 64 haploid spermatids, which will go through dramatic 

morphological changes to become a highly elongated and specialised mature motile 

sperm. The elongation is mainly to construct the flagellar axoneme to the cell body. 

During this process, spermatids from the same cyst grow and move in a synchronized 

fashion, by virtue of the fact that nuclei of all of the 64 spermatids are packed in 

organised pattern as the head of the cyst so as to ensure a synchronised elongation 

process.  

 

RNA in situ hybridisation of unsquashed Drosophila testes was carried out to 

examine whether dila is expressed during spermatogenesis. Fig. 3.7E shows that 

specific staining was found in clusters close to the distal end of testis, to where 

spermatid cysts at the elongation stage usually migrate. Each cluster is arranged in a 

triangular shape, speculated to be the nuclei bundle of elongation spermatids. 

Detailed examination confirmed that the dila transcript localised to the nuclei of 

elongating sperm (Fig. 3.7E). It seems that dila expression was confined to the 

elongating stage, since it could not be detected at any other stage of spermatogenesis. 

Taken together with dila’s expression in type I neurons, these data indicate that dila 

is expressed in all ciliated cell types. As little is known regarding how AZI1 

performs in sperm, investigation of the role of DILA in Drosophila spermatogenesis 

will shed light on the function of its conserved mammalian orthologues.  

 

3.3.5 Generate the dila deletion mutant by imprecise P-element 

excision 

The expression pattern of dila suggests a possible role in ciliogenesis. To investigate 

the function of dila, I generated several mutant lines by imprecise P-element excision. 



Chapter 3: Investigation of DILA’s Function in Drosophila Ciliogenesis 
 

 101 

P-elements excise imprecisely in the presence of P transposase. The excision 

generates a double-strand gap in the chromosome around the original P element 

insertion point. The fly stock, BG02674 (P{GT1}CG30001BG02674), contains a P-

element insertion between the 3’ end of dila and the 5’ end of an adjacent gene 

(CG30001). The insertion site is about 60-bp downstream of the dila transcription 

unit and is 17-bp downstream of the predicted transcription site of CG30001 (Fig. 

3.8A). To generate dila mutations, I mobilised the P-element to create imprecise 

excisions extending in the direction of the dila gene (detailed procedure of the 

genetic cross is described in the Chapter 6: Materials and Methods 6.4.2). Deleted 

genomic regions from dila mutants were confirmed by PCR. A pair of primers (dila 

del 5’ and dila del 3’) was used to select deletion mutation flies. The upstream 

primer (dila del 5’) localised within the third exon, and the downstream primer (dila 

del 3’) was designed just next to the insertion site of the P element (Fig. 3.8A). The 

wild-type fragment amplified from this pair of primer is approximately 3kb in length 

(Fig. 3.8B).  Four deletions of 0.9, 1.3, 1.4 and 2.0-kb were generated and named 

dila57 (Jarman stock number: 1064, 1068), dila84 (Jarman stock number: 1065, 1069), 

dila244 (Jarman stock number: 1066, 1070) and dila81 (Jarman stock number: 1063, 

1067) respectively (Fig. 3.8C). In each case, all or most of the DNA encoding the C-

terminal coiled-coil domains were deleted (all in dila244 and dila81 and most in dila57) 

(Fig. 3.8A). Line dila57, dila244 and dila81 were subjected to a series of analyses.  

 

Because the deleted regions are very similar between dila84 and dila244, dila84 was 

not used in any of the following analyses.  

 

Homozygous embryos show a reduction of mRNA expression that correlates with the 

size of the deletion, suggesting an increasing instability of any truncated transcripts 

produced (Fig. 3.9). It is predicted, therefore, that not only will truncated proteins be 

produced in these mutants, but also the levels of protein will be lowered.  
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Figure 3.8 The dila gene and dila mutant alleles. (A) Molecular maps of the dila (CG1625-RA) 

genomic region, showing P element insertion site (green triangle), the four excision alleles (dila57, 

dila84 , dila244 and dila81) generated, and the probe used for RNA in situ hybridisation (blue line). 

Both CG1625 and CG30001 are shown in their 5’-3’ orientation. Each deletion removes part of 

the 3’ end of the dila gene, including the coiled-coil motifs. The position of the primer pair used 

to identify the deletion is indicated on the map, and it gives rise to a 3054 bp fragment in the 

wild-type. The region encoding the coiled-coil domain is labelled, and most of (dila57) or all 

(dila84, dila244 and dila81) the coiled-coil encoding regions was deleted. dila probe targets to the 

region which is not deleted in any of the dila deletion alleles. (B) Deleted genomic regions from 

three dila heterozygous lines were confirmed by PCR. HyperLadder I (Bioline) was used as 

molecular weight marker (left panel). Wild-type allele produces an about 3.0-kb band from PCR 

(arrows). As genomic DNA was extracted from the heterozygous flies for PCR, the wild-type 

fragments are visible (arrows) in each deletion allele’s sample. The bands with the robust signals 

are the truncated PCR fragments (arrowheads). The faint band of the wild-type fragment in 

dila81/+ sample is due to the small fragment resulting from the large deletion as the competitor to 

the amplification of the wild-type fragment. dila57, dila81, dila84and dila244 generate 2.1-kb, 0.9-

kb, 1.7-kb and 1.6-kb PCR signals, respectively. (C) Summary of four dila deletion alleles. The 

size of exact deleted fragments is determined by the sequencing result.  
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Figure 3.9 A reduction of mRNA level correlates with the size of the deletion among dila 

mutants. dila mRNA (blue) is detected in homozygote (A, B, C) and heterozygote (A’, B’ C’) 

stage 14 embryos for three dila deletions. Heterozygote embryos were recognised by expression 

of Kr-GFP from a transgene carried by the CyO balancer chromosome (brown, indicated by the 

arrow). (A-A’) dila81 homozygote (A) has an extensive loss of dila staining, compared with dila81 

heterozygous (A’). (B-B’) dila expression in dila244 homozygote is reduced from dila244 

heterozygous, but slightly stronger than the staining in dila81. (C-C’) the level of dila transcript in 

dila57 homozygote is slightly less than dila57 heterozygous, but much more intense relatively to 

the one in dila81 and dila244. 

 

3.3.6 dila mutants flies are viable but uncoordinated 

All of the three dila mutant alleles are viable, but yielded adults with uncoordinated 

behaviour. The severity of uncoordination varied among lines and correlated with the 

size of the deleted fragment. Flies homozygous for the largest deletion, dila81, are 

incapable of standing and righting themselves (video in supplementary disc). These 

flies do not survive for long. This deletion leads to the extensive loss of dila 

expression in embryos (Fig.3.9A, A’). I therefore conclude that dila81 is a strong 

hypomorph. dila244 also shows reduced mRNA expression (Fig. 3.9B, B’). These 

flies survive better, but are strongly uncoordinated: they are sedentary, frequently fall 
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off, slower to right themselves once fallen, and in some cases, wings are held out 

even at rest (video in supplementary disc). dila57 flies which have a 0.9-kb deletion 

show only a mild phenotype. They are flightless, in spite of having their wings in the 

normal position. dila expression level is reduced, but not as dramatically changed as 

in the other two alleles (Fig.3.9C, C’).  

 

Coordinated locomotion of both Drosophila larva and adult results from patterned 

muscle contractions stereotypically along the body, which highly rely on the PNS 

feedback (Caldwell et al., 2003). Given the expression pattern of dila, these 

phenotypes suggest a defect in sensory neurons. The uncoordinated phenotype was 

quantified by a motility test (Chapter 6: Materials and Methods 6.5.1). Flies 

homozygous for the three dila mutant lines have dramatically reduced activity in 

bang tests (Fergestad et al., 2006) compared to controls (Fig. 3.10A). dila mutant 

larvae also show locomotion phenotypes consistent with their uncoordination. Larvae 

exhibit slow muscle contraction and a long time is taken when making turns. 

Interestingly, in the bang test, even the weakest dila mutant allele (dila57) is more 

severely affected than ato1 mutant flies (Fig. 3.10A). These results indicate that in 

general, dila mutants in general have a more severe phenotype than expected for Ch 

neuron defect alone, suggesting that all type I sensory neurons are affected. 

Mutations which affect all type I neurons usually have more severe defects in 

motility, such as Rfx, nompA, nompB, nompC, unc (Baker et al., 2004; Chung et al., 

2001; Dubruille et al., 2002; Han et al., 2003; Lee et al., 2010).  

 

In order to examine the role of dila in the ES organs, I carried out a touch sensitivity 

analysis (Chapter 6: Materials and Methods 6.5.2) (Caldwell et al., 2003). The touch 

transduction is one of its exclusive activities among the multiple roles that ES organs 

play in maintaining fly normal function. The response to the touch stimulus requires 

the collaboration of both bristles (one of major type of ES organs) as a touch receptor  
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Figure 3.10 Ciliary defects in dila mutant flies. (A) dila adult flies show a severe defect in bang 

test. Compared with wild-type, dramatically fewer flies from all the three dila mutant lines show 

climbing ability (no flies in the case of dila244 and dila81). ato mutant flies (ato1), which lack Ch 

organs, also fail this test. Error bars represent standard deviation. *** represents statistical 

significance differences in a t test where p<0.001. ** represents 0.01<P<0.05. (B) Touch 

sensitivity analysis. Figure shows the mean touch sensitivity histogram with standard deviation 

bars. *** indicates the dramatic significance by T test (P<0.001). n=30 for all genotypes. Both 

ato1 and dila81 have strongly reduced touch sensitivity compared to wt, whereas dila81 has even 

less sensitivity than ato1.  
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and Ch organs as a stretch receptor. Compared with controls both ato1 and dila81 

elicit a weak response to the touch, whereas dila81 had an even weaker response to 

touch than ato1, consistent with a role for dila in both Ch and ES neurons (Fig. 

3.10B). 

 

3.3.7 The uncoordinated phenotype is rescued by DIL A 

expression 

The P element used to generate dila deletions is inserted in the 5’ end of an adjacent 

gene, CG30001 (Fig. 3.8A), whose function is unknown. To show that CG1625, but 

not CG30001 is responsible for the phenotypes, I carried out a rescue experiment.  

 

To make the DILA rescue construct, three repeats of FLAG tags were introduced in 

frame of open reading frame of dila (RA) by the site directed mutagenesis using the 

pSC-A-dila RA plasmid (Fig. 3.5). Both N-terminal and C-terminal fusion constructs 

were made (pSC-A-dila N FLAG and pSC-A-dila C FLAG). The fragment with the 

open reading frame of dila and FLAG tags was excised from the above constructs 

using restriction sites EcoRI/XhoI, and then ligated into the pUAST vector (Fig. 3.5). 

The pUAST vector is a transformation vector that contains P element ends, a mini-

white selectable marker and five tandemly arrayed optimised GAL4 binding sites 

(Brand and Perrimon, 1993). The resulting constructs (pUAST-dila N FLAG and 

pUAST-dila C FLAG) were made into the transgenic lines following the standard 

procedure.  

 

A total of eleven transgenic lines in total were made from both N-terminal and C-

terminal dila-FLAG fusion constructs.  Among them, six lines were tested and have 

been shown to be able to drive the fusion protein to be expressed in the PNS (Table 

3.1). Three of them were tested in rescue experiments (Table 3.1): p{UAS-dila-
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FLAG} 19A1 in which FLAG was fused to the N-terminal, and p{UAS-dila-FLAG} 2F 

and p{UAS-dila-FLAG} 2H with FLAG in C-terminal of DILA. dila81 mutant flies 

containing p{UAS-dila-FLAG} driven by either elavGAL4 or scaGAL4 showed a 

significant rescue of the locomotion phenotype (cross schemes for the rescue 

experiments were shown in Fig. 3.11). The rescued flies are active in general, close 

to the wild-type: being able to stand, walk and right themselves up (video in 

supplementary disc). Although gene expression was under control of the GAL4/UAS 

system rather than its own enhancer, induced dila expression rescued the 

uncoordinated phenotype. All of the three lines mentioned above were equally able 

to restore the coordinated movement from dila81, suggesting that fusion proteins 

produced from these lines had functional biological activity, and also suggested that 

the insertion site of FLAG tag does not affect for the DILA activity. My successful 

rescue experiment confirmed that the uncoordinated phenotype in dila mutants was 

caused by the deletion in CG1625, not due to CG30001. However it is still possible 

that the short deletion in CG30001 caused some defects that I have not yet identified 

in dila mutants.  
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Figure 3. 11. Cross schemes of rescuing dila81 phenotype by expressing dila-FLAG from 

elavGAL4 (A) or scaGAL4 (B). 

 

Fly 

line 

Jarman 

Stock No. 

N- / C- 

terminal tag 
Chromosome 

Tested for the 

fusion protein 

expression 

Tested for the 

rescue activity 

19A1 1075 N 3 Y Y 

19B1 1076 N 2 N N 

19C1 1077 N 2 Y N 

19D1 1079 N X N N 

19E 1080 N X N N 

19F 1081 N X Y N 

2A 1082 C X N N 

2E 1086 C 3 Y N 

2F 1087 C 3 Y Y 

2H 1089 C 3 Y Y 
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scaGAL4 
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; ; + 
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+ 
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     dila81 

Kr-GFP, Cyo 
+ 
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     dila81 
+ 
+ 

; 
+ 
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y Cyo 

; ; + 
+ 
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y 

; 
Cyo 

+ 
+ ; 

the recombination occurs 

+ 
+ 

     dila81 

Kr-GFP, Cyo 
+ 
+ 

; ; 

scaGAL4, dila81 

Kr-GFP, Cyo 

The successful recombination 

between scaGal4 and dila81 is 

identified by PCR.  

× 

+ 
+ 

+ 
+ ; ; 

     dila81 

Kr-GFP, Cyo 
; + 

y 
p{UAS-dila-FLAG}2F 

p{UAS-dila-FLAG}2F ; × 

+ 
+ 

scaGAL4, dila81 

     dila81 
+ 

p{UAS-dila-FLAG}2F ; ; 

(this line has been created in A) 

(The rescued fly) 

scaGAL4 

Table 3.1 Transgenic lines of pUAST-dila-FLAG 
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3.3.8 Mutation in dila results in sensory cilia defects in adults 

Mutations in genes affecting ciliary structure or function commonly cause 

uncoordinated behaviour (Baker et al., 2004; Dubruille et al., 2002; Han et al., 2003; 

Lee et al., 2008). Thus a question was raised as to whether the uncoordination in dila 

mutants is caused by ciliary defects. I tested this hypothesis by examining the Ch 

ciliary structure using transmission electron microscopy (TEM) and 

immunohistochemistry techniques. 

 

To study ciliary morphology of Ch neurons, I examined the Johnston’s organ (JO), 

the auditory organ of the fly, which is composed of a large array of Ch organs in the 

adult second antennal segment. Each unit of the JO possesses a scolopale that houses 

the ciliary sensory processes of 2-3 chordotonal neurons (Fig. 3.12B). The Ch cilium 

has a typical 9+0 axonemal pattern, which is composed of 9 microtubule doublets 

(Fig. 3.12D). In the proximal part of the cilium (the area between basal body and the 

ciliary dilation), each microtubule doublet is attached with dynein arms (Fig. 3.12D), 

which are linked to mechanical induced motility (Kavlie et al., 2010; Sarpal et al., 

2003). Cilia in dila81 chordotonal organs show a variable range of ciliary defects by 

TEM. Some cilia are shortened, thereby appearing missing in cross-section (Fig. 

3.12C). Surprisingly, some are present but with grossly abnormal structure. 

Frequently cilia with a disarrayed placement of microtubules (Fig. 3.12D) are found, 

and some cilia have missing microtubules (Fig. 3.12D). More surprisingly, sections 

through the proximal region of the cilium show that most microtubules lack dynein 

arms (Fig. 3.12F, 3.12G). In contrast, the base of the cilium appears normal, and the 

fibrous structure attached to the distal basal body and transition zone is present in the 

cross sections (Fig. 3.12H, 3.12I) 
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Figure 3.12 (A) Schematic of a Ch scolopidium, showing the locations of transverse sections. 

Shown are ciliary rootlet (cr), proximal basal body (pb), distal basal body (db), transition zone (tz) 

and proximal cilium (pc). (B–I) Electron micrographs of transverse sections through antennal Ch 

scolopidia. (B) Wild-type scolopales (sc) contain cilia from 2 or 3 neurons. (C) Cilia in dila81 Ch 

D Wild type 
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E Mutant 
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organs are variably disrupted. Some cilia are absent in cross-section indicating truncation 

(asterisk), while others have an abnormal axoneme structure. (D) Transverse section through a 

wild-type proximal cilium (pc) showing the 9+0 axoneme with dynein arms. One of the 

microtubule doublet is enlarged and arrow points to the (E) Dynein arms are missing in the 

mutant. (F,G) dila81 mutant cilia showing disorganisation or reduction of microtubule doublets 

(G). (H) Mutant distal basal body (db) appears grossly normal (transitional fibres indicated) and 

triplet axonemal structure is intact. (I) Mutant transition zone (tz) appears normal in both the 

microtubule structures and Y-shaped linkers (indicated). (J–M) Longitudinal sections through 

antennal Ch scolopidia. (J-M) Longitudinal sections through the wild-type and dila81 mutant 

scolopidia. (J) shows the wild-type cilium structure with the transition zone (tz), the distal basal 

body (db), proximal basal body (pb) and ciliary root (cr). The region between db and the 

proximal cilia (pc) is the transition zone (Moran et al., 1975; Moran et al., 1977)  (K,L) dila 

mutant showing grossly intact basal structures. (M) Grossly malformed cilia in dila81 mutant. 

 

3.3.9 Mutations in dila result in sensory cilia defects in the 

embryos and larvae 

Consistent with the observation in the adult, Ch neuronal cilia are also shown 

missing or shortened in dila81 embryos and larvae, as judged by several neuronal 

markers. anti-HRP recognizes sugar residues on multiple glycoproteins that are 

transported into the Ch neuron cilium and then secreted into the scolopale space 

surrounding the outer segment (Husain et al., 2006; Jan et al., 1985; Zipursky et al., 

1984). In the early stage of ciliogenesis, HRP staining tightly wraps along the 

growing cilium (Fig. 3.13A), and once the cilium is fully developed, HRP staining 

concentrates as two bands: the lower band corresponds to the basal body level and 

the upper band is proximal to the ciliary dilation (Fig.  3.13B). In dila81 embryos, the 

shortened cilia are observed (Fig. 3.13C) and additionally, HRP immunoreactivity is 

strikingly accumulates at the base of the outer segment in embryos (Fig. 3.13C). 
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Such a deposit of the HRP antigen at the base of the cilium was also found in the 

larval Ch neurons (Fig. 3.13D, E).  

 

Similar to HRP, mAb21A6 detects another scolopale lumen protein, Eyes Shut (EYS) 

(Husain et al., 2006). In dila81 larval Ch cilia, mAb21A6 reveals a similar defect in 

the protein distribution along the cilia (Fig. 3.13D, E). The deposit of EYS at the 

base of the cilia is also seen in the IFT-associated beethoven (btv) mutants (Lee et al., 

2008).  

 

To examine the morphology of sensory neurons in dila81, I labelled the plasma 

membrane of all neurons with the mCD8-GFP marker (elavGAL4/UAS-mCD8-GFP 

flies) (Lee and Luo, 1999). In the wild-type larvae, this protein outlined the cilium 

extending through the scolopales and into the cap cells (Fig. 3.13F). By contrast, the 

ciliary dendrite is invisible in dila81 (Fig. 3.13G). As both TEM and HRP staining 

revealed that dila81cilia are only truncated but not completely missing in many cases 

(Fig. 3.12C, 3.13C), I speculated that the absence of the outer segment in mCD8-

GFP labelled dila81 cilia was due to a defect in the entry of GFP into the cilium, 

which was consistent with the observation that GFP aggregates were found at the 

distal end of the staining (arrowhead in Fig. 3.13G).  Taken together the evidence 

from neuronal markers and ciliary membrane labelled GFP consistently imply a 

disruption of transport along the cilium.  

 

 

 

 

 

 

 



Chapter 3: Investigation of DILA’s Function in Drosophila Ciliogenesis 
 

 114 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.13 dila has a general defect in protein trafficking into the Ch cilium. (A-E) Neuronal 

marker anti-HRP and anti-EYS (mAb21A6) label the Ch neurons from embryos (A-C) and larvae 

(D, E). (A, B) In the wild-type embryo, these antigens are secreted into the scolopale lumen. In 

the early stage embryo, HRP staining is tightly associated with the growing cilium (A). Later on, 

the secreted antigens form a proximal band (arrowhead) at the base of the outer segment and a 

distal band (arrow) is around the middle of the cilium (B, D). (C, E) In dila81, the antigens are 

present intensely at the base of the cilia, but absent from the area corresponding to the distal band. 

The truncated cilia are found in some cases (C). (F, G) Larval Ch neurons are labelled with 

membrane localised mCD8-GFP. (F) Cilia are outlined with GFP. (G) shows blunt dendrites in 

dila81, and protein aggregate is detected at the distal end. (F). (H) A schematic representing the 

dila81 

OS 

IS 

F 

IS 

H 

WT dila81 

Cell body 

WT 

cilium 

A WT 

os 

B 
os 

cilium 

αHRP αHRP 

dila81 C 
os 

Sc 

cilium 

αHRP 

WT G 

 

 IS 

OS 

CB 

Oe 

Oe 

αHRP 

21A6 

αHRP 

21A6 

WT dila81 

CB 

D E 

IS 

 

dila81 WT 

2µm 2µm 

αEYS αEYS 

2µm 2µm 2µm 

5µm 5µm 



Chapter 3: Investigation of DILA’s Function in Drosophila Ciliogenesis 
 

 115 

neuron morphology of wild-type (left panel) and dila81 (right panel) Ch dendrites. Wild-type cilia 

extend through the scolopale into a dendritic cap; mutant cilia end within the scolopale lumen. 

Proteins that are normally secreted into the scolopale lumen accumulate at the base of the cilium 

in the mutant. Abbreviations: Sc=scolopale, OS=outer segment, IS= inner segment, BB=basal 

body, CB=cell body, Oe=oenocyte (cells where Ch neurons are embedded in the larvae). 

 

3.3.10 Ciliary defects were rescued by DILA-FLAG 

expression 

I previously showed that expression of the DILA fusion protein in the PNS 

significantly rescued the uncoordinated phenotype. Thus I investigated whether the 

ciliary defects were also recovered by the expression of DILA fusion protein. This 

was pursued by examining the integrity of the ciliary structure from several aspects. 

First of all, TEM analyses of JO from the rescued adult flies were used to reveal 

whether the impaired ciliary ultrastructure had been restored. The ciliary 

ultrastructure in the rescued flies appears normal. Most of the rescued scolopales had 

two to three cilia (Fig. 3.14A), suggesting that the truncated ciliary phenotype had 

been recovered. The 9+0 axonemal pattern was largely compromised in dila81 (Fig. 

