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The Golgi body is responsible for the modification and sorting of proteins and 

lipids in the secretory pathway.  The Golgi must coordinate with other endomembrane 

compartments in order to target cargo to the correct destination.  While our understanding 

of Golgi function is vast, we can extend our knowledge base by examining the functions 

of Golgi-associated proteins in developing animals.  Lava lamp (Lva) is a Golgi-

associated protein and a Drosophila golgin.  Previously, Lva was shown to facilitate 

efficient membrane secretion required for cleavage furrow formation in early embryos.  

By acting as an adaptor molecule between Golgi and microtubule motility factors, Lva is 

thought to position Golgi bodies for targeted secretion during cellularization, the 

Drosophila cleavage stage of development.  Here, I further characterize the role of Lva 

during animal development.  I demonstrate that Lva is required for animal viability, and 

gamete production in females but not males.  While Lva is expressed in many tissues, 
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adult fat body cells are the most sensitive to decreased Lva activity, resulting in the 

disorganization of endomembrane compartments.  Furthermore, this disruption in adult 

fat body cells correlates with a defect in neuroendocrine signaling, altering the activity of 

juvenile hormone.   I propose that Lva activity in adult fat body cells is important for 

recognizing and/or processing juvenile hormone in order to support Drosophila 

oogenesis.  

Lva’s role in cellularization, which is a specialized form of cytokinesis in early 

embryos, provided insights into the combined processes of actomyosin-based contraction 

and membrane secretion.  While some proteins have been implicated in cellularization, 

there are thought to be many more that have yet to be identified.  In an effort to isolate 

additional genes involved in animal cell cytokinesis, we screened a unique collection of 

temperature sensitive (ts) mutations on the X-chromosome of Drosophila melanogaster.  

At the restrictive temperature, we identified five mutants that displayed a cellularization 

phenotype.  For one of the mutants, fs(1)ts242, we narrowed the mutation to a region on 

the X chromosome consisting of 17 possible gene candidates.  Identification of the gene 

should provide further elucidation of the mechanisms controlling actomyosin-based 

contraction and membrane secretion. 
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Chapter 1:  General Introduction 

 

CELLULAR FUNCTIONS OF GOLGI BODY 

Golgi bodies are dynamic organelles that are the central organizing center of the 

membrane-trafficking system.  Acting as the primary hub to process and sort proteins and 

lipids in eukaryotic cells, Golgi bodies links the endocytic pathway to the exocytic 

pathway (De Matteis and Luini, 2008).  It is the major site of protein glycosylation and 

sulfation, modifications important for protein function, and sorting into vesicles and 

targeting them to their eventual cellular destinations: lysosome, endosome, the plasma 

membrane, or back to the ER.  Vesicle delivery, Golgi structure and localization are 

dependent on microtubules.  In the absence of microtubules, Golgi loses its peri-nuclear 

localization, becomes fragmented and progressively more and more dispersed throughout 

the cell (Ho et al., 1989; Rogalski et al., 1984; Thyberg and Moskalewski, 1999).  While 

this organelle has been shown to be important for directed secretion and cytokinesis 

(Skop et al., 2001; Yadav et al., 2009), the discovery of Golgi-associated proteins termed 

“golgins” has provided new insights into its role for other cellular and developmental 

processes.   

 

GOLGIN PROTEIN FAMILY 

Golgins were originally identified as a group of Golgi-localized antigens 

recognized by sera from patients with a variety of autoimmune disorders (Fritzler et al., 

1993; Kooy et al., 1992; Seelig et al., 1994).  The role for golgins in autoimmune 

disorders is unclear, but golgins are defined as extensively coiled-coil Golgi-localized 

proteins.  In addition, the C-terminus of some golgins contains either a GRIP (golgin-97, 
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RanBP2alpha, Imhlp and p230/golgin-245) or GRAB (GRIP-related Arf-binding) 

domain, allowing the protein to interact with the small GTPases (Barr, 1999; Gillingham 

et al., 2004; Kjer-Nielsen et al., 1999; Munro and Nichols, 1999; Panic et al., 2003; Wu 

et al., 2004).  The coiled-coil nature of golgins suggested that they have an extended rod-

like structure, allowing them to act as tethers for membrane vesicles.  Indeed, studies 

conducted in mammalian cultured cells on the golgin complex of GM130, giantin, 

GRASP65, and p115 have suggested that the complex functions to tether membrane 

vesicles to Golgi bodies (Allan et al., 2000; Barr et al., 1997; Nakamura et al., 1995; 

Shorter and Warren, 1999; Sonnichsen et al., 1998).  Disruption of this tethering complex 

causes defects in retrograde membrane transport (Golgi to ER) and vesiculation of Golgi 

bodies.  Golgins can also serve to link Golgi bodies to the microtubule cytoskeleton.  

GMAP210 associates with γ-tubulin (Infante et al., 1999; Rios et al., 2004), while the 

golgin, bicaudal-D, can interact with the minus end directed motor protein, dynein, to 

tether Golgi bodies to microtubules (Short et al., 2002).   

Studies conducted in Dictyostelium discoideum and Drosophila melanogaster 

have revealed additional cellular roles for golgins.  The Drosophila and Dictyostelium 

GRASPs (Golgi reassembly and stacking protein) are involved in unconventional protein 

secretion (i.e. secretion that is independent of the ER to Golgi transport) (Kinseth et al., 

2007; Schotman et al., 2008).  Interestingly, the removal of the putative D. discoideum 

GRASP orthologue, GrpA, prevented spore differentiation, demonstrating the necessity 

of golgin for certain aspects of development.  Additional identification of golgin, such as 

Centrosomin’s beautiful sister and Lava lamp in Drosophila have enhanced our 

understanding of their role for Golgi-dependent membrane secretion and animal 

development. 
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DROSOPHILA GOLGIN, LAVA LAMP  

Lava lamp (Lva), a Drosophila golgin, was identified in a biochemical screen 

looking for proteins that interacted with microtubules and/or microfilaments (Sisson et 

al., 2000).  The Lva gene encodes a protein of 2,779 amino acids with a molecular weight 

of 370 kD, and amino acid sequence analysis indicates that Lva is likely to form an 

extended coiled-coil.  Co-immunoprecipitation and immunofluorescene analysis revealed 

that Lva associates with Golgi bodies through its interaction with Golgi α-Spectrin.  

Further analysis indicated that the central coiled-coil region and C-terminal domain of 

Lva can associate with microtubule-dependent motility factors: dynein, dynactin, and 

CLIP90 (Fig. 1.1) (Papoulas et al., 2005).  The mechanism behind Lva function is 

particularly interesting.  Inhibition of Lva function in live cleavage stage embryos 

disrupts dynein-dependent Golgi movement and cellularization, a specialized form of 

cytokinesis.  Since Lva is thought to function as an adaptor molecule between Golgi 

bodies and microtubule motility factors, injections of Lva dominant negative fragments 

prevented the proper positioning of Golgi bodies, resulting in the decreased rate of 

cleavage furrow ingression.  While Lva was demonstrated to be important for the 

cleavage stage of development, it may also be necessary for other facets of development 

such as a suggested role for oogenesis (Lee and Cooley, 2007). 

 

DROSOPHILA OOGENESIS: THE GENERATION OF EGGS 

The maturation of an oocyte into an egg involves communication between 

germline and somatic cells.  The ovary is comprised of 16-20 ovarioles.  Each ovariole 

can be viewed as an assembly line of maturing egg chambers, with each egg chamber 

within the ovariole representing a stage in the development of the oocyte (Fig. 1.2) (Bate 

and Martinez Arias, 1993).  Originating from the germarium, which is located at the  
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Fig. 1.1  Lva associates with Golgi spectrin and microtubule motility factors. 

A schematic of full-length Lva protein, showing its predicted structural features:  
globular domains (hatching) and coiled-coil regions (gray).  Numbers indicate amino 
acids from the putative start codon.  Arrows denote the Lva regions associating with the 
noted proteins.   
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Fig. 1.2  Drosophila oogenesis  

Schematic of an ovariole with egg chambers from stage 1 to 10 (stage 11-14 are not 
depicted).  Egg chambers are composed of the germline cells, nurse cells (gray) and 
oocyte (black) and a monolayer of somatic follicle cells (white).  Starting at stage 8, 
follicle cells migrate towards the oocyte, and eventually surround the entire oocyte by 
stage 10b. 
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anterior tips of each ovariole, egg chambers advance through 14 stages in order to 

complete oogenesis.  Two populations of stem cells, germline and somatic stem cells, 

work in unison to produce egg chambers within the germarium.  The germline cells 

undergo 4 rounds of mitosis with incomplete cytokinesis to produce 16 cells connected 

by ring canals.  One of the germline cells will become the oocyte, while the remaining 15 

cells will differentiate into nurse cells, serving to support the development of the oocyte.  

Prior to exiting the germarium, the germline cells are encapsulated by a monolayer of 

follicle cells derived from the somatic stem cells.  Follicle cells synthesize yolk proteins, 

assist in signal regulation for body patterning, and are responsible for the production and 

secretion of the eggshell.  As the oocyte matures, it starts to take up yolk proteins 

produced by follicle cells and non-ovarian adult fat body cells starting at stage 8, 

indicating the entry into the vitellogenic stages of oogenesis.  During the vitellogenic 

stages, the oocyte increases in size and follicle cells undergo morphological changes 

resulting in the migration of a population of follicle cells over the oocyte.  During stage 

10, the 15 nurse cells transfer their cytoplasmic contents into the oocyte and then undergo 

apoptosis, and the overlying follicle cells produce the eggshell for the eventual egg.   

Supporting oocyte maturation requires the coordinated function of ovarian and 

non-ovarian cells.  In the ovary, disrupting protein functions specifically in germline 

and/or follicle cells can cause gross morphological defects within egg chambers and 

affect female fertility.  For example, germline specific mutations disrupting microtubule 

dynamics such as BicD and cytoplasmic dynein causes defects in oocyte specification and  

maturation (McGrail and Hays, 1997; Swan et al., 1999; Swan and Suter, 1996).  

Affecting follicle cell polarity can also lead to decreased egg production and reduced 

fertility.  Removing the function of septate junction proteins Disc large (Dlg), scribble 

(scrib), or Lethal giant larve (lgl) results in the breakdown of the follicle cell epithelium, 
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and leads to a decrease in the vitellogenic stage egg chambers (Bilder and Perrimon, 

2000; De Lorenzo et al., 1999; Goode and Perrimon, 1997).  While many genes in 

ovarian tissues have been shown to be essential in maintaining proper morphology of the 

egg chamber, non-ovarian somatic cells are also required to support oocyte maturation 

through hormone signaling via the neuroendocrine system.  The neuroendocrine gland, 

the corpus allatum, is responsible for the production and secretion of juvenile hormone 

(Handler and Postlethwait, 1977).  Females that are able to mate, feed and absorb 

nutrients are stimulated by juvenile hormone to allow egg chambers to enter the 

vitellogenic stages of oogenesis (Blumenthal, 2008; Bownes and Nothiger, 1981; 

Terashima et al., 2005).  Disrupting the neuroendocrine system by altering hormone 

levels or diet can affect female fertility, but the egg chambers do not display any 

morphological changes; rather egg production is limited or halted at the vitellogenic 

stages (Raushenbach et al., 2004; Terashima et al., 2005).  Components required for 

neuroendocrine signaling related to female fertility are understudied, partly because of 

the role of juvenile hormone in earlier stages of development.  In the subsequent chapter, 

I will discuss how Lva might be involved in regulating juvenile hormone activity in non-

ovarian tissues in order to support oocyte maturation. 

