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ABSTRACT 

 The Drosophila melanogaster white gene encodes for half of an ATP-Binding Cassette 

(ABC) Transporter. With its binding partner, Brown or Scarlet, it functions as an amine 

transporter in the central nervous system. The white gene was the first isolated genetic mutant in 

Drosophila. This mutation is now a widely used genetic selection marker. As of yet, the entirety 

of phenotypic effects caused by white mutations has yet to be determined. Thus, the objective of 

this study was to determine whether white gene mutations affect the regulation of germline stem 

cell (GSC) proliferation in adult testes. For this purpose, a mating assay was conducted using 

white mutants, w1118, and Canton S. & Oregon R. (wildtype controls). It was found that when 

placed in isolation, w1118 males displayed aberrant mitotic indices of GSCs than normal. These 

results demonstrate that white mutations have an indirect effect on GSC frequency regulation. 
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CHAPTER 1 

INTRODUCTION & LITERATURE 

Brief Stem Cell Review 

 It is widely understood that stem cells are the foundation of all human and animal 

development, self-maintenance, and reproduction. These undifferentiated cells can give 

rise to an indefinite number of progeny and play a multitude of roles in the organism. 

They have the dual ability to self-renew or differentiate into mature cells with a more 

specific function, such as blood cells, brain cells, heart muscle or bone depending on 

environmental molecular cues. No other cell type in the body has the natural ability to 

generate new cell types.  Embryonic (pluripotent) stem cells come from blastocyst, or 

embryos that are around three to five days old (Martin, 1981). These stem cells can 

divide into more stem cells or can become any type of cell in the body (Geijsen et al., 

2004; Suda et al., 1987). Adult stem cells are found in adult tissue and contribute to 

tissue homeostasis due to natural causes, disease, and injury. Compared to embryonic 

cells, adult stems cells have a more limited ability in that they do not naturally create all 

cell types (de Cuevas & Matunis, 2011). A further specialized stem cell, called germline 

stem cells (GSCs), give rise to gametes for reproduction, and therefore are the source of 

human and animal reproduction (de Cuevas & Matunis, 2011; Li & Xie, 2005; Nayernia 

et al., 2006; Shivdasani & Ingham, 2003).  

A small change in the frequency of germline stem cell divisions can dramatically 

affect the number of resulting differentiated cells. For example, a single GSC division in 
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Drosophila ultimately becomes sixty-four spermatids after amplification and 

differentiation (de Cuevas & Matunis, 2011; M T Fuller, 1993; Nayernia et al., 2006). In 

addition, mutated stem cells have been implicated in playing a crucial role in tumor 

initiation and development, and could provide vital insights for medical advancement 

(Hime et al., 2007; Reya et al., 2001).  

Understanding the underlying mechanisms that regulate this system, in 

combination with currently available technologies for manipulation, would be an 

invaluable asset to the science community. Stem cell research has profound potential to 

contribute to the advancement of multiple aspects of society, with many applications such 

as: contraceptive discovery, cell therapy, regenerative medicine, fertility treatments, as 

well as provide guiding principles for new and innovative research. 

 

Spermatogenesis in Male Drosophila Testis 

For this investigation we used adult male Drosophila melanogaster as the model 

organism.  Drosophila males have two testes that contain GSCs, which produce gametes 

for reproduction. These cells are in direct contact with a small group of terminally 

differentiated stromal cells located at the apical tip of the testes, referred to as the hub 

(Hardy et al., 1979) (Figure. 1.2.B, C). Each GSC is enclosed by two cyst stem cells 

(CySCs), which have cytoplasmic extensions that also are in contact with the hub 

(Figure. 1.3). This contact allows for the passage of molecular signals that maintain the 

CySC’s identity, via the Janus Kinase/Signal Transducer and Activator of Transcription 

(JAK/STAT), and Hedgehog signaling pathway (Leatherman & Dinardo, 2010; Schulz, 

Wood, Jones, Tazuke, & Fuller, 2002; Tulina & Matunis, 2001). JAK/STAT is a cytokine 
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induced signaling pathway that regulates stem cell populations, among other essential 

developmental processes. JAK activation stimulates cell migration, proliferation, 

differentiation, and apoptosis (Decotto & Spradling, 2005; Gregory, Came, & Brown, 

2008; Ihle & Kerr, 1995; Ihle, 1995; Matsuda et al., 1999). In Drosophila testes, this 

pathway is activated when Unpaired (Upd), a secreted extracellular protein encoded by 

the unpaired gene, binds to the receptor Domeless (Dome), encoded by the Domeless 

gene (Brown, Hu, & Hombría, 2001). Upd binding induces a conformational change that 

brings together JAK proteins Hopscotch (Hop) (Binari & Perrimon, 1994). Hop is a 

tyrosine kinase of the JAK family that is encoded by the Hopscotch gene and is located 

on the intracellular domain of the receptor (Livnah et al., 1999). This conformational 

change allows the JAK proteins to cross phosphorylate each other as well as the 

Domeless receptor (Harrison et al., 1998; Zeidler et al., 1999). This also creates a binding 

site for the transcription factor STAT, encoded by STAT92E, which is in turn 

phosphorylated by JAK (Hou et al.. 1996; Yan et al., 1996). Once phosphorylated, STAT 

proteins form dimers which translocate to the nucleus where they act to regulate 

transcription (Hombría & Brown, 2002; Schindler & Darnell, 1995). 

