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ABSTRACT 

Germline sex determination is a key aspect of sexual development that allows germ cells 

to develop along either a male or female path to produce sperm or eggs. In most animal 

models, signals from surrounding somatic cells are critical for establishing germ cell sexual 

identity. However, in some animals including humans and flies, the sex chromosome 

constitution of the germ cells is also important. Importantly, a failure to match germline 

and somatic sex leads to defects in gametogenesis. Patients with Turner (XO females) or 

Klinefelter (XXY males) Syndrome exhibit infertility with severe germline depletion. This 

is difficult to explain by meiotic defects alone given the early stage at which it occurs, and 

the loss of pre-meiotic spermatogonia and spermatogonial stem cells in XXY humans and 

mice. Similarly, in Drosophila, XX males are sterile with severe germline depletion and 

XY females are sterile with ovarian tumors. In the presented work, we have studied how 

the germ cell intrinsic cues work together with extrinsic somatic cues to specify germline 

sex. 

 In Drosophila, sex determination in somatic cells has been well-studied and is 

under the control of the switch gene Sex lethal (Sxl, protein Sxl), which is activated in the 

XX (female) soma by the presence of two X chromosomes. Interestingly the loss of Sxl 

function in the germline results in ovarian germline tumors, a characteristic of XY (male) 

germ cells developing in an XX soma. Further, XY germ cells expressing Sxl are able to 

produce eggs when transplanted into XX somatic gonads. Taken together, these 

observations suggest that Sxl is both necessary and sufficient for the female identity of 

germ cells in the correct somatic environment. However, the mechanism for “counting” X 

chromosomes to activate Sxl in XX germ cells is thought to be different from the soma. 
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Here we have explored this mechanism at both cis- and trans-levels. Our data demonstrate 

that the Sxl “establishment” promoter (SxlPE) is activated in a female-specific manner in 

the germline, as in the soma, but that the timing of SxlPE activation, and the DNA elements 

that regulate it are different from those in the soma. Nevertheless, we find that the X 

chromosome-encoded gene sisterless A (sisA), which helps activate Sxl in the soma, is also 

essential for Sxl activation in the germline. Loss of sisA function leads to loss of Sxl 

expression in the germline, and to ovarian tumors and germline loss. These defects can be 

rescued by the expression of Sxl, demonstrating that sisA lies upstream of Sxl in germline 

sex determination. We conclude that sisA acts as an X chromosome counting element in 

both the soma and the germline, but that additional factors that ensure robust, female-

specific expression of Sxl in the germline remain to be discovered. Our work has thus 

improved our understanding of how X chromosome counting occurs in the germline.  

 In addition, we have performed a ChIP-Seq analysis using an inducible 

overexpression system in vitro to identify potential targets of SisA. Finally, we have also 

performed a reverse genetics screen to identify genes expressed in the soma that may non-

autonomously affect germline development and sexual identity. All together, we have 

developed a greater understanding of how germline sexual identity is specified. 

 

PRIMARY READER AND ADVISOR: Dr. Mark Van Doren 

SECONDARY READER: Dr. Robert Johnston Jr.  
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CHAPTER I: INTRODUCTION 
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During human development, our cells have to make a crucial decision – whether to develop 

as males or females. This decision, known as sex determination, has a significant influence 

on our anatomy, morphology, and behavior, all of which are found to be different between 

males and females. How this decision is made and how these sexual dimorphisms arise has 

peaked the interests of scientists for many decades. As sexually reproducing species, one 

can argue that this decision is particularly important in the developing gonads that house 

both somatic cells and germ cells i.e. the cells that differentiate into sex-specific gametes; 

spermatogenesis to produce sperm in males and oogenesis to produce eggs in females. 

Sperm and egg among diverse animal species share common features and function, 

suggesting that the sex-specific development of germ cells is a highly conserved process. 

This allows us to apply our understanding of germline sex determination from model 

systems such as Drosophila melanogaster (fruit flies) to other species including humans. 

Given that one in six human couples experience infertility, commonly due to defects in 

gametogenesis or germline development (Jose-Miller et al., 2007), the study of germline 

sex determination is fundamental to our understanding of reproductive biology. 

In this chapter, I will discuss the different mechanisms of somatic and germline sex 

determination and elaborate on these mechanisms in flies, mice and worms. This will be 

followed by a brief discussion on the evolution of sex and the role that RNA-binding 

proteins have played in sexual development. I will then finish this chapter by describing 

our current understanding of the gene Sex lethal (Sxl) that encodes an RNA-binding 

protein, which acts as the master sex determining switch in Drosophila. 