3.12B), whereas in the majority of cilia from the rescued flies, axonemes were 

displayed in an organised way (Fig. 3.14A). Moreover, the dynein arms which were 

always absent in dila81 had also been restored in most cases (Fig. 3.14A). Secondly, 

the ciliogenesis defect was also hinted previously by labelling the ciliary membrane 

with mCD8-GFP protein (Fig. 3.13F), while cilia from the rescued flies were able to 

reach the normal length in this assay (Fig. 3. 14C). Thirdly, the deposit of HRP 

antigen at the base of the cilia was completely removed in the rescued Ch cilia (Fig. 

3.14D), suggesting that these proteins were able to be transported along the cilia after 

being rescued. In summary, a full restoration in ciliogenesis not only confirmed that 

impairment in Ch cilia was responsible at least partially for the uncoordinated 
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phenotype, but also strongly supported my speculation that DILA had a role in 

controlling the trafficking of proteins during ciliogenesis.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 DILA fusion protein rescued flies in mutant background show normal appearance in 

their cilia. (A-B) Electron micrographs of cross sections through antennal Ch scolopidia from the 

rescued adult (;scaGAL4dila81/dila81; p{UAS-dila-FLAG}19A1/+). (A) Rescued scolopales 

contain the same number (2 or 3) of cilia as the wild-type. Axonemal pattern appear grossly 

normal, with nine axonemes are arranged in a circle. Such arrangement is disrupted in dila81 

mutants. (B) An enlarged image of the transverse section through the proximal cilium shows a 

nice 9+0 pattern and the dynein arms (arrows) attached to each axonemes.  (C-D) show the Ch 

neurons from the rescued larvae. The genotype of the rescued larvae are (C) elavGAL4,mCD8-

GFP/+; dila81/dila81; p{UAS-dila-FLAG}19A1/+; (D) scaGAL4/+;dila81/dila81; p{UAS-dila-

FLAG}2H/+. The larvae were grown at 25ºC. (C) mCD8-GFP outlines the ciliary dendrite of the 

rescued larvae. Five Ch cilia are all restored to the wild-type, however, only two cilia (arrows) 

are shown in full length because the rests are out of focus. (D) HRP antigen is distributed in a 

normal pattern with two clear bands (bracket) in the rescued larval Ch neurons.  
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3.3.11 dila81 males have weak fertility 

Apart from the type I sensory neurons, the only other cells in flies that have ciliary 

structure are the sperm (Han et al., 2003). The flagellum in sperm is a modified 

cilium. Drosophila spermatids arise from a spermatogonium cell that undergoes four 

rounds of mitosis and two rounds of meiosis, thereby giving rise to 64 round 

spermatids, which are grouped within a syncytial cyst (Fig. 3.15) (Fuller, 1993). 

Those spermatids soon start to differentiate. Prior to differentiation, the centriole 

transforms into the basal body and correspondingly some of the pericentiolar 

material (PCM) proteins that surrounds the centriole converts into a collar shaped 

structure, called the centriolar adjunct, closely associated with the basal body. The 

flagellum is anchored to the nucleus via the basal body and its adjunct (Baker et al., 

2004; Texada et al., 2008). During differentiation, the flagellum is rapidly assembled, 

in that the spermatid goes through a remarkably morphological change. A 

phenomenal feature of this process is that all of the 64 spermatids within the same 

cyst are elongated and migrate in a synchronised fashion (Fig. 3.15). The last step of 

spermatogenesis is spermatid individualisation. Matured spermatids will be 

individualised before transferring into the seminal vesicle (Fuller, 1993).  

 

To explore whether dila has a general role in ciliogenesis, I first examined sperm 

production in dila81 males. dila81 mutant flies do not produce offspring, but this may 

be because they are either unable to mate, or do not produce viable sperm, or both. In 

order to test these possibilities, I examined the male fertility, in which the PNS 

defects had been rescued by DILA fusion protein. When driven by scaGAL4, such 

flies show a full rescue of locomotion defects and chordotonal morphology (video in 

supplementary disc, genotype is ;scaGAL4,dila81/dila81;p{UAS-dila-FLAG}19A1/+). 

To determine whether the rescued flies are still sterile, I tested male fertility from 

both rescued flies and wild-type. Each male was allowed to mate with two females. 

Crosses were kept for 7 days, and then males and females were removed. All 
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progenies were counted. The average progeny number for the wild-type control was 

164, while the average progeny for ;scaGAL4,dila81/+,dila81;p{UAS-dila-

FLAG}19A1/+ male was only 17. A low level of fertility in the rescued male suggests 

a primary defect in spermatogenesis (Fig. 3.16A). In addition, there was also a delay 

of about three to five days for the PNS-rescued males to produce progenies according 

to the observation from the crosses of wild type females with the rescued males. In 

contrast, PNS-rescued females showed a normal level of fertility.  

 

 

 

 

 

 

 

 

 

 

Figure 3.15 A schematic illustration of spermatogenesis in Drosophila, adapted from (Fuller, 

1993). Spermatogonium proceeds through four mitotic divisions to produce 16 primary 

spermatocytes. The primary spermatocytes rapidly enter into meiotic stage. Two meiotic 

divisions lead to 64 round spermatids, which then go through the elongation process. Fully 

elongated spermatids undergo individualisation. Before spermatids are being individualised, all 

the events happen within a synthicial cyst that ensures spermatids to be processed in a same pace.  
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Figure 3.16 Mutation in dila affects male fertility. (A) Fertility test shows PNS-rescued dila81 

male produced a significant reduced number of progenies. On average, individual rescued dila81 

male only produces 17 progenies, contrast with 164 progenies produced by the wild-type. (B, C) 

Differential interference contrast microscopy of seminal vesicles from 2-day-old adults. dila81 

testis appears grossly normal, in term of size and shape. (B) In wild-type male, the seminal 

vesicle is full of sperm. Individualised sperm were extruded from the cut of seminal vesicle 

(arrowhead). (C) In dila81 male, sperm was rarely seen in the seminal vesicle (arrow head). 

 

dila81 testes are of normal size and shape (Fig. 3.16B, C). Phase-contrast microscopy 

of testis squashes showed that all stages up through spermatid elongation were 

indistinguishable in the mutant and wild-type, suggesting mitosis and meiosis occurs 

normally in dila81. However, they appeared to be defected in sperm individualisation 

and few, if any, mature motile sperm were evident in the 2-day-old adult testis (Fig. 

3.16C). Also, wild-type flies already stored a large amount of sperm in the seminal 

vesicle (Fig. 3.16B). Nonetheless, in dila81 older males, more individualised sperm 

were detected in the seminal vesicle, although the volume was still far less than that 

from the same aged wild-type flies. This observation could explain the several-day 

delay in hatching in dila81, and also firmly suggests a disruption in the process of 

sperm individualisation in dila mutants.  
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3.3.12 Basal body and its associated structure are defective 

in dila81 spermatids 

To explore reasons leading to this defect, the spermatogenesis process was further 

examined by immunohistochemistry. During the elongation stage, in wild-type testis 

cysts, labelling of DNA shows that nuclei of the spermatids from the same cyst 

tightly associated with each other and they migrate in a synchronised way, with the 

bundled sperm nuclei appearing in a characteristic triangular shape (Fig. 3.17A). 

However, this organisation was strongly disrupted in dila81 testis, with some nuclei 

dispersed along the flagellar bundle (Fig. 3.17C). Even when some nuclei were 

grouped together, they were orientated in different directions (Fig. 3.17B).  

 

In the spermatids, the basal body and the centriolar adjunct form a unique element 

which connects the nucleus and the flagellum. Studies have suggested this structure 

plays an important role in maintaining the integrity of spermatids. To determine 

whether the disorganised spermatid pattern in dila mutants was due to a disruption in 

this apparatus, I labelled the wild-type and mutant testes with several basal body 

markers. A construct where GFP is fused to the PACT domain of the Drosophila 

Pericentrin-like protein (Martinez-Campos et al., 2004b) was introduced into the 

dila81 background. In the wild-type cysts, GFP-PACT robustly labelled a small 

cylinder structure, demonstrating the presence of the basal body tightly attached to 

the apical tips of nuclei (Fig. 3.17D, F). GFP-PACT labelling showed a variety of 

basal body defects in dila81 (Fig. 3.17D’). In mutants, many nuclei lost their basal 

bodies (asterisks in Fig. 3.17D’). Consistent with this, a large amount of fractions of 

basal bodies were found scattered around the cysts. Those present, however, were not 

tightly localised at the apical tips but were found at the side (Fig. 3.17D’), also with 

an altered shape, such as kink, distortion and truncation (Fig. 3.17D’). γ-tubulin 

labels a collar-shaped structure, which is the centriolar adjunct, also corresponding to 

PCM (pericentriolar material) in the centrosome (Fig. 3.17A) (Blachon et al., 2008; 
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Wilson et al., 1997). In dila81, this collar-shaped structure was largely impaired (Fig. 

3.17B) or detached from nuclei (Fig. 3.17C). Both GFP-PACT and γ-tubulin 

analyses show that detachment of staining from nuclei was more likely to happen in 

those which failed to fall into the bundle, implying that a largely damaged basal body 

and centriolar adjunct might be a cause for making these nuclei incapable of 

grouping together. These analyses demonstrated the impairment in both the centriole 

and the centriole adjunct in dila81.  

 

The abnormal distribution of another centriolar protein Sas-4 further supported this 

notion. In the wild-type tissue, Sas-4 (Basto et al., 2006) is always present as a 

condense cone shape dot at the base of nuclei (Fig. 3.17E). In dila81 testes, the 

localisation of Sas-4 usually appeared normal in the spermatids that were able to 

form the cyst bundle albeit in a disorganised way. However, nuclei which were 

scattered in the cysts were often found with a dispersed Sas-4 staining (Fig. 3.17E’). 

This is in agreement with a tendency that sperm unable to be grouped had more 

severe damage in the basal body, as indicated by the γ-tubulin labelling (Fig. 3.17C). 

Thus I speculate that the diffused Sas-4 is due to the secondary effect of defects in 

the basal body. Taken together, the centrosome/basal body become abnormal after 

meiosis as indicated by PCM and centriole markers.  
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Figure 3.17 The organisation of spermatid cysts is disrupted and the basal body and centriolar 

adjunct are largely impaired in dila81 mutant testes. (A-C) Nuclei in the cyst of wild-type (A) and 

dila81 (B,C), nuclear are labelled with (PI) and centriolar adjuncts are stained by γ -tubulin. (A) In 

the wild-type, during elongation stage, nuclei form a bundle and centriolar adjunct (arrowhead) 

cluster tightly at apical nuclear tips. (B, C) In dila81 cyst elongating spermatids, many bundles are 

disrupted. (B) In a relatively well-formed bundle, the nuclei are misorientated and centriole 

adjuncts are present but their shape is abnormal (arrows). (C) In many cases nuclei are scattered 
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and these often lack γ-tubulin staining (empty arrows). (D, D’) GFP-PACT labels basal bodies of 

spermatids in wild-type (D) and dila81 (D’) cysts. (D’) Nuclei are disarrayed in the dila81 mutant 

cyst, also with misshaped basal body staining. In many cases, basal bodies are localised to the 

side of nuclei in the mutants. In addition, basal body staining is completely missing in some 

nuclei (asterisks). (E) In the wild-type elongating stage sperm, the centriolar protein Sas-4 is 

restricted to the proximal part of the nuclei, appearing as a cone shape (arrow). (E’) In many 

dila81 spermatids which fail to be grouped into a bundle, Sas4 is delocalised, with some 

appearing at the nucleus distal tip (arrowheads). (F) A schematic representation of a single sperm: 

the DNA (magenta), centriole/basal body (blue), centriolar adjunct (PCM) (green) and 

microtubules (black).  

 

3.3.13 dila mutation disrupts sperm individualisation but 

does not affect the axonemal structure of sperm fla gella 

Study of basal body protein Uncoordinated (UNC) (Baker et al., 2004) has shown a 

correlation between mutations in basal body function and abnormalities in axoneme 

structure. Given the severe damage in the basal body found in dila81, I examined the 

axoneme structure in detail. TEM revealed several defects in dila81 sperm flagella. 

First of all, this analysis confirmed the individualisation defects in the mutants, as 

shown in Fig.3.18A. A few sperm tails were still in the shared syncytial cytoplasm or 

lacked surrounding cytoplasmic membrane, while sperm tails in control samples 

were all perfectly individualised. Secondly, in dila mutants, many transverse sections 

of the cyst exhibited the chaotic distribution of the flagella. Such an observation was 

consistent with the β-tubulin labelling assay, which also showed the disorganised 

flagellar bundle in the mutants. Thirdly, a detailed examination revealed that the 

dynein arms of the axonemes from the same cyst often appeared oriented both 

clockwise and anti-clockwise (Fig. 3.18A), in agreement with the looped structure 

observed from β-tubulin labelled flagella (Fig. 3.18D). Whereas axonemes from the 
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wild-type cysts rotated in a unified direction, and β-tubulin staining revealed the 

organised and tightly packed flagellar bundle in the synthecial cyst (Fig. 3.18C). The 

disorganised flagellar bundle from dila mutants could be a direct consequence of the 

disarrayed nuclear pattern detected in the early stage (Fig. 3.17B, C). Nuclei in the 

mutant cyst either migrated toward the end of the cyst from the beginning of the 

elongation, or diverted into the opposite direction from the side during the elongation, 

thereby resulting in the looped flagella. Two close axonemes with opposite polarity 

could be sections of the same flagellum that had folded back itself, in that dila 

mutant axonemes with the opposite polarity were often seen in pair (Fig. 3.18A). 

Fourthly, some mitochondrial derivatives (MD) were detached from their axonemes 

in the mutant, but otherwise seemed normal with respect to the shape and 

condensation (Fig. 3.18B).  Taken together, all of the four aspects of defects were 

observed above: not fully individualised sperm, opposite orientation of flagella, and 

detachment of MDs from flagella, could slow down the sperm individualisation 

process, thereby leading to the low fertility. Overall, the presence of spermatogenesis 

defects suggests that DILA is not a core component of the IFT process, since defects 

in IFT alone do not interrupt spermatogenesis (Han et al., 2003). Nonetheless, the 

above analyses suggest that DILA is likely to be required for maintaining the 

integrity of basal body and its associated structure.  

 

Interestingly, the axonemal structure of the sperm flagellum appears largely normal 

in dila81, with a typical 9+2 arrangement (Fig. 3.18B), different from the observation 

in dila81 Ch neuron, where axonemal ultrastructure is largely disrupted. Such 

discrepancy is consistent with the fact that Drosophila sperm flagella and sensory 

cilia are assembled by different underlying mechanisms.   
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Figure 3.18 dila81 mutants show sperm individualisation defects but have normal flagellar 

axonemal pattern. (A-B) Transverse sections through elongating spermatids from dila mutant 

testis. (A) Some spermatids fail to become individualised, identified by the shared syncytial 

membrane and some lack surrounding membranes (arrows). Flagella from the same cyst show 

the opposite axonemal polarity (curved arrows). Some of axonemes with the opposite orientation 

appear in pairs. (B) In many cases, spermatids are chaotically organised and many show 

separation of the axoneme from their mitochondria (arrows). However, 9+2 axonemal structure is 

not affected in dila81 flagellum. One of such structure is enlarged, revealing the well-formed 9+2 

ultrastructure. (C) Wild type testis with organised and orientated sperm bundles. Nuclei are 

labelled with propidium iodide (PI, magenta) and flagella with β-tubulin (greent). (D) shows the 

loops of sperm flagella in dila81 stained with β-tubulin.  
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3.3.14 DILA-FLAG is localised to the base of the ou ter 

segment of Ch neurons 

In order to indicate the site of dila’s function in sensory neurons, I investigated the 

subcellular location of DILA protein. p{UAS-dila-FLAG} lines produce functional 

fusion proteins in the rescue experiments were used for this analysis.  

 

By using the pan-neural driver elavGAL4 and scaGAL4, I first investigated the 

localisation of DILA-FLAG in the Ch neuron of third instar larvae. Due to the fact 

that UAS/GAL4 system can cause artefacts when the expression level is too high, I 

tested two p{UAS-dila-FLAG} lines (p{UAS-dila-FLAG} 2F  and p{UAS-dila-

FLAG} 2E)  with elavGal4 and scaGal4 at different temperature conditions have been 

analysed. In all the induced conditions, DILA-FLAG invariably appeared as a pair of 

dots at the basal body level of the cilia (Fig. 3.19A-A’’). However, in some cases, 

fusion protein signals were also detected in the distal region of the cilia and in the 

basal body as the form of big aggregates (Fig. 3.19A’, A’’). The extent of the 

staining in these regions closely correlates with the strength of UAS/GAL4, therefore, 

I speculated that this is due to excess protein production. For example, the weak 

induced condition (p{UAS-dila-FLAG} 2E × scaGAL4 at 25 ºC), DILA-FLAG was 

not detectable at the distal tip of the outer segment, and only very faint staining of 

aggregate was seen in the neuron cell body (Fig. 3.19A). On the contrary, more 

DILA-FLAG was observed in the distal end of the cilia and substantial aggregates 

were formed in the cell body once the induced expression conditions were enhanced 

(p{UAS-dila-FLAG} 2E × elavGAL4 at 29 ºC) (Fig. 3.19A’’). Since the detection at 

the basal body level was consistent among these induced conditions, this fusion 

protein result suggested that the endogenous DILA resides at the base of the cilia, but 

I cannot rule out the possibility that DILA is also temporally localised to the cilium. 

 

The pair of dots expression pattern of DILA-FLAG seems to correspond to the 

proximal and distal basal body at the junction of inner/outer segment (Fig. 3.12J). To 

confirm this hypothesis, I examined the location of DILA-FLAG relative to Sas-4, a 

centriole marker (Basto et al., 2006). sas4 mutant flies have general ciliogenesis 
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defects which lead to the uncoordinated behaviour, but its expression in ciliated 

neurons has not been described. I found that Sas-4 expression also appears as a pair 

of dots at the junction of inner/outer segment, consistent with it being located at the 

basal bodies (Fig. 3.19B-B’’, C-C’’). Furthermore, the distal Sas4 labelled dot is 

always larger than the proximal one (Fig. 3.19B’, C’), and there is a small gap 

between two basal bodies, consistent with the observations from TEM (Fig.3.12J).  

 

The two spots of DILA-FLAG observed in each Ch neuron were largely coincident 

with Sas-4 staining (Fig. 3.19B-B’’, C-C’’). This confirmed that the localisation of 

DILA in the basal body. I also noticed that some DILA-FLAG signal penetrated 

beyond the distal basal body into the proximal axoneme (Fig. 3.19B-B’’, C-C’’). 

Even at low levels of DILA-FLAG induction (Fig. 3.19C-C’’), the distal spot of 

DILA-FLAG always covered more region than the distal basal body indicated by 

Sas-4. The segment which is distal to the distal basal body is referred to the transition 

zone(Seeley and Nachury, 2010). It is defined as the area of transition from plasma 

to ciliary membrane and transition from basal body to ciliary axoneme (Seeley and 

Nachury, ; Seeley and Nachury, 2010; Silverman and Leroux, 2009; Thomas et al., 

2010). Our TEM image of the longitudinal section through the base of the Ch cilia 

also revealed this distinct region (Fig. 3.12J). Taken together, our observations 

suggest that DILA is not only localised in the proximal and distal basal bodies, but 

also in the transition zone.  
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Figure 3.19 DILA-FLAG is localised at the base of the cilium. (A-A’’) Examination of DILA-

FLAG fusion protein expression in the Ch neuron from three different UAS/GAL4 induction 

conditions. The fusion protein is invariably detected at the basal body region of the larval Ch cilia. 

The lower band of HRP staining marks the base of the ciliary outer segment. Besides, in A and 

A’’, with the increase of expression level, fusion protein signal also becomes discernable in the 

distal part (bracket) of the cilia and the cell body (arrows) where it forms big aggregates. (A) 

p{UAS-dila-FLAG} 2E is crossed with scaGal4 at 25ºC. DILA-FLAG is mainly detected at the 
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base of the cilia.  Very few fusion protein aggregates (asterisk) are detected in the cell body, but 

no expression is detected in the distal part of the cilia. (A’) p{UAS-dila-FLAG} 2F is driven by 

elavGal4 at 21ºC. (A’’) Cross of p{UAS-dila-FLAG} 2E and elavGal4 at 29 ºC. More aggregates 

and signals in the distal end of the cilia appear. A schematic representation of Ch cilia is on the 

right panel (drawn by Jarman, AP). The relative position of transition zone (TZ), distal basal 

body (DB) and proximal basal body (PB) to the base of cilia has been indicated.  (B-B’’, C-C’’) 

Expressing DILA-FLAG (p{UAS-dila-FLAG} 2E) from elavGal4 at 29ºC (B-B’’) and 25 ºC (C-

C’’). Two different expression conditions consistently reveal DILA-FLAG not only overlaps 

with the basal body marker Sas-4, but also is prominent in the transition zone (TZ) beyond the 

distal basal body. (D-D’’) Ch organs from larvae with unc-GFP transgene were counterstained 

with Sas-4. UNC-GFP is detected in the region just above the distal basal body, which is 

predicted as the transition zone.  

 

3.3.15 DILA-FLAG is expressed in ES neurons 

The ciliary structure of ES neurons is quite distinct from that of Ch neurons. I also 

examined the location of DILA-FLAG in ES neurons. The outer segment of the ES 

sensory cilia is divided into two parts: a proximal connecting cilium with a short 

axoneme, and a longer section just above the connecting cilium, which is composed 

of densely packed microtubules, called the tubular body (Fig. 3.20B) (Chung et al., 

2001). Surprisingly, unlike DILA-FLAG location at the base of the Ch cilia, in ES 

cilia the DILA-FLAG signal does not overlap but is distal to the HRP focus which 

labels the basal body region in ES neuron (Fig. 3.20A). Such result indicates that the 

DILA fusion protein is localised at the distal compartment of the cilium, similar to 

NOMPC, one of the TRPN proteins which is critical for the sensory transduction 

(Lee et al., 2010).  
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Figure 3.20 DILA-FLAG is localized at the distal tip of the cilium. (A) Abdominal bristles in 

pharate adults expressing DILA-FLAG counterstained with HRP. The fluorescence image 

includes both a DILA-FLAG signal, seen as a dot (arrowhead) within the socket, and cuticular 

autofluorescence. The white line outlines the neuron cell body and inner segment. FLAG-DILA 

staining is distal to the HRP focus (arrow), referred to the base of the cilia. (B) Schematic 

drawing of the cilium from ES neuron (drawn by Jarman, AP). The outer segment of dendrite 

includes a very short connecting cilium and a large tubular body in the distal region. The magenta 

band represents the HRP staining in (A).  