 GSCs maintain their identities through signaling from their associating CySCs, 

via the Transforming Growth Factor β (TGF-β) signaling pathway, as well as receive 

essential maintenance signals. The TGF-β ligand is expressed on the cyst stem cells and 

when bound to its receptor acts to suppress the expression of Bam protein. Bam is 

necessary for the cells to undergo differentiation and without it they remain stem cells 

(Dansereau & Lasko, 2008; Leatherman & Dinardo, 2010; Shivdasani & Ingham, 2003).  
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The stem cell niche is located at the apical tip of the testis, and consists of the 

hub, which is immediately surrounded by GSCs, and their two accompanying CySC 

(Figure 1.3). GSCs undergo asymmetric division, in which one cell remains a GSC and 

the other is displaced from the hub and becomes a gonialblast (Hardy et al., 1979)(Figure 

1.2A). The gonialblasts undergo four rounds of transit amplification divisions with 

incomplete cytokinesis, at which point they become spermatogonia (Figure 1.2A, & 

Figure 1.3). The incomplete cytokinesis creates stable cytoplasmic bridges linking sister 

germline cells intercellular (de Cuevas & Matunis, 2011; White-Cooper, 2010) (Figure 

1.3). These sixteen spermatogonia increase in size and become spermatocytes after 

completion of the S-phase, and initiate distinct gene expression. Next, the spermatocytes 

undergo two rounds of meiotic division, after which they differentiate into elongated 

spermatids. The spermatids then shed their cytoplasmic bridges and develop separate 

plasma membranes (Figure 1.2A). The spermatids then develop into mature sperm, which 

are then transported to the seminal vesicle, where they are stored until needed (de Cuevas 

& Matunis, 2011; M T Fuller, 1993; Hardy et al., 1979; Tates, 1971; White-Cooper, 

2010).  

Throughout the proliferation process, the gonialblast are continuously enclosed by 

two somatic cyst cells, which originate from an asymmetric division of the CySCs that 

form the microenvironment of the originating GSC. Simply put, the GSC and its 

accompanying CySCs divide to create the germline daughter cell (i.e. gonialblast) and its 

accompanying somatic cyst cells. The somatic cyst cells do not undergo further divisions 

after enclosing the gonialblast; instead they grow in size to increase their cell surface area 

in order to sustain enclosure of the gonialblast and its progeny (Hardy et al., 1979).  
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Drosophila melanogaster as a Model 

 The Drosophila testis are among the most well documented stem cell niches, and 

have become an ideal model for investigating the biology of adult stem cells in vivo. 

Organization of the niche makes identifying structures, imaging, and manipulation much 

more convenient than other models (de Cuevas & Matunis, 2011; Tates, 1971). 

Development of techniques utilizing molecular markers allows for clear distinction of 

GSCs from differentiating daughters. There are also a wide array of research tools 

available that allow for genetic manipulation with extremely high temporal and spatial 

resolution (Duffy, 2002; M T Fuller, 1998; Margaret T Fuller & Spradling, 2007; Phelps 

& Brand, 1998). In addition, this model provides convenience of genetic tractability, fast 

generation cycles, and has a well-documented life cycle. 

 Most importantly, many of the mechanisms guiding the processes in Drosophila 

testes are considered essential for the function of tissues in other organisms, such as 

gametogenesis in mammals. Drosophila stem cell populations are remarkably similar to 

vertebrates with roughly 77% functional orthologs of human disease genes. This allows 

for subsequent discoveries to be more easily translated for applicability (Croop et al., 

1997; Hime et al., 2007; Reiter, Potocki, Chien, Gribskov, & Bier, 2001).  