 

JUVENILE HORMONE ‘S ROLE IN DROSOPHILA DEVELOPMENT 

The name “juvenile hormone” (JH) came from its ability to ensure the growth of 

the larva, while preventing metamorphosis.  Originally coined in the 1930’s, V.B. 

Wigglesworth discovered that ablation of endocrine glands (corpus allatum) in the bug 

Rhodnius causes a precocious molt to the adult, while reintroduction of the gland ensured 

a juvenile molt (Wigglesworth, 1935).  The hormone has been identified in many insects 
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and it regulates various aspects of animal development.  In Drosophila, JH has been 

implicated in metamorphosis, behavior, reproduction, diapause, stress resistance and 

aging (Flatt et al., 2005).  From its synthesis at the corpus allatum, JH is thought to be 

packaged into lipid carriers or juvenile hormone binding proteins, such that it can be 

transported through the hemolymph to target tissues (Benes et al., 1996; de Kort, 1986; 

de Kort, 1987; de Kort, 1989; Jowett and Postlethwait, 1980; Koopmanschap, 1988; 

Kutty et al., 1996; Postlethwait and Handler, 1979).  Within the target tissues, JH binds 

its receptor and the complex regulates transcription of target genes (Dubrovsky et al., 

2002).  While it is still contentious as to what gene(s) encodes the receptor(s), the current 

candidates are Methoprene-tolerant (Met), ultraspiracle (usp), and ecdysone receptor 

(EcR), with Met and usp (but not EcR) having a role in adults (Fang et al., 2005; Jones 

and Sharp, 1997; Jones et al., 2001; Restifo and Wilson, 1998; Wilson and Ashok, 1998).  

Depending on the developmental stage, it is thought that JH can either bind to 

homodimerized USP or MET receptors, or the heterodimerized USP/EcR receptors to 

induce the transcription of JH response genes (Riddiford, 2008).  However; only a 

handful of target genes have been shown to respond to JH activity (Dubrovsky et al., 

2002; Kethidi et al., 2005).  Because of the necessity of the hormone for metamorphosis, 

our study of its role in adults are limited to ones utilizing exogenous over-expression of 

the hormone or analysis of mutants partially defective in either hormone production or 

recognition, that enabled survival into adulthood.  These surviving mutants, such as 

apterous-4 (ap4) and cricklet (clt), display reduced fecundity with no morphological 

defects associated with the egg chambers (Postlethwait and Weiser, 1973; Shirras and 

Bownes, 1989).  In order to fully grasp the mechanism regulating JH activity, we will 

need to identify new genes affecting JH function and examine its roles in all stages of 
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animal development.  As I alluded to earlier, I will reveal a relationship between Lva 

function and JH activity, which is necessary for oogenesis in the following chapter. 

 

CLEAVAGE FURROW FORMATION DURING CELLULARIZATION 

Following fertilization, animal embryos undergo a cleavage stage, which is 

characterized by an increase in cell numbers due to cell divisions in the absence of 

growth.  In Drosophila, following 13 synchronous rounds of mitosis in the absence of 

cytokinesis, about 6000 cortically positioned nuclei are simultaneously encapsulated by 

invaginating plasma membrane during interphase of nuclear cycle 14 in a special form of 

cytokinesis called cellularization (Miller and Kiehart, 1995).  During cellularization, the 

cleavage furrows ingress at two distinct rates.  The initial and “slow” phase is defined by 

the time the furrow front reaches the basal ends of nuclei accompanied by a constant rate 

of nuclear elongation.  This initial phase is then followed by a “fast” phase where the rate 

of furrow ingression is abruptly increased until the cells are formed and cellularization is 

complete.  The process takes over 1 hour and relies on both the reorganization of 

cytoskeletal elements and Golgi based secretion (Foe and Alberts, 1983; Lecuit, 2004; 

Sisson et al., 2000).  Prior to cellularization, F-actin is organized into an array of 

interlocking contractile rings under the plasma membrane and during furrow formation is 

positioned at the ingressing furrow front (Fig. 1.3).  At the onset of cellularization, a pair 

of cortically positioned centrosomes nucleates microtubules, extending their plus-ends 

into the interior of the embryos and forming “inverted baskets” around individual nuclei 

(Fig. 1.3). These microtubules are thought to provide some mechanical force required for 

nuclear elongation, as well as serve as tracts for the secretory machinery.  Cellularization  
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Fig. 1.3  Cellularization depends on changes in the microtubule and Actin 
cytoskeletons 

Schematic depicting the organization of cytoskeletal elements during the early and late 
stages of cellularization.  Actin (red), microtubule (green), membrane (black), nuclei 
(blue), and centrosomes (black stars). 
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is completed when the cleavage furrow constricts at a point well past the basal end of the 

nuclei.   

 Many genes known to be required for cleavage furrow formation during 

cellularization are also implicated in conventional cytokinesis.  The Drosophila homolog 

of anillin (scraps, scra), septin (peanut, pnut), and formin (diaphanous, dia) are all 

essential for contractile ring formation and furrow ingression (Adam et al., 2000; Afshar 

et al., 2000; Field et al., 1996).  Dia is responsible for the recruitment of actin, Anillin, 

and Pnut to the early furrow front (Afshar et al., 2000).  Once Anillin and Pnut are at the 

furrow front, they assist in the assembly and organization of the F-actin cytoskeleton, 

which is essential for the organization and ingression of new plasma membrane (Field et 

al., 1996; Sokac and Wieschaus, 2008).  In addition to the aforementioned genes involved 

in regulating actin dynamics, genes involved in membrane trafficking are also required, 

as demonstrated with mutations in genes that encode the Drosophila homologs of 

dynamin (shibire, shi), synataxin, rab11, and rab11’s effector protein nuclear fallout 

(nuf) (Burgess et al., 1997; Pelissier et al., 2003; Riggs et al., 2003; Rothwell et al., 

1998).  While there is overlap between components involved in cellularization and in 

conventional cytokinesis, a handful of zygotic genes have been shown to be strictly 

required for cellularization, as they are not expressed at any other time in development 

and thus do not function during normal cytokinesis.  These genes, Nullo, serendipity-α 

(sry-α), and bottleneck (bnk) are specifically required for regulation of the actin 

cytoskeleton, and slow-as-molasses (slam) is required for polarized membrane growth 

during cellularization (Beronja and Tepass, 2002; Mazumdar and Mazumdar, 2002; 

Merrill et al., 1988; Stein et al., 2002; Wieschaus and Sweeton, 1988).  Regardless of the 

specific need of a gene for cellularization, identifying new genes involved in furrow 

formation will be essential to enhance our understanding of the underlying mechanisms 
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controlling the process as well as contribute to our knowledge of conventional animal cell 

cytokinesis.  In one of the chapters, I will describe our efforts in identifying new genes 

required for cellularization and/or conventional cytokinesis by examining an existing 

collection of temperature-sensitive mutants.   
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Chapter 2:  A role for the Drosophila golgin, Lava lamp, in hormonal 
regulation of oogenesis. 
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ABSTRACT  
  

The Golgi body is responsible for the modification and sorting of proteins and 

lipids in the secretory pathway, a role established primarily from studies with yeast or 

cultured mammalian cells.  In one of the few studies of Golgi function in intact 

multicellular organisms, we previously showed that Lava lamp (Lva), a Drosophila 

golgin, facilitates efficient membrane secretion required for cleavage furrow formation in 

early embryos. Here, we identify and characterize a function for Lva during later 

development.  Strong reduction of Lva activity by RNA interference throughout the fly 

caused lethality, while a weaker reduction led to decreased fecundity.  The effect on egg 

production appears to be due to reduction of Lva activity in adult fat body cells, which 

are required for neuroendocrine signaling and recognition of juvenile hormone.  Juvenile 

hormone is required for oocyte maturation, and the decrease in egg production from 

reduction of Lva activity could be rescued by provision of excess juvenile hormone.  We 

propose that Lva activity in adult fat body cells is required to mediate the actions of 

juvenile hormone, which in turn are necessary for oogenesis.   
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INTRODUCTION 
 

Golgi bodies are dynamic organelles present in the secretory pathway that are 

important for protein processing.  Disruption of Golgi function affects many cellular 

processes including cytokinesis, cell growth, and signaling.  Studies with yeast and 

mammalian cultured cells revealed a structurally diverse family of Golgi-associated 

filamentous proteins termed “golgins” that are essential for tethering membrane vesicles 

to target compartments and for maintaining Golgi structure (Allan et al., 2000; Barr et al., 

1997; Nakamura et al., 1995; Shorter and Warren, 1999; Sonnichsen et al., 1998).  

Additionally, studies of golgins in Drosophila demonstrated their importance for 

membrane trafficking and maintenance of centrosome structures (Eisman et al., 2006; 

Friggi-Grelin et al., 2006). 

Previously, we showed the golgin Lava lamp (Lva) functions as an adaptor 

molecule between Golgi bodies and microtubule motility factors, and promotes efficient 

membrane secretion (Papoulas et al., 2005; Sisson et al., 2000).  Using microinjection of 

inhibitory antibodies and dominant negative Lva fragments, we demonstrated Lva 

function is necessary for cleavage furrow formation during cellularization, a modified 

version of cytokinesis employed in early Drosophila embryos.  This strategy for reducing 

Lva activity works well for such early syncytial embryos, for which a single injection 

delivers the inhibitory factors to many of the cells that form during cleavage.  However, 

the microinjection approach is unsuitable for studies on later stages of development.  To 

evaluate the potential function of Lva later in development, we used an RNA interference 

(RNAi) approach, driving expression of lva RNA hairpins with the UAS/Gal4 system 

(Lee and Carthew, 2003).  Efficient and ubiquitous reduction of Lva caused lethality, but 

either a lower degree of ubiquitous reduction or tissue-specific reduction of Lva led to 
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decreased fecundity.  We identified a tissue specific requirement for Lva function to 

support oocyte maturation.  Depleting Lva in adult fat body cells caused mislocalization 

of components of the endoplasmic (ER), trans-Golgi network, and recycling endosomes.  

Additionally, neuroendocrine signaling was compromised due to altered juvenile 

hormone activity, but not juvenile hormone production.  We propose that Lva activity in 

adult fat body cells is important for recognizing or processing juvenile hormone in order 

to support oocyte maturation. 
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MATERIALS AND METHODS 

 

Fly husbandry 

All fly stocks were kept in 20°C, 25°C, or 29°C incubators.  The fly stocks were 

grown on standard corn meal molasses supplemented with yeast.  Fly food was prepared 

by John Loera, a laboratory research assistant at the University of Texas at Austin, with 

the following recipe:  76 g/L corn meal, 76 ml/L Karo syrup, 18 g/L brewer’s yeast, 9 g/L 

agar, 1 g/L nipagin (mold inhibitor), 111 ml/L malt extract, 5 ml/L propionic acid, and 5 

ml/L 100% ethanol. 

 

Generation of transgene and transgenic animals 

The pUAST-lvadsRNA construct was generated according to the strategy outlined by 

Lee and Carthew (Lee and Carthew, 2003).  Using the following primers:  (forward 

primer) 5’ ACT GAT CTA GAG GAT CCA CAA TGG CGG AAG 3’ and (reverse 

primer) 5’ ACT GAT CTA GAG AAT TCT AAC TCC TGA GCA AC 3’, we amplified 

a 681 base pair (nucleotide 1-876) segment of the lva coding region by PCR using cDNA 

as template.  BLAST analysis revealed that the lva sequence used for the construction of 

the transgene did not share perfect homology of ≥19 nucleotides to any other gene, the 

threshold for putative off-target effects (Kulkarni et al., 2006).  The lva fragments were 

cloned into the Pz vector (DGRC, Bloomington, IN), and transgenic flies were generated 

by standard embryo injection protocols.  We recovered multiple homozygous transgenic 

lines on chromosomes II and III. 
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Drosophila Stocks and Genetics  

Drosophila cultures were maintained using standard procedures except as noted.  