 

3.3.16 DILA-FLAG is localised to centrosomes prior to basal 

body formation 

In vertebrates, at the onset of ciliogenesis, the mother centriole will migrate, dock to 

the plasma membrane and transform into a basal body for cilia assembly. This 

centrosome-basal body transition also happens in Drosophila. Interestingly, dila 

mRNA expression is present in the undifferentiated sense organ precursors (SOPs) 

and their daughter cells (Fig. 3.7D). To determine DILA’s subcellular localisation in 

those cells, I crossed the line p{UAS-dila-FLAG} 2H with scaGal4 to drive the fusion 

protein expression in the early stage PNS cells in embryos. In dividing SOPs, the 

Cell body 

B 
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fusion protein overlaps with the PCM marker CP190 at centrosomes (Fig. 3.21) 

(Butcher et al., 2004). The completeness of this co-localisation might suggest that 

DILA was more likely associated with the PCM, rather than with the centriole, which 

is usually observed as a tiny defined dot surrounded by the PCM. 

 

The presence of the DILA fusion protein in the centrosomes of dividing SOPs led me 

to investigate whether dila has a role in cell division. However, neuronal cell division 

was not disturbed in dila81, as indicated by the normal number of neurons in PNS in 

dila81 mutant embryos. Due to the fact that Drosophila cell-cycle progresses nearly 

normally without centrosomes (Basto et al., 2006), the observation above could not 

exclude the potential function of dila in centrosomes. To investigate whether dila has 

a role in recruiting centrosomal proteins, I analysed the distribution of several 

centrosome markers (CP190, dPLP, D-TACC, γ-tubulin) in dila81 SOPs (Gergely et 

al., 2000; Kellogg and Albert, 1992; Martinez-Campos et al., 2004b). However, the 

centrosome localisation of all the tested markers appeared normal in dila81 SOPs (Fig. 

3.22), suggesting dila is not required for the organisation of centrosomes during cell 

divisions.  

 

 

 

 

 

 

Figure 3.21 DILA fusion protein is associated with centrosomes in the dividing SOPs. (A) CP190 

stains centrosomes as dots in a dividing SOP. (B, C) The distribution of DILA-FLAG co-

localises with CP190 in a pair of centrosomes.  
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Figure 3.22 Centrosome protein distribution was not perturbed during mitosis in dila81 SOPs. (A-

D) SOPs and its division cells in a hemisegment of stage11-12 dila81 embryos. The SOPs and its 

progeny cells are indicated by Sensless (Sens) staining (magenta). Centrosome markers (CP190, 

γ-tubulin, D-TACC, dPLP) are labelled in green. Wild type is shown in the top panel, and dila81 

is in the bottom panel. Cells in mitosis are indicated by arrows. (A) CP190 is localized in the 

centrosomes of SOPs in wild type and dila81. (B) The centriole localization of dPLP in dila81 

SOPs and wild type SOPs. (C) The distribution of D-TACC in dila81 SOPs is not different from 

wild type. (D) The centrosome localization of γ-tubulin is not disrupted in dila81 SOPs.  
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3.3.17 DILA and UNC interact at the basal body and transition 
zone of sensory neurons 

The basal body is composed of protein complexes (Nachury et al., 2007). It is likely 

that complex protein interactions are important for the function of the basal body. 

UNC was recently reported as a novel basal body protein and has been suggested to 

play a role in the transition from centriole to basal body (Baker et al., 2004). UNC 

fusion protein was also found present early in Ch precursor cells by a recent study in 

our lab (Cachero et al., 2011). Like dila, unc encodes a coiled-coil protein. 

Ciliogenesis defects in dila mutants resemble those observed in unc mutants in that 

the cilia of mechanosensory neuron are absent or deformed. Therefore I reasoned that 

these two proteins may function in a complex. 

 

I tested this hypothesis in two ways. First, I examined the localisation of DILA-

FLAG and UNC-GFP in Ch neurons. UNC-GFP has been reported present in the 

distal and proximal basal bodies in wild-type embryos (Baker et al., 2004). In the 

larval Ch neurons, surprisingly I found that the UNC-GFP localisation does not 

overlap with that of Sas-4, instead it is detected in the region just above the distal dot 

of Sas-4, which is considered to be the distal basal body (Fig. 3.19D-D’’). As 

mentioned above, the region beyond the distal basal body is the transition zone, 

indicated in the TEM images. It is likely that during the development, UNC-GFP 

protein migrates from the basal body in the embryonic stage to the transition zone in 

the larvae. Thus, I conclude that UNC-GFP and DILA-FLAG are both localised in 

the transition zone, although UNC-GFP is much more restricted.   

 

I asked therefore whether UNC-GFP and DILA-FLAG localisation require each 

other. When UNC-GFP was expressed in dila81 mutant larvae (the cross scheme for 

this experiment is shown in Fig. 3.23A), no GFP signal was detected in Ch cilia 

(n=15 larvae), even though many cilia retained some structure in dila mutants (Fig. 
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3.24A-A’’). Lack of GFP suggests that either UNC-GFP protein is unstable when not 

localised or it is too widely dispersed to be detectable. To determine whether the 

distribution of DILA-FLAG required unc, I introduced the functional dila-FLAG 

transgene (p{UAS-dila-FLAG} 2F), under the control of elavGal4, into unc mutant 

flies (the cross scheme for this experiment is shown in Fig. 3.23B). In contrast to the 

absence of UNC-GFP in dila81, DILA-FLAG signal was still present around the basal 

body region, however it was strongly delocalised compared with its localisation in 

the wild type larval Ch organs (Fig. 3.24 D): either it diffused along the distal tip of 

cilium, or otherwise forms large aggregates in the inner and outer segments that were 

never seen in the wild-type (Fig. 3.24C-C’’). In addition, the abnormal protein 

localisation was not caused by the loss of basal bodies, as basal bodies appeared 

normal in both dila (Fig. 3.24E) and unc mutants (Fig. 3.24F), as judged by Sas-4 

staining. Meanwhile, this phenomenon also suggested that mutation of dila or unc 

does not detectably alter the localisation of the core centriole/basal body protein, Sas-

4. Thus, DILA and UNC require each other for the precise and stable localisation at 

the base of the cilium.  
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Figure 3.23 Cross schemes of detecting the interdependent relationship between DILA and UNC 

in their precise localisation. (A) The cross scheme to acquire the expression of UNC-GFP in the 

dila24 mutant background. (B) The cross scheme for detecting the DILA-FLAG localisation in 

the absence of unc.  
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Figure 3.24 UNC-GFP and DILA-FLAG localization at the base of cilia requires each other and 

Sas-4’s localisation is independent of unc and dila. (A-A’’) In dila81, UNC-GFP is completely 

absent at the base of cilia (bracket). (B) In the wild type, UNC-GFP was detected as a nicely 

formed narrow band (arrow) at the base of the cilia that is indicated by the HRP staining. (C-C’’) 

In unc24, very little DILA-FLAG can be detected in the basal body region, except for some 

abnormal aggregations (asterisk) in one dendrite. Very often DILA-FLAG signal penetrates into 

the ciliary compartment (arrow). (D) DILA-FLAG appears as a pair of dots at the base of the 

cilia. (E, F) Sas-4 localises normally in dila81 (E) and unc24 (F) mutant larval Ch neurons. Sas-4 

stains the proximal and distal basal bodies (arrows) in the mutants. The scale bars in all the 

images represent 1µm. 
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3.3.18 Potential interaction between DILA and UNC 

The co-localisation of DILA-FLAG and UNC-GFP in the transition zone of Ch cilia 

suggests a direct protein interaction. Both DILA and UNC have coiled-coil domains, 

which appear frequently in proteins that form complexes. Dosage-sensitive genetic 

interactions between two genes are a good indicator that the two proteins function in 

the same pathway and may potentially interact directly. I tested this using dila244, a 

mutant line with a mild uncoordinated phenotype. Flies homozygous for this 

mutation are mostly able to stand and walk, albeit in an uncoordinated manner. When 

one copy of the unc gene was removed from these mutant flies, the uncoordinated 

phenotype became more severe (Fig. 3.25B), shown in the graph that the increased 

proportion of flies lose capability of standing and walking (Fig. 3.25A shows the 

cross schemes for this analysis). This suggests that these two proteins are likely to 

function together in a common pathway or process at the base of the cilium, and may 

potentially interact directly.  
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Figure 3.25 DILA and UNC function together in the cilia. (A) Cross schemes of removing one 

copy of unc from dila244 mutants. In Line A1 one copy of unc is mutated at the background of 

homozygous dila244.  Line A2 which does not bear the unc mutation is served as the control of 

Line A1 in the following analysis in B. (B) The uncoordinated phenotype of the weak 

hypomorph, dila244, is enhanced after mutation of one copy of unc (Line A1). The phenotype was 

classified into three groups according to the severity of uncoordination. Class I indicates flies 

which are able to stand and walk properly, but just not capable of flying. Class II labels flies 

which walk in an uncoordinated way, falling off easily and with wings always erect. Class III 

flies are too uncoordinated to stand. 97 and 74 flies from +/+; dila244/dila244 and unc24/+; 

dila244/dila244 two genotypes were examined. The stacked column quantifies the distribution of 

each phenotype in those two genotypes. The difference in distributions is significant according to 

a Chi-square test, P<0.001. The behavior phenotype of unc24/+; dila244/dila244 flies was also 

compared with that of unc24/+;; flies, however unc24/+;; flies behave as wild type phenotype, 

without showing any uncoordination. Therefore, the phenotype of unc24/+;; flies were not 

categorised in the chart above.  
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3.4 Discussion 

3.4.1 dila mutants have general ciliogenesis defects 

The various elements of the dila phenotype provide clues as to how DILA is required 

during ciliogenesis.  First, dila81 mutants display a severe uncoordination, which has 

been linked to a series of ciliary defects in the Ch neuron. The truncated cilia in dila 

mutant Ch neurons lead to its disconnection from the cap cells (Fig. 3.12C), thus the 

mechano-transduction is completely abolished. In other cases, those cilia that remain 

often lack the dynein arms (Fig. 3.12E), which are involved in sensory transduction-

induced motility (Kavlie et al., 2010; Sarpal et al., 2003). These ciliary abnormalities 

of dila are common features of many other Drosophila mutants bearing 

uncoordinated phenotypes (Dubruille et al., 2002; Kavlie et al., 2010; Lee et al., 

2008). Thus dila is of importance in building up a functioning ciliated neuron. In 

addition to the ciliated neurons, dila is implicated in the differentiation of 

spermatogenesis. dila81 males have a remarkably reduced fertility, which has been 

linked to the dysfunctional basal body of spermatozoa (this will be discussed in 

section 3.4.7).  

 

Though both sensory cilium and sperm flagellum are based on axonemal structures, 

these two types of cilium/flagellum differ in their formation (Avidor-Reiss et al., 

2004; Han et al., 2003). The flagellum assembly is independent of the IFT machinery 

(Han et al., 2003), in that Drosophila mutants defective in IFT alone are able to 

produce functional sperm. It has been well exemplified by many Drosophila genes 

encoding the core components of IFT, such as rempA (IFT-A component, (Lee et al., 

2008)), nompB (IFT-B component, (Han et al., 2003)), KAP (an anterograde motor 

associated protein, (Sarpal et al., 2003)). Conversely, defective basal bodies can 

perturb ciliogenesis in both sensory cilia and flagella. For instance, UNC is a basal 
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body component of both type I neuron and spermatids (Baker et al., 2004). 

Consistent with its localisation, unc mutants have a combination of sensory and 

spermatogenesis defects (Baker et al., 2004).  

 

Given that the basal body is required for ciliogenesis in both neuronal cilia and 

sperm flagella, a combination of both sensory and spermatogenesis defects in dila 

mutants reflects a requirement of DILA in the basal body of both of these two types 

of cilia.  

 

3.4.2 Defects in Ch cilia suggest a disruption in I FT 

IFT directs ciliogenesis in Ch neurons. Several aspects of the dila mutant phenotype 

suggest an insufficiency in IFT transport of components into the growing Ch cilium. 

First, the shortened cilia imply a shortage of building blocks, such as tubulins, being 

delivered into the assembly site. Second, at least some axonemal appendage elements 

fail to be exported into the cilium properly. Dynein arms are missing from most of 

proximal axonemes. This observation is consistent with our speculation of IFT 

defects, since studies in Chlamydomonas have shown that dynein arm precursors are 

preassembled and docked at the basal body for transport into the cilium via IFT. 

Thirdly, apart from dynein arms, it is very likely that some other structural elements 

are also missing from the dila mutant ciliary axoneme, because in tilB mutants a 

specific loss of dynein arms does not lead to a disarrayed microtubule pattern (Kavlie 

et al., 2010). Cross sections through Ch neurons from other insects revealed that the 

ciliary doublets were attached to the ciliary membrane by a bridge-shaped structure 

(Field and Matheson, 1998). Unfortunately, this structure cannot be confirmed in our 

study due to the resolution of TEM images. Therefore, we speculate that the random 

placement of axonemes may be due to the loss of these bridge elements. Last but not 

least, the remarkable deposit of HRP-reactive and EYS proteins at the ciliary base 
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further indicates a defect in IFT, as it has been shown that transportation of these 

lumen proteins requires IFT in the study of Drosophila btv mutants. btv mutants have 

a defective IFT-associated dynein heavy chain, and meanwhile exhibit the ectopic 

accumulation of EYS proteins at the base of Ch cilium (Lee et al., 2008). All of these 

four aspects of the phenotypes suggest an impaired IFT in ciliogenesis in dila 

mutants. However, given DILA’s restricted localisation to the base of the cilia, it is 

unlikely that DILA directly participates in IFT. We propose that DILA ensures 

correct IFT function by facilitating the docking of IFT particles and vesicles 

(Marshall, 2008). Notably, this function has been ascribed to the fibrous structures 

attached to both the basal body and the transition zone, both of which are areas of 

DILA-FLAG localisation (Seeley and Nachury, 2010; Silverman and Leroux, 2009). 

This will be discussed in the next section. 

 

3.4.3 Both basal body and the transition zone act a s the 

gatekeeper of IFT 

Many observations have established a view that the transitional fibres of the basal 

body act as a barrier at the base of the cilia so as to ensure the correct protein 

composition in the cilium. This barrier acts to block the wrong candidate proteins 

from entering the cilia, and also to recycle the retrograde protein back into the 

cytoplasm. IFT52 encodes a component protein of the IFT-B complex and its 

deficiency results in impaired cilia/flagella assembly across species (Deane et al., 

2001; Tsujikawa and Malicki, 2004). Immunogold staining of IFT52 in 

Chlamydomonas reveals that, apart from the flagella, it also concentrates at the distal 

tips of the transitional fibre of the basal body, supporting the notion that the 

transitional fibres are the docking sites for IFT particles (Deane et al., 2001). Cep164 

is another protein found in the distal ends of the transitional fibres and is 

indispensable for primary cilia formation. Due to its extensive localisation in the 
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basal body, Cep164 is speculated to be a component of the transitional fibres (Graser 

et al., 2007). Taken together, this evidence indicates that the transitional fibre which 

extends from the basal body not only acts as a supportive structure, but also as a 

docking site in IFT trafficking. 

 

Likewise, two recent reviews both propose that the transition zone could play a 

similar role to the basal body, serving as an additional gatekeeper controlling the 

admission of proteins into cilia (Seeley and Nachury, 2010; Silverman and Leroux, 

2009). Even though the transition zone has been shown to be important in 

ciliogenesis and its ultrastructure known for 40 years, so far very little has been 

revealed regarding its protein composition and its role in ciliogenesis. As mentioned 

in the introduction, the transition zone is at the distal end of the basal body appearing 

as a bridge for the transition from the triplet basal body into doublet ciliary axoneme, 

and it has Y-shaped fibrous linkers which emanate from the distal end of the doublets. 

Structural similarities between the transitional fibres in the basal body and Y-shaped 

linkers in the transition zone poses the possibility that the transition zone may act as 

an additional gate keeper for IFT particles (Pedersen et al., 2008; Silverman and 

Leroux, 2009). Very recently, two parallel studies strongly supported this hypothesis. 

Chlamydomonas CEP290 and Spermatozopsis P210 exclusively locate onto the Y-

shaped fibres and these two proteins have been shown to be essential in maintaining 

the structural integrity of the transition zone (Craige et al., 2010; Deane et al., 2001; 

Lechtreck et al., 1999). Moreover, cep290 mutant flagella bear an abnormal balance 

of IFT particles and protein components of flagella, supporting the crucial role of Y-

shaped linkers in regulating the entry of particles in and out of the ciliary 

compartment (Craige et al., 2010). The importance of the transition zone in 

ciliogenesis was further addressed in a recent review of nephronophthisis (NPHP), 

one of commonly occurring ciliopathies. Several genes responsible for NPHP have 

been identified, such as NPHP1, NPHP2, NPHP3, NPHP4, NPHP6 and NPHP8 
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(Omran, 2010; von Schnakenburg et al., 2007). Among those, Nphp1 and Nphp6 

have been linked to the function of the transition zone. Nphp6 is an orthologue of 

Chlamydomonas cep290 in mouse. The striking disruption in the transition zone and 

the concomitance of abnormal IFT trafficking in cep290 mutant flagella shed light on 

the function of Nphp6 in NPHP. In addition, detailed analyses of another NPHP 

protein, NPHP1, revealed specific and exclusive localisation in the transition zone of 

renal cilia in mouse (Omran, 2010; von Schnakenburg et al., 2007). These findings 

suggest that the transition zone plays an equally important role as the basal body in 

regulating components of cilia/flagella and provide new insights into the pathology 

of ciliary disorders.  

 

To sum up, transitional fibres which extend from the microtubules of the basal body 

in conjunction with the Y-shaped fibres in the transition zone forms a well 

established membrane-contacting structure. These fibres build up a barrier between 

cytoplasmic and the ciliary compartments, serving as both a site where proteins that 

are destined for the cilia/flagella are recognized, and also a loading zone to assemble 

into IFT particles (Deane et al., 2001). 

 

3.4.4 The role of DILA at basal body and transition  zone 

Evidence of basal body/transition zone proteins given above suggests that they 

function in two ways to regulate ciliogenesis: either they participate directly in IFT 

but just dock at the base of the cilia temporarily, such as IFT52; or they affect IFT 

indirectly by contributing to the structural integrity of fibrous structures, including 

Chlamydomonas CEP290 and CEP164, and Spermatozopsis P210. In dila mutant 

cilia, the structure of the basal body and transition zone appears grossly normal. 

Taken with the observation regarding DILA’s defined localisation at the base of the 

cilia, I propose that the way by which DILA regulates ciliogenesis is distinct from 
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the mechanism mentioned above. Thus it raised an intriguing question how DILA 

exerts its function in mediating ciliogenesis at the base of the cilium.  

 

In order to approach this question, first, I shall need to understand the basal 

body/transition zone much better. A recent study on the ciliary tubulin procession 

reminds us that the fibrous structure at the base of the cilium not only provides the 

selective entry into the cilium, but also offers a site to allow ciliary proteins to be 

processed prior to IFT-mediated transport into the cilium/flagellum. TbRP2, a 

flagellar specific tubulin interactor, embedded at the transitional fibres, influences 

flagellar assembly by means of processing α-tubulin into the matured isoform 

(Stephan et al., 2007). Moreover, the docking platform has also been proposed to be 

the site of activation of anterograde kinesin motors and deactivation of retrograde 

dynein motors (Rosenbaum and Witman, 2002). Taken together, it suggests a 

demanding requirement of a large amount of proteins to be embedded on the fibrous 

appendage of the ciliary base to fulfil various interactions with IFT elements so as to 

ensure the fidelity and efficiency of ciliogenesis. Our data suggest DILA is probably 

a member of those proteins.  

 

3.4.5 DILA functions with UNC in the transition zon e 

In the past, the transition zone in Drosophila has either been mislabelled with basal 

body or escaped observation. In this study, for the first time, I point out its specific 

location, with the help of comparisons with the ultrastructure of Ch neuron from 

other insects (Field and Matheson, 1998; Young, 1973). My study also localises 

DILA and UNC to the transition zone. The intriguing possibility of molecular 

interactions between DILA and UNC is speculated. The fusion protein analysis 

suggests that DILA and UNC are physically close to each other at the transition zone 

and they are mutually dependent on each other in both precise localisation and 
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activity. Their only distinguishing feature is coiled-coil domains that presumably 

facilitate formation of a protein complex. It is possible that these two proteins form a 

distinct entity to participate in a certain isoform process, or may act as a scaffold to 

recruit other proteins.  

 

Indeed such co-dependence of localisation is a common feature of members of 

protein complexes in ciliogenesis. It has also been well exemplified in the co-

localisation of Drosophila TRPV channel complex IAV-NAN (Gong et al., 2004) 

and that of two Drosophila IFT-A components: OSEG1 and REMPA (Lee et al., 

2008). Therefore, it will be important not only to define DILA’s function further but 

also to identify more proteins that interact with it. 

 

3.4.6 Potential roles of DILA prior to basal body 

Apart from the differentiated Ch neuron, dila mRNA is also expressed at the 

precursor stage, prior to cell cycle exit and differentiation. Consistent with this, the 

fusion protein analysis suggests that DILA localises to centrosomes in the dividing 

SOP cells. However, unlike other well characterised centrosome proteins (Sas-4, 

dPLP, CNN, Ana2, Asl), mutation in DILA perturb neither cell division nor 

centrosomal protein recruitment (Basto et al., 2006; Bettencourt-Dias and Glover, 

2007; Lucas and Raff, 2007; Martinez-Campos et al., 2004b; Stevens et al., 2010; 

Varmark et al., 2007). Centrosomes in these mutants have remarkable defects in the 

distribution of PCM and centriole markers. Therefore a question is raised, why is dila 

expressed at such an early stage? One possible explanation is that DILA has a role 

during the centriole-basal body transition. It has long been known that the basal body 

derives from the mother centriole, the one that served as the template to give rise to 

the daughter centriole. It takes about more than one cycles to fulfil the transition 

from the mother centriole into the matured basal body (Dawe et al., 2007). During 
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this process, some proteins will be discarded, and in the meantime the appendage 

structures and component proteins will be acquired. Records on human cells found 

that CP110 and CEP97 act as inhibitors of ciliogenesis by inhibiting centriole to 

basal body conversion (Bettencourt-Dias and Carvalho-Santos, 2008; Spektor et al., 

2007). ODF2 is a basal body-specialised appendage protein. Removing proteins like 

CP110 and CEP97 from the centrioles and also the addition of proteins like ODF2 to 

the mother centrioles act as two triggers for conversion from centriole into basal 

body. Perhaps DILA is involved in this centrosome element assembly/dismantling 

process. Similar to DILA, UNC protein is expressed prior to basal body transition in 

sperm (Baker et al., 2004) and we have recently shown that UNC is also expressed 

early in Ch precursor cells (Cachero et al., 2011). In dila mutants, UNC is absent 

from the basal body. Hence I surmise whether UNC is one of the proteins which are 

recruited to the basal body by DILA during the transition.  