 

The white Gene 

 Function & Description 

The white gene, along with brown and scarlet, belong to the ATP-Binding 

Cassette (ABC) Transporter Superfamily. The white gene encodes for White protein, 

which acts as half of the heterodimer for an ABC transporter. White plays a role in 
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transportation of molecules in the brain. Its designated binding partner, brown or scarlet 

gene products, determines what it transports. Based on evidence from early studies, it has 

been implied that White/Brown and White/Scarlet protein complexes form transporters 

responsible for the translocation of guanine and tryptophan, respectively into the cells 

(Ewart et al., 1994; O’hare, Levis et al., 1983; David T. Sullivan et al., 1979). However, 

other studies suggest that White/Brown and White/Scarlet protein complexes form a 

transporter to mediate transportation of red (drosopterins) and brown (xanthommatin) 

pigments respectively (Mackenzie et al., 2000). So rather than transporting tryptophan 

into cells, the White/Scarlet complex imports 3-hydroxykynurenine, a necessary 

ingredient for a xanthommatin metabolic intermediate, through the membrane of the 

pigment granule within the cell. Evidence has shown that the White/Scarlet complex does 

not localize to the plasma membrane, but instead, to the pigment granule membrane 

within the pigment cell, further down stream of the tryptophan transportation stage. This 

alternate theory is still consistent with previous observations; rather there is a difference 

of interpretation based on localization data. Additionally, no evidence has shown that 

White localizes to the plasma membrane of the cell (Mackenzie et al., 2000; Sullivan et 

al., 1980).  

An ABC transporter complex is composed of two transmembrane domains made 

up of six alpha helices, and two ATP-binding regions. Each transporter protein White, 

Brown, and Scarlet contain one transmembrane domain and one ATP-binding region 

which hetero-dimerize to form a complete functional transporter (Dreesen, Johnson, & 

Henikoff, 1988; Ewart et al., 1994; Tearle et al., 1989).  
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Tryptophan is an essential amino acid and it is taken up through the animals diet. 

It’s the biosynthetic precursor for the monoamine neurotransmitter, and hormone, 

serotonin (5-hydroxytryptamine, 5-HT). The end product of Tryptophan- Kynurenine 

(TRY-KYO) pathway is the brown eye pigment, ommochrome (Mackenzie et al., 2000; 

Oxenkrug, 2010). TRY is an amino acid necessary for biosynthesis of proteins and 

methoxyindoles (serotonin and melatonin). The red pigments, drosopterins, also 

contribute to Drosophila’s eye pigmentation. Drosopterins are synthesized from guanine 

and brown pigments called ommochromes, which are created from TRY (Mackenzie et 

al., 1999; Oxenkrug et al., 2007). TRY 2,3-dioxygenase 2 (TDO) is an intracellular 

enzyme that is made from TRY when the indole ring is cleaved. This is a rate-limiting 

enzyme of TRY metabolism and is commonly manipulated in studies trying to 

understand the nature of the pathway. The cleavage of TRYs indole ring also forms 

formylkynurenine, and in turn, kynurenine (KYN). Because TDO is an intracellular 

enzyme, TRY must enter the cell to be available as a substrate for KYN formation 

(Howells & Ryall, 1975; Howells, Summers, & Ryall, 1977; Kudo, Boyd, Sargent, & 

Redman, 2001). Pigment cells possess the necessary machinery to catalyze the 

conversion of intracellular tryptophan to kynurenine by tryptophan oxygenase, as well as 

the conversion of kynurenine to 3-hydroxykynurenine by kynurenine hydroxylase. This 

supports the idea that White may not transport tryptophan into the cell. (Mackenzie et al., 

2000; Mackenzie et al., 1999) 
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Origin & Application 

A key aspect of genetic tractability in Drosophila is using a phenotypic marker 

that enable a researcher to track offspring genotypes. The white gene was in fact the first 

genetic mutant to be isolated in Drosophila (Morgan, 1910). Mutations in white give rise 

to white-eyed flies, which is the most obvious of its phenotypes. This in turn, led to 

widespread popularity of utilizing white as a genetic marker, and is now universally used 

in laboratories.  

 

White Mutational Effects 

ABC Transporter. The TRY-KYN pathway is the first step of eye pigment 

synthesis (R. Tearle, 1991). The white mutant is deficient in both the White/Scarlet and 

the White/Brown ABC transporters in pigment cells. This causes the white eye color 

(lack of pigmentation) phenotype (Sullivan et al., 1980).  

Bioamines. Accurately measuring bioamine levels in flies has proven to be a 

difficult task due to the unstable nature of hormones. It has also been reported that 

Drosophila undergo naturally occurring fluctuations of amine levels, depending on age, 

and sex (Anaka et al., 2008; Borycz et al., 2008; Hardie & Hirsh, 2006). In consequence, 

very general interpretations have been made on the subject due to conflicting evidence. 

For example, in white mutants, flies have been shown to have a reduced uptake of 

tryptophan. However, in such cases serotonin levels did not appear to be affected 

(Sullivan & Sullivan, 1975). In contrast, a more recent study, utilizing a different 

technique for quantification, showed dopamine levels in the heads of white mutants are 

measured to be 33% higher than previously reported. In the same study, serotonin was 
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measured to have 365% higher levels than data previously reported (Hardie & Hirsh, 

2006). Differences may result from varying techniques, or variations of genotypes. Until 

a consensus technique is incorporated for this type of research, results are consistent with 

the conclusion that white mutations alter bioamine levels in flies. 