Wild-type flies were Oregon R (OrR).   To express the lva RNAi transgene, lvadsRNA 

homozygous females were mated to the following males:  w; Act5C-Gal4/CyO; +/+, w; 

P{GawB}T155;+/+, w; P{GawB}1407/CyO; +/+,  w; P{GawB}c179; +/+ (all from the 

Bloomington Stock Center, Bloomington, IN), and w; yolk-Gal4/CyO; +/+ (a gift from 

J.M. Reichhart).  To assess Gal4 expression in adult tissues, male flies carrying the Gal4 

transgene were mated to w; +/+; UAS-nucGFP (a gift from J. Fischer).  All crosses were 

performed at 25°C.   

 

Animal viability and female fertility 

To assess animal viability, female lvadsRNA were mated to w; Act5C-Gal4/CyO, 

Ubi-GFP; +/+ male flies.  Progeny embryos collected 1 hour after egg deposition and 

allowed to age for 12 hours were sorted based on the presence of GFP, and either 

maintained at 25°C or shifted to 29°C.  Animal survival was quantified at larval, pupal 

stages, and eclosion.   

Female fertility was assessed by measuring eggs laid using the following 

procedure.  ~12-15 virgin females were collected in a single day and mated to 4-5 OrR 

males in yeasted plastic vial.  Following 48 hours, the same number of females for each 

genotype mated to OrR males were then transferred to an egg laying cluster (14 x 10 ml 

plastic vials glued together with air holes drilled into bottom of tubes), with each cross in 

a single tube.  The cluster was placed on grape juice agar plates [3% granulated agar 

(w.v), 5.5% sucrose (w/v), 25% grape juice, 1.25% glacial acetic acid (v/v), and 2.5% 

ethanol (v/v)] with small amount of wet yeast for each tube and placed in a humidified 

chamber at either 25°C or 29°C.  Eggs were collected for 12 hours and allowed to age for 
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24 hours.  Three to four 12 hour egg collections were obtained for each maternal fertility 

test.  The numbers of hatched and unhatched egg shells were scored for each aged 

collection.   

 

Immunofluorescence and microscopy 

For immunofluorescene on adult brain, gut epithelia, and fat body cells, females 

were anesthetized with carbon dioxide and using a forceps, the thoracic region was 

punctured.  The adult flies were then placed into a glass vial containing 3 ml of 4% 

paraformaldehyde in PBS for 30 min.  Following six 15 min washes with PBS, the tissues 

were dissected in PBTA (PBS containing 0.1% BSA, 0.05% Triton-X100, and 0.02% 

NaN3).  Ovaries were dissected and fixed in a solution containing 6% formaldehyde and 

buffer B (100 mM KH2PO4/K2HPO4 pH 6.8, 450 µM KCl, 150 mM NaCl, and 20 mM 

MgCl26H2O) for 15 min.  Following three 15 min washes in PBS and then PBTA, the 

ovary was dissected into ovarioles in PBTA prior to incubation with antibodies.  To 

visualize actin, tissues were incubated with Alexafluor 488-phalloidin or rhodamine-

phalloidin at a dilution of 1:100 in PBTA (Cytoskeleton, Denver, CO).  For antibody 

labeling, tissues were incubated overnight at 4°C with rabbit anti-Lva at 1:5000, rat anti-

HSC70-3 1:10 (Developmental Studies Hybridoma Bank, University of Iowa at Iowa 

City), rat anti-Rab11 1:1000, mouse anti-Lamin 1:100, mouse, anti-Boca 1:2000, rabbit 

anti-Disc large 1:100.  For labeling of carbohydrate compartments, fixed tissues were 

incubated with Wheat Germ Agglutin in conjugated to Alexafluor 488 at 1:1000 in PBTA 

(Molecular Probes) for 2 hours at room temperature.  Secondary antibodies conjugated to 

Alexafluor 488, 546, or 633 (Molecular Probes) were used at 1:250 and were incubated 

with tissues for 2 hours at room temperature.  All tissues were mounted in Vectashield 
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(Vector Laboratory, Burlingame, CA).  Images were taken on a Leica TCS SP2 and 

processed using Adobe Photoshop 9.   

To assess tissue specific GFP expression, tissues were fixed and washed as 

mentioned above.  The tissues were placed in dissecting wells with PBTA.  Images were 

taken on a Zeiss Discovery V12 microscope, and images were processed using Adobe 

Photoshop 9.  

 

Hemolymph extraction 

Females were anesthetized with carbon dioxide and immobilized on their dorsal 

side on a glass slide using heptane glue.  A glass microinjection pipette was used to 

withdraw hemolymph from the ventral right side of the thorax.  Hemolymph from 5 

females were pooled together with an average volume of 0.83 μl ± 0.5 and stored in 

either a protease inhibitor cocktail (final concentration (1x) = 10 μM benzamidine, 1.2 μg 

ml-1 phenanthroline, 10 μg ml-1 each of aprotinin, leupepin, and pepstatin A, and 1 mM 

PMSF) for SDS-PAGE/Coomassie blue analysis or 400 μl of 10% methanol solution for 

mass spectrometry analysis.   

 

General Biochemistry, western blotting, and metabolic labeling of proteins 

Except as noted, extract preparation and standard Coomassie and western blotting 

procedures were performed according to Papoulas et al. (Papoulas et al. 2005).  In vivo 

labeling with [35S]Na2SO4 was carried out with slight modification as described by Zhang 

et al. (Zhang et al., 2009).  A total of 20 adult females were collected following eclosion 

and allowed to mate with 10 OrR males.  The flies were held in plastic vial at 29°C 

containing a feeding mixture of 200 µg yeast, 200 µl water, and 100 µCi [35S]Na2SO4.  

The flies were transferred into new plastic tube with fresh feeding mixture for 5 
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consecutive days.  Hemolymph from the radioactive labeled flies was collected.  After 

hemolymph collection, ovaries were dissected in cold PBS solution.  Hemolymph and 

ovary protein extracts were examined by SDS-PAGE.  Following electrophoresis, the gel 

was stained with Coomassie blue followed by autoradiography.   

 

Methoprene treatment 

 Twenty (20) freshly eclosed females of each genotype were anesthetized with 

carbon dioxide and either treated with 0.3 µl of acetone or with 0.3 µl of acetone 

containing methoprene at a dilution of 1:100 (gift from Wellmark International) applied 

to the ventral side.  Females were mated to OrR in plastic tubes with fresh food and 

reared at 29 °C incubator.  A second application of methoprene was repeated 48 hours 

after the first treatment.  The females underwent an ovariectomy 48 hours after the last 

treatment.  Ovaries were dissected into cold PBS solution, separated into ovarioles, and 

mounted in Vectashield (Vector Laboratory, Burlingame, CA) for egg chamber 

quantification. 

 

Liquid Chromatography-electrospray ionization-tandem mass spectrometry (LC-

ESI-MS/MS) 

Freshly collected hemolymph, stored in 400 μl of 10% methanol solution, was 

used for each analysis.  Reverse phase HPLC/MS/MS tandem mass spectrometry was 

carried out using a micro-capillary gradient LC system (1100 series, Agilent 

Technologies, San Jose, CA) on-line with an Esquire-LC ion-trap (Bruker Instruments, 

Bellerica, MA).  A reverse phase C18 MS column (Vydae 218 MS 3.1505, 150 µm x 5 

cm) was used at a flow rate of 8 µl/min using mobile phase A, water and mobile phase B, 

methanol.  The column was equilibrated with 10% B and the gradient was started at 10% 
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B, increased to 60% B at 5 min, followed by an increase to 80% B within 3 min, followed 

by an increase to 100% B at 9 min, followed by a decrease to 10% B after an additional 5 

min.  A total separation time of 35 min was used.  The effluent from the HPLC 

separations was introduced on-line into the orthogonal Esquire-LC electrospray source.  

The ion spray for most experiments was performed in positive mode at + 4000 V; the 

endplate offset was -500V.  Ions were scanned in the m/z range 150-1000; the nebulizer 

gas was set to 23 psi, the dry gas to 7 L/min, and the drying temperature at the capillary 

entrance was 250°C.  Capillary exit was set to 76.1 V, skimmer 1 at 26.1 V, trap drive to 

58; averages of three spectra were acquired over a time period of 100 ms.  The collision 

gas was ultra-pure helium, and MS/MS experiments were performed in the auto mode.   

 

Quantitative reverse transcription PCR (qRT-PCR) 

Females underwent an ovariectomy and total RNA was isolated using TRIzol-LS 

reagent (Invitrogen) according to the manufacturer’s protocol, followed by ethanol 

precipitation.  The RNA samples were reprecipitated with NaCl and ethanol prior to 

reverse transcription.  1 µg of total RNA was digested with amplification grade DNAse I 

(Invitrogen), which was then heat inactivated according to manufacturer’s protocol, 

followed by reverse transcription using the High Capacity cDNA Reverse Transcription 

Kit (ABI) including RNAse Inhibitors (Promega). Using the following primers:  lva 

(forward primer) 5’ GTA AAA TCA GCA GTG CGG 3’ and (reverse primer) 5’ ACC 

TTG TCC TTG GAA TGC 3’; mnd (forward primer) 5’ GAC TTT TCT TCG TCG GTG 

C 3’ and (reverse primer) 5’ GAT GAA CAG CAG CAG CAA G 3’; rp49 (forward 

primer) 5’ GCG CAC CAA GCA CTT CAT C 3’ and (reverse primer) 5’ GAC GCA 

CTC TGT TGT CGA TAC C 3’ quantitative PCR was performed in 10 µl reactions in 
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384-well plates with Power SYBR PCR Master Mix (ABI).  Real-time PCR was 

performed using a 7900HT Sequence Detector under the following parameters: 

1. 50°C x 2 min 

2. 95° x 10 min 

3. 95° x 15 sec 

4. 60° x 1 min  

5. repeat steps 3 and 4 for 40 cycles  

6. 95° x 15 sec 

7. 60° x 15 sec 

8. 95° x 15 sec 

PCR data analyzed with SDS 2.3 software according to the manufacturer’s 

recommendations.  Levels of specific mRNA were determined by relative quantification 

with a standard curve and normalized to rp49 mRNA.  Specificity was confirmed by 

dissociation curve analysis.  Statistical analysis was based on a minimum of triplicate 

samples. 

When designing primers, I used MacVector 8.0 and stayed within these 

parameters:  selecting a primer pair that generating a product between 60-200 bp, 

straddles an intron towards the 3’ end of the mRNA, The five nucleotides at the 3’ end of 

primers should have no more than two G and/or C bases, limit GC content to 30-70%, 

limit Tm to 57-60°C, check primer pair to ensure no homodimer or heterdimers will 

form, and BLAST primer to assure there are no sites in the genome that have 100% 

identity to 18 consecutive bases. 
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RESULTS 
 

RNAi depletes endogenous lva levels 

Previous demonstration of a requirement for Lva in efficient membrane secretion 

suggested that it would be essential for development.  To test this and to identify specific 

developmental events that require lva, we knocked down endogenous Lva using RNAi.  