 

Mechanisms of sex determination  
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Several mechanisms of sex determination have been discovered in the animal kingdom. 

These mechanisms are largely governed by the karyotype of an individual or environmental 

cues, as described below: 

 

Genetic sex determination 

Genetic sex determination mechanisms are where the sex of the individual depends on their 

sex chromosome constitution. Species including humans, Mus musculus (house mouse), 

Caenorhabditis elegans (round worm), and Drosophila melanogaster (fruit fly) use the 

XX/XY system, in which heterogametic animals develop as males while homogametic 

animals develop as females. In humans and M. musculus, a single-sex determination switch 

gene Sry that is located on the male-determining region of the Y chromosome is necessary 

and sufficient to initiate male development (Gubbay et al., 1990; Schafer and Goodfellow, 

1996; Sinclair et al., 1990). Similarly in Musca domestica (house fly), the male sex 

determining switch Maleness-on-the-Y (MoY) is also found on the Y chromosome 

(Meccariello et al., 2019). In dipteran insects such as D. melanogaster, the dose of X 

chromosomes determines the sex of the species, whereby a diploid dose of X-linked 

signaling elements can activate the feminizing switch gene Sxll. An extreme case of 

XX/XY is found in species such as C. elegans, where there is only a single type of sex 

chromosome resulting in an XX/XO system. In this system, XX individuals develop as 

females while those with a single X chromosome develop as males.  

On the other hand, many lepidopteran insects, birds, and reptiles use the ZW/ZZ 

(or ZZ/ZO) system in which heterogametic animals develop as females and homogametic 

animals develop as males. Similar to the XX/XY system, sex is determined by a dominant 
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sex determining gene on the W chromosome or by the dose of Z chromosomes. Butterflies 

possess a female-determining W chromosome (Bull, 1983) and in Bombyx mori (silk 

worm), a piRNA gene named feminizer found on the W chromosome acts as the feminizing 

sex determination switch to overcome the effects of masculinizer encoded by the presence 

of two Z chromosomes (Hashimoto and H., 1933; Kiuchi et al., 2014). In chickens diploid 

doses of DMRT1 found on the Z chromosome result in the development of testes (Lambeth 

et al., 2014; Smith et al., 2009) and  there is also evidence of sex-biased gene expression 

leading to the development of sex-specific traits (Naurin et al., 2012).  

Finally, reptiles and fish exhibit extremely diverse mechanisms of sex 

determination. Some species of lizards use the XX/XY system, while most snakes (with 

the exception of boas and pythons) use the ZZ/ZW system of genetic sex determination 

(Gamble et al., 2017; Matsubara et al., 2006; Modi and Crews, 2005; Ohno, 2013; Vicoso 

et al., 2013). Similarly, teleosts also demonstrate genetic sex determination using either of 

the XX/XY or ZZ/ZY systems. Other species from these groups do not use genetic sex 

determination at all. Instead, their sexual development is dictated by their surrounding 

environment and non-genetic cues. 

 

Environmental and social sex determination 

Most turtles and all crocodilians use environmental cues such as temperature (Baroiller and 

Guiguen, 2001; Bull, 1980; Godwin et al., 2003; Pieau and Dorizzi, 2004; Pieau et al., 

1999) for primary sex determination. In turtles, eggs that develop at lower temperatures 

develop as males while those at slightly higher temperatures develop as females. The 

converse is also observed and this dependency on temperature can vary between species 
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(Pieau and Dorizzi, 2004; Pieau et al., 1994, 1999). In alligators, females develop at the 

high and low extremes while males develop in the temperatures in between. Similarly, sex 

determination in teleosts can also be environmental, relying on cues including temperature, 

hypoxia, food availability and population density (Baroiller et al., 2009; Devlin and 

Nagahama, 2002; Lawrence et al., 2007; Shang et al., 2006; Uchida et al., 2004). 

Additionally, social cues can also influence sex determination in hermaphroditic fish such 

as clown fish where changes in social standing result in sex changes (Devlin and 

Nagahama, 2002; Godwin et al., 2003). In some species including zebrafish, the presence 

of primordial germ cells can determine sex (Dai et al., 2015; Siegfried and Nüsslein-

Volhard, 2008; Slanchev et al., 2005; Tzung et al., 2015). The absence of germ cells in 

zebrafish pushes the developing bipotential gonad towards a testis fate, which is sufficient 

for masculinization of the fish. Other species that rely on environmental cues include 

Dipteran species such as Aedes stimulans (which also relies on the nutritional status of the 

mother) and Heteropeza (Saccone et al., 2002). Overall, it is evident that different 

mechanisms govern the sexual identity of most animals. 