 

3.4.7 Dissection of dila’s potential role in sperm individualisation 

It is clear that the reduced fertility in dila81 is a direct consequence of an arrest of the 

majority of spermatids in the individualisation step. Spermatid individualisation is 

facilitated by an actin-based apparatus, called actin cone, which traverses the entire 

length of the sperm flagella, removing excess cytoplasm and coated each sperm 

flagellum with its own plasma membrane (Noguchi and Miller, 2003). Affected actin 

cone exclusively causes a failure in sperm individualisation, which has been well 

demonstrated in yuri and parkin mutants (Riparbelli and Callaini, 2007; Texada et al., 

2008), as both of these two genes are required for the progression of actin cone. 

Moreover, yuri and parkin mutants show a disarrayed nuclei pattern during the 

elongation (Brewster and Bodmer, 1996; Riparbelli and Callaini, 2007), suggesting a 

correlation between the activity of actin cone and the nuclear movement. As dila, 

yuri and parkin consistently suggested the causality of the impaired synchronisation 
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of nuclei migration and the individualisation defect, an intriguing question was raised: 

is the dysfunctional actin cone the primary cause for the individualisation problem in 

dila81. Detailed examination of dila phenotypes suggests that this assumption is not 

likely to be true. First, the actin cone mediated individualisation problem is always 

accompanied with the defect in mitochondrial morphogenesis (Riparbelli and 

Callaini, 2007; Texada et al., 2008). However, the overall mitochondrial derivatives 

of dila mutants looks normal (Fig. 3.18A), except that few have been found detached 

from the axoneme (Fig. 3.18B), and this could be the secondary effect of the 

individualisation defects. Second, despite the basal body being delocalised, the basal 

body protein, such as PACT-GFP, has been recruited properly in yuri mutants 

(Texada et al., 2008), whereas the dila mutation causes the aberrant distribution of 

this protein (Fig. 3.17D’). Such analysis suggests the primary reason for the 

individualisation difficulty in dila81 should be different from yuri and parkin. So 

where does the defect come from in the dila mutant?  Although how the basal body 

is involved in the flagellar assembly and then the individualisation process remain 

elusive, one clear implication is that the organelle is required for the whole process. 

UNC, as a component protein of the basal body in sperm, has been shown to be 

important for the basal body formation (Baker et al., 2004). Like dila, the early 

events of spermatogenesis in unc mutants appeared normal, and defects started only 

from the elongation stage, indicated by the dispersed nuclei of elongating spermatids 

(Alexander et al., 1999). Moreover, both dila and unc seem to play a role in 

anchoring the centriolar adjunct to the nucleus so as to keep a tight connection. The 

importance of this anchoring for the subsequent individualisation process has not 

only been pointed out in unc mutants (Baker et al., 2004) but also been indicated in 

yuri mutants (Texada et al., 2008). Therefore the impact of the integrity of basal 

body and its associated adjunct becomes apparent in keeping nuclei bundle to move 

in a synchronous fashion which is crucial for the efficient individuation. Given the 

similar phenotype of dila and unc mutants, I speculate that DILA perhaps has a 
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similar role to UNC in spermatogenesis. In summary, dila testis phenotypes and the 

integrated analyses of phenotypes of yuri, parkin and unc provide clues as to the 

molecular function of DILA: DILA has a role in organising the basal body in sperm 

by recruiting basal body and centriolar adjunct proteins and ensuring the integrity of 

this structure during elongation, which is necessary to facilitate the synchronised 

movement of the nuclei bundle so as to coordinate the individualisation process.  

 

3.4.8 Conserved function of DILA at the base of the  cilia 

In contrast to UNC, which has no clear orthologue in vertebrates, DILA has a 

conserved orthologue in mammals. Its orthologue AZI1 was first discovered in the 

sperm of mouse (Aoto et al., 1995), and is implicated to be present at the human 

centrosome (as CEP131) in a proteomic analysis (Andersen et al., 2003). Both DILA 

and AZI1 contain several coiled-coils domains, which have been frequently found in 

centrosomal/basal body proteins and are involved in mediating protein-protein 

interactions. Apart from a general conservation observed from the alignment of the 

whole amino acid sequence, the coiled-coils domain sequence has a much higher 

consensus, implying its important role in protein function (Fig. 3.6). In a recent, 

study, morpholino knock-down of CEP131 in zebrafish resulted in a ciliary 

dysfunction induced developmental phenotype (Wilkinson et al., 2009). Consistent 

with the observation in DILA, CEP131 fusion protein also localises to the basal body. 

Interestingly, both dila and cep131 knock-down mutants show truncated cilia. 

Furthermore, our study revealed the dila ciliary defects in detail, such as the missing 

dynein arms and disarrayed axoneme pattern, which have also been displayed in 

many ciliary disorders (Sharma et al., 2008). For example, lack of dynein arms on 

the outer doublet microtubules is a major cause for the dysfunctional motile cilia and 

immotile sperm in PCD patients (Noone et al., 2004). To sum up, conservation of 

protein structure, localisation and mutant phenotype implies that 
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DILA/AZI1/CEP131 is likely to be a fundamental component of the ciliary base and 

implicates AZI1 as a candidate gene for human ciliopathies.  
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3.5 Chapter Summary 

Cilia are specialised organelles that perform a variety of motile and sensory functions 

in development and physiology in most species. Its importance has recently been 

appreciated by its role of being a major contributor to a remarkable spectrum of 

diseases and developmental disorders referred as ciliopathies. Cilia nucleate from the 

basal body and the IFT machinery is required for the cilium assembly. In this chapter 

I have characterised a novel basal body protein, DILA, as a contributor to the general 

ciliogenesis in Drosophila.  

 

In Drosophila, only two types of cells have a ciliated structure: type I sensory 

neurons and sperm.  dila mutant phenotypes reveal a general failure of ciliogenesis: a 

combination of sensory and spermatogenesis defects reflecting a requirement for 

normal ciliary differentiation in both sensory neuron and sperm. However, due to the 

different ciliogenesis mechanism underlying those two types of cilia, further analyses 

suggest DILA functions differently in sensory neurons and sperm.  

 

First of all, the sensory defect in dila mutants has been linked to a series of ciliary 

disruptions in Ch organs. Furthermore, several neuronal markers failed to be 

transported along the Ch cilia, suggesting an impaired IFT trafficking. Consistent 

with DILA’s impact on the Ch cilia, fusion protein analysis localise DILA to the base 

of cilia, specifically in the basal body and transition zone, which have a fundamental 

role in directing ciliogenesis. In addition, I found that DILA was co-localised with 

UNC (another basal body protein) at the transition zone, and there is a genetic 

interaction between them during ciliogenesis. Taken together, I speculate that DILA 

exerts its function in ciliogenesis via regulating IFT transport in collaboration with 

UNC at the base of sensory cilia.  
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I also found DILA fusion protein localises to the centrosome in the undifferentiated 

cells prior to the basal body. However, depletion of dila does not lead to any defect 

in the recruitment of centrosomal proteins, where most of other centrosomal proteins 

usually have impact on. Due to the resemblance of dila to unc in this respect, I 

speculate that DILA probably forms a unique entity with UNC to regulate the 

conversion from centrosome to basal body.  

 

Apart from sensory neurons, dila transcript was also detected in the elongating 

spermatids. dila mutant males have a reduced fertility, which is correlated with a 

disorder in the spermatid organisation in the dila mutant cyst. Further analysis 

revealed the disorganised pattern in the cyst is likely due to the abnormal localisation 

of basal body proteins and the loose connection between flagellum and nucleus. All 

of these observations consistently suggest DILA’s activity in maintaining the proper 

function of basal body during spermatogenesis.  

  

dila has orthologues in vertebrates and one of its orthologues has shown a similar 

ciliary function to dila. Thus we speculate that dila plays an evolutionarily conserved 

role in flagella and cilia across species.  
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4  

RFX Functions in Ciliary Specialisation 

4.1 Aims of This Chapter 

The involvement of cilia in many developmental and physiological processes 

suggests that the investigation of ciliary specification is critical for understanding 

ciliary related diseases, many of which are known to be caused by aberrant ciliary 

length and ultrastructure.  

 

There is considerable evidence to suggest that IFT (intraflagellar transport) is not just 

a simple assembly line for building up cilia/flagella, but also contributes to giving 

rise to the diversified cilia by adjusting its settings to suit different cellular 

requirement (Silverman and Leroux, 2009). The indispensable role of Rfx in 

ciliogenesis has been well established over the past ten years, and is equally 

important as the role of IFT in cilia formation. Rfx mutant animal models show 

general ciliary defects, which affect both motile and immotile cilia, thereby RFX is 

considered as the core regulator for ciliogenesis. RFX exerts its function by 

regulating a series of ciliary gene expression, such as IFT-B genes and genes 

encoding BBS proteins in the fly and worm (Thomas et al., 2010). However, the 

mechanism underlying the cilia specialisation remains poorly understood. Given the 

key role of RFX in a wide range of ciliogenesis, I surmise that in addition to 

maintaining the basic ciliogenic process perhaps RFX is also involved in fine-tuning 

the process of ciliary specialisation.  
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The Drosophila sense organ is a good model to approach this question. Contrary to a 

variety of ciliary types in vertebrate, Drosophila sensory neurons only have two 

subtypes of cilia, which account for different functions in Drosophila sensory signal 

transduction. Despite a clear difference in both the ultrastructure and function of 

these two types of cilia, they all arise in a similar manner, i.e. they are all assembled 

via IFT, and they share a subset of ciliary genes. The identities of factors that endow 

Ch and ES neurons with distinctive ciliated dendrites, however, are completely 

unknown. It is likely to involve differences in transcriptional regulation of 

ciliogenesis genes.  

 

Previous analyses with Drosophila Rfx mutants determined that RFX activity is 

required for the genesis of both subtypes of cilia. As the study in Chapter 2 states that 

Rfx has different expression levels in Ch and ES lineages, this encouraged me to find 

out whether this difference contributes to the morphological distinctions of cilia in 

Ch and ES organs. The results from this study will expand our knowledge in 

understanding the mechanism underlying ciliary specialisation. 
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4.2 Introduction 

4.2.1 Cilia diversity 

4.2.1.1 The diversity of ciliary length 

The overall shape in most common motile and non-motile cilia is a slender rod 

shaped structure, ensheathed by the membrane.  An apparent variation in this type of 

cilia is the length. In vertebrates, cilia typically range from about 3 to 10 µm for 

many non-motile and motile cilia. In Drosophila, cilia also vary in length between 

the two subtypes of sensory cilia. Cilia in the Ch organs are much longer than those 

in the ES organs. The necessity of the proper length in the specific tissue largely 

decides individual physical functions. For example, the truncation of Ch organ cilia 

in some Drosophila mutants abolishes their mechanical sensory transduction, due to 

loss of connection to the cap cells, which transfer the outside signal into Ch organs. 

Moreover, in many organisms, the ciliary/flagellar length changes dynamically 

throughout the life cycle. For example, in Chlamydomonas, flagella are resorpted 

before division and regenerated again thereafter. Similarly, in vertebrates, deciliation 

happens before cells enter the mitosis and cilia are restored once the cells have 

entered into G1 (Satir and Christensen, 2008).  

 

4.2.1.2 Variations in ciliary ultrastructures 

Ciliary ultrastructures differ widely even in one given organism. Differences usually 

reside in the presence/absence of central pairs of microtubules or with/without 

elaborated structures, which are all crucial for their function. For example, central 

pairs of microtubules exist in most motile cilia whilst they are usually absent from 

non-motile cilia (Fliegauf et al., 2007). The presence of dynein arms is another 

hallmark for the motile cilia. In ciliopathy patients, loss of dynein arms in the 

spermatozoa impairs their fertility, and chronic respiratory problems result from 
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missing dynein arms in bronchial cilia, suggesting their roles in ciliary motility 

(Afzelius, 2004). The ciliary diversity occurs in Drosophila type I sensory neurons as 

well. Drosophila type I sense organs includes Ch organs, olfactory sensilla, 

campaniform sensilla, and mechanosensory bristles (Kernan, 2007). Two subtypes of 

cilium can be distinguished, on the basis of their ciliary ultrastructures: the first 

subtype only includes cilia from olfactory sensilla, campaniform sensilla, and 

mechanosensory bristles, and Ch cilium belongs to the second group. All the cilia 

from the first group have a short axonemal structure but with a highly modified outer 

segment (Avidor-Reiss et al., 2004). Unlike the first subtype of cilium, the Ch cilium 

retains the doublet microtubule structure for most of its length. Also the Ch cilium is 

elaborated with several distinctive features, such as the ciliary dilation, the dynein 

arms which render Ch cilium with partial motility and Ch-specific ion channels 

(Kernan, 2007).  

 

Altogether, these observations imply that organisms must have developed a scheme 

that ensures cilia/flagella are assembled in a cell type specific manner. Evidence 

from several organisms suggests that IFT regulation could be one aspect of this 

scheme.  

 

4.2.2 Building diverse and dynamic cilia using IFT 

IFT machinery not only provides the fundamental axonemal structure of cilia, but 

also potentially contributes to ciliary specification, as it can provide the specific 

components required for generating cilia with the ultrastructural and morphological 

diversity. Our knowledge of IFT-mediated ciliary specification is still very 

fragmented, although many studies have provided excellent insights into the 

influence of variation in IFT on the changes of ciliary morphology.  According to the 
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available evidence, I will summarise potential aspects of IFT that may be able to 

regulate ciliary specification below.  

 

4.2.2.1 Anterograde and retrograde rate 

Regulation of the ciliary length is influenced by the rates of anterograde and 

retrograde transport (Marshall and Rosenbaum, 2001). Pan and Snell studies have 

demonstrated that in Chlamydomonas, once flagellar resorption starts, the 

anterograde transport is inhibited, whereas the retrograde IFT trafficking is 

upregulated to facilitate the recycling of the axonemal turnover (Pan and Snell, 2005). 

Therefore the maintenance of the flagellar length relies on a balance of assembly and 

disassembly. Many reviews have discussed that regulation of the activity of IFT 

components is able to control the balance of assembly and disassembly, so as to 

affect the ciliary/flagellar length (Pedersen and Rosenbaum, 2008; Silverman and 

Leroux, 2009). For instance, phosphorylation and conformational changes are able to 

influence the velocity of anterograde transport by mediating the activity of the 

Kinesin-II motor (Pedersen and Rosenbaum, 2008). The affinity of the dynein motor 

to retrograde complexes is also a possible factor affecting the rate of IFT machinery 

(Rompolas et al., 2007).  

 

By virtue of GFP labelled growing flagella in Chlamydomonas, the size of IFT 

particles has also been linked to the length of flagella. IFT particles serve as rafts to 

bring cargos such as preassembled doublets, dynein arms and membrane proteins to 

the assembly site at the tip of flagella. To explain the role of IFT in flagellar length 

control, Marshall and colleagues formulated a model, in which they proposed that the 

flagellar length is decided by the size of IFT rafts (Engel et al., 2009). According to 

their observation, the number and frequency of IFT rafts are constant regardless of 

flagellar length (Engel et al., 2009). However, in the short flagella with a rapid 
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growth, ciliary precursors are carried by larger rafts than the ones in the long flagella 

with slow growth, therefore abundant building materials are delivered to the tip by 

large trains so as to meet the demand of the elongation process (Engel et al., 2009). 

Even if this model is still controversial (Sloboda, 2009), at least it implies that the 

level of IFT components have a role in the flagellar length control via influencing the 

assembly of IFT particles.  

 

As IFT trafficking is essential for the dynamic changes of flagellar length, thus it 

could also be a potential contributor to the variation of ciliary length among tissues 

and species (Silverman and Leroux, 2009).  

 

4.2.2.2 Selective control of the entry of IFT compo nent proteins  

Another important aspect in IFT regulation involves the selection and the assembly 

of ciliary precursor components into IFT particles. This is likely to be mediated, at 

least in part by a barrier structure within the basal body/transition zone. As we 

discussed in Chapter 3, the transitional fibres from the basal body and the Y-shaped 

linkers in the transition zone constitute a filter structure that preferentially selects 

proteins into the ciliary compartment. Mutations affecting the integrity of this fibrous 

structure impair its function as a gatekeeper, and consequently damage ciliogenesis 

(Graser et al., 2007; Omran, 2010). As IFT machinery only accepts and delivers 

cargos, a selection at basal body/transition zone levels ensures that normal 

ciliogenesis is kept under tight control. Thus, due to the capacity of the basal body 

and transition zone for a preferential selection of ciliary cargos, this barrier structure 

can also contribute to establishing tissue-specific cilia (Silverman and Leroux, 2009).  

 

Given that IFT is a complex process involving many different molecules and 

mechanisms, IFT-mediated ciliary specialisation is based on a synergistic regulation 
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of the speed, size and selection of IFT trafficking. The length control of flagellum is 

good evidence for this idea, as both the size of IFT particles and the activity of IFT 

cargos are able to affect the length of flagellum (Sloboda, 2009).  

 

4.2.3 Transcriptional control  

The regulation of IFT trafficking plays an important role in ciliary/flagellar 

appearance via adjusting how many ciliary precursors will be assembled and 

incorporated into the cilia. In addition, it is becoming apparent that regulation of the 

expression of genes encoding IFT components and also other ciliary genes (e.g. 

membrane proteins, ion channels, signalling proteins) has an equally important role 

in establishing ciliary specialisation. Some efforts have been made to understand the 

cell-specific transcriptional programs involved in generating ciliary diversity. Recent 

findings suggest that at least two transcription factors, RFX (regulatory factor X) and 

FoxJ1 (forkhead box J1), play key roles in the complex regulation of ciliary genes 

that is required for building functionally and structurally distinct cilia (Silverman and 

Leroux, 2009; Thomas et al., 2010).   

 

4.2.3.1 RFX family transcription factors 

RFX proteins belong to the winged-helix family of transcription factors characterised 

by a conserved DNA binding domain (Gajiwala et al., 2000; Reith et al., 1990; 

Thomas et al., 2010). RFX regulates its target genes by binding to the so-called X-

box motif via a DNA binding domain. RFX proteins are present in many eukaryotes. 

The genomes of yeast and worm each harbour one Rfx gene, Drosophila contains 

three Rfx genes and seven members have been identified in vertebrates (Thomas et 

al., 2010).  
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4.2.3.2 RFX’s function in ciliogenesis 

Individual RFX proteins are related to a diverse spectrum of cellular processes 

among species, such as the cell cycle regulation in the yeast (Wu and McLeod, 1995), 

immune response in mammals (Reith et al., 1990), brain development in vertebrates 

(Zhang et al., 2006) and ciliogenesis in many metazoa (Thomas et al., 2010). Rfx 

genes can be categorised into two groups: the first group comprises daf-19 in 

C.elegans, Rfx (CG6312) in Drosophila and Rfx1-4 and Rfx6 in vertebrates. The 

second group only includes the second Rfx gene in Drosophila (CG9727) and Rfx5 

and Rfx7 in vertebrates. Genes from the first group are distinguished from the second 

group by the appearance of a region encoding a dimerisation domain. Remarkably, 

members from the first group have been found to be evolutionarily conserved in 

ciliogenesis, and have been widely characterized in C.elegans, Drosophila, zebrafish 

and mammals. In C.elegans, lack of daf-19 abolishes cilia from sensory neurons, 

resulting in severe damage to the external sensory input (Swoboda et al., 2000). This 

was in fact, the first time a connection had been made between Rfx and ciliogenesis. 

Drosophila Rfx, homologous to daf-19 in C.elegans, is expressed in type I neurons, 

and Rfx mutants exhibit severe sensory defects, due to the absence of cilia in type I 

neurons (Dubruille et al., 2002). In mice, Rfx3 and Rfx4 have been implicated to be 

involved in many ciliary programs. Rfx3 has been shown to govern the genesis of 

monocilia in the embryonic node. Rfx3 deficient mice have defects in establishing the 

left-right body axis, due to the fact that the truncated monocilia are not capable of 

generating a proper nodal flow that is essential for the asymmetry development of the 

embryo (Bonnafe et al., 2004). Moreover, Rfx3 has recently been shown to be 

important in the regulation of motile cilium growth and motility in brain tissues (El 

Zein et al., 2009). Mouse Rfx4 has been found to control the growth of primary cilia 

in the central nervous system. Mutation in Rfx4 impairs the function of primary cilia 

as the signalling centre for Shh, consequently resulting in the patterning defects in 



Chapter 4: RFX Functions in Ciliary Specialisation 
 

 161 

the ventral spinal cord and telencephalon (Ashique et al., 2009). The zebrafish Rfx2 

has also been implicated in the ciliogenesis programme (Liu et al., 2007).  

 

Note that a third Rfx gene in Drosophila has been reported and is thought to be 

involved in the progression of the cell cycle (Otsuki et al., 2004). However, its gene 

number is unknown and which Rfx group it belongs to is still uncertain.  

 

4.2.3.3 RFX target genes 

As RFX is a transcriptional activator, its influence on ciliogenesis must be through 

transcriptional regulation of genes that encode components critical for ciliogenesis. 

By using a genome screen approach for genes containing an X-box motif in their 

promoters, potential RFX target genes have been extensively identified in C.elegans 

and Drosophila, which provides a fundamental database for the identification of 

RFX target genes in other species (Avidor-Reiss et al., 2004; Laurençon et al., 2007; 

Swoboda et al., 2000). The consistency between the database from C.elegans and 

Drosophila suggests a conserved RFX regulatory cascade between species 

(Laurençon et al., 2007). Both these two datasets list a common subset of genes, 

including genes encoding the basal body/transition zone proteins that have a role in 

regulating the entry of IFT particles, genes encoding IFT-B components for the 

anterograde of IFT, and dynein motors that drive the retrograde transport (Thomas et 

al., 2010). Almost all the identified Drosophila and C.elegans ciliary genes have 

homologues in mice, however their functions in mice still need to be identified. 

Nevertheless, IFT172, which encodes a component of IFT-B particle, has been 

identified as a conserved RFX target among C.elegans (osm-1), Drosophila (oseg2) 

(Avidor-Reiss et al., 2004) and mouse (IFT172) (Thomas et al., 2010). Altogether, 

RFX appears to govern ciliogenesis by controlling the expression of a core series of 

ciliary genes. 
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4.2.3.4 Other transcription factors in ciliogenesis  

Abundant evidence has established a pivotal role of RFX in directing ciliogenesis. 

RFX is indispensable for governing the formation of all types of IFT-dependent cilia 

in Drosophila (Dubruille et al., 2002; Laurençon et al., 2007) and C.elegans 

(Swoboda et al., 2000). In mouse, several Rfx genes have been shown to be necessary 

for the growth of both primary cilia and motile cilia (Thomas et al., 2010). Taken 

together, these studies suggest that RFX controls the core event of the ciliogenesis.  