  Behavioral Abnormalities. The mushroom body is a region of the brain that 

contains serotonergic neurons and is associated with learning, memory and courtship 

behavior. Reported evidence suggests that there is White-Scarlet ABC transporter activity 

in this region of the brain, which contribute to the reported phenotypes of white mutants 

displaying learning and memory abnormalities (Ewart & Howells, 1998).  

In Drosophila, it has been discovered that courtship is a learned behavior that is 

incorporated into the animal’s memory when it begins to court. The naïve males learn by 

mistakenly courting other males and getting rejected. Eventually they learn that their 

advances are futile and only mate females, a process called courtship conditioning 

(Anaka et al., 2008). The wildtype males quickly learn how and whom to court without 

problems, but white mutants have been reported in undergoing male-male courting 

exceeding the traditional time frame for courtship conditioning (Zhang & Odenwald, 

1995).  

 

Scientific Approach 

 As previously stated, Drosophila stem cells and their properties have been studied 

extensively. A very clear understanding of stem cell microenvironments, the stem cell 

niche, and developmental pathways regulating cell fate decisions has been discovered (de 

Cuevas & Matunis, 2011; Li & Xie, 2005). However, recent observations provide 
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evidence that adult Drosophila GSCs have a significantly higher rate of division in 

response to mating, compared to that of non-mated animals (p<0.05 Fisher’s test; Parrott 

& Schulz, unpublished data). These findings suggest that GSCs are capable of adjusting 

their productivity based on environmental cues. Meanwhile, no mechanisms have been 

identified to explain how GSCs sense and respond to this increase in demand for gametes 

during mating. The white gene has been shown to be more versatile than previously 

suspected, so investigations were performed in an attempt to further uncover the 

unknowns of white. 

For this study, a series of mating assays and analytical tools were designed to 

investigate the question: Do white gene mutations alter pathway(s) that regulate GSCs 

division frequency in response to mating? 

The mating assays were designed as such to permit evaluation of the dynamics of 

germline stem cell division rates in vivo. We utilized immunostaining techniques with 

antibodies raised against well-characterized cell-specific cytoplasmic markers to identify 

stem cells in the niche. Immunofluorescent microcopy allowed for quantification of GSC 

mitotic activity, which is reported as the mitotic-phase index of GSCs (MIGSC; percentage 

of GSCs with mitotic activity, divided by the total number of GSCs observed) 

(figure.1.2C). Using this information, in combination with the newfound evidence that 

GSCs respond to mating, we were able to assess the effects of genetic variability on the 

mitotic activity of GSCs in vivo. 
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CHAPTER 2 

METHODOLOGY 

Drosophila Stocks and Genetics 

All fly stocks in this study were maintained on standard medium containing, 

cornmeal, molasses, yeast, agar, Tegosept (a mold inhibitor) and propionic acid (a 

bactericide). Fly following stocks were obtained from the Bloomington Stock Center 

(www.flystocks.bio.indiana.edu/): white1118, two wild-type lines: Oregon R. and Canton 

S., and the fruitless mutant: fru3-ry506 P{PZ}fru3/MKRS. fru1 (In(3R)fru), the null allele 

fruP1.LexA, and fruΔtra were a gift from Dr. Bruce Baker (Howard Hughes Medical Institute, 

Janelia Farms Research Campus). fruΔtra exhibits abnormal mating behavior primarily in 

females (Demir & Dickson, 2005), thus for our purposes, this allele was used as a genetic 

background control.    

 

Generation of fly Stocks 

fru1 and fru3 females were crossed with frulexA and fruΔtra males to generate the 

following transheterozygous combination of fly stocks: fru1/frulexA, fru1/fruΔtra, 

fru3/frulexA, and fru3/fruΔtra. Lines generated by crossing fru1 and fru3 females to frulexA and 

fruΔtra males.  
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Mate Exposure Assays 

All mate exposure assays were performed in a 26.5 °C incubator with day/night-

light cycle using Oregon R. virgin females for mating. Experimental males and females 

were collected as virgins and housed separately. Male flies were between 1 and 10 days 

old at the start of the experiment. Animals were placed in bottles with apple juice plates 

(apple juice, agar, and water) and yeast paste for 24 hours prior to being placed in 

experimental conditions to ensure proper nutrition.  