 

Overview of somatic sex determination in flies, mice, and worms 

Sex determination studies have largely focused on somatic sex determination 

Despite the diversity in sex determination mechanisms, the downstream gene cascades 

regulated by them appear to be conserved (Hong et al., 2007). Importantly, all these 

mechanisms share a common goal – the production of sex-specific haploid gametes, that 

come together for sexual reproduction, pass down genetic information, and subsequently 

propagate the species. An example of such a convergence is at the doublesex, mab-3 related 
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transcription factors (Dmrts) family of genes known to regulate sex-specific gene 

expression and promote sex-specific development. doublesex is the founding member of 

this family of genes and was first identified in Drosophila as a mutation that caused defects 

in somatic sexual differentiation (Hildreth, 1965). This highly conserved family of genes 

plays an important role in sex-specific gonad development across many animal species  

(Matson and Zarkower, 2012) and has been widely studied in the context of the somatic 

gonad. As such, there has been an overall greater effort placed in understanding the 

mechanisms of somatic sex since these result in more noticeable sexual dimorphisms such 

as in morphology and behavior. An overview of somatic sex determination in flies, mice, 

and worms is given below: 

 

Drosophila melanogaster 

In Drosophila, XX individuals develop as females while XY develop as males. This is the 

result of an X chromosome counting mechanism in which the presence of two or more X 

chromosomes lead to development along the female path (Bridges, 1914; Erickson and 

Quintero, 2007). In the soma of diploid flies, two X chromosomes activate the sex 

determination switch gene Sxl, which initiates female sexual differentiation and regulates 

dosage compensation. Sxl functionally splices the product of transformer (tra), thus 

producing protein only in females. tra regulates almost all known aspects of somatic sexual 

dimorphism (McKeown et al., 1987, 1988; Nagoshi et al., 1988) and achieves this in part 

by working together with transformer 2 to alternatively splice the highly conserved 

transcription factors doublesex (dsx) and fruitless (fru). dsx’s role is in regulating male 

versus female morphology (although dsx-independent mechanisms have been found to 
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regulate differences in intestinal morphology and body size (Hudry et al., 2016; Mathews 

et al., 2017; Rideout et al., 2015). fru on the other hand is responsible for differences in the 

nervous system as well as behavioral differences (Camara et al., 2008; Siwicki and Kravitz, 

2009) 
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Figure 1.1 

 

Figure 1.1: The somatic sex determination pathway in Drosophila melanogaster. The 

number of X chromosome number determines sex. XX is female, and XY is male. The 

presence of two X chromosomes activates the sex determination switch gene Sex lethal 

(Sxl) which initiates an alternative splicing cascade to productively splice itself and its 

downstream target transformer (tra). In combination with the general splicing cofactor 

Transformer-2 (Tra-2), Tra splices the downstream targets, doublesex (dsx) and fruitless 

(fru) into female-specific transcripts that encode DsxF and a non-functional FruF protein. 

In the absence of Sxl, no Tra is produced and default splicing of dsx and fru results in the 

XX XY

Sxl Sxl

tra tra

dsx, fru dsx, fru

DsxF {FruF} DsxM FruM

tra2tra2

Female Soma Male SomaFemale 
Nervous System

and Behavior

Male
Nervous System

and Behavior
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production of DsxM and FruM proteins. DsxF and DsxM control female and male-specific 

development of the soma, resulting in most observable sexual dimorphisms. They also 

regulate sex-specific nervous system development/behavior. FruM is responsible for the 

male-specific nervous system development and courtship behaviors.  
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Mus musculus 

Similar to Drosophila, mice also utilize a somatic sex determination switch – the Sry gene 

present on the Y chromosome is necessary and sufficient for male specification, even if 

present in XX individuals (Gubbay et al., 1990; Koopman et al., 1991; Lovell-Badge and 

Robertson, 1990). Sry activates Sox9 (Jakob and Lovell-Badge, 2011; Sekido and Lovell-

Badge, 2008; She and Yang, 2017), which in turn activates fgf9 to direct the development 

of the testis from a bipotential gonad. In males FGF9 represses female gonad development 

(Colvin et al., 2001) but in females, FOXL2 represses fgf9 so that Wnt4 can activate female 

gonad development whilst repressing male gonad development (Kim et al., 2006; 

Ottolenghi et al., 2007; Uhlenhaut et al., 2009). In mice, gonadal sex equates to the sex of 

the individual as sex differentiation is achieved via secreted hormones and their receptors 

(Eggers and Sinclair, 2012). 