 

FOXJ1 is another major type of transcription factor for ciliogenesis. FOXJ1 is a 

member of the forkhead family of transcription factors, and orthologues of Foxj1 

have been found in vertebrates and many invertebrates, including sea urchin and 

planarian. In contrast to the central role of Rfx in cilia assembly and function, Foxj1 

mutation only causes selective defects in ciliogenesis. In Foxj1 null mice, non-motile 

cilia such as sensory cilia in the olfactory epithelium or the kidney are still present 

(Brody et al., 2000), but motile cilia are either remarkably reduced or completely loss 

in many tissues. The defects in left-right patterning was seen in both Foxj1 null mice 

(Brody et al., 2000; Chen et al., 1998) and Foxj1 zebrafish morphants (Stubbs et al., 

2008b), suggesting that the embryonic node cilia in the mouse and Kupffer’s vesicle 

cilia in zebrafish have been affected. Interestingly, there is no obvious ultrastructural 

defect in the nodal cilia in the mutant mice (Brody et al., 2000), implying that 

lacking of Foxj1 activity does not cause obvious disruption in the cilium assembly. 

However the nodal cilia are not specialised with the motility properly indicated by 

the abnormal left-right pattern. Hence, Foxj1 appears to have a fundamental role in 

generation of motile cilia. This notion was strengthened by recent genetic studies in 

Xenopus and zebrafish which indicated that FOXJ1 up-regulates the expression of 

motile cilia genes during specifying node-like cilia (Stubbs et al., 2008b). Taken 

together, the available evidence supports a model that RFX governs the core evens of 

the ciliogenesis and FOXJ1 contributes to the process of cilia subtype specialisation. 
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Besides FOXJ1, several other regulators have also been shown to play a role in the 

ciliary specialisation. HNF1β has been described to be necessary for ciliogenesis in 

the liver, pancreas and kidney, but not other tissues (Igarashi et al., 2005). In 

C.elegans, FKH-2, another member of the forkhead family of transcription factors 

has been shown to be specifically required for cilia specification in the AWB neuron, 

a particular type of olfactory neuron (Mukhopadhyay et al., 2007). Therefore, the 

current model for the ciliary diversity is that RFX is essential for the formation of all 

types of cilia, whereas other transcription factors, like FOXJ1, HNF1β and FKH-2, 

are required to specify a subset of cilia (Silverman and Leroux, 2009; Yu et al., 

2008a).  

 

The specific ciliary gene regulation among different cell types underlies the 

generation of structurally and functionally diverse cilia. However whether the current 

proposed model is the only way of directing ciliary specialisation is still uncertain. 

The available evidence only indicates that RFX transcriptional regulation is required 

for a general IFT-directed ciliogenesis. However, it has not yet been explored 

whether RFX is also involved in the process of ciliary specialisation. In this chapter, 

I used Drosophila Ch and ES cilia as models to approach this question, as the genesis 

of both these two types of cilia requires Rfx activity.  
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4.3 Results 

4.3.1 Rfx is expressed differently in Ch and ES lineages.  

The expression pattern of Rfx and the proneural gene regulation of Rfx have been 

described in detail in Chapter 2. Briefly, Rfx expression is regulated differently by 

proneural factors in Ch and ES lineages. Rfx transcript starts to be detected soon after 

the first Ch SOP forms (Fig. 2.1A, B, 4.1A), and persists in the later formed Ch 

SOPs. It becomes concentrated with the division of SOPs, and reaches its highest 

level in the differentiated Ch neurons (Fig. 4.2B). In contrast, the first sign of Rfx’s 

expression in ES cells is detected when the ES SOPs undergo their first round 

division (Fig. 2.1C). There is a lag between the initiation of Rfx expression in the ES 

lineage and that in the Ch lineage. Moreover, both mRNA and protein analysis show 

that the Rfx level in the ES lineage has never compete with that in the Ch lineage (Fig. 

2.3), thereby leading to the distinct Ch-enriched expression pattern (Fig. 4.1B). 

Further enhancer analysis of Rfx regulation suggests that the differential pattern of 

Rfx is attributable to the different mechanism by which proneural proteins Ato and 

Scute regulate Rfx expression in two lineages. Results in Chapter 2 have indicated 

that Rfx is directly regulated by Ato and indirectly regulated by Scute.  

 

The variation in Rfx expression is unexpected, because according to the current 

model, RFX is presumed to regulate the core event of ciliogenesis, thus it only 

requires a consistent level of RFX activity among all types of ciliary assebly. So the 

observation of a differentially expressed Rfx in Drosophila sensory organs raises a 

question as to whether the variant levels of Rfx contribute to the formation of 

diversified cilia. Consistent with this speculation, Ch and ES cilia are distinctive to 

each other in both morphology and function. Thus an accumulation of different dose 

of RFX during sense organ formation may be a strategy for establishing the subtype 

specificity of Ch and ES cilia.  



Chapter 4: RFX Functions in Ciliary Specialisation 
 

 165 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 RFX antibody staining in the wild-type and elavGAL4>UAS-Rfx embryos at different 

stages of development. (A-B) Wild-type embryos. Rfx is constantly expressed in a high level in 

Ch cells and in a low level in ES cells. (A) Embryo at stage 11. Ch and ES SOPs are indicated. 

(B) Embryo at stage 15. All the Ch neurons are circled with dashed lines, and all the unlabelled 

RFX staining cells are ES neurons. (A’-B’) elavGAL4>UAS-Rfx embryos. Rfx is over expressed 

in all the PNS cells driven by elavGal4. Rfx expression in Ch and ES cells is increased and 

becomes more even. (A’) Stage 11 embryo. Ch SOPs and ES SOPs are pointed out. (B’) Stage 15. 

Due to the fact that elavGal4 drives Rfx expression in the whole PNS, which includes da 

(dendritic arborisation) neurons, it is impossible to distinguish the identity of ES cells from the 

whole PNS pattern, especially in the late stage embryos, such as stage 15.  
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4.3.2 Enforced Rfx expression in ES neurons induced the 

elevated RFX target genes expression.  

In order to explore the correlation between the level of Rfx and the ciliary subtypes, I 

attempted to overexpress Rfx in ES neurons, so as to find out whether an alteration in 

Rfx levels will bring in changes to ES cilia. Two UAS-Rfx lines which carry one copy 

of Rfx-coding sequences under GAL4-UAS control on different chromosomes were 

combined to yield ;UAS-Rfx;UAS-Rfx, so as to maximize Rfx ectopic 

expression. ;UAS-Rfx;UAS-Rfx flies were crossed with elavGAL4, which drives Rfx 

expression in all the neurons. The genotype for the resulting progeny is elavGAL4/+; 

UAS-Rfx/+; UAS-Rfx/+, which is termed as elavGAL4>UAS-Rfx for the convenience 

in the following sections. The overexpression level of Rfx was determined by 

immunohistochemistry. Fig. 4.1A’, B’ show that the Rfx level was substantially 

increased after GAL4-UAS induction, and the level of Rfx in ES neuron was 

comparable to that in Ch neurons. In order to investigate the impact of Rfx level on 

the formation of ES cilia, I examined ES neurons in the following aspects: the 

molecular, physiological and morphological levels.  

 

4.3.2.1 The molecular aspect: enforced Rfx expression induces its 

target genes expression. 

First of all, I investigated that any change in molecular aspects is induced in the ES 

neurons by Rfx over expression.  Many ciliary genes from our microarray gene list 

have been found to have a Ch-enriched expression pattern (Cachero et al., 2011). 

Moreover, some of them have been implicated as RFX downstream targets by 

comparative genomic study of two divergent Drosophila species (Laurençon et al., 

2007). Thus their Ch-enriched pattern could potentially be directly attributable to 

differences in Ch and ES cilia. I chose three genes (CG6129, CG4525 and CG3769) 
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from this list, together with dila. Each of these genes has been suggested to play a 

distinct role in ciliogenesis (Thomas et al., 2010).   

 

dila, encoding a basal body protein, has been shown essential in facilitating IFT 

transport in Chapter 3. It is also very like to be a target of RFX. dila expression is 

significantly down regulated in Rfx mutant embryos (Rfx49) (Dubruille et al., 2002), 

indicated by RNA in situ hybridisation analysis (Fig. 4.2A, B). Besides, an X-box 

was found within its enhancer fragment, which has been shown to be sufficient to 

support its expression in Ch and ES lineages (Fig. 4.2C). This X-box matches with a 

stringent X-box motif RYYVYYN1-3RRHRAC (Laurençon et al., 2007). Whether 

this is the RFX binding site still requires further investigation.  

 

Drosophila CG6129 is an orthologue of mammalian rootletin, which is a component 

of the ciliary rootlet and has a function in maintain mammalian sensory cilia 

(Grueber et al., 2005; Yang et al., 2002). Consistent with its orthologues in mammals, 

a recent study carried out in our lab shows that Drosophila CG6129 is possibly 

involved in ciliogenesis by anchoring basal bodies to the precise location, which is 

closely linked to the function of rootlet (Styczynska, K in preparation). A conserved 

X-box was found in its enhancer, and the enhancer analysis showed that reporter 

gene expression driven by the CG6129 enhancer is in an Rfx-dependent fashion, 

suggesting that CG6129 is a target of RFX (Laurençon et al., 2007). CG4525 and 

CG3769 were also suggested to be RFX targets, as they were dramatically down 

regulated in Rfx deficient background. In addition, conserved X-boxes were found in 

the regulatory regions of these genes. CG3769 is thought to encode a dynein protein 

that serves a role as a retrograde motor (Thomas et al., 2010). CG4525 is 

homologous to worm dyf-13 and mouse Ttc26, which encode an IFT B component 

(Thomas et al., 2010).  
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Figure 4.2 dila is a potential target of RFX. (A-B) RNA in situ hybridisation reveals dila’s 

expression in the wild-type (A) and Rfx mutant embryos (B) at stage 14. The overall expression 

of dila is dramatically reduced in Rfx mutant embryos. (C) A schematic diagram of the regulatory 

region of dila. A 1.0kb fragment from the upstream region of dila has been tested with the 

enhancer activity in Chapter 2. A sequence matching with the X-box consensus (RYYVYYN1-

3RRHRAC) (Laurençon et al., 2007) was indicated in the diagram and the sequence was given.  

 

The whole-mount RNA in situ hybridisation was used to reveal any alteration in the 

transcription level of those genes with the enforced expression of Rfx in ES neurons. 

All of these four genes are expressed in a Ch-enriched pattern in wild-type embryos. 

When Rfx was overexpressed, an overall enhanced expression of all of these four 

genes was observed in the whole PNS (Fig. 4.3). Despite there is still a detectable 

difference of Rfx levels in Ch and ES neurons, its transcription in ES neurons is 

dramatically elevated (Fig. 4.1B’). Therefore the increased transcription level of 

RFX target genes in the ES neurons where Rfx is overexpressed suggests that the 

RFX level has an influence on transcription intensity of its target genes.  
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Figure 4.3 Overall enhanced expression of four RFX target genes in the PNS of elavGAL4>UAS-

Rfx (25 ºC) embryos. Stage 14 embryos are stained with CG6129 (A, B), CG3769 (C, D), 

CG4525 (E, F) and dila (G, H) probes using whole-mount in situ hybridization. Anterior is to the 

left and dorsal is up. Arrows indicate the lch5 (Ch cluster) and brackets indicate the dorsal and 

ventral clusters of ES neurons. Panels A, C, E, F show stainings in the wild type embryos, 

whereas panels B, C, F, G show stainings in elavGal4>UAS-Rfx (25ºC) embryos. 
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4.3.2.2 The physiological aspect: ectopic RFX affec ts the 
sensitivity of ES neuron 

Genes tested above have been suggested to be involved in different aspects of IFT-

mediated ciliogenesis. The variation in the intensity of IFT elements has been linked 

to the ciliary diversity (Engel et al., 2009; Silverman and Leroux, 2009). It was, 

therefore, of interest to investigate whether the elevated level of RFX and its 

downstream genes lead to any alteration in the ES cilia.  I approached this hypothesis 

by carrying out a grooming behaviour assay that provides an insight of the 

physiological function of both Ch and ES organs. Tickling of a certain bristle on the 

notum (Fig. 6.2) evokes a vigorous cleaning movement by the first legs, which 

requires ES organs to sense the bristle deflection and also require Ch organs to 

generate the coordinated leg action so as to avoid the stimulation (Vandervorst and 

Ghysen, 1980). In the assay, flies were decapitated, so that the control from the CNS 

was removed. Decapitated flies remained alive for up to 2 days and are able to stand 

and walk. Headless elavGAL4/UAS-Rfx flies are as coordinated as control flies in 

walking and even jumping. They show spontaneous cleaning behaviours 

occasionally, suggesting that the Ch organs are not affected by Rfx overexpression. 

However, the touch-provoked grooming response was almost abolished in 

elavGAL4/UAS-Rfx flies (Fig. 4.4), suggesting a dramatically reduced sensitivity of 

ES neurons. These data therefore implied that the low level of Rfx in ES neurons is 

required for its specific mechanosensory transduction, and that increased Rfx 

expression affected the physiological function of ES neurons.  
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Figure 4.4 Grooming behaviour scores of flies overexpressing Rfx under the control of elavGAL4 

driver (for experimental details see Chapter 6 Materials and Methods 6.5.3). elavGAL4>UAS-gfp 

serves as the control. Each value in the figure represents the average score of measurements of 19 

control flies and 30 elavGAL4>UAS-Rfx flies. Error bars denote SEM over flies. The score for 

elavGAL4>UAS-Rfx flies is significantly reduced compared with the control (t-test, p<0.0001).  

 

4.3.2.3 The morphological aspect: ectopic Rfx expression in ES 

neurons could not induces Ch-like morphological 

properties in ES cilia. 

Given the correspondingly elevated expression level of several ciliary genes as the 

primary effect of Rfx overexpression in ES neurons, the attenuated mechanosensory 

transduction suggests a potential alteration in ES cilia. Taken together, a question 

was raised as to whether the structure of ES cilia was changed into Ch cilia by the 

ectopic level of Rfx. To test this hypothesis, ES neurons from elavGAL4>UAS-Rfx 

embryos were examined by staining with mAb21A6, a monoclonal antibody that 

detects antigens in the extracellular region surround the sensory dendrites (Lee et al., 

2008). Since the distribution of mAb21A6 is closely related to the ciliary 
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morphology, mAb21A6 here is used as an indicator to distinguish Ch and ES cilia. 

mAb21A6 labels Ch dendrites with 2 bands: one locates around the base of the cilia, 

and the other one embraces the cilia just proximally to the ciliary dilation (Fig. 4.5A). 

In ES neurons mAb21A6 exclusively labels a dot corresponding to the limited 

extracellular space around the short connecting cilium (Fig. 4.5A). Fig. 4.5A 

illustrates the pattern of ES and Ch cilia as a result of the distribution of sensory 

organs: the dorsal cluster contains only ES organs, while the other clusters contain 

both ES and Ch organs. The enforced expression of Rfx in PNS did not lead to any 

change in the ciliary pattern, suggesting that ectopic expression of Rfx in ES neurons 

could not convert ES cilia into Ch-like cilia by this criterion (Fig. 4.5B). Further 

examination of mAb21A6 staining in individual ES neurons did not show any 

discernable change in ciliary morphology properties either (Fig. 4.5B). Taken 

together, it suggests that ectopic Rfx activity in ES neurons could not accomplish the 

conversion from the short and simple cilia into the long and modified Ch-like cilia.  

 

To sum up the impact of RFX levels on ES neurons, I concluded that ectopically 

synthesized RFX up-regulates the expression of at least some of its target genes and 

consequently affects the function of ES organs, which particularly relies on the 

specialised cilia. However, the current preliminary data did not show any sign of 

morphological change led by Rfx overexpression. Thus the role of RFX in ciliary 

specialisation still needs to be determined.  
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Figure 4.5 No discernable morphological change in ES cilia in elavGAL4>UAS-Rfx embryos. 

Lateral view of abdominal hemisegment of a wild-type (A) and elavGAL4>UAS-Rfx (25ºC) 

embryos (B) labelled with mAb21A6. The identity of neurons was determined by their dynamic 

positions, referred to Brewster and Bodmer (1995) (not all the Ch and ES neuron have been 

shown in this focus plane). Abbreviations: v’=ventral’; l=lateral; d-dorsal; ch=chordotonal; 

es=external sensory 

 

4.3.3 Potential regulators in  Rfx Ch-enriched expression pattern 

The data above have shown the importance of differential expression of Rfx for the 

proper physiological functions of Ch and ES neurons. However, which factor(s) 

direct the Ch-enriched expression pattern remains obscure.  

The fate of Drosophila type I sense organs are determined by proneural factors Ato 

and AS-C, as well as a fate determinant, Cut.  Cut works as a switch in determining 
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of the fate of sense organ between ES and Ch. cut, encoding a homedomain 

transcription factor, is only expressed in ES SOPs and their progeny cells, but not in 

Ch organs. In cut mutants (ctC145), ES organs transform into Ch organs (Bodmer et al., 

1987). Conversely, overexpression of cut in embryos promotes the fate to switch 

from Ch organs into ES organs (Blochlinger et al., 1991). In these reciprocal 

conversions, the original sense organ acquires the fate of its counterpart, indicated by 

displaying both morphological and antigenic characteristics of each other 

(Blochlinger et al., 1991; Bodmer et al., 1987).   

 

As early as 1997, Merritt (1997) has already implied a correlation between the ciliary 

subtype and the activity of Cut. Given that the analyses above suggested that RFX 

could mediate a transcriptional control of ciliary subtype specification, I 

hypothesised whether Cut may lead to the ES organ specific ciliogenesis via RFX. 

To address this issue I examined the distribution of RFX in cut mutant embryos. In 

ctC145 embryos, the slightly enhanced Rfx expression in ES cells was observed 

throughout most of stages. In addition, the expression level in Ch and ES neurons 

becomes almost even (Fig. 4.6), suggesting that Cut has a role in repressing Rfx 

expression in the ES lineage, which is possibly attributable to the specific properties 

of ES cilia. The defined mechanism underlying Cut regulation in Rfx differential 

expression requires more investigation.  

 

 

 

 

 

 

 

 



Chapter 4: RFX Functions in Ciliary Specialisation 
 

 175 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 RFX level becomes nearly even in Ch and ES neurons in cut mutant embryos. Both 

stage 14 control (cutC145/+) embryos (A, C) and cut mutant (cutC145) embryos (B, D) were stained 

with RFX antibody.  A, B show the dorsal view of the embryos, and B, D show the ventral view. 

All the Ch neurons are indicated and all the unlabeled neurons are ES neurons. In wild type 

embryos (A, C), RFX is at a high level in Ch neurons and at a low level in ES neurons. In cutC145 

(B, D) Rfx expression is enhanced in ES neurons, thereby leading to an almost evenly distributed 

pattern.   
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4.4 Discussion 

4.4.1 RFX regulation could be involved in establish ing the ciliary 
diversity 

Previous functional studies with RFX proteins have focused primarily on their 

conserved roles in promoting ciliogenesis among species. Studies on several animal 

models showed that lack of RFX activity caused a severe disruption in general 

ciliogenesis including both motile and non-motile cilia (Laurençon et al., 2007; 

Swoboda et al., 2000; Thomas et al., 2010). These investigations have led to view 

that RFX directs the core events of ciliogenesis by regulating IFT genes. However, 

we know little about how cell-type specific ciliogenesis is regulated. This is an 

important question for ciliogenesis, as cilia differ widely among tissues even in one 

given organism.  

 

In this chapter, I explored this question by studying the mechanism underlying the 

formation of two distinct ciliary subtypes in Drosophila type I neurons. The 

investigation of RFX’s activity in ciliary specialisation was triggered by the 

observation of Rfx differential expression in Drosophila Ch and ES neurons. I 

propose that the specific level of Rfx expression is correlated with distinctive 

morphological and functional properties of sensory cilia. Since RFX is a 

transcription regulator, its influence on ciliary diversity must be achieved through 

transcriptional regulation of genes that encode ciliary components. 

 

The preliminary data from my study support the above speculation in two respects. 

First of all, the limited expression of four RFX target genes in the ES neuron was 

significantly enhanced once Rfx was ectopically expressed and their expression 

levels in Ch and ES neurons became close to being equal. These four genes happen 

to be implicated in four different aspects of ciliogenesis. The mammalian rootletin, 

encodes a component protein of the ciliary rootlet (Grueber et al., 2005; Yang et al., 
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2002) and the preliminary data of its Drosophila orthologue, CG6129, has been 

suggested to have a similar role. The long and straight rootlet is one of the distinctive 

features of the Ch cilium, distinguished from the ES cilium. Hence, the differentially 

expressed CG6129 transcript in Ch and ES neurons may partially contribute to the 

different appearance of Ch and ES cilia. dila has been shown to have a role in the 

regulation of IFT at the base of cilia, which could be associated with the selective 

control of the entry of IFT cargos into the cilia (Chapter 3). The other two genes 

tested in my study have been linked to IFT directly, as CG3769 and CG4525 encode 

a dynein protein and an IFT-B component protein respectively (Thomas et al., 2010). 

Regulation of IFT has started to be considered as a potential strategy to achieve 

ciliary specialisation (Silverman and Leroux, 2009). Since these four genes are 

involved in different aspects of ciliogenesis, this supports a model in which RFX 

may play an important role in generating the diversified cilia by mediating ciliary 

genes to be expressed at subtype-specific levels. The best evidence to validate this 

model would be to show that an alteration of Rfx levels will lead to morphological 

changes in cilia. Unfortunately, such evidence is still not available. Nevertheless, I 

observed that misexpression of Rfx affected the mechanical signal transduction in the 

ES neurons, suggesting that the neuron differentiation process in general is disrupted. 

Conversely, it implies that low level of Rfx and its target genes are required for the 

ES specific cilia.  

 

Overall, these observations provide a hint of a potential role of RFX in the ciliary 

subtype specialisation and also imply a route by which RFX can orchestrate this 

program via stringent regulation of ciliary gene expression during ciliogenesis. Such 

an idea is different from the canonical model implicated from the published evidence 

that RFX governs the core event of ciliogenesis and other co-regulators, such as 

FOXJ1 in the vertebrate, contribute to the formation of cell-type specific cilia 

(Silverman and Leroux, 2009; Yu et al., 2008b). Here I provide evidence that not 
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only is RFX indispensable for general cilia formation, but it is also likely to have a 

role in modulation of ciliary subtypes. To what extent RFX contributes to the ciliary 

specialisation, as opposed to its generic function in ciliogenesis, remains to be 

explored.  

 

4.4.2 RFX probably cooperates with other factors to  specify 

ciliary diversity  

The evidence from several genetic models suggests that RFX may cooperate with 

other factors to facilitate the cell-type specific ciliogenesis (Thomas et al., 2010). 

Several factors have been revealed as ciliary subtype determinants, including the 

transcription factor FOXJ1 that is essential for motile cilia formation in vertebrates, 

HNF1β for a subset of cilia in mammalian tissues and FKH-2 in C.elegans 

(Silverman and Leroux, 2009).  