A transgene was constructed to express a dsRNA hairpin corresponding to a unique 5’ 

region of the lva transcript that shows no sequence similarity to any other gene in the 

genome.  The UAS/Gal4 system was used to drive expression of the transgene, to allow 

targeted knockdown of endogenous Lva expression either ubiquitously or in specific 

tissues.  Of the multiple transformants generated, we focused on a homozygous viable 

line with an insertion on the second chromosome for detailed analysis (hereafter referred 

to as lvadsRNA). 

 To assess the efficiency of the RNAi-mediated disruption of lva expression, we 

measured lva RNA levels by quantitative real-time PCR (qRT-PCR).  A comparison of 

RNA samples from animals expressing lvadsRNA under control of the ubiquitously active 

Act5C-Gal4 driver or control animals with only lvadsRNA and no driver revealed a two-fold 

decrease in lva mRNA caused by RNAi knockdown (Fig. 2.1B).  

 

Lva is required for animal viability and fecundity 

 Expression of Gal4 at the normal laboratory growth temperature of 25°C did not 

visibly affect adult flies expressing lvadsRNA under the control of Act5C-Gal4.  However, 

when Gal4 activity was increased by rearing the animals at 29°C, the vast majority of 

Act5C-Gal4/lvadsRNA animals failed to eclose as adults (Fig. 2.1C).  This lethality was not 

detected in control animals carrying the transgene or driver alone. 
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Fig. 2.1  lva is required for viability.   

(A) Schematic diagram of the pUAST-lvadsRNA transgene containing the upstream 
activation sequence (UAS, binding sites for Gal4), hsp70 basal promoter, duplicate 684 
base pairs cDNA lva fragments flanking a white intron, and the SV40 polyadenylation 
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signal for expression in somatic cells.  (B) Quantification of lva mRNA levels from adult 
females of lvadsRNA with the balancer chromosome CyO (CyO/lvadsRNA) or with the driver 
line Act5C-Gal4 (Act5C-Gal4/lvadsRNA) reared at 29°C.  Values were normalized to rp49 
mRNA.  (C) Quantification of animals reaching adulthood reared at 25°C (white bars) or 
29°C (black bars).  >69% of Act5C-Gal4/lvadsRNA animals survive to adulthood when 
reared at 25°C, but fail to survive into adulthood when reared at 25°C during 
embryogenesis and shifted to 29°C as 1st larval instars.  (D) Wildtype females mated to 
males of indicated genotypes.  The number of embryos laid (white plus solid bars) and 
hatched (solid bars) are shown for each cross and temperature.  Hatch percentages 
(hatched/laid) are indicated for each cross.  Significance in (B) was assessed by using the 
Student’s t-test (**, P ≤ 0.005).  Error bars indicate SDs. 
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Although knockdown of Lva with the lower level of Gal4 activity at 25°C had no 

effect on viability, there was a strong effect on fecundity.  Act5C-Gal4/lvadsRN females 

mated to wild type males only produced 1-2 eggs per day, most of which did not hatch, 

while control females laid between 10-15 eggs per day (Fig 2.2A).  In contrast, there was 

no substantial reduction in male fertility (Fig 2.1D).  The differential requirement for Lva 

activity between the sexes suggested that either a female specific tissue, such as the 

ovaries, depended on Lva function, or that female were more sensitive to the reduction of 

Lva function for the production of viable gametes.   

 

Lva depletion hinders oocyte maturation 

 To determine whether Lva is required for the production, maturation, or 

deposition of oocytes, we examined the ovaries of Lva depleted females.  Ovaries are 

composed of 16-20 ovarioles.  Each ovariole represents an assembly line of maturing egg 

chambers (Fig. 2.2I).  During the vitellogenic stages of oogenesis, rapid accumulation of 

proteins by the oocyte contributes to a substantial increase in the overall size of the ovary.  

Ovaries from control CyO/lvadsRNA or Act5C-Gal4/CyO flies were roughly twice the size 

of Act5C-Gal4/lvadsRNA flies (Compare Fig. 2.2D to 2.2B and 2.2C).  Ovaries from 

control CyO/lvadsRNA females contained on average 28 vitellogenic (stages 8-14) egg 

chambers (Fig. 2.2J). By contrast, ovaries from Lva depleted females, Act5C-

Gal4/lvadsRNA, contained fewer than half the number of stage 8-14 egg chambers, but 

more than twice the number of degenerating egg chambers.  Thus the reduced fecundity 

associated with Lva knockdown appears to be a consequence of a perturbation of 

progression through oogenesis, resulting in cell death and degeneration, ultimately 

reducing the number of maturing oocytes.    
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Fig. 2.2 Either ubiquitous or fat body cell specific depletion of lva perturbs 
oogenesis.   

(A) The average number of eggs laid by adult females of the indicated genotypes in 24 
hours cultured at 25°C (white bars) or 24 hours following a shift from 25°C to 29°C 
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(black bars) following eclosion.  (B-H) Light microscopy images of whole ovaries from 
the adult genotypes indicated above each panel.  Ovaries derived from Act5C-
Gal4/lvadsRNA and Yolk-Gal4/lvadsRNA females are smaller due to an absence of 
vitellogenic egg chamber stages (D & F).  (I) Schematic representation of Drosophila 
ovary and ovariole.  The Drosophila ovariole (bottom) is composed of the germarium (g), 
followed by a row of progressively older egg chambers.  Stage 14 egg chambers are the 
most mature (not depicted).  (J) Quantification of egg chambers from CyO/lvadsRNA (grey 
bars) and Act5C-Gal4/lvadsRNA (white bars) female ovaries.  Act5C-Gal4/lvadsRNA ovaries 
consist of fewer vitellogenic egg chambers (stages 8-14) and more degenerating egg 
chambers in comparison to ovaries from their CyO/lvadsRNA sisters (>700 egg chambers 
examined, n=10 ovaries).    Scale Bar = 250 μm. 
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Progression through oogenesis could require Lva acting locally, in the ovary, or 

acting at a distance, in some other tissue.  To determine where Lva knockdown affects 

lva levels, and thus the most likely sites where Lva is required for oogenesis, we 

monitored Lva expression.  On western blots, Lva was detected in protein extracts from 

the carcasses of CyO/lvadsRNA female that underwent an ovariectomy and their ovaries as 

well (Fig. 2.3A).  In protein extracts of Act5C-Gal4/lvadsRNA females there was a 

significant decrease in Lva signal from carcasses but not from ovaries.  The apparent 

absence of a reduction in Lva levels in ovaries might reflect the typically low efficiency 

of RNAi in the female germline (Mazzalupo and Cooley, 2006).  Additionally, the 

expression vector we used is highly active in the soma but relatively weak in the germline 

(Rorth, 1998).  Retention of high levels of Lva in the germline nurse cells and oocyte 

might mask any reduction in the somatic follicle cells, which comprise a relatively small 

fraction of the total volume of the ovary.  To address this possibility, Lva was detected by 

immunofluorescence in whole mount egg chambers.  Ovaries from control flies displayed 

Lva localization in the cytosol of germline cells (nurse cells and oocyte), as well as the 

somatic follicle cells of the egg chambers (Fig. 2.3B).  Depletion of Lva in Act5C-

Gal4/lvadsRNA females did not cause any detectable change in the Lva level or distribution 

in the germline cells.  However, there was a decline in Lva signal in the somatic follicle 

cells of stage 6-8 egg chambers from Act5C-Gal4/lvadsRNA females.  This reduction was 

more extreme by stage 9: Lva is barely detectable in the follicle cells with only a few 

visible puncta (Fig. 2.3C).  Thus, the Lva signal detected in western blots of ovary 

protein extract originated primarily from the germline cells, and the reduction of Lva 

expression in Act5C-Gal4/lvadsRNA ovaries goes largely undetected by the western blot 

assay.   The decline in Lva signal in the somatic follicle cells also resulted in the 

mislocalization of septate junction protein Disc large (Dlg).  In pre-stage 9 egg chambers,  
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Fig. 2.3  Depletion of endogenous Lva in non-ovarian somatic cells blocks oogenesis.   

(A) Western blots of extracts derived from adult ovariectomized females and their 
dissected ovaries reveal that Lva is significantly depleted in non-ovarian somatic cells in 
Act5C-Gal4/lvadsRNA (Compared to CyO/lvadsRNA) flies.  (B-E) Fluorescent confocal 
images of stage 9 egg chambers from the indicated adult female genotypes (left) showing 
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F-Actin (green) and Lva (red).  Boxed regions in A-D are shown at higher magnification 
to the right.  Lva expression in germline nurse cells (nc) and oocytes (oo) is similar in the 
various genotypes (B-E).  Act5C-Gal4 and T155-Gal4 drivers deplete Lva in somatic 
follicle cells (fc) (Compare C & E with B); however, yolk-Gal4/-lvadsRNA does not 
(Compare D with B).  Scale Bar = 50μM. 
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Fig. 2.4  Dlg is mislocalized in Lva depleted follicle cells.   

Fluorescent confocal images of stage 9 egg chambers from CyO/lvadsRNA (A) and Act5C-
Gal4/lvadsRNA ovaries (B) showing the localization of septate junction protein, Disc large 
(Dlg, green).  Box regions in A and B shown at higher magnification to the right.  
Arrowhead in (B) indicates increase expression of Dlg in the apical region of follicle 
cells.  Scale bars = 10 µm 
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the septate junction protein Dlg localizes along the basolateral sides of the follicle cells.  

However, in stage 9 Act5C-Gal4/lvadsRNA egg chambers, we observed expansion of Dlg 

into the apical domain (arrowheads, Fig 2.4B).  These results strongly suggest that 

reduction of Lva outside of the germline – either in ovarian follicle cells or other tissues 

of the animal – is responsible for the reduced fecundity of Act5C-Gal4/lvadsRNA females.  

  

Lva depletion from adult fat body, but not follicle cells perturbs oogenesis 

Follicle cells and adult fat body cells contribute proteins and signals important for 

oocyte maturation.  These two tissues are sites where Lva action is most likely required to 

support oogenesis.  We expressed lvadsRNA in these tissues using appropriate Gal4 drivers, 

all at 29°C, and assessed female fecundity.  Two independent follicle cell drivers, T155-

Gal4 and GR1-Gal4, both caused depletion of Lva expression in follicle cells when in 

combination with lvadsRNA (Fig. 2.3E).  However, this depletion of Lva had no effect on 

ovary size or fecundity (Fig. 2.2A and 2.2H, and data not shown).  By contrast, when 

yolk- Gal4 was used to drive the expression of lvadsRNA transgene, the females produced 

fewer than 5 eggs per day and the reduction of their ovaries was reminiscent of that 

observed in Act5C-Gal4/lvadsRNA females (Fig. 2.2A and compare 2.2F to 2.2D). Yolk-

Gal4 is expressed in adult fat body cells (Georgel et al., 2001) and we noted activity in 

follicle cells of stage 9 and change in Lva expression in the follicle cells of yolk-

Gal4/lvadsRNA egg chambers, possibly because the bulk of Lva is synthesized before the 

driver becomes active or the driver is less effective than Act5C-Gal4 (Fig 2.3D and Fig 

2.5).  Since yolk-Gal4 affected female fecundity, while follicle cell drivers did not, we 

examined Lva expression in adult fat body cells. 

Lva in fat body cells from control flies either carrying only the lvadsRNA transgene 

or Gal4 driver displays a punctate peri-nuclear localization pattern (Fig. 2.6A-2.6C).  A  
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Fig. 2.5  Gal4-driven GFP expression in adult tissues.   