 

Caenorhabditis elegans 

Somatic sex determination in worms, like in Drosophila, is determined by X chromosome 

number. XO individuals are male and XX individuals are hermaphrodites that initially 

produce sperm and then switch to making eggs. X chromosomes are counted by the genes 

fox-1 and sex-1 (Akerib and Meyer, 1994; Carmi and Meyer, 1999; Carnell et al., 2005; 

Hodgkin et al., 1994; Nicoll et al., 1997; Skipper et al., 1999). In XO males, the single X 

chromosome is insufficient to repress the master regulator of sex determination XO lethal-

1 (xol-1), which in turn represses Sex determination and dosage compensation defective 1-

3 (sdc-1, sdc-2, sdc-3). This leads to the derepression of Hermaphrodization of XO animals 

(her-1) (Wolff and Zarkower, 2008). HER-1 inhibits the activity of TRA-2A in XO animals 
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(Kuwabara and Kimble, 1995; Kuwabara et al., 1992; Okkema and Kimble, 1991; Perry et 

al., 1993). The FEM (feminization) proteins can then target Transformer-1 (TRA-1) for 

degradation and are sufficient to promote male sexual identity even in XX animals 

(Hodgkin, 1987a, 1987b; Mehra et al., 1999). In XX individuals, TRA-2A inactivates the 

FEM (feminization) proteins (Ahringer and Kimble, 1991; Ahringer et al., 1992; Gaudet 

et al., 1996) to allow female development. 

 

In these animals, somatic sex determination has been well characterized. It relies on 

autonomous cues determined by the sex chromosome karyotype, whether it is via X 

chromosome counting like in flies and worms, or the presence of a sex-determination 

switch on the Y chromosome as described in mice. Given that the soma has been the focus 

of sex determination studies, it is not surprising that more of what we know about germline 

sex determination is about the soma’s influence on it. However, in some cases, the germline 

uses both, non-autonomous cues from the soma as well as autonomous cues dictated by 

their own sex chromosome genotype to determine its sex. 

 

Overview of germline sex determination in flies, mice, and worms 

Compatibility of germline sex and somatic sex 

M. domestica (Hilfiker-Kleiner et al., 1994), Xenopus laevis (African clawed frog) 

(Blackler, 1965), and some species of fish including Oryzias latipes (Medaka fish or 

Japanese rice fish) (Okutsu et al., 2006; Shinomiya et al., 2002; Yoshizaki et al., 2010) are 

examples of species where germ cells adopt the sex of the closely associated somatic cells. 

In these animals, the soma is sufficient to specify the sex of the germ cells regardless of 
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their own sex chromosome constitution. These germ cells can even switch their sex i.e. go 

from making sperm to eggs or eggs to sperm depending when the sex of the surrounding 

soma switches, for example, in the sexually plastic wrasses and gobies (Devlin and 

Nagahama, 2002). In extreme cases such as Caenorhabditis elegans hermaphrodites, germ 

cells can even produce both sperm and eggs (Ellis, 2008; Ellis and Kimble, 1995) within 

the same individual.  

By contrast, in other species such as flies, mice, and humans, the sex chromosome 

constitution of the germ cells is also autonomously important for establishing their sexual 

identity and for their proper development. In these animals that also have autonomous 

regulation of germline sex, there exists an important requirement – the sex of germ cells 

must match that of the soma for proper gametogenesis to occur. This requirement is 

demonstrated by the inability of Drosophila germ cells to develop in the soma of the 

opposite sex. Using germ cell transplants (Illmensee and Mahowald, 1974) in embryos or 

germline chimeras (Van Deusen, 1977), XY germ cells in an XX soma, and XX germ cells 

in an XY soma can be studied. Alternately genetic manipulation can be used to switch the 

sex of the soma without affecting the sex of the germline (Marsh and Wieschaus, 1978; 

McKeown et al., 1988; Schüpbach, 1982; Sturtevant, 1945) resulting in XX psuedomales 

or XY pseudofemales. Male germ cells developing in a female soma result in ovarian 

tumors where maturing germline cysts in the ovary are replaced by overproliferating, 

undifferentiated germ cells (Schüpbach, 1985; Steinmann-Zwicky et al., 1989). 