 

Such a collaborated regulation also holds true in Drosophila ciliogenesis.  A recent 

study carried out in our lab suggests that fd3F, a novel forkhead family transcription 

factor (but fd3F is not an orthologue of FoxJ1), could cooperate with RFX in 

directing ciliogenesis in Ch organs (Cachero et al., 2011). Unlike Rfx, which is 

expressed in both ES and Ch organs, fd3F is confined to the Ch organs. Consistent 

with this, fd3F mutants have Ch-specific locomotion defects, which have been linked 

to ciliary dysfunction (Fay Newton personal communication). Contrary to the 

complete loss of cilia in Rfx mutants, cilia can still be assembled in fd3F mutants 

(Fay Newton personal communication). Such an observation suggests that generation 

of functional Ch cilia requires both RFX and fd3F. The indispensable role of fd3F in 

Ch cilia formation could be one of explanations for why enforced expression of Rfx 

in ES cells could not lead to the transformation from ES cilia into Ch-like cilia, as an 

additional activation from fd3F may be necessary for RFX to accomplish the ciliary 
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subtype conversion. Elucidating whether a combined effect of RFX and fd3F 

regulation facilitates the process of Ch cilia specialisation will be a challenging, yet 

important, question.  

 

4.4.3 Co-regulation of RFX and fd3F in directing Ch  cilium 

formation in Drosophila 

fd3F may cooperate in RFX-mediated cilia specialisation by co-regulating a subset of 

ciliary genes. The latest study in our lab revealed three target genes of fd3F: 

nanchung (nan), inactive (iav) and CG3769. All of these have been shown to be 

down regulated in fd3F mutants (Cachero et al., 2011) (Fay Newton personal 

communication). Like fd3F, nan and iav are Ch specific ciliary genes. These two 

genes encode subunits of the TRPV channel, and are required to transduce vibration 

signals into neuronal membrane depolarization (Gong et al., 2004). fd3F binding 

sites (F-box) have been identified in regulatory regions of these two genes (Fay 

Newton personal communication). CG3769, encoding a dynein protein, is a Ch-

enriched ciliary gene and a potential target of RFX (Laurençon et al., 2007). An F-

box has been found in the regulatory region of CG3769 (Fay Newton personal 

communication). Interestingly, a conserved X-box (RFX binding site) has been 

found close to the F-box in the regulatory region of all of these three genes, 

suggesting that these genes could be the shared targets of RFX and fd3F.  

 

Considering these findings, I speculate that fd3F may cooperate with RFX to achieve 

ciliary specialisation in two ways. One way is to co-regulate a subset of Ch-specific 

genes, such as nan and iav. The expression of these genes endows Ch neurons solely 

to acquire certain distinct ciliary properties. fd3F is also likely to be involved in the 

regulation of CG3769. However, unlike nan and iav, CG3769 is expressed in both 

Ch and ES lineages, but at a higher level in Ch cells. This makes me speculate that 
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fd3F may contribute to the establishment of the Ch-enriched pattern in parallel with 

RFX. I have shown earlier that the expression of CG3769 in ES neurons is 

significantly enhanced by the enforced expression of RFX, but its profile in ES 

neurons is still slightly lower than that in Ch cells (Fig. 4.3C, D). It would be very 

interesting to examine whether the expression of CG3769 will be up-regulated even 

further by the combined effect of misexpression of fd3F together with 

overexpression of RFX in ES cells.  

 

Taken together, both the Ch-specific and Ch-enriched expression imply a stringent 

transcriptional control of ciliary genes during ciliary specialisation.  

 

On the basis of available results, I propose a model for how the Ch cilium is 

specified in Drosophila type I neurons (Fig. 4.7). RFX directs a generic ciliogenesis 

by activating a common set of ciliary genes, such as IFT-B and other core ciliary 

genes required for both ES and Ch cilia. Some of these genes are shared targets of 

another ciliogenic regulator, fd3F. In addition, fd3F also regulates a unique target set 

for Ch-specific properties. It is notable that there is a preferential expression of 

common ciliary genes in Ch cells. This could be a primary effect of the higher 

activity of RFX in Ch cells, or an additional activation from fd3F, or the synergistic 

effect from RFX and fd3F. In other words, the co-operated regulation network of 

RFX and fd3F supports a cell-subtype specific ciliary gene expression that is 

necessary for the Ch ciliary specialisation.  

 

4.4.4 A synergistic effect of RFX and FOXJ1 regulat ion in the 

specialisation of ciliated cells in vertebrates 

Comprehensive analysis of the target genes of RFX and FOXJ1 suggest a possible 

cooperation of these two ciliogenic regulators during ciliogenesis in vertebrates 
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(Thomas et al., 2010). There is already some limited evidence to support this 

speculation. Dnah9 and Dnah11 encode conserved dynein heavy chain subunits 

essential for ciliary motility. Dnah11 expression depends on the activity of FOXJ1 in 

mice (Brody et al., 2000) and Dnah9 was confirmed to be the downstream target of 

FOXJ1 in Xenopus and zebrafish (Stubbs et al., 2008a; Yu et al., 2008a). 

Interestingly, El Zein et al. (2009) also found that Dnah9 and Dnah11 are direct 

targets of RFX3 in mice, suggesting that RFX3 and FOXJ1 may cooperate to 

regulate the expression of these two genes. Moreover, comparative analysis of the 

target genes of FOXJ1 from Xenopus and RFX target genes from Drosophila, 

suggests that more ciliary genes are likely to be co-regulated by both of these 

transcription factors (Thomas et al., 2010). However, these possibilities have not 

been explored at the molecular level.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.7 A model for Ch cilia differentiation under the regulation of RFX and fd3F in 

Drosophila. RFX and fd3F as ciliogenic regulators participate in the process of Ch cilia 

formation by regulating their specific target genes in parallel and also co-regulating a subset of 

shared ciliary genes. RFX directs general ciliogenesis by activating core ciliary genes for shared 

ciliary properties. Some of these genes are expressed equivalently between Ch and ES cells, 

while some of them are expressed in a Ch-enriched pattern. The preferential expression pattern in 

RFX fd3F 

   shared targets 
(eg nan, iav, CG3769) 

fd3F specific targets 
RFX specific  
targets (eg IFT-B)  

Ch-enriched expression Ch-specific expression 
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Ch cells is speculated to be supported by a complex regulation. It can be derived from RFX 

differential activity itself, or an additional regulation from fd3F, or a synergistic effect of both. 

Co-regulation by RFX and fd3F contributes to adjusting ciliary gene expression into a cilium-

subtype required level. (Core ciliary genes are grouped in a gray circle and ciliary genes for Ch-

specific properties are labelled in blue.)  

 

4.4.5 The mechanism of RFX-mediated ciliary special isation 

RFX directs ciliogenesis in Ch and ES organs by regulating numerous ciliary genes 

(Dubruille et al., 2002; Laurençon et al., 2007). My result reveals an unexpected role 

of RFX in the ciliary specialisation via mediating a subset of ciliary genes to be 

expressed in a tissue specific level. The way in which RFX directs the genesis of two 

subtypes of cilia is quite similar to that of Cut in deciding the subtypes of da 

(dendritic arborisation) neurons. The Cut level is correlated positively with the extent 

of da neuron arborisation. Neurons with lower Cut activity house a relatively simple 

branched dendrite (Grueber et al., 2003). With the increased level of Cut, dendrite 

structure becomes more complex. In both cases, for RFX and Cut, the level of 

regulators leads to a quantitative effect on the morphology of differentiated cells. It 

could be a typical regulation strategy applied to govern the genesis of organs or 

organelles with a wide diversity of subtypes: such as a variety of cilia in vertebrates. 

 

4.4.6 Investigation of the correlation of RFX level s with ciliary 

specialisation is significant to understand the ori gin of 

ciliary diversity 

In Drosophila, only one Rfx gene is involved in ciliogenesis. Unlike the simple gene 

composition in Drosophila, there are 5 Rfx genes which have been shown to be 

related with ciliary function in vertebrates. Individual Rfx genes are expressed at 

variable levels in diverse organs. For instance, Rfx2 is most enriched in the lung, 
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whereas Rfx3 is enriched in brain (Reith et al., 1994). Cilia in these organs have 

different morphology and functional properties. It would be very interesting to know 

whether the cell-type specific Rfx expression contributes to establishing this ciliary 

diversity. Our Drosophila based RFX mediated ciliary specification will provide 

insight into this field.  
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4.5 Chapter Summary 

The study in this chapter is based on the observation that Ch neurons characterized 

by a long and straight ciliated dendrite showed uniformly stronger Rfx expression 

than did ES neurons with short and curved ciliated dendrites in Drosophila. 

Considering that loss of Rfx function caused ciliated structure to be missing from 

both Ch and ES sense organs, I proposed a correlation between a differential 

expression pattern of Rfx in Ch and ES neurons and a subtype difference of cilia. The 

preliminary data are consistent with this assumption. Rfx overexpression in ES 

neurons caused extensively increased level of RFX target genes, and the sensitivity 

of ES organs was affected, suggesting that the specific low level of Rfx is necessary 

for the ciliary differentiation in ES neurons. In addition to the well established role of 

RFX in directing a core event of ciliogenesis, unexpectedly, my observation suggests 

that it also participates in the ciliary specialisation. Moreover, fd3F, as a Ch-specific 

ciliogenesis regulator, is predicted to cooperate with RFX in fine tuning ciliary gene 

expression to a level matching with the cell subtype specific differentiation 

programme.  

 

Even if lots of questions have to be left unanswered in this study, I have shown here 

that the level of Rfx is one of factors involved in ciliary diversity. The differential 

expression of Rfx exists in mammalian tissues as well. Given the fundamental role of 

RFX in almost all kinds of cilia, elucidating whether the variant level of Rfx is an 
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efficient strategy to modulate the tissue-specific ciliogenesis, is an interesting, yet 

important, question.  
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5  

General Discussion 

5.1 Microarray analysis provides a high confidence data for 

Ato regulation 

Our microarray analysis uncovered hundreds of Ato downstream genes involved in 

diverse cellular functions (Cachero et al., 2011). Compared with the previous studies 

(Bertrand et al., 2002; Jarman and Ahmed, 1998; Jarman et al., 1993b; Powell et al., 

2004; zur Lage et al., 1997), our microarray study extensively advances the 

knowledge of Ato regulation and yielded a more complete understanding of Ato-

mediated regulation network. Two genes (Rfx and dila) selected from the microarray 

list were tested as the putative targets of Ato. The cis-regulation analysis validates 

this hypothesis. Apart from Rfx and dila, few more predicted Ato target genes have 

also been identified by such in vivo analysis (Cachero et al., 2011), suggesting that 

our microarray analysis approach yields a very high quality data. The high 

confidence of our microarray analysis is further implicated by the consistent results 

obtained by a recent genome-wide computational analysis of Ato target genes in 

Drosophila retinal development (Aerts et al., 2010). For example, dila has also been 

suggested to be a direct target of Ato in this study and the same binding sites are 

predicted (Aerts et al., 2010). Thus the high validity of the microarray data suggests 

our approach can be widely used to investigate the regulatory network of other 

transcription factors.  
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5.2 Regulation of differentiation genes: a novel in sight into 

functions of proneural proteins  

Despite advances, our knowledge of proneural proteins was largely confined to its 

activity in the specification of neural precursors. Indeed, in another Ato regulation 

study that is mentioned above concludes that Ato directly activates genes that are 

concerned with SOP selections (e.g. signalling pathways), rather than terminal 

differentiation genes (Aerts et al., 2010). However, in my study, identification of a 

differentiation gene (e.g. dila) and a differentiation related genes (e.g. Rfx) extends 

this long-standing view.  

 

Direct regulation from proneural proteins results in an unexpectedly early expression 

of differentiation genes. Both Rfx and dila have been identified as direct targets of 

Ato. These two genes are involved in different aspects of ciliogenesis, but both of 

them are expressed from the SOP stage. The onset of their expression is not only 

before differentiation but also even before the division of precursors. It raises a 

question as to why they are required to be expressed so early.  

 

The role of Rfx in directing Drosophila ciliogenesis has been well established (Baas 

et al., 2006; Dubruille et al., 2002; Swoboda et al., 2000). However, the significance 

of its unexpected early expression has not been addressed yet. In fact, another 

Drosophila ciliogenic regulator, fd3F, has also been found to be expressed very early 

and its initial expression is also likely under the direct regulation of Ato (Cachero et 

al., 2011). These two examples suggest that as transcription regulators of ciliogenesis, 

they are required to be activated several rounds of cell division prior to the terminal 

differentiation. The gradually accumulated expression pattern (Chapter 2) implies 

that an early onset of expression may be a strategy to ensure that these proteins are 

able to reach to a level later on that is high enough to switch on ciliogenesis. In 
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addition, several RFX target genes have also been found expressed early. This 

observation may lead to insights that an orderly time course for ciliary gene 

expression is important for ciliogenesis. In other words, genes that have different 

roles in ciliogenesis are to be expressed at different stages, so as to orchestrate the 

highly intricate cellular processes during ciliogenesis.  

 

Unlike Rfx and fd3F that are required for the activation of sequential ciliary gene 

expression, dila is a terminal differentiation gene. The fusion protein analysis 

suggests that DILA protein synthesis occurs almost at the same time as RFX, 

suggesting an important role of DILA in priming ciliogenesis. Such an early 

expression is consistent with its potential role in the transformation from the 

centrosome to the basal body (Chapter 3). Since basal bodies serve as the platform 

for the ciliary assembly, it is important for the basal body to be matured before the 

onset of the ciliogenesis (Marshall, 2008). dila is not a unique case of an early 

expressed basal body gene. Like dila, unc is also expressed since the precursor stage, 

and is localised at the centrosomes before they are transformed into the basal body 

(Cachero et al., 2011). UNC has been shown to be required for the maturation of 

basal body (Baker et al., 2004). Hence, this suggests that an early expression of basal 

body proteins is required for ciliogenesis.  

 

Taken together, all the examples given above suggest a need for an early activation 

of a subset of ciliogenesis-related genes. The direct activation by proneural proteins 

would be an efficient way to meet this demand. Therefore, identification of Rfx and 

dila as direct targets of Ato not only indicates that proneural protein is able to 

regulate differentiation genes, but also implies a novel view that activation of 

differentiation gene expression is one of the important functions of proneural 

proteins. This idea is strongly supported by a very recent study on Atoh1, an ato 

homologue in mouse. In search of direct Atoh1 target genes in the postnatal 



Chapter 5: General Discussion 
 

 189 

cerebellum, they found Atoh1 directly regulates numerous differentiation genes, 

which cover a wide range of functions in differentiated cells, such as cell migration, 

cell adhesion, metabolism (Klisch et al., 2011). Discovery of the function of Ato 

proteins in the regulation of differentiation genes is of significance to construct a 

thorough view of the proneural protein mediated regulation network.  

 

5.3 Further exploration of Ato regulation  

Despite in this study several potential Ato binding sites have been predicted by the 

cis-regulation analysis and site-directed mutagenesis, the direct protein-DNA binding 

still needs to be verified by other approaches, such as ChIP. As mentioned in the 

Chapter 2, ChIP would be the best way to test whether Ato regulates Rfx and dila via 

those predicted sites, but this approach has a limitation to discover novel binding site, 

as this analysis depends on the prediction on the potential target genes. To further our 

understanding about Ato regulation, we need to identify more Ato target genes. ChIP 

followed by sequencing (ChIP-seq) will be the best choice. It has been widely used 

to discover novel binding motifs of transcription factors in a genome scale (Johnson 

et al., 2007; Jothi et al., 2008; Robertson et al., 2007).  

 

Identification of new Ato binding sites will facilitate many Ato regulation studies. 

First of all, to establish a complete view of Ato-directed gene regulatory network, 

more Ato target genes need to be identified. Despite much progress having been 

made in revealing the Ato regulatory network (Cachero et al., 2011), the current one 

only provides a sketchy view, due to a limited number of identified Ato target genes. 

So far, only three transcription factors (RFX, fd3F, Cato) have been revealed to act 

as intermediate regulators of the Ato-mediated regulation cascade. RFX and fd3F 

direct ciliogenesis and Cato has a role in cell cycle control and SOP fate maintenance. 

Ch organ genesis is controlled by complex genetic regulation, consistent with the 
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diverse array of cellular functions implicated by Ato associated genes revealed by 

our microarray study (Cachero et al., 2011). Thus, there must be still some such 

genes to be discovered. In addition, as an example of ciliary genes being directly 

activated by Ato, dila is the only confirmed gene. To support this model, it is 

necessary to find more cases via identification of more genes. Therefore, to develop a 

robust Ato regulatory network, we have to identify more Ato target genes and refine 

the relations between the components of the network. ChIP-seq would be an efficient 

way to capture all of the possible Ato binding-sites. Together with our microarray 

result, it should give us a complete view of Ato direct target genes.  

 

Secondly, acquisition of additional identified Ato binding sites will allow us to refine 

the Ato binding consensus more precisely, as the current Ato binding motif (Powell 

et al., 2004) was deduced on the basis of a small number of examples, and therefore 

it does not include all the possible Ato binding sites.  

 

Thirdly, Ato ChIP-seq data will also be powerful for the identification of novel Ato 

co-regulators. In some circumstances, regulation by Ato requires co-regulators to 

bind to regions adjacent to the Ato binding sites (Jafar-Nejad et al., 2003; Sukhanova 

et al., 2007; zur Lage et al., 2004). This mechanism has been thought to involved in 

the regulation of Ato functional specificity (Bertrand et al., 2002; Powell and Jarman, 

2008). However, only a few such co-regulators to date have been reported (Jafar-

Nejad et al., 2003; Powell et al., 2008; Sukhanova et al., 2007; zur Lage et al., 2004) 

and many still need to be discovered. As target genes that have a similar expression 

profile are thought to be controlled under a similar regulation scheme, a search of the 

region surrounding Ato binding sites for potential co-regulator cis-regulatory 

sequences will allow us to identify potential novel co-regulators for Ato.  
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5.4 The importance of differential expression of ci liary genes 

in cilia specialisation 

Although Ch and ES neuron share core structural features, their cilia are hugely 

diverse in structure and function. It is likely that such specialisation requires cell-type 

specific transcription programmes, but little is known of the transcription factors 

involved or how they might modulate ciliogenesis. Our study reveals that many 

ciliary genes are differently expressed in ES vs Ch neurons, and that may correlate 

with the much shorter organised ‘connecting cilium’ in the dendrites of ES neurons, 

compared to Ch dendrites.  

 

Many IFT and BBS genes have been reported to be expressed in a Ch-enriched 

fashion in our study (Cachero et al., 2011). IFT activity is known to affect the length 

of the cilium in Chlamydomonas (Wilson et al., 2008). Indeed it has been suggested 

that the conserved IFT machinery itself, assisted by regulatory factors, could lead to 

the selective transport of IFT cargos that is required to generate tissue specific cilia 

(Silverman and Leroux, 2009). It may be expected that BBS genes (involved in 

ciliary membrane assembly) may be similarly regulated (Nachury et al., 2007). Since 

the basal body and the transition zone function as the platform of the IFT (Deane et 

al., 2001; Marshall, 2008; Omran, 2010; Silverman and Leroux, 2009), events at the 

basal body/transition zone may also determine the specific pathway of ciliary 

specialisation. Consistent with this notion, dila, which has been implicated in the 

regulation of IFT at the basal body and the transition zone in my study (Chapter 3), 

has also been found to be differentially expressed in Ch and ES ciliated neurons. 

Taken together, this suggests that differential regulation of the common ciliary genes 

may be an important modulator for the generation of structurally and functionally 

distinct cilia.   
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Many Ch-enriched ciliary genes are likely to be RFX targets, and Rfx has a Ch-

enriched expression pattern as well. My preliminary data in the Chapter 4 has 

suggested a correlation between the differential doses of Rfx with that of its target 

genes. Therefore, RFX could be a potential regulatory factor for differential 

regulation of ciliogenesis genes between neuronal subtypes.  

 

Chapter 2 demonstrated that Rfx is a common target of both proneural proteins Ato 

and Sc. I also proposed that the different levels of Rfx in Ch and ES lineages may 

derive from the different regulation mechanisms of the proneural proteins, as it has 

been shown that Rfx is directly regulated by Ato and indirectly regulated by Sc. In 

addition, differences in regulation mechanisms have also been thought to lead to the 

different levels of dila in its early period of expression. Thus the different regulatory 

properties of the proneural proteins Ato and Sc are linked to the genesis of subtype 

specific cilia via differential expression of their targets: Rfx and dila. 

 

 

5.5 Propose a model of proneural proteins-directed 

ciliogenesis in Drosophila sense organs 

Upon compiling the microarray data, including data obtained from my study and also 

the updated data from other lab members, an Ato-mediated gene regulatory network 

is proposed as follows. 

 

The top level of the network is occupied by the proneural proteins Ato and Sc. As 

both Rfx and fd3F have been suggested to be direct targets of Ato, they rank at the 

second level of the hierarchy. Accordingly, transcription factors from the second 

level are required for the expression of the majority of differentiation genes that rank 

at the bottom level of this network.  
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The hierarchical relationship between ciliogenic regulators RFX and fd3F has been 

mentioned in Chapter 4. Ciliary genes have been categorised into two groups 

according to their functions: the core ciliogenesis genes and the subtype specific 

ciliary genes (Fig. 5.1). The core ciliogenesis genes can be further categorised into 

three subsets according to their activators (Fig. 5.1) (Cachero et al., 2011). Ciliary 

genes that belong to the subtype I are regulated by RFX. As we know that RFX is 

only responsible for expression of a subset of core ciliary genes, such as IFT-B and 

BBS genes, the regulation of the rest of the core ciliary genes (e.g. IFT-A genes) is 

still elusive. Those genes are categorised as the subtype II genes. There are also some 

ciliary genes, such as dila, whose initial expression is activated by proneural proteins 

and whose continuent transcription is likely to be regulated by RFX.  Genes like dila 

are grouped into subtype III. Core ciliary genes are required for ciliogenesis in both 

Ch and ES lineages and a subset of ciliary genes are regulated by RFX. On the other 

hand, the organ specific ciliary features are attributable to the lineage specific ciliary 

genes. For example, TRPV genes that are regulated by fd3F contribute to the specific 

ciliary functions of Ch organs. This is consistent with the current model that RFX 

directs a core event during ciliogenesis whereas the specificity of ciliogenesis is 

achieved by other regulators that activate subtype specific ciliary gene expression.  

 

However, data obtained from Chapter 4 also supports an additional potential module 

in constructing the ciliary subtype identity. RFX is able to regulate a subset of 

common ciliary genes to express in varied levels between Ch and ES lineages that 

directly link to the tissue specific ciliogenesis (Fig. 5.1).  

 

Most notably, Chapter 2 and 3 demonstrate that dila, a novel identified ciliary gene, 

can be directly activated by Ato for its initial expression. Therefore, in addition to 

directing the differentiation events via intermediate regulators, such as RFX and fd3F, 
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direct regulation from the level of the proneural factor is also an important 

mechanism in directing ciliogenesis (Fig. 5.1).  