Ovary, fat body cells, brain, and gut epithelium from Act5C-Gal4/+; UAS-GFP/+ (A), 
yolk-Gal4/+; UAS-GFP/+ (B), and T155-Gal4/UAS-GFP (C).  For each genotype:  
bright field images (top row) and epifluorescence images (bottom row).  Scale bars = 500 
µm. 
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Fig. 2.6  Lva is significantly depleted in Act5C-Gal4/lvadsRNA and Yolk-Gal4/lvadsRNA 
adult female fat body cells.   

Indirect immunofluorescence images of fixed adult fat body cells from CyO/lvadsRNA (A), 
Act5C-Gal4/CyO (B), yolk-Gal4/CyO (C), Act5C-Gal4/lvadsRNA (D), yolk-Gal4/lvadsRNA 
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(E), and lvadsRNA/+; T155-Gal4/+ females (F) showing F-Actin (green), Lamin (blue), 
and Lva (red).  Lva-associated Golgi bodies are peri-nuclear (arrowheads) in control (A) 
and lvadsRNA/+; T155-Gal4/+ fat body cells (F).  Lva is significantly depleted in Act5C-
Gal4/lvadsRNA (B) and Yolk-Gal4/lvadsRNA (C) adult fat body cells.  Scale Bar = 20 μm. 
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similar pattern was obtained with the T155-Gal4 driver and lvadsRNA (Fig. 2.6F).  

However, when we examined Lva expression in adult fat body cells from yolk-

Gal4/lvadsRNA females with reduced fecundity, the punctate peri-nuclear localization was 

absent (Fig 2.6D and 2.6E).  The correlation between reduced fecundity and Lva 

depletion is consistent with the idea that Lva is required in fat body cells to support 

oocyte maturation.   

 

Lva is required to maintain the integrity of endomembrane compartments 

 Lva has been implicated in directed secretion in early embryos, and presumably 

plays the same role in other phases of development.  We assessed the effect of depleting 

Lva expression on endomembrane compartment organization in adult fat body cells.  In 

CyO/lvadsRNA adult fat body cells the luminal ER chaperone protein Hsc70-3 (Elefant and 

Palter, 1999) was diffusely localized in both the cytoplasm and nuclei where it was 

excluded from the nucleolus (Fig. 2.7A, A’).  Depletion of Lva expression in adult fat 

body cells converted the diffuse cytoplasmic Hsc70-3 signal into a punctate morphology 

(Fig. 2.7B, B’ and 2.7C, C’).  The observed change in the cytoplasmic Hsc70-3 

distribution did not indicate a global disruption in ER morphology as Boca, an ER 

resident protein involved in intracellular LDL transport (Culi and Mann, 2003), remained 

diffuse (Fig. 2.8).  These observations suggested that a specific component of the 

endomembrane compartment loses structural integrity in the absence of Lva activity.   

Golgi morphology was also monitored using a lectin, wheat germ agglutinin 

(WGA).  WGA recognizes endomembrane compartments and vesicles containing 

proteins bearing carbohydrate modifications.  In adult fat body cells of fertile females, we 

observed WGA signal as peri-nuclear puncta, with each puncta averaging an area of 2.47 

µm2 (Fig. 2.7A and 2.7A’).  In Lva depleted fat body cells, this pattern was significantly  
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Fig. 2.7  Endomembrane compartments are disrupted in lva depleted fat body cells.   

Indirect immunofluorescence analysis of fixed adult fat body cells from control 
CyO/lvadsRNA (top row), Lva depleted Act5C-Gal4/lvadsRNA (middle row), and yolk-
Gal4/lvadsRNA (bottom row) females shows the localization of F-Actin (green), Lamin 
(blue), luminal ER chaperon protein Hsc70-3 (red), luminal carbohydrates of the 
biosynthetic secretory pathway [wheat germ agglutinin, (WGA), green], and RAB11-
marked endosome (red).  Images (A-C) are single sections and (A’-C’ and A”-C”) are 
images of a 5 μm projection.  Lva depletion results in a dramatic change in HSC70-3 
localization from a low level uniform distribution throughout fat body cells (A) to a 
punctuate distribution (B & C).  Lva depletion in fat body cells also disrupts the peri-
nuclear localization and size of WGA-positive membrane compartments (arrows, 
compare A’ with B’ & C’) and causes dispersion of recycling endosomes (arrowheads, 
compare A” with B” & C”).  Note the close juxtaposition between WGA-positive 
membrane compartments and HSC70-C-associated ER in Lva depleted cells (arrows, B’ 
& C’).  Scale bars = 10 μm.   
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Fig. 2.8  Depletion of Lva expression does not uniformly alter ER structure.   

Indirect immunofluorescence images of fixed adult fat body cells from CyO/lvadsRNA (A) 
and Yolk-Gal4/lvadsRNA (B) females showing F-Actin (green), Lva (red), and ER protein 
Boca (blue).  The localization of Boca is similar between Yolk-Gal4/lvadsRNA and 
CyO/lvadsRNA fat body cells.  Scale Bar = 20 μm. 
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altered; WGA puncta showed a more random distribution and were coincident with the 

Hsc70-3 aggregates (arrows, Fig. 2.7B’ and 2.7C’).  Additionally, the WGA puncta 

detected in yolk-Gal4/lvadsRNA and Act5C-Gal4/lvadsRNA was roughly half the size of 

puncta observed in CyO/lvadsRNA adult fat body cells (1.22 µm2 and 1.09 µm2 

respectively).  We also assessed the distribution of late endomembrane compartments 

using Rab11, a small GTPase that serves as a marker for the trans-Golgi network and 

recycling endosome.  Rab11 displayed a punctate morphology in CyO/lvadsRNA fat body 

cells (arrowheads, Fig. 2.7A”).  However, in Lva depleted fat body cells, Rab11 adopted 

a diffuse cytoplasmic distribution, suggesting that the maintenance of Golgi and recycling 

endosome compartments was compromised (Fig. 2.7B”, 2.7C”).  These data strongly 

suggest that Lva activity is required to maintain proper endomembrane structures. 

 

Lva is required for juvenile hormone activity 

Juvenile hormone (JH) is an essential signaling molecule necessary for many 

aspects of Drosophila development, including oogenesis (Flatt et al., 2005; Postlethwait 

and Weiser, 1973; Soller et al., 1999; Wilson, 1982).  In adults, JH is synthesized by a 

neuroendocrine gland, the corpus allatum, and delivered to target tissues such as follicle 

cells and adult fat body cells (Jowett and Postlethwait, 1980; Postlethwait and Handler, 

1979). Within the target tissues, JH binds its receptor and the complex regulates 

transcription of target genes.  Failure to produce or properly respond to JH perturbs 

oogenesis and thus affects female fertility (Postlethwait and Weiser, 1973; Wilson and 

Ashok, 1998).  To determine whether the arrest in oogenesis in Lva depleted females was 

associated with a disruption of the JH signaling pathway, we tested for rescue of the 

oogenesis phenotype by provision of excess exogenous hormone.  Ovaries of untreated, 

Lva depleted Act5C-Gal4/lvadsRNA and yolk-Gal4/lvadsRNA females, contained ~8% of 
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stage 10 and older egg chambers, compared to 17% for control CyO/lvadsRNA females (Fig 

2.9).  When Lva depleted animals were treated with methoprene, an analog of JH, the 

percentage of stage 10 and older egg chambers increased almost two-fold, to a level 

similar to that of control animals.  The fact that exogenous application of methoprene 

alleviates the perturbation of oogenesis suggests that either JH titers or the ability to 

respond to JH are affected upon depletion of Lva from adult fat body cells.   

To determine if Lva depletion reduced JH titers, we used liquid chromatography 

together with mass spectrometry to quantify the JH levels in the circulating hemolymph.  

The JH titers in the hemolymph of both Lva depleted and non-depleted females were 

between 0.55-0.78 pmol/µl (Fig. 2.10A).  The variation between genotypes was not 

statistically significant, indicating that depletion of Lva expression did not affect the 

synthesis or secretion of JH into the hemolymph.  Instead, it appeared that reduction of 

Lva activity interfered with the response to JH.  To test this model we examined the 

steady state levels of juvenile hormone responsive gene minidisc (mnd) (Dubrovsky et al., 

2002).  Using qRT-PCR, total RNA extracts from Lva depleted females revealed a 

significant 1.6x decrease in mnd levels relative to control (CyO/lvadsRNA) extracts (Fig. 

2.10B).  This decrease could be reversed by application of exogenous methoprene, 

consistent with the parallel reversal of the oogenesis defects.  These results suggest that 

Lva function in adult fat body cells influences the response to juvenile hormone in a way 

that is necessary for the support of subsequent oogenesis. 

 

Decreased Lva activity does not affect yolk protein sulfation and secretion 

A possible mechanism to explain the reduced JH activity is that decrease Lva 

activity in adult fat body cells perturbs the cells ability to efficiently traffic membrane 

and as a result JH and receptor cannot function as a transcription factor.   We tested this  
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Fig. 2.9  Exogenous application of the juvenile hormone analog, methoprene, can 
promote oocyte maturation in lva depleted females.    

Quantification represented by the percentage of stage 10 and older egg chambers in the 
ovaries of CyO/lvadsRNA, Act5C-Gal4/lvadsRNA, and yolk-Gal4/lvadsRNA females either 
treated with acetone alone or with methoprene.  The presence or absence of methoprene 
did not have a significant effect on control females (CyO/lvadsRNA).  Application of 
methoprene to Act5C-Gal4/lvadsRNA and yolk-Gal4/lvadsRNA females resulted in twice as 
many stage 10 and older egg chambers (>1500 egg chambers examined, n=24 ovaries).   
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Fig. 2.10  lva activity influences the expression of juvenile hormone response gene 
mnd.   

(A) Quantification of juvenile hormone titre (JH) in hemolymph by mass spectrometry 
revealed no significant differences in the hemolymph of control versus lva depleted flies.  
(B) mRNA levels of the juvenile hormone response gene mnd were assessed by qRT-
PCR of total RNA from control (CyO/lvadsRNA) or experimental (Act5C-Gal4/lvadsRNA, 
and Yolk-Gal4/lvadsRNA) females either untreated or treated with methoprene.  All values 
were normalized to rp49 mRNA levels.  Quantification of mnd expression for lva 
depleted females Act5C-Gal4/lvadsRNA and yolk-Gal4/lvadsRNA were 1.85x10-2 and 
1.68x10-2 respectively, a 1.6x folds decrease when compared to the 2.99 x10-2 levels for 
CyO/lvadsRNA females.  Treatment with methoprene caused the mnd mRNA levels to be 
similar between control and experimental females.  Significance was assessed by using 
the Student’s t-test (**, P ≤ 0.005; *, P ≤ 0.01).  Error bars indicate SDs. 



 
 

 45 

idea indirectly by examining a secreted product of fat body cells, the yolk proteins (YP1-

YP3).  Both follicle and adult fat body cells synthesize yolk proteins; however, fat body 

cell is the main source of YP3 (Bownes and Nothiger, 1981; Warren et al., 1979).  