Additionally, these germ cells have reduced viability and may be lost (Unpublished data, 

Van Doren Lab). Interestingly, hallmarks of spermatogenesis as well as oogenesis are 

observed in these compromised germ cells (Hinson and Nagoshi, 1999; Janzer and 
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Steinmann-Zwicky, 2001; Waterbury et al., 2000). Conversely, XX germ cells also fail to 

develop in an XY soma. These germ cells have severely reduced viability and are lost, 

while the few that remain exhibit characteristics of both male or female germ cells 

(Andrews and Oliver, 2002; Brown and King, 1961; Hinson and Nagoshi, 1999; Horabin 

et al., 1995; Nagoshi et al., 1995; Nöthiger et al., 1989; Oliver et al., 1993; Seidel, 1963; 

Staab et al., 1996; Steinmann-Zwicky, 1993; Steinmann-Zwicky et al., 1989; Sturtevant, 

1945). Put together, these observations suggest that XY germ cells cannot produce sperm 

in an XX soma, and XX germ cells cannot produce eggs in an XY soma (Steinmann-

Zwicky et al., 1989; Van Deusen, 1977). 

 Similarly in humans and mice, the compatibility of the sex of the germline and the 

soma is equally important and a mismatch in the sex of the soma versus the germline can 

lead to reproductive defects and infertility. These Disorders of Sexual Development 

(DSDs) are often associated with reduced germ cell viability and aberrant germline 

development, and are commonly observed in females with Turner’s Syndrome (XO) or 

males with Klinefelter’s Syndrome (XXY). In the case of the former, there are significant 

germline defects and a lack of follicular development (Hjerrild et al., 2008; Reynaud et al., 

2004). In the latter, the soma is masculinized by the presence of the Y chromosome but the 

germ cells are incompatible because of their two X chromosomes. In these individuals, 

there is a severe loss of the germline even before puberty with any surviving spermatogonia 

being resultant from the loss of a single X chromosome (Bergère et al., 2002; Juul et al., 

2014; Paduch et al., 2009; Sciurano et al., 2009; Wikström and Dunkel, 2008). Similar 

defects are also observed in XXY mice, where the seminiferous tubules are severely 

atrophied and lack germ cells. Since premeiotic germ cells as well as spermatogonial stem 
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cells are lost, it can be concluded that this loss is not just due to aberrant meiosis (Ishii et 

al., 2007; Mroz et al., 1999; Wikström and Dunkel, 2008). 

 Together, these observations highlight the importance of understanding how 

autonomous sex determination occurs in the germline in coordination with the decision of 

the soma. An overview of non-autonomous and autonomous germline sex determination 

in flies, mice, and worms is given below: 

 

Drosophila melanogaster 

Germ cells in flies require signals from their surrounding somatic gonad for successful 

gametogenesis to occur. Some of these signals are regulated by the somatic sex 

determination genes such as tra and dsx (Nöthiger et al., 1989; Steinmann-Zwicky, 1994a; 

Van Deusen, 1977). tra does not directly affect the sex of the germline in Drosophila. 

However, mutants for tra result in the masculinization of the soma (Sturtevant, 1945) 

leading to female germ cells in a male soma. These germ cells show an increased 

expression of male germ cell-specific genes and decreased expression of female germ cell-

specific genes (Casper and Van Doren, 2006, 2009) and are subsequently lost. Conversely, 

tra is also sufficient to feminize the soma (McKeown et al., 1988) and in these XY 

pseudofemales, male germ cell-specific genes are repressed while female germ cell-

specific genes are upregulated (Casper and Van Doren, 2006, 2009). Our lab has shown 

that the soma activates the Janus Kinase Signal Transducer and Activator of Transcription 

(JAK/STAT) pathway in germ cells to masculinize them (Wawersik et al., 2005). A similar 

signal in females that acts to repress male gene expression has been hypothesized but 

remains undiscovered (Heller and Steinmann-Zwicky, 1998). Finally, even though the sex 
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determination switch gene Sxl is sufficient to feminize XY germ cells in a female soma, 

expression of Sxl in XY germ cells that are developing in a male somatic environment does 

not interfere with spermatogenesis (Hager and Cline, 1997; Hashiyama et al., 2011; Oliver 

et al., 1993). All these observations suggest that regardless of their own sex chromosome 

constitution and autonomous cues, germ cells in flies respond to non-autonomous signals 

from the surrounding somatic cells that influence their sex, and that these signals can be 

dominant over germline autonomous cues.  