The following experimental conditions were designed as such to test how 

germline line stem cell mitotic indices respond to the presence of other males as mating 

competitors and to test the effects of mating. Two conditions were used: isolation and 

mass. For the isolation condition, an isolation chamber was designed that allowed the 

execution of daily maintenance with minimal disruption to the animals’ environment, 

similar to that of the Mass groups (Figure 2.1A). The chambers contained perforations at 

the bottom that allowed for air and CO2 influx, for anesthetizing the animals when 

replacing the virgin females (Figure 2.1C, E). Apple juice agar with yeast was placed in 

the lid (Figure 2.1B). Isolation groups contained one male fly, housed either alone in an 

isolation chamber (Iso), or with three other males (Celibate-Iso), or with three virgin 

females (Mated-Iso) (Figure 2.1D-E). The next experimental environment was Mass 

group. These groups were housed in food bottles of either 100 or 400 animals. The mass 

bottles contained either only the experimental male line with no female contact (Celibate-

Mass), or males and females (Mated-Mass). All celibate or mated groups outlined in this 

paper were placed at a 1:3 ratio; experimental group: female/male environment, 

depending on desired environment. 
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Isolated conditions allowed for assessment of the animals when no other animals 

were present which can be assumed as the baseline measurement. Mated-Iso conditions 

allowed us to assess how flies respond when no male competition is present. Lastly, Mass 

groups allow us the opportunity to assess the effect of male competition. 

For the mating assay, males were placed in their allotted environments and 

animals were fed an apple juice agar plate with yeast paste. After 24 hours, flies were 

anesthetized with CO2 and females were sorted out and replaced with fresh virgin 

females, new apple juice plates, and yeast paste. The male-only cohort and isolated males 

received new apple juice plates and yeast paste only. This process was repeated every 24 

hours for two days. At the conclusion of the third day, testes were dissected and stained 

for analysis. 

 

Histochemistry and Immunofluorescent Microscopy 

The tissue was dissected in Testis Isolation Buffer (TIB: 10 mM Tris-HCl, 47mM 

NaCl, pH 6.8, 183 mM KCl) and fixed with 70μl of 37% formaldehyde solution and 

500μl of 1x PBT buffer (1x PBS with 0.1 % Triton X-100, pH 7.5; 1x PBS: 3 mM 

NaH2PO4, 7 mM Na2HPO4, 130 mM NaCl, pH 7.4) for 30 minutes while rocking at room 

temperature. Next the tissue was rinsed three times to stop the fixing process. To rinse, 

the PBT/formaldehyde mixture was removed from the tissue and new 1x PBT was added. 

Replacing the 1x PBT and placing the sample at room temperature while rocking for 20 

minutes then washed the tissue. This wash was repeated two times. Afterwards the tissue 

was incubated overnight with primary antibodies at 4 °C rocking. The tissue was then 

rinsed three times and washed three times for 20 minutes with 1x PBT on a rocker at 
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room temperature. Next, fluorochrome coupled secondary antibodies were added to the 

tissue and incubated for 2 hours at room temperature rocking in the dark. The tissue was 

again rinsed three times and washed three times for 20 minutes 1x PBT in the dark. 

Finally, the tissue was embedded on glass slides using Vectashield embedding medium 

(Vector Laboratories). 

The following hybridoma/monoclonal antibody was obtained from the 

Developmental Studies Hybridoma Bank, developed under the auspices of the NICHD, 

and maintained by The University of Iowa, Department of Biological Sciences, Iowa 

City, IA 52242: mouse α-FasciclinIII 7G10 (1:10) developed by C. Goodman. Goat α-

Vasa (1:150) was obtained from Santa Cruz Biotechnology, and Millipore supplied the 

rabbit α-phosphorylated Histone-H3 (1:500). The following fluorescence-coupled 

secondary antibodies (Molecular Probes) were used at 1:1000: donkey α-mouse (568), 

donkey α-goat (488), and donkey α-rabbit (568). Tissues were observed using a Zeiss 

Axiophot microscope in fluorescent microscopy. Images were taken with a CCD camera 

using an Apotome and Axiovision Rel Software. 

Germline stem cells are located at the apical tip of the testes in direct contact with 

a group of terminally differentiated cells called the hub (Figure 1.2B-C). To obtain the 

images of the germline stem cells, the hub, stained with primary antibody mouse α-

FasciclinIII and secondary antibody donkey α-mouse (568), was located on the 

microscope slide in the DsRed channel using 40x objective. The germline cells, stained 

with primary antibody goat α-Vasa and secondary antibody donkey α-goat (488) were 

visible via the GFP channel. Thus, the germline stem cells were identified by Vasa-

positive cells in direct contact with FasciclinIII-positive cells. Z-stacks images of 1μm 



 

15 

per stack were taken at 40x to ensure clear visualization of the maximum number of stem 

cells per testis. Cells undergoing mitotic division were identified via phosphorylated 

Histone-H3 staining, stained with primary rabbit α-phosphorylated Histone-H3 and 

donkey α-rabbit (568). 