Furthermore, all yolk proteins synthesized by fat body cells are sulfated for efficient 

secretion into the hemolymph and subsequently endocytosed by the oocyte (Friederich et 

al., 1988a; Friederich et al., 1988b).  We metabolically labeled proteins with [35S]Na2SO4 

and assessed the fat body cells output of yolk protein by examining the steady state yolk 

protein population in the hemolymph.  When we looked at yolk proteins in the 

hemolymph from Lva depleted, Yp1-Gal4/lvadsRNA females, we were able to detect all 

three yolk proteins, but noticed YP3 levels were very low compared to YP1 and YP2 

(Fig. 2.11).  We observed the same decrease in YP3 levels from control Yp1-Gal4/CyO 

females, which suggested the decrease YP3 levels observed in Yp1-Gal4/lvadsRNA was not 

a consequence of depleting LVA in fat body cells.  We also failed to identify any 

differences in sulfation of yolk proteins in Yp1-Gal4/lvadsRNA samples and based on the 

presence of labeled YP3 in ovary extract, it appeared the yolk proteins derived from fat 

body cells were endocytosed by the oocyte.  While we could not determine if the 

efficiency of yolk protein sulfation and secretion were reduced in Lva depleted fat body 

cells, we can conclude that Lva activity was not necessary for trafficking yolk proteins 

into the hemolymph. 
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Fig. 2.11  Lva activity is not necessary for yolk protein sulfation and secretion by 
adult fat body cells.   

Coomassie stains and autoradiograms of gel lanes loaded with protein extracts from 
[35S]Na2SO4-fed control (CyO/lvadsRNA and Yp1-Gal4/CyO) and experimental (Yp1-
Gal4/lvadsRNA) females.  Loading was with hemolymph from equal numbers of adult 
females or a pair of corresponding ovaries as indicated.  The abundance of yolk proteins 
(YP1, 2, and 3) was assessed by Cooomassie blue stains (top panels) and sulfation of 
yolk proteins were analyzed by autoradiogram (bottom panels).  YP3 a major product of 
fat body cells did not show significant changes in abundance or sulfation of yolk proteins 
in the hemolymph (compare Yp1-Gal4/lvadsRNA and Yp1-Gal4/CyO).  Ovary extract also 
revealed the presence of sulfated Yolk proteins in the egg chambers.   
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DISCUSSION  
  

The Drosophila golgin Lva is known to play a key role in cellularization by 

promoting efficient membrane secretion; yet its functions beyond early embryogenesis 

have not been fully characterized.  Previous biochemical analysis established that Lva 

acts as adaptor molecule between Golgi bodies and microtubule motility factors, and 

required during cellularization of the early stage embryo, a developmental process 

involving rearrangement (Lecuit, 2004) and de novo synthesis of membrane by Golgi 

bodies (Sisson et al., 2000).  Here we have addressed the role of Lva at later stages of 

development.  Not surprisingly, given the dependence of many critical cellular functions 

on the secretory pathway, widespread reduction of Lva activity is lethal to the animal.  

However, by reducing the degree of Lva depletion a more specific phenotype, reduced 

fecundity, was revealed.   

Adult fat body cells were the most sensitive to the reduction in Lva expression. 

Fat body cells are major targets of juvenile hormone (JH) signaling for oogenesis and Lva 

depleted females had lower expression levels of the JH response gene, mnd, and had 

fewer mature oocytes in their ovaries.  Treating Lva depleted females with exogenous JH 

analog increased mnd levels and increased the presence of mature oocytes, indicating Lva 

was required either for production of JH or response to JH.  There was no significant 

change in the JH titers of Lva depleted females. Therefore, we conclude that Lva is 

required for response to JH, and that elevated levels of JH can overcome knockdown of 

Lva.  

What role(s) does Lva play for JH response in the fat body cells?  JH is 

synthesized by the corpus allatum and thought to be packaged with JH binding proteins 

(JHBP) which, acting in conjunction with lipophorin and hexamerins, appear to mediate 
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transport through the hemolymph (Benes et al., 1996; de Kort, 1986; de Kort, 1987; de 

Kort, 1989; Koopmanschap, 1988; Kutty et al., 1996).  In the target cells, JH binds to its 

nuclear receptor, and while it is still controversial, the best candidates for the nuclear 

receptors are Methoprene-tolerant (Met) and ultraspiracle (usp) (Jones and Sharp, 1997; 

Jones et al., 2001; Riddiford, 2008). Interestingly, phenotypes of null mutants of 

Methoprene-tolerant (Met), the gene proposed to encode the JH receptor, can also be 

rescued with excessive amounts of JH (Restifo and Wilson, 1998; Wilson and Ashok, 

1998).  This implies that there is redundancy for activating JH function, and substantial 

increase in JH levels can elicit the alternate route.  How target cells recognize and 

mediate the availability of JH is poorly understood, but these processes may be regulated 

by cricklet and/or protein kinase C function (Kethidi et al., 2006; Shirras and Bownes, 

1989).  cricklet is proposed to encode a binding protein necessary for the JH activity.  

Mutation of cricklet leads to a decreased number of vitellogenic egg chambers, 

phenotypes observed in animals that are unable to synthesis or recognize JH such as 

apterous-4 and Met mutants and in Lva depleted females (Postlethwait and Weiser, 1973; 

Wilson and Ashok, 1998).  Additionally, phosphorylation by protein kinase C can block 

JH activity.  The block in JH activity is accomplished by reducing the binding of the 

JH/receptor complex to the JH response element.   

Lva may function in multiple ways to regulate JH activity. Options include 

trafficking of cell surface receptors to recognize lipophorin or hexamerins, or mediating 

the release of JH from the JHBP within the cell. Interestingly, the large subunit of 

lipophorin, known as retinoid and fatty acid-binding glycoprotein (Rfabg), was identified 

in the same biochemical screen as Lva (Kutty et al., 1996; Sisson et al., 1999), suggesting 

possible interactions between the two proteins.  Lva activity may also be needed to 
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regulate protein kinase C function at the plasma membrane.  Removing Lva function in 

any of these scenarios could lead to functional JH deficiency and reduced fecundity. 

What are the consequences of eliminating lva activity? The RNAi approach used 

here reduces, but does not fully eliminate lva expression, and the phenotypes observed 

must represent a combination of which cell types have the greatest reduction of lva 

expression and which are most sensitive to loss of lva activity.  Isolation of lva mutants 

will be necessary to reveal the null phenotype.  An open question is whether lva is 

required in all cells in which a functional secretory pathway is essential, or if different 

golgins play similar roles and can act redundantly.  Here we focused on the role of lva in 

oogenesis, and our results open new lines of research in understanding cellular response 

to hormonal signals.  Selective depletion of lva in other tissues, either through cell-

specific RNAi or clonal analysis of lva mutants, will likely provide other insights. 

 Mutants will be particularly useful for study of lva function in the female 

germline.  We were unable to thoroughly assess the role of lva in ovarian tissues, since 

we could not deplete Lva in follicle cells of stage 1-5 egg chambers or in germline cells.  

In wild type egg chambers Lva redistributes from a uniform localization in the oocyte of 

stage 8 egg chambers to enrichment in the oocyte subcortex during stage 9 and 10 (Lee 

2007).  During these stages, the increased oocyte growth must be accommodated by an 

increase in membrane secretion similar to the increase in membrane secretion necessary 

during cellularization in the early embryo.  The Lva redistribution in the oocyte hints at 

the possibility of Lva activity being important for oocyte growth in the germline.  The 

phenotypes we revealed through depleting Lva activity by RNAi will complement any 

future studies of lva using traditional loss-of-function mutants.   
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Chapter 3:  A characterization of conditional mutants affecting 
Drosophila cleavage furrow formation 
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INTRODUCTION  

 
 Following fertilization, all animals undergo a cleavage stage, which allows the 

embryo to rapidly increase cell numbers through cytokinesis in the absence of cell 

growth.  In Drosophila, it is known that maternal gene products are sufficient to mediate 

the events of the first phase of cleavage as shown in studies using pharmacological agents 

to block zygotic transcription and a genetic screen using Drosophila embryos completely 

lacking entire chromosome arms (Edgar and Schubiger, 1986; Merrill et al., 1988; 

Wieschaus and Sweeton, 1988).  It was also demonstrated that the process of 

cellularization only requires zygotic transcription from six discrete genetic loci (Merrill et 

al., 1988; Wieschaus and Sweeton, 1988).  Thus, the majority of gene products required 

for proper cellularization are likely to be maternally derived, and some of these gene 

products may be required for viability.  For this reason, conventional loss-of-function 

genetic screens have a limited ability to identify genes required during the cleavage stage.  

The identification of conditional mutants offer a unique opportunity to study new genes 

required for Drosophila cleavage furrow formation because any effects of the mutation 

can be studies during a particular stage of development.  We obtained a collection of 

EMS-induced, temperature-sensitive (ts) zygotic lethal mutants residing on the X-

chromosome (W. Sullivan and H. Francis-Lang, University of California Santa Cruz).  

Dr. Kate Monzo screened the collection for X-linked mutations that affect Drosophila 

embryonic cleavage furrow formation.  Here, I describe my contribution towards analysis 

of the collection with an emphasis on the mutant fs(1)ts242. 
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METHODS AND MATERIALS 

Fly husbandry 

All fly stocks were maintained at 20°C or 29°C as indicated.  The collection of 

EMS-induced, X chromosome-linked, temperature-sensitive (ts) mutants was generated 

by Helen Francis-Lang and William Sullivan (MacDougall et al., 2001). The collection 

was screened for ts zygotic lethality and maternal sterility in collaboration with Drs. 

William Sullivan, Helmut Kramer, and Bing Zhang.   

 

Animal viability and maternal fertility 

Temperature-sensitive maternal fertility was determined essentially as described 

in chapter 2, but by comparing the number of embryos laid and hatched from 

homozygous mutant females mated to FM7a balancer males at 20°C or 29°C.   

Animal viability was determined by comparing numbers of homozygous mutant 

flies reared at 20°C or 29°C.  Homozygous mutant females were mated to hemizygous 

mutant males at 20°C.  48-72 hour collection of embryos were kept at either 20°C or 

shifted to 29°C and allowed to develop.  Relative eclosure was based on the total number 

of F1 adults eclosed from each cross divided by total number of wild type F1 adults 

eclosed at 20°C. 

 

Complementation analysis  

Genetic complementation tests for mutants that displayed a strong ts zygotic 

lethality were performed by mating virgin females carrying a deficiency on the X-

chromosome to ts males at 20°C in two replicate vials.  Following 48-72 hours embryo 

collection at 20°C, the adults were removed and one vial was kept at 20°C while the 

second vial was shifted to 29°C.  The total number of eclosed adults were counted from 
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the two vials and compared.  For non-complementing deficiencies, we expected to 

observe a decrease in the number of adults in the vial shifted to 29°C compared to the 

vial maintained at 20°C. 

 

Genomic Southern blotting 

High molecular weight genomic DNA was isolated according to Bingham, et. al 

(1981) (Bingham et al., 1981) and genomic Southern blots were performed as described 

by Sambrook, Fritsch and Maniatis (1989).  2μg of genomic DNAs were digested with a 

10-fold excess of restriction endonuclease for several hours and electrophoresed through 

0.8% agarose gels.  Gels were stained in 0.5ug/ml ethidium bromide and photographed.  

Prior to denaturing the DNA, gels were placed in 0.25M HCl for 15 minutes at room 

temperature to hydrolyze DNA molecules.  Genomic DNA blots were generated by 

capillary transfer to Hybond-N nylon membrane.  DNA was cross-linked to membrane 

with a UV Stratalinker 1800 using the autocrosslinker setting.  Genomic DNA blots were 

washed for 1 hour in 0.1X SSC, 0.1% SDS at 65°C. Then the blots were prehybridized 

with a solution containing 50% formamide, 5X Denhardt’s, 5X SSC, 0.1% SDS, and 0.5 

mg/ml sonicated herring sperm DNA for 4 hours at 65°C. 

Radioactive probes were synthesized using random oligonucleotide primers.  