In addition to non-autonomous signals from the soma, the sex chromosome 

constitution of the germ cells is also important for germline sex determination. Like in the 

soma, the presence of two X chromosomes independently turns on the feminizing switch 

Sxl, which is both necessary and sufficient for female germline sexual identity (the latter is 

true only in the presence of a female soma). Without Sxl, germ cells cannot undergo 

successful oogenesis and result in ovarian tumors (Oliver et al., 1988; Perrimon et al., 1986; 

Salz et al., 1987; Schüpbach, 1985; Steinmann-Zwicky et al., 1989). However, the 

mechanism by which Sxl is activated and also functions in the germline is different from 

the soma. Transplant experiments have demonstrated that the genes required in the soma 

for somatic sex determination such as tra and dsx are not required autonomously in the 

germline (Marsh and Wieschaus, 1978; Schüpbach, 1982). Additionally, the combination 

of genes (sisterless A, sisterless B, sisterless C, and runt) that activate Sxl in the female 

soma is different from the combination that is required in the germline. The best candidates 

for germline Sxl activation are ovo and otu which are only required in the female germline. 

These genes result in similar phenotypes to Sxl loss-of-function in the germline (King, 

1979; Oliver et al., 1987) and in most assays appear to act upstream of Sxl (Andrews and 
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Oliver, 2002; Bopp et al., 1993; Nagoshi et al., 1995; Oliver and Pauli, 1998; Oliver et al., 

1993, 1994; Pauli et al., 1993; Wei et al., 1994). Thus, while the Drosophila germline 

receives extrinsic cues that can influence its sex, it is also capable of autonomous sex 

determination using a mechanism that is independent of the soma. 

 

Mus musculus 

Similar to Drosophila, mouse germ cells utilize both, signals from the surrounding soma, 

as well as autonomous sex determination dictated by their sex chromosome constitution. 

In males, FGF9 signaling to the germline is important for their survival (DiNapoli et al., 

2006). This is reminiscent of JAK/STAT signaling from the soma to the germline in 

Drosophila male flies (Wawersik et al., 2005). Additionally, FGF9 from the male soma 

activates NANOS2 in the germ cells, which is both necessary and sufficient to promote 

male sexual identity of the germline, and also prevents early meiotic entry of germ cells 

and female gene expression (Barrios et al., 2010; Kusz et al., 2009; Suzuki and Saga, 2008; 

Suzuki et al., 2010; Tsuda et al., 2003). Retinoic acid signaling (RA) is another way by 

which the soma exerts its control over germline sex. The male soma actively degrades RA 

(Bowles et al., 2006; Koubova et al., 2006), which being high in the females, allows germ 

cells to enter meiosis early (Baltus et al., 2006; Wang and Tilly, 2010). Further, Both XX 

and XY germ cells begin early meiosis when they develop in an ovary, a characteristic of 

female germ cells (Taketo-Hosotani et al., 1989). Conversely, both XX and XY germ cells 

enter cell cycle arrest when they develop in a testis, typical of male germ cells (Hunt et al., 

1998; McLaren, 1981, 1995). Thus, it was initially thought that the sex chromosome 
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constitution in the mouse germline was not important and that germ cells adopted the sex 

of their surrounding soma. 

 More recently, it has become evident that even in mice the sex chromosome 

constitution of germ cells is also important for determining their sex. Like in Drosophila, 

the Y chromosome harbors vital spermatogenesis genes and the presence of two X 

chromosomes promotes female identity in germ cells as evidenced by the fact that 

characteristic of female germ cell identity, XX germ cells enter meiosis earlier than XY or 

XO germ cells even in a male soma (McLaren, 1981). Conversely XY and XO germ cells 

progress through spermatogenesis further than XX germ cells (Cattanach et al., 1971; 

McLaren, 1995). Finally, the number of X chromosomes in germ cells can also affect their 

epigenetic status (Durcova-Hills et al., 2004, 2006). Together, all these observations 

indicate that even in mice, the sex chromosome make up provides an intrinsic influence on 

the germline’s sexual development, regardless of the surrounding somatic environment. 