 

Data Analysis 

All stem cell division results were obtained at a steady state via fixed cells using 

molecular markers and reported as mitotic indices. The mitotic index is the percentage of 

germline stem cells undergoing mitotic division and is calculated by dividing the number 

of germline stem cells in division (more specifically, Phosphorylated-Histone H3 positive 

staining in red that is completely encompassed by a Vasa positive cell in green), by the 

total number of germline stem cells (Figure 1.2C). The cells were then counted and the 

mitotic index was calculated. P-values were calculated using Independent–samples 

Student’s t-test, and Two-way Analysis of Variance (ANOVA) test, in Microsoft Excel 

(Version 14.1.0) and SigmaPlot (Version 12.5) software. 
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CHAPTER 3 

RESULTS 

 The method of data quantification used is designed to permit evaluation of the 

variations of germline stem cell division rates in vivo via immunofluorescent microscopy. 

We determined the percentage of GSC undergoing mitotic division (M-phase index, or 

MI) at a steady state via tissue fixing and molecular markers (Refer to Figure 1.2). 

Previous data from our lab has established that mating significantly increases MIGSC in 

Drosophila males compared to celibate flies (p<0.005, Parrott & Schulz, data 

unpublished). We utilized this knowledge as a basic standard for further understanding 

the practical details that govern the regulation of GSC division frequencies in relation to 

white mutants (w1118). 

 

w1118 Displays Deviant MIGSC Compared To Wildtype Males 

Under mating assay conditions, w1118 animals show a deviant MIGSC when 

compared to wildtype animals. More specifically, w1118 males placed in isolated 

conditions exhibited a statistically elevated MIGSC in comparison to w1118 animals placed 

in celibate conditions, but no difference to males placed in mating conditions (p<0.005, 

and p>0.05, respectively, Figure 3.1). This is distinct from Oregon R. wildtype males, 

which exhibit no significant increase in MIGSC of mated versus celibate males. Although 

when placed in mated conditions with virgin females, both wildtype and w1118 showed a 
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significant increase in MIGSC compared to the celibate males housed exclusively in an all-

male population (p<0.005, Figure 3.1).  

By repeating these experiments using w1118 and wildtype lines from other 

laboratories, the previous phenotype of both lines was reinforced. Laboratory stocks are 

maintained in isolated environments and reproduced over many generations. Under these 

conditions inbreeding, population bottlenecks, and environmental differences can 

potentially cause genetic shifts. As such, it is possible for animals of the same genetic 

origin to result in two genetically divergent populations when maintained in different 

laboratories (Cohan, 1984; Whitlock & Fowler, 1999). Thus, to ensure that the unique 

phenotypes that were observed were not solely limited to our white mutant and wildtype 

Oregon R., animals, and to further substantiate our findings, we included a second line of 

white mutants and wildtype (w1118 and Canton S.) contributed by the laboratory of Dr. 

Ping Shen (University of Georgia).  

Wildtype lines (Oregon R. and Canton S.) have mitotic indices that display 

similar overall patterns. Canton S. flies show a significant increase in MIGSC of mated 

groups in comparison to celibate and isolated groups (p<0.0001, & p<0.005, respectively, 

Figure 3.2). In addition, no significant difference is observed in indices between celibate 

and isolated males (p>0.05, Figure 3.2). Similarly, in Oregon R. flies, mated animals 

show a marked increase compared to isolated (p>0.01, Figure 3.2) and the differences 

between celibate and isolated mitotic indices is not significant, although just barely with a 

p-value of p=0.0527 (Figure 3.2). In contrast, w1118 exhibited a higher MIGSC when placed 

in isolated conditions than is seen in the celibate group (p<0.0001, Figure 3.2), a marked 
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difference not seen in wildtype lines. These findings suggest that mutations to the white 

gene have an indirect effect on the regulation of germline stem cell proliferation.  
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CHAPTER 4 

DISCUSSION 

Mutations to the white gene alter a pathway in Drosophila male GSCs that 

modifies division frequency in response to mating. Preliminary data shows that adult 

Drosophila GSCs have a significantly higher rate of division in response to mating 

compared to that of non-mated animals (p<0.05 Fisher’s test; Parrott & Schulz, 

unpublished data). When previously conducting unrelated mating assays, using w1118 as a 

selective control, the results were consistently uncharacteristic of wildtype animals (data 

not shown). Also, we have supporting evidence that courtship alone is not sufficient to 

cause this hallmark response seen in MIGSC after mating. 

The mating assays outlined in this report were designed to allow for the 

interpretation of how MIGSC of w1118 animals respond to various mating environments 

compared to that of wildtype. Environmental factors controlled for include, population 

density and the presence of males and/or females. To ensure mated males had an 

adequate opportunity to mate, they were placed at a 1:3 (male : female) ratio and virgin 

females were replaced daily. To further control for the effects of population density, the 

non-mated males (celibate groups) were also placed at a 1:3 ratio. 