 

My study also gains insight into the idea that the different regulation modes (direct or 

indirect) of proneural proteins for their common target genes are part of their 

functional specificity. Chapter 2 has demonstrated that Rfx, as a common target of 

both Ato and Sc, is differentially expressed in Ch and ES lineages (Fig. 5.1). Such 

differences consequently lead to the differential expression of its target genes, which 

has been thought to have a direct influence on the subtype specific ciliogenesis 

process. This is a completely new speculation on the topic of cilia specialisation.   

 

Finally, I propose that, in addition to the sequential effects from Sc indirect 

regulation, Cut can be a putative regulator that may repress Rfx expression in the ES 

lineage (Fig. 5.1). Cut expression is repressed by Ato in the Ch SOPs, but is activated 

by Sc in the ES lineage (Fig. 5.1) (Jarman and Ahmed, 1998).   

 

In this thesis, I have addressed the importance of transcription levels in several 

aspects of the Ato regulation network, such as the level of Ato target genes and the 

level of RFX target gene expression. I have also pursued the mechanism underlying 

these different expression levels and speculated on the significance of differential 

expression of genes for both the sense organ identity and cilia specialisation. The 

variation in transcription levels is not likely to be a unique issue in Ato-directed Ch 

organ genesis, but may also underlie many tissue specific developmental processes.  
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6  

Materials and Methods 

6.1Methods for Molecular Biology  

6.1.1 Preparation of genomic DNA from adult flies 

Adult fly genomic DNA was prepared using the following procedure. 50 flies were 

anesthetised and kept in a 1.5ml Eppendorf tube. The flies were then frozen in 200µl 

of lysis buffer (100mM Tris-HCl pH 9.0, 100mM EDTA pH 8.0, 1% SDS) at -20ºC. 

After a complete thaw, the flies were homogenized using a plastic pestle. A further 

600µl lysis buffer was added and well mixed with the previous solution. This 

homogenate was incubated at 70ºC for 30 min. Following the incubation, 150µl of 

cold 8M potassium acetate was added, thoroughly mixed and the tube was incubated 

on ice for 20 min. The sample was spun down at 14,000 rpm for 20 min at 4ºC. The 

supernatant was then split equally between two tubes, and 0.9 volumes of cold 

isopropanol were added to each tube to precipitate DNA. It was then spun for 5 to 10 

min at 14,000 rpm. The supernatant was discarded and the pellets were washed with 

70% ethanol and allowed to air dry. Each pellet was resuspended in 50µl of TE 

(10mM Tris-HCl, 1mM EDTA, pH 8.0) and polled together. Further purification was 

carried out by adding an equal volume of phenol-chloroform, shaking vigorously for 

at least 15 seconds. Separate the phases by spinning at 14,000 rpm for 10 min at 

room temperature. This extraction was performed until no protein could be detected 

in the interphase. Genomic DNA was then precipitated with 0.1 volume of NaAcO 

(3M, pH 5.5) and 2.5 volumes of 100% ethanol. The resulting solution was 

thoroughly mixed and left at -20ºC for at least one hour. The tube was spun at 14,000 
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rpm for 10 to 15 min. The pellet was washed with 70% ethanol once, and then air 

dried. The pellet was finally resuspended in 100µl TE. 

 

6.1.2 Genomic DNA preparation for single fly PCR 

One fly was placed in a 1.5ml tube and mashed for 5 to 10 s with a pipette tip 

containing 50µl of Squishing Buffer (10mM Tris-Cl pH 8.2, 1mM EDTA, 25mM 

NaCl, and 200µg/ml Proteinase K, with the enzyme diluted fresh from a frozen stock) 

without expelling any liquid. Then the remaining Squishing Buffer was released. The 

tube was incubated at 25ºC to 37ºC (or room temperature) for 20 to 30 min. 

Proteinase K was inactivated by heat shock at 95ºC for a couple of minutes and then 

the tube was cooled down on ice. DNA from this preparation will be stable for at 

least one month at 4ºC. 1µl of DNA is recommended to start with in 25µl PCR 

reaction.  

 

6.1.3 Preparation of plasmid DNA 

For cloning experiments, plasmid DNA was prepared using Eppendorf FastPlasmid 

Mini kit according to the manufacturer’s instructions.  

 

6.1.4 Preparation of plasmid DNA for microinjection  

Plasmid DNA used in embryo injections was prepared as follows. Over night 

bacterial cultures were poured into 50ml Falcon tubes and spun down at 4,500 rpm at 

4ºC for 15 min. The pellets were drained thoroughly and resuspended carefully in 

2ml of solution I (50mM Glucose, 25mM Tris-HCl pH8.0, 10mM EDTA, 5mg/ml 

lysozyme was added just before use) per 50ml of culture and left at room 

temperature for 10 min. 4ml solution II (0.2M NaOH, 1% SDS, made just before use) 

was added and mixed by gently inverting for a few times. After 10 min of incubation 
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on ice with occasional mixing, 3ml cold solution III (3M KOAc/1.3M HCOOH) was 

added. The solution was mixed quickly and thoroughly, and then placed on ice for 

another 15 min. The mixture was centrifuged at 4,500 rpm for 15 min. The 

supernatant was carefully transferred into a Falcon tube avoiding transfer any 

precipitate with a fine tip pastette. Addition of 0.6 volumes of isopropanol was 

followed and the mixture was left standing for 5 min at room temperature. Then the 

sample was centrifuged at 4,000 rpm for 15 min. The supernatant was discarded and 

the pellet was rinsed with approximately 2ml of 70% ethanol. A quick spin was done 

to collect the remnant liquid, and then remove the liquid from the pellet. The still wet 

pellet was dissolved in 1ml TE, and split equally into two 1.5ml Eppendorf tubes and 

chilled on ice for 5 to 10 min. Then an equal volume of 5M LiCl (kept in -20 ºC) was 

added and placed on ice for 5 min. The tubes were centrifuged for 5 min at 14,000 

rpm. The supernatant was then transferred to pre-cooled Eppendorf tubes and an 

equal volume of isopropanol was added. The tubes were left on ice for 10 min and 

then spun at 14,000 rpm for 5 min at 4 ºC. The supernatant was discarded and the 

pellets were air dried. Each pellet was redissolved in 300µl of TE. 1µl DNase-free 

RNase (10mg/ml stock) was added and the mixture was incubated at 37 ºC for at 

least 30 min. After incubation, the sample from two tubes was combined into one 

1.5ml Eppendorf tube, and then placed on ice for few minutes. One volume of 

PEG/NaCl (PEG 15%, 1.6M NaCl) was added and the tube was left on ice for 5 min 

before spinning for 5 min. The supernatant was discarded and the pellet was 

resuspended in 300µl of TE without drying the pellet. A phenol-chloroform 

extraction was then carried out. An equal volume of phenol-chloroform was added 

and the contents were thoroughly mixed by vortexing. Two phases were separated by 

centrifuging at 14,000 rpm at room temperature for 5 min. The top phase was 

transferred into a clean tube. The extraction was repeated until the interphase 

becomes clear. Extraction with one volume of chloroform was followed and the top 

phase transferred to a clean tube. The DNA was precipitated by the addition of 0.05 
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volume of NaAcO (3M, pH 5.6) and 2 volumes of 100% ethanol. The content was 

mixed thoroughly and a cloudy-like precipitate was usually seen. Incubation at -20 

ºC was carried out as an optional step. Then the tube was centrifuged for 5 min, and 

the pellet was washed with 70% ethanol. The pellet was then air dried and 

resuspended in 100µl water.  

 

6.1.5 Separation of DNA fragments by gel electropho resis 

DNA was analysed by standard gel electrophoresis. Usually 0.8% agarose in 1× 

TAE containing 0.1‰ Gel Red (10,000× from BIOTIUM) or 0.5µg/ml of ethidium 

bromide solution were used. For separation of small DNA fragments, 1.5% or 2.0% 

agarose gels were used. DNA was mixed with loading dye before running on the gel. 

Molecular weight markers were used to estimate the size and quantity of the analysed 

fragments. Gels were run at 80V-120V depending on the size of the gel tank.  

 

6.1.6 Estimation of nucleic acid concentration 

The concentration of the nucleic acid sample was determined either by gel 

electophoresis with reference to the known molecular weight markers (Bioline), or 

by spectrophotometry. Absorbance of both DNA and RNA samples was read at 

260nm. For DNA, one OD260 unit corresponds to concentration of 50ng/µl, while 

for RNA 40ng/µl. An A260/A280 ratio was used as an indicator to assess nucleic 

acid purity. 

 

6.1.7 RNA extraction 

RNA was extracted using RNeasy Plus Mini kit (QIAGEN, cat. 74134) following the 

manufacturer’s instructions. Genomic DNA contamination is effectively removed 

using a specially designed gDNA Eliminator spin column, so the purified RNA is 
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ready to use in RT-PCR reactions. RNA was eluted in water and kept at -20ºC or -

80ºC. 

 

6.1.8 Reverse Transcription (RT) 

Reverse transcription reactions were carried out using the ImProm-II Reverse 

Transcription system (Promega, cat. A3801) according to the manufacturer’s 

instructions. Total RNA was used in all the cases and the reverse transcription 

reaction was primed with Oligo (dT)15 primer (Promega, cat. C1101).  

 

6.1.9 Polymerase chain reaction (PCR) 

Polymerase chain reactions were done using either Biometra, Thermo Hybaid or 

TECHNE (TC-512) thermal cyclers. For the fragment up to 2kb, PCR was carried 

out using Roche or Invitrogen Taq polymerase (Roche, cat 11146173001, Invitrogen, 

cat. 18038-026). A standard MgCl2 concentration of 1.5mM was required for 

Invitrogen kit. 25µl reactions include: 100ng genomic DNA or 2-3µl cDNA, 2.5µl of 

each primer (10µM), 2.5µl dNTPs (2.5mM each), 2.5µl 10× Buffer), 0.25µl Taq 

(5U/µl), and using water to top up the reaction to 25µl. The following cycling 

conditions were used. 

94 ºC     2 min 

94 ºC        15 s 

53-60 ºC   30 s              30 to 40 cycles  

72 ºC        1 min/kb     

72 ºC        10 min 

4 ºC          pause 

To amplify a fragment longer than 2kb, Expand Long Template PCR System (Roche, 

cat. 1681834) was used. The reaction was performed in TECHNE (TC-512) thermal 

cycler. For 25µl reactions the conditions used were 100ng genomic DNA or 2-3µl 
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cDNA, 0.75µl of each primer (10µM), 3.5µl dNTPs (2.5mM each), 2.5µl Expand 

Long Template PCR Buffer (10×), and 0.5µl Expand Long Enzyme Mix (5U/µl), 

using water to top us to 25µl. The cycling condition was set up as follows: 

94 ºC     2 min 

94 ºC        15 s 

53-60 ºC    30 s                 10 cycles 

68 ºC         1 min/kb      

94 ºC         15 s 

53-60 ºC    30 s                            20 cycles  

68 ºC         1 min/kb +20s 

(20s was increased in each successive cycle in the elongation step) 

68 ºC         7 min 

4 ºC           pause 

When high fidelity amplification was required in some special cases, Expand High 

Fidelity PCR System (Roche, cat 11732641001) was used, and the reaction mixture 

was made up following the manufacturer’s instruction. The cycling condition was set 

up as follows: 

94 ºC        2 min 

94 ºC                15 s 

45-65 ºC           30 s               10 cycles 

68 ºC or 72 ºC  1 min/kb      

94 ºC                15 s 

45-68 ºC           30 s                     15-20 cycles 

72 ºC                1 min/kb + 5s 

           (cycle elongation for each successive cycle)     

72 ºC                7 min 

4 ºC                   pause 
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In all cases, the positive control (control template DNA) and the negative control 

(without template DNA) were performed in parallel for each primer set.  

 

6.1.10 Purification of DNA from PCR reactions and a garose 

gels 

DNA fragments from PCR reactions or agarose gel sliced bands were purified with 

IllustraTM GFXTM PCR DNA and Gel Band purification kit (GE Healthcare, cat. 28-

9034-71) according to the manufacturer’s instructions. DNA was eluted in water for 

the ligation experiment.  

 

6.1.11 Restriction digestion 

DNA restriction enzymes were acquired from Roche, Promega and NEB. The 

amount of enzyme and appropriate buffer were used according to the manufacturer’s 

instructions. 30 min to 1 hour incubation at 37ºC will be long enough to screen 

inserts from plasmid mini preps. For digestion of bulk prep or recovering the 

digested fragment, the reaction should be left for at least 3 hours or over night 37ºC.  

 

6.1.12 5’ dephosphorylation 

The DNA fragments yielded either blunt or sticky ends by restriction digests may be 

religated. To prevent recircularisation of plasmid DNA during cloning, linearised 

vectors were dephosphorylated at their 5’ end by Antarctic Phosphatase (NEB, cat. 

M0289) before the ligation reaction. 1µl of Antarctic Phosphatase together with 0.1 

volume of 10× Antarctic Phosphatase Reaction Buffer was added to 1-5 µg of DNA 

cut with any restriction reaction enzyme. Then the sample was incubated for 15 min 

at 37 ºC for 5’ extensions or incubated for 60 min for 3’ extensions for blunt-ends. 
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Heat inactivation was followed up for 5 min at 65 ºC. The DNA sample was purified 

before ligation.  

 

6.1.13 Ligation 

Ligation reaction was performed with LigaFastTM Rapid DNA Ligation kit (Promega, 

cat. M8221) according to manufacturer’s instruction. Generally, 5µl out of 10µl of 

total reaction was used to transform E.coli without any further purification. 

 

6.1.14 E.coli transformation 

E. coli XL1-Blue competent cells were prepared by CaCl2 procedure (Sambrook  

Russell, 2001). An aliquot of competent cells was thawed and kept on ice for 10 min. 

10-100ng of DNA or 2µl to 5µl ligation sample was added to 30µl competent cells, 

which were kept on ice for 20 to 30 min for adsorption. Cells were heat shocked in a 

water bath at 42 ºC for 45 s for the DNA to be taken up, and were then allowed to 

recover on ice for 2 min. 50µl preheated Luria-Bertani (LB) medium was added into 

the tubes and incubated at 37 ºC for 1 hour. The total volume of the transformation 

reaction was spread onto a LB plate with the appropriate antibiotic. The plates were 

incubated at 37 ºC overnight. For blue/white screen, 40µl of 2% X-gal and 100µl of 

100mM IPTG was spread onto the plates before adding the cells. In the case of T-A 

cloning or site-directed mutagenesis, transformation protocol was followed according 

to the manufacturer’s instructions.   

 

6.1.15 DNA sequencing 

DNA sequencing reactions were carried out by using a Big Dye terminator kit 

(Applied Biosystems, cat. 4337454). The reaction includes 2µl 5× Quick Sequencing 
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Buffer, 1.6pmol primer, 1µl Big Dye, 100-200ng plasmid DNA as template, and 

water to a final volume of 10µl. The cycling conditions used were   

96 ºC   1 min 

96 ºC   10 s 

50 ºC   5 s           25 cycles 

60 ºC   75 s 

4 ºC    pause 

 

6.1.16 Site directed mutagenesis 

The Site-Directed Mutagenesis kit QuickChange IIXL (Stratagene, cat. 200522-5) 

was used according to the manufacturer’s instruction. 

 

6.1.17 Bacterial culture growth 

The media for E.coli culture is LB broth. E.coli cultures were grown by overnight by 

incubation at 37 ºC in an orbital shaker with moderate agitation (200rpm). The media 

was supplied with appropriate antibiotics. Ampicillin was added to the culture at a 

final concentration of 100µg/ml. 

 

6.2 Immunohistochemical Procedures 

6.2.1 Fixation of embryos for RNA and protein detec tion 

Embryos were collected on red wine agar plates and transferred into a sieve. The 

embryos were then dechorionated in 50% household bleach for 3 min and thoroughly 

washed to remove all the bleach. They were then transferred into a prepared 

scintillation vial containing 3.75ml of PBS, 1.25ml of 37% formaldehyde and 5ml of 

heptane. Embryos were fixed by shaking for 20 min on an orbital shaker at room 
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temperature. Following the shaking, as much of the bottom phase as possible was 

removed with a fine tip pastette, but without disturbing embryos sitting in the 

interphase. 10ml of methanol was added and the vial was shaken vigorously for 30 s 

to remove the vitelline membrane from the embryos. Embryos were allowed to sink 

down to the bottom of the vial, then transferred to an Eppendorf tube and rinsed with 

methanol three times to remove the residual heptane. For immunohistochemistry 

purposes, embryos need to be washed with PBT (PBS with 0.3% Triton-X100) and 

then used immediately. In the case of in situ hybridisation, embryos were kept in 

methanol at -20ºC until needed.  

 

6.2.2 Fixation of imaginal discs for RNA and protei n detection 

Larval and pupal imaginal discs were dissected in PBS at room temperature. For in 

situ hybridisation experiments, imaginal discs were fixed in 3.7% formaldehyde in 

PBS for 1 hour, and then rinsed with PBTween (PBS with 0.1% Tween20) three 

times. Imaginal discs were then washed with 30%, 50% and 70% methanol in 

PBTween for 5 min each. They were finally kept in 100% methanol at -20ºC until 

needed. Whilst for immunohistochemistry experiments, imaginal discs were only 

needed to be fixed for 5 to 10 min; three quick rinses with PBT were followed and 

then washed for 15 min three times and used immediately.  

 

6.2.3 Fixation of larval Ch organ for protein detec tion 

Preparation of larval chordotonal organs for antibody staining was carried out as 

follows. 3rd instar larvae were dissected in a drop of PBS in A Sylgard dish. The 

larval body was fully opened and pinned onto the plate. Internal tissues were 

removed. Then the sample was fixed with 3.7% of formaldehyde in PBS for 20 min 

immediately after dissection. After fixation, the needles which were used to pin the 

pelt were removed, and the samples are subjected TO antibody staining.   
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6.2.4 Fixation of adult testes for RNA and protein detection 

Adult testes were dissected in PBS. For the sperm motility test, testes were 

transferred to a small drop of PBS on a clean slide. The seminal vesicle and 

associated testes were cut with a pair of dissecting forceps, and the sperm were 

observed under a dissecting microscope for any sign of motility.  

 

For RNA in situ hybridisation, isolated testes were stored in methanol at -20ºC 

overnight before use.  

 

For antibody staining, testes were transferred to a small drop of PBS on a poly-lysine 

slide (BDH laboratory supplies). Testes were squashed under a siliconised coverslip 

(coverslip was briefly rinsed with ozone friendly water repellent for glassware and 

ceramics). After squashing, the slide was dipped into liquid nitrogen. The coverslip 

was removed with a scalpel. Samples were fixed in methanol for 2 min, followed by 

washing in PBS. Samples were permeabilised with PBS 0.1% TritonX-100 for 10 

min and saturated with PBS 1%BSA, 0.1% TritonX-100 for an hour. Antibody 

staining was performed for 1 hr at room temperature followed by three washes with 

PBS for both primary and secondary antibody. The slides were then mounted in 

vectashield (from Vector Labs). Vectashield with propidium iodide (PI) was used to 

label DNA. This protocol is modified from Blachon et al. (2008). 

 

6.2.5 Immunohistochemistry 

For immunohistochemistry, embryos and imaginal discs were transferred 

immediately to PBT after fixation. Samples were washed thoroughly with PBT 

(3×15 min) to remove the residual methanol and then blocked in 2% bovine serum 

albumin (BSA in PBT) at room temperature for 2 hours on a rotating wheel. Primary 

antibody was then added to the appropriate dilution (Appendix for antibody), 
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supplemented with 5% normal goat serum (NGS, Jackson labs) or normal donkey 

serum (NDS, Jackson labs), 0.5% BSA at final concentration and PBT. The sample 

with primary antibody was incubated at 4ºC overnight. The following day, to remove 

the unbound antibody, samples were firstly rinsed with PBT three times and then 

washed in PBT for another three times (15 min each time). The secondary antibody 

was then added which was either HRP or fluorochrome conjugated to a concentration 

of 1:500 in PBT, supplemented with 5% NGS or NDS, for a period of 2 hours at 

room temperature. Excess antibody was washed away by three PBT rinses and three 

washes (15 min each time). For immunofluorescence, samples (imaginal discs need 

to be dissected first) were mounted in Vectashield mounting medium (Vector labs, 

cat H-1000) on microscope slides, and sealed with a coverslip and nail varnish. The 

slides were stored in the dark at 4ºC. For HRP-conjugated antibodies, samples were 

transferred to a 24 well microtitre dish and then washed with PBS for several times 

to remove the Triton. DAB solution was freshly prepared using the peroxidase 

substrate kit DAB (vector, cat SK-4100). The mixture of DAB solution was made up 

as 1 drop of buffer, 2 drops of H2O2, and 1 drop of DAB and 2.5 ml water. 1ml of 

DAB mixture was added to each well. It usually takes 5 to 15 min for a detectable 

signal. After the colour reaction, samples were rinsed with PBT before mounting. 

Imaginal discs were dissected at this stage. Samples were then mounted with 70% 

glycerol onto slides. Slides were stored at 4ºC. 

 

6.2.6 Probe preparation for RNA in situ hybridisation 

The template for DIG-labelled antisense RNA probes can be either PCR products or 

a linearised plasmid. The template PCR product should have an appropriate promoter 

sequence for either T7 or T3 RNA polymerase. This sequence was ligated to its 5’ of 

the PCR fragment. In the case of linearised plasmid as template, the DNA fragment 

to be transcribed should be cloned into the polylinker site of a transcription vector, 
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which contains a promoter for T7 or T3 RNA polymerase. pSC-A (Stratagene cat. 

240205) is used as the transcription vector quite often in my project. The plasmids 

usually need to be linearised with a restriction enzyme before transcription. The 

promoter sequence should be present at the end of the DNA, driving the synthesis of 

antisense RNA. The synthesis reaction was carried out using a DIG RNA labeling kit 

(Roche, cat. 11175025910) following the manufacturer’s instruction. Unincorporated 

nucleotides were removed by RNeasy Mini Spin Columns (Qiagen, cat. 74134), 

according to the manufacturer’s handbook. The probe was tested on the gel before 

use. Probes were kept at -20ºC until needed.   

 

6.2.7 RNA in situ hybridisation procedure 

Samples which were kept in methanol at -20ºC, were washed with a series of 

methanol dilution in PTW (PBS 1×, 0.1% Tween20), which are 70%, 50% and 30%, 

and finally in PTW. They were then post-fixed for 20 min in 3.7% formaldehyde in 

PTW on a rotating wheel at room temperature. The fixed solution was removed by 

5×5 min washes with PTW afterward. Embryos were then washed with 1:1 PTW: 

hybridisation buffer (50% deionised formamide, 5× SSC, 100µg/ml E.coli tRNA, 

50µg/ml Heparin, 0.1% Tween20, pH 6.5, pH is adjusted by HCl) for 10 min on the 

rotating wheel, followed up by a wash with 100% hybridisation buffer for a further 

10 min. The samples were then prehybridised with 500µl hybridisation buffer for at 

least two hours at 70ºC heating block. During the incubation, the diluted probe was 

prepared by adding an appropriate amount of probe stock into the hybridisation 

buffer (200µl was sufficient), 94ºC heat shock for 2 min, and then left it on ice until 

prehybridisation incubation finished. The sample was incubated with probe at 70℃ 

overnight. 
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The following day, the probe solution was removed and a series of washes were 

carried out at 70ºC, and each wash was for 30 min. First, they were washed with 

hybridisation buffer, then washed with 1:1 PTW: hybridisation buffer, followed up 

by four times PTW washes. After that, samples were washed once with PTW at room 

temperature to cool them down. Then samples were incubated in 1:2000 anti-DIG 

antibody alkaline phosphatase conjugate (anti-DIG-AP, Roche, cat. 11093274910) in 

PTW for 2 hours at room temperature on a rotating wheel. To eliminate the excess 

antibody, the samples were then washed with PTW 3 times, 20 min each time. 