 

Caenorhabditis elegans 

In contrast with flies and mice, the sex of the germ cells in worms is regulated by the 

surrounding soma and is not affected by their sex chromosome constitution. For example, 

HER-1 expression in the soma is sufficient to masculinize XO or XX germ cells (Hunter 

and Wood, 1992; Perry et al., 1993). However, autonomous cues still have a significant 

role in the germline. The FEM proteins and TRA-1 expression in the germline promote 

spermatogenesis (Barton and Kimble, 1990; Chen and Ellis, 2000; Ellis and Kimble, 1995; 

Jin et al., 2001). Further, mutations in the germline targets of TRA-1, Feminization of 

Germline 1 or 3 (fog-1 or fog-3) cause all germ cells to develop as oocytes even in males 
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without affecting somatic sex (Barton and Kimble, 1990; Ellis and Kimble, 1995). In the 

hermaphrodite germline, the germline sex needs to switch from producing sperm to 

producing eggs and this is also achieved by autonomous mechanisms. FEM-3 Binding 

factors (fbf-1 and fbf-2), Nanos-3 (nos-3), and Masculinization of the Germline 1-6 (mog-

1,2,3,4,5,6) repress FEM-3 and spermatogenesis, and in turn promote oogenesis (Ahringer 

and Kimble, 1991; Crittenden et al., 2002; Graham and Kimble, 1993; Graham et al., 1993; 

Kraemer et al., 1999; Zhang et al., 1997). 
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Figure 1.2 

 

 

Figure 1.2: The germline sex determination pathway in Caenorhabditis elegans. A-B) 

(Kuwabara and Perry, 2001) Timeline of switch from spermatogenesis to oogenesis in XO 

individuals. her-1 inhibits tra-2 and is thus sufficient to promote spermatogenesis. The 

FEM proteins and TRA-1 also promote spermatogenesis. Mutations in targets of TRA-1 

lead oogenic fates in germ cells. Eventually, FBFs, NOS-3, and MOGs1-6 repress FEM-3 

to promote oogenesis. C) Summary of germline sex determination pathway in C. elegans. 

Illustrations from (Haag, 2005; Kuwabara and Perry, 2001).  
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How extrinsic somatic signals and germ cell intrinsic cues act together to specify 

the sex of the germline remains a key question even though as we have seen, we are starting 

to understand how these processes work. This question becomes even more interesting 

when considering that the germline emerged more recently in the course of evolution and 

hence germline sex determination evolved after somatic sex determination but had to 

remain compatible with it. Therefore, to understand the mechanisms of sex determination, 

it is important to also understand their evolution. 

 

Evolution of sex 

Studying the evolution of sex, especially for the purposes of understanding how organisms 

adopt one of two sexual fates and produce sex-specific gametes has been of great interest 

to scientists. Considering the diversity of mechanisms that organisms use to determine their 

sex, it is likely that sex determination switches evolve rapidly, especially in cases when the 

germ cells rely on the somatic mechanisms to determine their sex. In cases where the germ 

cells also use independent sex determination mechanisms, this evolution may be more 

difficult since the evolving mechanisms in the germline and the soma need to continue to 

stay compatible with each other. Unfortunately, understanding the evolution of such 

mechanisms has proven to be challenging due to the rapid divergence of the proteins 

involved across different lineages (Eirín-López and Ausió, 2011). Much of our current 

understanding of sex determination and its evolution comes from insects and nematodes 

including D. melanogaster and C. elegans. We have uncovered information about how 

genes help read out chromosomal or environmental cues to determine sex. Still, we are far 
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from fully understanding how complex sex determining pathways arise during evolution 

and how they shape the development of sex-specific gametes. 

 The Drosophila genus shares a common ancestor from 60 Myr ago and most of its 

species seem to use the described sex determination mechanism involving X chromosome 

counting, Sxl, tra and dsx (Bopp et al., 1996; Erickson and Cline, 1998; Penalva et al., 

1996). However, outside of the genus, dipterans do not show the same degree of 

conservation. Instead, the study of mechanisms across different insect species shows strong 

evidence for the “bottom-up” model of evolution of sex determination pathways (Marín 

and Baker, 1998; Wilkins, 1995) meaning that the genes that function at the bottom of sex 

determination pathways are more highly conserved than those at the top. Consistent with 

this, the most upstream mechanisms that provide the primary signal for sex determination 

have diverged significantly, and have a strong prevalence of alternative splicing and 

translational regulation by RNA-binding proteins. The mechanisms then all seem to 

converge upon the more ancestral (and hence conserved) genes such as the Dmrts (Figure 

1.3).  
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Figure 1.3 
 
 

 
 