 

w1118 Flies Placed in Isolation Show Unusually High MIGSC 

We are confident that white mutations have an effect on MIGSC. However, the 

question of how are mutations to white affecting MIGSC, is more ambiguous. When 
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interpreting the presented results, it is important to note that isolated flies received no 

interaction from other animals during the assays. Thus, one can assume that the mitotic 

index indicated from isolated groups serves as a, non-stimulated, reference for 

comparison to its corresponding groups. However, due to lack of eliminating evidence, 

one can equally determine a more complex explanation of the interaction between MIGSC 

and their environment. With this in mind, the results can be interpreted in multiple ways.  

In accepting that the MIGSC of the isolation conditions serve as a non-stimulated 

reference for comparison, this data suggests that white mutants have a higher MIGSC 

without introducing any excitatory stimuli, like in the mated condition, when compared to 

wildtype. This suggests that w1118 GSCs divide at a hyperactive-rate. In addition, one can 

say that they have a dramatic response associated to conditions that include the presence 

of other males and the lacks females (seen in Figure 3.1 & 3.2). Mated-Mass groups 

included other male flies without showing a dramatic effect. Similarly, Mated-Iso groups 

were composed of only three females and the MIGSC pattern remained similar to wildtype. 

One can also speculate that, if one removes the assumption of the isolation group 

acting as a non-stimulated reference, w1118 respond within the range of normality in all 

aspects, except when placed in isolation. This new interpretation could suggest that white 

is acting on a redundant pathway that is similarly influenced by stimuli from the presence 

of other animals via pheromones, auditory, or visual cues, and that the evidence of the 

mutants dysfunction is more apparent in the absence of outside stimuli. Many broad 

speculations can be made from this data but further testing is needed to answer the many 

new questions that these results inspire. Such as, does hyperactivity create more sperm 

for reproduction? Is there an overlooked phenotype associated with the over-proliferating 
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cells? Does the MIGSC of w1118 respond when exposed to isolated aspect of courtship such 

as, pheromones, or visual cues only...etc. We can only say for sure that this data suggests 

that the mutation found in w1118 causes abnormal MIGSC by creating a phenotype 

consisting of an unusually high MIGSC when the mutant is placed in an isolated 

environment. 
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CHAPTER 5 

CONCLUSION 

Future Directions & Conclusion 

I will now briefly touch on a broader interpretation of the results in relation to the 

literature and how they may relate underlying causes of the phenotype observed in w1118.   

Reported data indicates that misexpression of the white causes male-male 

courtship in that mating is a learned behavior, which are mediated in the mushroom body 

by the monoamine serotonin. Serotonin is converted from its precursor tryptophan, and 

white is a crucial component of the tryptophan transporter (Ames, 1986; Anaka et al., 

2008; Ewart & Howells, 1998; Hardie & Hirsh, 2006; Sitaraman et al., 2008; David T. 

Sullivan et al., 1979). 

Additionally, we have new evidence that flies that have mutations to the Fruitless 

gene (fru), a transcription factor in the sex determination hierarchy that mediates 

courtship behavior, display similar abnormal MIGSC phenotypes to w1118 (data not shown). 

Fruitless plays a significant role in the induction of male-specific serotonergic neurons (in 

abdominal ganglion) that innervate parts of the internal reproductive organs, mate choice, 

as well as the development of reproductive organs, such as the Mol of Lawrence. 

Previous studies show that mutant fru animals display male-male courtship behavior, 

abnormalities in the structure of serotonergic-abdominal ganglion neurons, and have 

abnormal levels of serotonin. (Arthur & Magnusson, 2005; Becnel et al., 2011; Demir & 

Dickson, 2005; Heinrichs, Ryner, & Baker, 1998; Lee & Hall, 2001; Mellert et al., 2010; 
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Villella et al., 1997) Importantly, the fru lines directly observed to display the w1118 

phenotype, have a genetic background of wildtype or rosy, and did not have a white 

mutation. 

Furthermore, the Becnel lab (2011) found that activity of serotonin receptor 7 in 

Drosophila (5-HT7Dro) is essential for normal courtship and mating behaviors. It 

mediates levels of interest in both males and females, and is essential for normal 

courtship and mating. This is the first reported evidence of direct involvement of a 

particular serotonin receptor subtype in courtship and mating in the fly (Becnel et. al., 

2011). To investigate the growing theory of a correlation between serotonin and GSC 

division frequency, we performed an RT-PCR on wildtype testis tissue. Interestingly, we 

discovered that at least four of five serotonin receptors found in Drosophila are expressed 

in wildtype testes (data not shown).  