100ng of template DNA, 2ul 10 mg/ml random hexamer and H2O were brought to 

volume of 76ul in a 1.5 ml screw cap tube.  The mixture was boiled for 5 minutes, and 

then placed on ice.  The following components were then added to the tube:  10ul 10X 

NBT (0.5 M Tris, pH 7.5, 0.1 M MgSO4, 1 mM DTT, 500 μg/ml BSA), 2μl 5mM dNTP 

(dATP, dTTP, and dGTP), 10μl [α-32P]dCTP, and 2 μl Klenow polymerase.  Labeling 

reactions were incubated at room temperature for 3.5 hours and terminated with 5μl 0.5M 

EDTA.  Unincorporated nucleotides were removed with a G-50 Sephadex® spin column.  
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Cerenkov counting was used to determine the efficiency of labeling.  Specific activity 

ranged from 1.0x107-1.0x108 cpm/ug.  Hybridization was carried out at probe 

concentration of 1.0x106 cpms/ml at 65°C overnight.  Blots were washed for 25 minutes 

5-7 times in 0.1X SSC, 0.1% SDS at 65°C.  Hybridizing probes were detected by 

standard autoradiography with an intensifying screen.   

When generating templates for radioactive probes, I amplified a 600-800 base pair 

region by PCR from a cDNA clone.  I used MacVector 8.0 to design the primers for the 

PCR reactions, and checked for the formation of homodimer or heterdimers by the primer 

pairs.  The following is a list of primer sequences used for probe generation: 

 

Gene Primer set # Sequence 5’ to 3’ 

CG15465 + GCA ATC TCA ATC ACA CTC CC 

 - TCC CGA AAT GCT GAG ATG 

rg 1+ GCA ACC AGA GCC ATC TAC TC 

 1- CAG TAG ACG CTG GTT TTT CC 

 2+ ACT CCA CGG AAA ACG AAG 

 2- GCA TTT ACG CTG AAC TGG 

CG15786 + GAA AAG CGT GGC AAC TTC 

 - AAA TCG TGT TCG CAG AGC 

CG5062 + AGC CTC CGA GCA AAT AAC 

 - ATT TGG CAC GAG ACA CTG 

snf + AAA ACG CAC GAC AGG ATG 

 - ATT GGA GTT GCT GGA ACG 

sas10 + CAA AAA GCC ACA TGA TCC CGT CCA G 
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 - CTA GGT GCG GAA CTT GAC GCT CTT C 

mcm3 + CTC CCT CAC CTC CAT CAT C 

 - GCT TCA TAC ACT TGG CAA TG 

CG3309 + GCG ATT GGG TGA ACT TCT C 

 - AAC TGG GAT TGG GAC ACT C 

xrrc1 + AAA TCA TCG GCG TCT CAG 

 - ACT GAT GAC CAG GAC CAC AC 

SK 1+ AAG CGA CAG TTT GTT GCG 

 1- TTT GCT ATC TGG GGA CCT G 

 2+ AGC AGC AGC AAC AAC ATC 

 2- GAG CCA AAC TTT CGG TTC 

 3+ CCT CTC GGA TTT TCA TCT G 

 3- TGG ATT CTG AGG CAC AAC 

 4+ GTC TTG TTC TGG GCT TCA C 

 4- AGC GAT GCT ACC ATA CTC C 

 5+ TTT CGC AGG AAG ATG AGT C 

 5- TCA CAA TCG CAG TCC ATA G 

 6+ GAA CGT GCT CTT ACT GGC GGC 

 6- GGT GGT CAA GGT GAA TTG GGT GAA TG 

CG16752 + ATC AAA CGA AAC GCA CCC 

 - CCT CGC TTG TTA TCC CAA C 

CG11126 + ACG CTG GTT TCC TAC AAT C 

 - AAT GTG CTT ACC ACG CAG 

CG11122 1+ ACA AGA AGC TCG TGA AGC 
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 1- TTA CTG GCA TCC CAA ATG 

 2+ GAA CAG GCG GTC ATC AAG 

 2- TTG GTG CCG CAG TAG TAG 

rpt3 + CAC CAG ATG CTT TGA AAC G 

 - GGC TAT CCT TCC AAT GCT C 

klp10a + TTC CCC TTT GGG TCA TAC 

 - GTG ATT GTG GAT GAA CGG 

CG18292 + AAC GGA AAG GTG GAC ATA G 

 - TCA CTA ACG CAG ACA CAG G 

Dlic2 + CGT CAA GGA AGA CAA GAA CTG 

 - TGT TGC TGT TCT GCT GTG G 
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RESULTS AND DISCUSSION 
 

Live analysis screen of temperature sensitive mutants 

Dr. Kate Monzo screened an existing collection of temperature-sensitive (ts) 

mutants originally identified as X-linked mutants that cause zygotic lethality at a 

restrictive temperature of 29°C.  The original collection consisted of 158 stocks.  38 

stocks were shown to retain ts zygotic lethality and also to be ts maternal sterile (W. 

Sullivan UC Santa Cruz, B. Zhang, UT Austin, and H. Kramer, UT Southwestern).  Kate 

Monzo analyzed cellularizing embryos derived from wild type (WT) and homozygous 

mutant females using time-lapse differential interference contrast (DIC) microscopy.  

Embryos were collected and allowed to age at the permissive temperature on a 

temperature controlled microscope stage until the onset of interphase of nuclear cycle 14, 

when they were shifted to the restrictive temperature and imaged until gastrulation (Fig. 

3.1).  Rates of nuclear elongation and furrow ingression were calculated from live time-

lapse recordings.  Five mutants were identified that display cellularization defects at the 

restrictive temperature (Fig. 3.2 and Table 3.1). These mutants can be classified into two 

distinct phenotypic categories based on either primary disruptions in the rates of furrow 

ingression with relatively normal morphology or severe disruptions in furrow ingression, 

nuclear morphology, and cytoplasmic movements.  

  During normal cellularization, cleavage furrows ingress at two distinct rates.  

First, furrowing occurs slowly until the furrow front reaches the basal ends of nuclei.  

The rate then abruptly increases during the fast phase until the cells are formed and 

cellularization is complete.  During the slow phase the nuclei elongate at a constant rate.  

In wild type embryos at 32°C (the restrictive temperature for this screen), nuclei begin to 

elongate within the first 10 min of interphase of nuclear cycle 14.  Membrane furrows  
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Fig. 3.1  Schematic of screen to identify ts cellularization defects.   

Virgin fs(1)ts females were mated to males of the same genotype.  Embryos collected 
from this cross were allowed to develop at the permissive temperature in a perfusion 
incubator until the onset of NC14, when they were shifted to the restrictive temperature 
and imaged.  Figure generated by Kate Monzo. 
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Fig. 3.2  Time-lapse imaging reveals temperature-sensitive cellularization defects.   

Sequential frames (A) from representative DIC movies of WT and ts mutant embryos 
undergoing normal (left panel) and abnormal (middle and right panels) cellularization at 
32°C.  White arrowheads and brackets indicate the furrow front position and nuclear 
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position and elongation, respectively.  Times (t) in minutes are relative to onset of nuclear 
cycle 14.  Scale bar represents 10 µm.  The average rates of furrow ingression (B) and 
nuclear elongation (C) in embryos derived from WT, fs(1)ts448, and fs(1)ts567 
homozygous females mated to WT males. Error bars and n indicate the standard 
deviation and number of movies measured, respectively.  The data and figure was 
generated by Kate Monzo.   
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Table 3.1  Rates of furrow ingression and nuclear elongation.   

Rates from embryos laid by females with indicated geneotype mated to WT males.  
Standard error shown next to rates.  Total number of movies quantified indicated by ‘n’.  
Not determined, n.d.  Significance measured by Student’s t-test, *P<0.01, **P<0.001, 
***P<0.0001.  Data generated by Kate Monzo. 

 

 

 

 

 

 

Maternal Genotype Slow Phase 
(µm/min) 

Fast Phase 
(µm/min) 

Nuclear 
Elongation 
(µm/min) 

n 

Oregon-R 0.25 ± 0.03 1.14 ± 0.19 0.28 ± 0.02 4 

fs(1)ts448 0.11 ± 
0.02*** 0.23 ± 0.09*** 0.11 ± 0.03*** 4 

fs(1)ts448/Df(1)HF396 0.10 ± 
0.03*** 0.35 ± 0.10*** 0.15 ± 0.03*** 3 

fs(1)ts567 0.12 ± 
0.01*** 0.17 ± 0.18*** 0.13 ± 0.03** 4 

fs(1)ts567/Df(1)DA622 0.10 ± 
0.02*** 0.17 ± 0.15*** 0.15 ± 0.03*** 3 

fs(1)ts148/small bristles 0.13 ± 0.03** 0.35 ± 0.16*** 0.16 ± 0.01*** 4 

fs(1)ts242 0.20 ± 0.07 0.89 ± 0.29 0.18 ± 0.05* 4 

fs(1)ts242/Df(1)JC70 0.14 0.60 0.12 3 

fs(1)ts319 0.10 ± 0.05* 0.49 ± 0.32 0.16 ± 0.03* 4 

fs(1)ts319/RA37 n.d. n.d n.d.  
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begin to form soon after, and the furrow front can be seen as refractive structures along 

the entire inner surface of the embryo that ingresses at two distinct rates.  Initially, the 

furrow front ingresses at a rate of ~0.3 µm/min, and is referred to as the slow phase.  

Once the furrow front approaches the basal tips of the elongated nuclei, after 

approximately 30 min, the rate of ingression increases to ~1.2 µm/min, and is referred to 

as the fast phase.  The furrow continues to grow until the membrane surrounding 

individual nuclei pinches off to form individual cells. 

Two mutants, fs(1)ts448 and fs(1)ts567, revealed normal morphology, but  

disrupted rates of furrow ingression and nuclear elongation, and were classified as 

moderate mutants.  The remaining three mutants fs(1)ts242, fs(1)ts319, and fs(1)ts148 

displayed disruption in the rates of furrow ingression, nuclear morphology, and 

cytoplasmic movements, and were classified as severe mutants (Table 3.1).  I will focus 

the discussion on the severe cellularization mutants with emphasis on fs(1)ts242. 

 

Severe cellularization mutants 

Three mutants were identified that display severe defects in nuclear morphology 

and furrow ingression.  Live cellularizing embryos showed severe disruption in nuclear 

morphology (Fig. 3.2A).  The disruption is likely due to cytoplasmic movements 

throughout cellularization.  The nuclei for cellularizing fs(1)ts242 and fs(1)ts319 embryos 

appear to remain attached to the cortex and increase in volume but fail to elongate (Fig. 

3.2A). The shapes of nuclei become irregular, possibly due to their failure to elongate and 

the disruptions in the cytoplasm.  Despite the abnormal nuclei morphology and the 

disruption in the cytoplasm, the presence of the refractive structure along the entire inner 

surface of the cellularizing mutant embryo suggested that an intact contractile apparatus 

formed and is capable of ingression.  Additionally, it was noted by Kate Monzo, that the 
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furrow front in cellularizing fs(1)ts242 embryos ingresses globally at rates similar to wild 

type (Table 3.1), but the furrow front appears abnormal (data not shown).   