Samples were transferred into a microtitre well plate and rinsed with reaction 

solution (100mM Tris pH 9.5, 100mM NaCl) several times to avoid any PTW 

residual. A color reaction was performed by adding a diluted NBT/BCIP in PTW 

(20µl NBT/BCIP per ml, Roche, cat. 11681451001). During colour developing, the 

samples were kept in the dark, and the intensity of the signal was occasionally 

checked under the dissection microscope. The colour reaction was stopped by adding 

PTW. To avoid the residue of NBT/BCIP, embryos were washed with PTW before 

being mounted onto slides. The embryos were mounted with 70% glycerol in PTW, 

covered with coverslips, and sealed with nail varnish. Slides were kept in the fridge.  

 

6.2.8 Simultaneous mRNA/protein detection 

RNA detection was achieved by RNA in situ hybridisation protocol as described 

above. At the end of the protocol, instead of mounting onto the slides, the 

immunohistochemistry procedure was performed as described earlier. Embryos were 

finally mounted with 70% glycerol in PBS.  

 

6.2.9 TEM 

To prepare the adult antenna samples for transmission electron microscopy (TEM), 

an adult fly was quickly rinsed with 0.5% Triton (in water) to make the cuticle 
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permeable to phosphate buffer (PB). Dissection was carried out in 0.1 M PB at pH 

7.4. The proboscis was removed to facilitate infiltration. Once the fly heads were 

removed, they were fixed by immersion overnight at 4°C in a fixative containing 

2.5% glutaraldehyde, 2.0% paraformaldehyde, and in 0.1 M phosphate buffer (PB) at 

pH 7.4 (Lee et al., 2008). Heads were washed in PB, postfixed with OsO4, 

dehydrated in an ethanol series, and embedded in Polybed 812. Ultrathin sections 

(75nm) were stained with aqueous uranyl acetate and lead citrate and were examined 

with a Hitachi 7000 electron microscope. To prepare the testes sample for TEM, 

testes were dissected in 0.1 M PB at pH 7.4 buffer straight away, followed by the 

same procedure described above. Sample embedding, slicing and electron 

microscope examination were performed by the Electron Microscopy Unit in 

University of Newcastle using a Philips CM100 Compustage (FEI) microscope with 

images collected using an AMT CCD camera (Deben). 

 

6.2.10 Microscopy 

Chromogenic staining images were obtained by an Olympus Provis System 

consisting of an Olympus AX70 microscope and a DP50 Olympus digital camera.  

 

Florescence stainings were imaged using a Zeiss LSM 5 Pascal system with the LSM 

Zeiss capture software. The same confocal gain setting was applied to both control 

and tested samples. A complete Z-stack was acquired and rendered on a 3D 

projection.  

 



Chapter 6: Materials and Methods 
 

 211 

6.3 P element mediated transformations: making tran sgenic 

fly lines 

Constructs of interest cloned either into pUAST or pHStinger vector, which contain 

P element repeats, were injected into ∆2-3 flies. The ∆2-3 flies can produce the 

transposase protein which is able to mobilise the P element vector to integrate into 

the genome. The plasmid DNA was prepared using the protocol described earlier. 

The concentration of DNA was about 500ng/µl. DNA was spun down for 5 min to 

separate any dust particles. DNA was introduced into the pre-cellular blastoderm 

embryos by injection.  

 

Cages of flies were set up a couple of days in advance and red wine agar plates 

containing some yeast paste were changed regularly to encourage laying embryos. 

On the day of injection, plates were changed at least twice, before starting to collect 

embryos for injection. Embryos were collected after 30 min laying at 25ºC. Embryos 

were dechorionated for 3 min in 50% bleach and then rinsed in water. The rest of the 

procedure was carried out at 18ºC. Embryos were lined up on the edge of a block of 

agar in one orientation under a dissection microscope. The micropyle side (anterior) 

points to the edge of the agar. There is about 50-70 embryos in each line. Then they 

were transferred onto a coverslip coated with double sticky tape with the posterior of 

the embryo pointing towards the border of the cover slip. The coverslip was attached 

onto a microscope slide with a drop of oil and desiccated in a silica gel chamber, 

typically for 9 to 10 min. Once the embryos were sufficiently dehydrated, they were 

covered with series 700 halocarbon oil to prevent further dehydration. Injection was 

performed with a standard microscope and microinjection device. DNA was injected 

into the posterior of the embryos. Injected embryos were then covered with series 95 

halocarbon oil, left at 18ºC over night and then transferred into 25ºC for further 

development the next day. The larvae were usually ready to collect on the following 
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day. Larvae were transferred to standard food vials (about 20 larvae were placed in 

each vial), left at 25ºC until eclosure. To provide a moist environment for larvae, 

they need to be watered once after two or three days of collection. The individual 

flies were crossed to w1118 flies and their progeny was screened for transformation on 

the base of eye colour, ranging from pale yellow to red. The transformants were then 

crossed to w1118 flies again until the transgene segregated from the transposase 

background. This was identified by the lack of mosaic eye colour. Then the insertion 

was mapped genetically.  
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6.4 Drosophila Genetics 

6.4.1 Fly stock Maintenance 

Flies stocks were raised in vials or bottles of “Dundee Food” prepared by the media 

kitchen of the Swan Building (University of Edinburgh). Most crosses were carried 

out at 25ºC, 29ºC was used for UAS-GAL4 crosses, and 18ºC was for fly stocks.  

 

6.4.2 Imprecise excision to generate dila mutation lines 

Imprecise excision mutagenesis of dila (CG1625) was performed using P element 

line P{GT1}CG30001BG02674 within CG30001, a gene downstream of dila. Standard 

protocols were used to perform the excision (zur Lage and Jarman, 2010). Briefly, 

the P element line was crossed to a ∆2-3 transposase line (Fig. 2.1). The male 

progeny (Fig. 2.1, F1) containing both the P element and the transposase were 

chosen as candidate deletion alleles, balanced with Kr-GFP, Cyo, then homozygosed 

and deletion sizes determined by PCR and sequenced. Deletion was detected using 

primers dila del A (CACACCGCTTTGAGAGGAAT) and dila del B 

(TTCAGGCTATCCGAGTTGCT). As the imprecise deletion occurs in a low 

frequency, to make the selection more efficient, PCR was applied to the genomic 

DNA from a group of 10 flies for the first round. Once the truncation is detected in 

the PCR sample, it suggests that at least one fly from this group bears the deletion. 

The above molecular genetic analysis was applied to the individual flies from this 

group, so as to identify the fly with the deletion. Genomic DNA for the second round 

PCR could be extracted from the F3 generation. Approximately 300 different lines 

(Fig. 2.1, F2) were analysed. Deletion was detected using the primer pair: dila del 5’ 

(ACCACTTGGGAACTGACACC) and dila del 3’ 

(CACACCGCTTTGAGAGGAAT). Finally three mutant alleles were obtained: 
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dila57, dila244 and dila81. Non-GFP third instar larvae or adults (Fig. 2.1, F4) were 

selected for the characterisation of the loss-of-function phenotype. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1 Genetic scheme of obtaining dila deletion mutation line by P element imprecise 

excision. {P} represents P{GT1}CG30001BG02674; {P} hop stands for the potential deletion, which 

has to be identified by PCR. Step 1: Dr (drop eye) as the dominant marker to choose the F1 flies 

carrying P element transposase and Cyo provides a balancer marker for the {P} in the next step. 

Step 2: the imprecise excision occurs in this step. Males containing the P element and ∆2-3 were 

crossed to a balancer stock in order to remove the ∆2-3 and stabilise the chromosomes. Step 3: 

Kr-GFP, Cyo flies rather than Cyo flies were used in this cross for providing a GFP selection 

marker which allows me to select the homozygous larvae in step 4. Once the F2 male produced 

progenies, it was removed from the cross and subjected to PCR analysis to identify whether it 

carries the deletion. Step 4: Lines (F2 or F3) which were identified with a deletion by PCR 

continue this step. Male and female F3 cross with each other to obtain the homozygous larvae or 

adults, which are selected by the absence of GFP fluorescence.   
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6.5 Behaviour Analyses 

6.5.1 Bang test 

Flies were collected under CO2 after eclosion and then left them at 25ºC to mature 

for 3 or 4 days. Flies used in the tests are roughly at the same age. Assays were 

carried out in a 100ml cylinder with a clean bung. Flies were given few minutes for 

them to get used to the new environment. Then flies were mechanically disorientated 

by placement in a bench-top vortex for 5 sec at the maximum setting (the cylinder 

was inverted during vortexing). It was then righted and banged to make sure all the 

flies go to the bottom of the cylinder for the start. Flies were left for 5 min before 

counting the number of flies above the mark of 50ml and the percentage of flies 

crossing over the threshold was calculated. Tests were repeated 3 times for each 

strain and flies were given about 5 min between tests.  

 

6.5.2 Touch sensitivity assay 

The touch sensitivity assay was carried out to 3rd instar larvae at room temperature in 

refer to Caldwell et al. (2003) with minor modification. The assay was performed on 

a 1% agarose plate identical to the ones used in the olfactory test. The assay was not 

carried out until the larva initiates its linear movement. Each larva was gently 

touched with a hair of a pen brush to its thoracic segments during free-run 

locomotion. To score larval responsiveness to the stimulus, 0 to 4 points were 

assigned to varied observations. 0 is given to the larvae that did not respond to gentle 

touch at all. Larvae that stopped or hesitated briefly was scored as 1, whereas larvae 

that retracted and then continued their forward movement were score as 2. Those that 

retracted and turned away from the stimulus with an angle <90° were scored as 3, 

while >90° were score as 4. Each larva was tested 4 times with an interval of 30 s 

between each two stimuli. The values obtained for each larva were summed up, 

thereby the individual larva score ranged from 0 to 16.  

 



Chapter 6: Materials and Methods 
 

 216 

6.5.3 Grooming assay 

The grooming assay was modified from the description in Vandervorst and Ghysen 

(1980). Flies used in this study were aged 2 to 3 days. Flies for this assay were 

prepared by cutting heads from CO2-anesthetised flies with forceps. The decapitated 

flies were allowed to recover for 2 hrs in a humid container. Only those decapitated 

flies that show an upright posture and exhibit spontaneous grooming behaviour were 

used in further tests. Tickling of a single macrochaetes indicated in the diagram (Fig. 

6.2) induces vigorous cleaning movement by the forelegs: first is on side, and then 

on the other side. The response evoked by the macrochaetes is quantified by 

assigning 1 point for the evoked response and 0 point for no response. The score for 

individual flies is the sum of points of macrochaetes from both sides, thereby the 

score ranging from 0 to 2.  

 

 

 

 

 

 

Figure 6.2 The schematic diagram of the distribution of macrochaetes on the half notum. The 

macrochaetes tested for grooming behaviour is indicated by the arrow.
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APPENDIX A 
Fly Stock 

General fly stock 

 

Chapter 2 

Jarman 
Stock No. 

Gynotype Annotation 

1901 p{Rfx-dsRed} 

1902 p{Rfx-dsRed} 

A 1.5kb fragment from Rfx first intron (Rfx-1.5) is 

inserted into pHStinger dsRed vector to test its 

enhancer activity. 

1910 p{Rfx-A-GFP} 

1911 p{Rfx-A-GFP} 

Rfx-A, a sub-fragment of Rfx-1.5 is inserted into 

pHStinger GFP vector to test its enhancer activity. 

1912 p{Rfx-B-GFP} Rfx-B, a sub-fragment of Rfx-1.5 is inserted into 

pHStinger GFP vector to test its enhancer activity. 

1913 p{Rfx-C-GFP} 

1914 p{Rfx-C-GFP} 

1915 p{Rfx-C-GFP} 

Rfx-C, a sub-fragment of Rfx-1.5 is inserted into 

pHStinger GFP vector to test its enhancer activity. 

 

1985 p{Rfx-A+B-GFP} 

1986 p{Rfx-A+B-GFP} 

Rfx-A+B is inserted into pHStinger GFP vector, to 

test its enhancer activity. 

1994 p{Rfx-A-M-GFP} 

1999 p{Rfx-A-M-GFP} 

Rfx-A with Ea mutation is inserted into pHStinger 

GFP vector to test its enhancer activity. 

 

 

 

Genotype Nature of allele Source/reference 

∆2-3 Source of transposase Bloomington 

ato1 ato null mutant (Jarman et al., 1993a) 

scaGAL4 GAL4 driver (Egger et al., 2002) 

elavGAL4 GAL4 driver Bloomington 

yw; Pin/Cyo Visible, dominant balancer Bloomington 

Ly/TM3 Visible, dominant balancer Bloomington 

yw; L Pin/Kr-GFP, Cyo Visible, dominant balancer Bloomington 

FM6, Bar; Cyo Visible, dominant double balancer Bloomington 

FM6, Bar, Kr-GFP Visible, dominant double balancer Gift from Dr Pennetta 
Cyo; TM6, Tb Visible, dominant double balancer Bloomington 

FM6, Bar; TM3, Sb/TM6, Ubx Visible, dominant double balancer Bloomington 
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Chapter 3 

Jarman 
Stock No. 

Genotype Annotation 

1988 p{GT1}CG30001BG02674 Used to generate dila deletion mutation flies 

1064 dila57/Cyo 

1068 dila57/Kr-GFP, Cyo 

dila deletion mutation line with 0.9-kb deletion 

1065 dila84/Cyo 

1069 dila84/Kr-GFP, Cyo 

dila deletion mutation line with 1.3-kb deletion 

1066 dila244/Cyo 

1070 dila244/Kr-GFP, Cyo 

dila deletion mutation line with 1.4-kb deletion 

1063 dila81/Cyo 

1067 dila81/Kr-GFP, Cyo 

dila deletion mutation line with 2.0-kb deletion 

1073 mCD8-GFP Labels all the membranes of neurons with GFP 

1075 p{UAS-dila-FLAG}19A1 

1087 p{UAS-dila-FLAG}2F 

1089 p{UAS-dila-FLAG}2H 

Used to drive the expression of DILA-FLAG fusion 

protein. 

1103 unc24/FM7,Bar Bloomington (Baker et al., 2004) 

1116 Sp/Cyo;unc-GFP (Baker et al., 2004) 

1126 P{GFP-PACT} (Martinez-Campos et al., 2004b) 

 

Chapter 4 
Jarman 
Stock No. 

Genotype Annotation 

1989 Rfx49 Rfx mutant (Dubruille et al., 2002) 
1074 ;p{UAS-Rfx}; Gift from Durand lab.  
1971 ;;p{UAS-Rfx} Gift from Durand lab. 
1109 ;p{UAS-Rfx};p{UAS-Rfx} Combine UAS-Rfx insertion from both 1074 and 

1971 into one. Thus this line has two copies of UAS-
Rfx. 

1123 ctC145 cut mutant (Bodmer et al., 1987) 
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APPENDIX B 
Primers 

Chapter 2 
Primer name Sequence Restriction 

Site 
Application 

Rfx 5’ first intron gcggtaccctaactagcgatt
gtgatg 

Asp718 

Rfx 3’ first intron gaggatcctcctgcacaggt
gcacacc 

BamHI 

To clone a 1.5 kb fragment (Rfx-1.5) 
from Rfx first intron. And clone to 
pHstinger dsRed/GFP. The resulting 
constructs are Rfx-dsRed and Rfx-
GFP 

CG1625 upstream 
5’ 

gcggtacctgctccaccaca
agtgtg 

Asp718 

CG1625 upstream 
3’ 

gaggatccctgccatagccta
ctggt 

BamH1 

To clone a 1.0 kb fragment (dila-1.0) 
from dila upstream. And clone to 
pHstinger dsRed/GFP. The resulting 
constructs are dila-dsRed and dila-
GFP 

rfx-1 gaggatccgcagcgtgacgt
tttctttc 

BamHI Together with Rfx 5’ first intron to 
clone the sub-fragment Rfx-A into 
pHStinger GFP. The resulting 
construct is Rfx-A-GFP 

rfx-2up gcggtaccaggccagaaag
aaaacgtca 

Asp718 

rfx-2down gaggatcctcatttgaatgcc
gtttg 

BamHI 

To clone the sub-fragment Rfx-B 
into pHStinger GFP. The resulting 
construct is Rfx-B-GFP 

rfx-3 gcggtaccatcgaattcaaac
ggcattc 

Asp718 Together with Rfx 3’ first intron to 
clone the sub-fragment Rfx-C into 
pHStinger GFP. The resulting 
construct is Rfx-C-GFP.  

RFX Ea1 top cgagtcctgtgcccaaAaca
tTtttcattatcc 

 

RFX Ea1 bottom ggataatgaaaAatgtTttg
ggcacaggactcg 

 

This pair of primers is used to mutate 
Ea1 from Rfx-A sub-fragment. 
Fragment with the mutation was 
cloned into pHStinger GFP. The 
resulting construct is Rfx-A-M-GFP 

cg1625-1 ggataatgaaaAatgtTttg
ggcacaggactcg 

BamHI Together with CG1625 upstream 5’ 
to clone the sub-fragment dila-A into 
pHStinger GFP. The resulting 
construct is dila-A-GFP 

cg1625-2 gcGGTACCtcccataag
tcggcacag 

Asp718 Together with CG1625 upstream 3’ 
to clone the sub-fragment dila-B into 
pHStinger GFP. The resulting 
construct is dila-B-GFP 

CG1625 Ea1 top  catgcagaggacgcgaAac
ctTttccggcgatcgag 

 

CG1625 Ea1 
bottom 

ctcgatcgccggaaAaggt
Ttcgcgtcctctgcatg 

 

This pair of primers is used to mutate 
Ea1 from dila-B sub-fragment.  

CG1625 Ea2 top ctcgatcgccggaaAaggt
Ttcgcgtcctctgcatg 

 

CG1625 Ea2 
bottom 

gagggtcaggagcaggcA
agatTttggtcagcactgc 

 

This pair of primers is used to mutate 
Ea2 from dila-B sub-fragment. dila-
B with two mutated Ea sites is 
cloned into pHStinger GFP. The 
resulting construct is dila-B-2M-GFP 
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Chapter 3 
Primer name Sequence Restriction 

Site 
Application 

CG1625 cDNA 5’B gcgaattcaacatggatttatg
tcttaagg 

EcoRI CAAC is inserted to match the 
consensus Cavener initiation 
sequence. 
The upstream primer used to clone 
dila RA. The resulting construct is 
pSC-A-dila RA. 

CG1625 cDNA 
RB5’ 

gcgaattcaacatgaagtgg
agtggagagg 
 

EcoRI CAAC is inserted to match the 
consensus Cavener initiation 
sequence. 
The upstream primer used to clone 
dila RB. The resulting construct is 
pSC-A-dila RB. 

CG1625 cDNA 3'B gcctcgagagtaattgtctatt
taacac 

XhoI The downstream primer used to 
clone dila RA and dila RB. 

dila del 5’ accacttgggaactgaca
cc 

 

dila del 3’ cacaccgctttgagagga
at 

 

Used to screen the deletion 
mutation of dila flies by single fly 
PCR 

N FLAG for gcccttgcgaattcaacatgg
attacaaggatgacgacgata
aggattacaaggatgacgac
gataaggattacaaggatga
cgacgataaggatttatgtctt
aagggctc 

 

N FLAG rev gagcccttaagacataaatcc
ttatcgtcgtcatccttgtaatc
cttatcgtcgtcatccttgtaat
ccttatcgtcgtcatccttgtaa
tccatgttgaattcgcaaggg
c 

 

To insert three repeats of FLAG as 
the tag to the N- terminal of dila 
RA sequence by the site-directed 
mutagenesis on the basis of pSC-A-
dila RA. 
The resulting construct is pSC-A-
dila N FLAG. 

C FLAG for gcaaggattattgtgttaaaga
ttacaaggatgacgacgataa
ggattacaaggatgacgacg
ataaggattacaaggatgac
gacgataagtagacaattact
ctcgaggc 

 

C FLAG rev gcctcgagagtaattgtctact
tatcgtcgtcatccttgtaatcc
ttatcgtcgtcatccttgtaatc
cttatcgtcgtcatccttgtaat
ctttaacacaataatccttgc 

 

To insert three repeats of FLAG as 
the tag to the C- terminal of dila 
RA sequence by the site-directed 
mutagenesis on the basis of pSC-A-
dila RA. 
The resulting construct is pSC-A-
dila C FLAG. 

 

 

 

 



Appendix 
 

 221 

APPENDIX C  
Antibody 

 

 

Antibody Dilution Staining Pattern Reference/Source 

Rabbit α Atonal 1:20000 To label Ato dependent SOPs (Jarman et al., 1993b) 

Rabbit α RFX 1:3300 To detect RFX expression (Dubruille et al., 2002)  

Guinea pig α 

Senseless 

1:3125 Label all the SOPs (Nolo et al., 2000) 

Sheep  α Scute 1:1000 Label ES SOPs Jarman lab unpublished 

Mouse α 22C10 1:500 Label all the neurons Developmental Biology 

Hybridoma Bank, Iowa 

Mouse α 21A6 1:500 Label the region surrounding the 

outer segment of ciliated dendrite 

Developmental Biology 

Hybridoma Bank, Iowa 

Rabbit α HRP 1:500 Label the region surrounding the 

outer segment of ciliated dendrite 

Jackson Immuno Research 

laboratories 

Rabbit/Mouse α

γ-tub 

1:500 Label centrosome and 

centriolar adjunct in sperm 

SIGMA 

Rabbit α Sas-4 1: 200 Labels centrosome and the basal 

body of the larval Ch cilia 

(Basto et al., 2006) 

Rabbit α CP190 1:250 Centrosome marker (Oegema et al., 1995) 

provided by Jordan Raff. 

Rabbit α dPLP 1:500 Centriole marker (Martinez-Campos et al., 

2004b) 

Rabbit α  

D-TACC 

1:500 Centrosome marker (Gergely et al., 2000) 

Mouse α β-tub 1:500 Labels the tail of sperm SIGMA 

Mouse α FLAG 1:500 To detect DILA-FLAG fusion 

protein 

SIGMA (F1804) 

Rabbit/Mouse 

α GFP 

2.5:500 To detect GFP expression Molecular probes 

Invitrogen 
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