We’ve concluded that the white gene can have an indirect effect on the 

pathway(s) that regulate germline stem cell proliferation in Drosophila testis. In short, 

this universally used genetic marker is not fully understood, particularly in combination 

with other genetic mutations. Novel findings in this report provide new awareness to 

white mutational effects, and provide new insight for analytical interpretations of white. 

In addition, the collective body of knowledge presented may suggest that serotonin has a 

more profound effect on GSC regulation than previously expected. Direct connections 

have yet to be made between serotonin and GSC proliferation, but the findings presented 

provide support of a potential relationship between the two. There is also an adequate 

amount of literary evidence further supporting a link between serotonin and phenotypic 
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similarities observed between white and Fruitless mutants. I strongly believe that 

pursuing this novel line of investigate will prove to be, dare I say…Fruit-ful? 
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Figure 1.1: Immunofluorescent Labeling of Whole Testis Anatomy in Wildtype 

Drosophila. (Apical tip) Hub, indicated by asterisk, cluster of terminally differentiated 

stromal cells; GSC, germline stem cell; GB, gonialblast. Vasa, expressed in germline 

cells; Dapi, stains cell nuclei. 
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Figure 1.2: The Organization & Proliferation Process of Germline Stem Cells in 

Drosophila Wildtype Testes. (A) Graphical depiction of germline stem cell proliferation 

process (beginning: top to end: bottom) GB, gonialblast; GSC, germline stem cell; TA-

divisions, transit amplification divisions. (B) Graphical depiction of the germline stem 

cell niche at the apical tip of the testes. Hub, cluster of terminally differentiated stromal 

cells; GSC, germline stem cells; CySC, cyst stem cells. (C) Immunofluorescent labeling 

of a wildtype germline stem cell niche. Vasa, expressed in all germline cells; FasIII, 

FasciclinIII (staining circled in white) expressed by the hub cells; pHH3, phosphorylated 

Histone-H3 (shown inside of the furthest GSC to the right) labels exposed Histone-H3 of 

uncoiled DNA, i.e. cells undergoing mitotic division. GSCs are identified as vasa positive 

cells in direct contact with FasIII positive cells. Germline stem cell mitotic index (MIGSC) 

is calculated by dividing the number of germline stem cells in division (Phosphorylated-

Histone H3 positive staining in red that is completely encompassed by a Vasa positive 

cell in green), by the total number of germline stem cells. 
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Figure 1.3: Graphical Depiction of the Germline Stem Cell Proliferation Process in 

Drosophila Wildtype Testes. (Beginning: top, to end: bottom) CySC, cyst stem cell; Hub, 

cluster of terminally differentiated stromal cells; GSC, germline stem cell; GB, 

gonialblast; CC, cyst cell; SG, spermatogonia; SC, spermatocyte. 
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Figure 2.1: Isolation Mating Chamber. An apparatus built to house the isolation (Iso) 

groups during mating assays. (A) The entirety of a mating container for one group. It 

contains 100 individual chambers. (B) The lid of the chamber that holds the apple juice 

agar and yeast to feed the animals and seal the individual chambers. (C) View of the 

bottom of the chamber. This allows necessary oxygen to enter and is placed over a CO2 

pad for anesthetizing the animals. (D) Top view of container looking down in to the 

chambers. (E) View of the bottom perforated portion of an individual chamber that has 

been removed from the container. (F) Side view of individual chamber removed from the 

container. The container is made from a 1000μl pipette tip box. The tips are cut and 

melted onto a small piece of wire screen and trimmed. The tips are then glued into the 

container for easy use. Putters are used to place and remove animals. 
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Figure 3.1: Assay to Compare Mating Conditions MIGSC of w1118 Males and Wildtype 

(Oregon R.). The four mating conditions of this assay include: Mated-Mass: 25 virgin 

males were placed with 75 virgin females. Mated-Iso: single virgin males placed with 3 

virgin females. Celibate-Mass: 25 virgin males placed with 75 other virgin males. 

Isolated: males housed alone. All celibate or mated groups were placed at a 1:3 ratio; 

experimental males to the desired mating group, respectively. All p-values were 

calculated using Independent–samples Student’s t-test, and Two-way Analysis of 

Variance (ANOVA) test. 
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Figure 3.2: Mating Assay to Compare MIGSC of w1118 Males and Wildtype Lines. The four 

mating conditions of this assay include: Mated-Mass: 25 virgin males were placed with 

75 virgin females. Mated-Iso: single virgin males placed with 3 virgin females. Celibate-

Mass: 25 virgin males placed with 75 other virgin males. Isolated: males housed alone. 

All celibate or mated groups were placed at a 1:3 ratio; experimental males to the desired 

mating group, respectively. All p-values were calculated using Independent–samples 

Student’s t-test, and Two-way Analysis of Variance (ANOVA) test.  
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