For the majority of mutants in the severe class, females at the restrictive 

temperature deposited a similar amount of eggs compared to eggs laid at the permissive 

temperature or to wild type females (Table 3.2).  However, we observed a significant 

decrease in the hatch rate at the restrictive temperature (3-fold lower for fs(1)ts242 and 

7.5-fold lower for fs(1)ts319; Table 3.2).  Homozygous fs(1)ts148 females display an 

almost 5-fold reduction in egg production at the restrictive temperature, and none of the 

embryos laid at the restrictive temperature hatched (Table 3.2).  Additionally, when we 

assessed animal viability, fs(1)ts319 F1 animals survived into adulthood at the restrictive 

temperature, albeit at a decreased frequency (0.38) when compared to wild type (1.00) 

and fs(1)ts319 (0.82) at the permissive temperature.  Progeny derived from fs(1)ts148 and 

fs(1)ts242 adults completely failed to eclose at the restrictive temperature, with lethal 

phases during embryonic, larval, or pupal stages as indicated in Table 3.2.   

 

Genetic complementation tests of cellularization-defective mutations 

Genetic complementation tests were performed between four of the mutants and a 

Bloomington X-chromosome deficiency kit covering approximately 85% of the X 

chromosome.  fs(1)148 was previously mapped to the gene small bristles, which encodes 

the Drosophila homolog of a human mRNA export factor, NXF1/TAP (Korey et al., 

2001), and was confirmed by non-complementation with a deficiency chromosome that 

removes the sbr gene (Table 3.3).  In addition, Kate Monzo confirmed the presence of the 

T to A mutation at nucleotide 461 of the sbr gene in fs(1)ts148 flies by sequence analysis, 

which resulted in the amino acid change valine154 to glutamic acid (V154E), predicted to 

disrupt the RNA binding domain of SBR (Korey et al., 2001; Wilkie et al., 2001).  It is  
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Table 3.2  Mutants display temperature-sensitive maternal sterility and zygotic 
lethality.  

 a  females were mated to FM7a males.  b females were mated to fs(1)ts males of the same 
genotype.  n  indicates total number of embryos laid (hatch percentage) or total numbers 
of F1 adults obtained from cross (relative eclosure).  Hatch percentages or total number 
of embryos laid at 29°C significantly different from those at 20°C as measured by 
Student’s t-test are indicated with asterisks, *P<0.01.  Lethal phase indicates stage that 
development is arrested.  E embryonic, L larval, P pupal 

 

 

 

 

 

 

 

 

 

 

Maternal 
Genotype 

Hatch Percentage a (n) Relative Eclosure b (n) 

20°C 29°C 20°C 29°C lethal 
phase 

Oregon-R 94.4 (213) 86.7 (279) 1.00 (220) 0.80 (175)  

fs(1)ts448 63.6 (66) 9.1* (11) 0.55 (122) 0.05 (10) L,P 

fs(1)ts567 60.9 (23) 5.9* (34) 0.59 (130) 0.00 (0) L 

fs(1)ts148 85.9 (142) 0.0* (29*) 0.99 (219) 0.00 (0) E 

fs(1)ts242 66.4 (265) 22.1* (181) 0.74 (163) 0.00 (0) L,P 

fs(1)ts319 66.9 (260) 8.9* (123) 0.82 (181) 0.38 (84) L,P 
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Table 3.3  Temperature-sensitive mutations map to specific cytological loci on the X-
chromosome.   

 

 

Mutant Locatio
n 

Non-complementing Df & 
Complementing Dp 

Complementing Df &  
Non-complementing Dp 

fs(1)ts448 

 

18E-F Df(1)HF396 

 

Df(1)JA27, Df(1) Exel6253, 

Df(1)mal, Dp(1;Y)mal106 

fs(1)ts567 

 

10C1-5 Df(1)v-N48, Df(1)DA622, 

Dp(1;2)v+65b 

Df(1)RA37, Df(1)GA112, 

Df(1)m13, Df(1)HA85 

fs(1)ts148/ 
small 
bristles* 
 
 

9F4 Df(1)C52 

 

fs(1)ts242 4F4-8 Df(1)JC70, Df(1)HC244, 

Df(1)ovo44, Df(1)BA2-8 

Df(1)rb14, Df(1)Exel6290, 

Df(1)Exel6235 

fs(1)319 10A6 Df(1)v-N48, Df(1)RA37, 

Df(1)v-L3, Dp(1;2)v+63i, 

Dp(1;Y)y+v+#3 

Df(1)v-L1, Df(1)KA7, 

Dp(1;2)v+65b 
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likely that at least one or more mRNAs that are required to mediate the events of 

cellularization are blocked from being exported out the nucleus in sbrts148 mutants, 

resulting in the cellularization phenotype at the restrictive temperature.   

A group effort of many former students in the Sisson lab (including Kate Monzo, 

Poornima Parameswaran, Jessica Cobarrubia, and Travis White), was responsible for the 

genetic mapping of fs(1)ts448, fs(1)ts567, fs(1)ts242, and fs(1)ts319.  I initially mapped 

fs(1)ts319 and fs(1)ts242 to cytological positions 9F to 10C3-5 and 4C15-16 to 5A1-2, 

respectively.  Two additional overlapping deficiencies were identified by Kate Monzo 

that failed to complement fs(1)ts319 at the restrictive temperature.  Through genomic 

Southern analysis of the deficiency chromosome, I refined the breakpoint of the 

deficiency chromosome down to a 14Kb region, which only contains 3 genes (Fig 3.3).  

Kate Monzo attempted to identify the fs(1)ts319 mutation by sequencing candidate genes, 

but was unsuccessful. 

I identified 3 additional overlapping deficiencies that failed to complement 

fs(1)ts242 at the restrictive temperature (Table 3.3).  Based on cytological breakpoints, 

the 4 overlapping deficiencies span a ~120Kb region and consist of 25 gene candidates.  

Refinement of the breakpoints by genomic Southern analysis narrowed the region down 

to a 70Kb region and decreased the number of candidates to 17 gene candidates (Fig. 

3.4).   

 

Gene candidates for fs(1)ts242 

 The genetic complementation tests narrowed the gene candidates for fs(1)ts242 to 

17 gene candidates.  Seven of the 17 gene candidates (cg15786, cg3323, cg15785, 

cg17764, cg4198, cg15930, and cg3309) have yet to be examined.  The remaining 10 

genes are responsible for an array of cellular functions.  cdk7 encodes a Cdk-activating  
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Fig. 3.3 Map for proposed fs(1)ts319 gene region. 

Schematic of the gene region for fs(1)ts319.  Solid color bar represents the region absent 
in the deficiency chromosome.  Light color bars note the uncertainty in the break region 
of the deficiency chromosome.  Figure generated by Kate Monzo 
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Fig. 3.4  Map for proposed fs(1)ts242 gene region. 

Schematic of the gene region for fs(1)ts242.  Solid color bar represents the region absent 
in the deficiency chromosome.  Light color bars note the uncertainty in the break region 
of the deficiency chromosome. 
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kinase (CAK) and is necessary for cell division (Larochelle et al., 1998).  Sas10, RNA-

binding protein 4F (Rnp4F), and sans fille (snf) all associate with RNA.  snf encodes a 

protein with functional homology to the mammalian U1A and U2B” snRNP proteins of 

the spliceosome and has a role in sex determination (Polycarpou-Schwarz et al., 1996; 

Salz and Flickinger, 1996).  The developmental roles for Sas10 or Rnp4F are unclear, but 

the developmentally regulated expression of Sas10 mRNA is proposed to inhibit the 

translation of Rnp4F transcripts, possibly through the RNAi pathway (Peters et al., 2003).  

Functioning as antioxidants, Thioredoxin T (Trxt) and deadhead (dhd) encode 

thioredoxins which facilitates the reduction of other proteins by cysteine thiol-disulfide 

exchange, and are essential for early embryogenesis (Salz et al., 1994; Svensson et al., 

2003).  Minichromosome maintenance 3(mcm3) functions as a 3’-5’ DNA helicase and is 

a key component of the pre-replication complex for DNA replication (Ohno et al., 1998; 

Su and O'Farrell, 1997; Su et al., 1997), while XRCC1 gene product is important for 

DNA repair (Taylor et al., 2000).  Calcineurin B (CanB) is a calcium/calmodulin-

dependent protein phosphatase, and has a role for endocytosis in nerve terminals (Guerini 

et al., 1992; Kuromi et al., 1997), and small conductance calcium-activated potassium 

channel (SK) is proposed to be a calcium dependent potassium ion transporter.   

We attempted to identify the fs(1)ts242 mutation by sequencing candidate genes, 

but we were unable to identify any missense or nonsense mutation in the protein coding 

regions of candidate genes.  Without the idenfication of the mutations present in 

fs(1)ts242 or any of the conditional mutants, we are left with a collection of mutants with 

an interesting phenotype and no molecular mechanism for its cause.  Despite our inability 

to identify a mutation in the coding region, none of the 17 gene candidates for fs(1)ts242 

has been previously implicated for cellularization.  Hopefully, further analysis of these 
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mutants will reveal the identity of the affected genes, and add to our understanding of the 

mechanisms that control cleavage furrow formation in the Drosophila embryos.   
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Appendix:  Miscellaneous experiments 

 

GENERATION OF LVA ALLELES BY IMPERCISE P ELEMENT EXCISION. 

Generation and analysis of conventional loss-of-function lva alleles will 

complement the knowledge gained from RNAi mediated depletion of Lva, and provide 

additional reagents for future studies.  A P element transposon insertion predicted to be 

213bp upstream of the lva locus on the X chromsome was obtained through a green 

fluorescent protein (GFP) protein trap screen (Fig. A.1)(Morin et al., 2001; Quinones-

Coello et al., 2007).  An X chromosome deficiency chocolate L1 [Df(1)choL1] is thought 

to remove 22 genes including the lva locus (Goode et al., 1996).  I refined the proximal 

breakpoint of the Df(1)choL1 chromosome by genomic Southern blots to a 6.4Kb Xba I 

fragment in the CG6428-lva region.  The Df(1)choL1 chromosome is now predicted to 

remove lva and 14 neighboring genes.  Genetic complementation tests of the P element 

over Df(1)choL1, reveal that the P element insertion causes semi-lethality and sterility 

(Figure A.2).  Mobilizing the P element (marked with mini-white) has yielded three 

independent deletions, all of which are predicted to affect the lva locus.  A line carrying 

the largest deletion of 742bp is thought to remove the putative start codon and N-

terminus of Lva (Figure A.1); however, we detected the expression of a truncated lva 

gene product by western blotting (Figure A.3).  The Lva expression implies that there is 

an alternative promoter, which is a possibility since the original sequencing of Lva 

protein failed to identify the first 7 amino acids, and thus the putative start codon was 

based on gene annotation (Sisson et al., 2000).  While it is unclear how Lva expression is 

achieved in the absence of the putative start codon, the deletion and subsequent 

expression of truncated Lva protein does not affect animal viability and fertility.  
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Additional efforts are underway to generate larger deletion that will remove Lva 

expression.   
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Fig. A.1  lva gene region. 

Solid red bar represents the region absent in the Df(1)choL1 chromosome.  The pink bar is 
the uncertainity in the break point of the deletion, mapped to a Xba I RFLP.  Black lines 
represents P element excisions that disrupted the lva locus. 
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Fig. A.2  P element insertion affects animal viability and female fertility. 

(A) Total number of F1 progenies from w1181 and P{w+, GB}216LE males mated to 
Df(1)choL1/FM7a females that survived into adulthood.  F1 genotypes noted at the 
bottom of the graph.  (B) Total number of eggs laid (white bar plus gray bar) and hatch 
percentage of embryos (gray bar).   
 

 

 

 

 

 

 

Fig. A.3  P element excision does not alter Lva expression 

Western analysis of Lva expression in protein extracts derived from adult females. 
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