Figure 1.3: “Bottom up” conservation of sex determination hierarchies. Diverse sex 

determination mechanisms have evolved and are largely different at the level of the primary 

switches. However, closer to the bottom of the sex determination hierarchies i.e. at the level 

of effector genes or their targets, a high degree of conservation is observed in the genes 

involved in different mechanisms. The example of the Dmrt family of genes in Drosophila 

melanogaster (fruit fly), Apis mellifera (honey bee), Caenorhabditis elegans (round 

worm), and Mus musculus (house mouse) is highlighted in red. Illustration from (Williams 

and Carroll, 2009)  
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The “bottom up” hypothesis is evident with sex-determination genes in Drosophila. Sxl, 

which encodes an RNA-binding protein, lies at the top of the sex determination pathway 

and is sex-specifically spliced (Bopp et al., 1996; Erickson and Cline, 1998). However, its 

sex-specific function does not extend to dipterans outside of the Drosophila genus. At the 

bottom of the sex determination pathway is dsx, which belongs to the highly conserved 

Dmrt family of genes.  

Similarly, the Sry gene in some mammals such as humans and mice has not been 

identified in other mammals such as voles, nor is it found in non-mammalian species 

(Gubbay et al., 1990; Just et al., 1995; Sinclair et al., 1990). In contrast, the downstream 

DMRT1, belongs to the highly conserved Dmrt family, the genes of which are not only 

sex-specifically spliced in non-Drosophilids insects (Kuhn et al., 2000; Shearman and 

Frommer, 1998; Shukla et al., 2011), but in vertebrates and many other species (Matson 

and Zarkower, 2012; Mawaribuchi et al., 2019). Other downstream regulators such as Sox9 

also appear to have conserved sex-determining roles in mammals, birds, and reptiles 

(Morais da Silva et al., 1996; Sinclair et al., 2002). In conclusion, diverse sex determination 

mechanisms have evolved but they do share common features. Among these are the roles 

of RNA-binding proteins, which are described next. 

 

The role of RNA-binding proteins in sexual development 

As sexual reproduction evolved, great genetic diversity was achieved through crossing-

over and recombination events that occur during meiosis (Allers and Lichten, 2001). In 

fact, an entirely different lineage of cells i.e. the germline adopted meiosis to achieve these 

functions. Meiosis is one of the hallmarks of sexual reproduction and is a unique cell 
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division resulting in the “halving” of genetic material during gametogenesis. It has been 

well studied in many eukaryotes and at its core, appears to be a highly conserved process 

(Handel and Schimenti, 2010; Kumar et al., 2010; Ramesh et al., 2005; Villeneuve and 

Hillers, 2001).  

Beyond meiosis, the gametes need to undergo sex-specific differentiation to 

produce eggs and sperm that are sexually dimorphic in their morphology as well as their 

gene expression (Kimble and Page, 2007). Only a few genes involved in these processes 

appear to be sex-specific, and such sex-biased genes have a tendency to undergo lineage-

specific loss during evolution (Swanson and Vacquier, 2002; Zhang et al., 2007). For 

example, in species such as salmon, evolution of reproductive traits can be observed in just 

a handful of generations (Hendry et al., 2000). Thus, scientists have questioned even the 

ability of such sex-specific genes to be conserved, especially if gametogenesis evolved 

multiple times independently. Alternately, there could exist an ancestral mechanism from 

which all other mechanisms have emerged, which would suggest some core proteins would 

be shared by different phyla even if other genes are lost. The prevalence of RNA-binding 

proteins across a variety of sex determination mechanisms supports this idea. 

 As germ cells develop, they have to make two important decisions. The first is when 

to switch from an undifferentiated state to undergoing mitotic divisions and finally 

switching to meiotic divisions. The second is what sexual fate to adopt. In both these 

decisions, RNA-binding proteins play a vital role. These genes appear to have emerged 

after the divergence of dipterans from tephritidae. As their name suggests, RNA-binding 

proteins contain the highly conserved RNA recognition motifs (RRM domains) (Birney et 

al., 1993) also known as the RNP motif (Bandziulis et al., 1989; Dreyfuss et al., 1988; 
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Kenan et al., 1991; Query et al., 1989; Swanson et al., 1987). During the first decision, 

germ cells are maintained in undifferentiated states by one of the most conserved family of 

RNA-binding proteins, the Pumilio and FBF (PUF) family in both flies and worms 

(Crittenden et al., 2002; Forbes and Lehmann, 1998; Huynh and St Johnston, 2000; Lin 

and Spradling, 1997; Thompson et al., 2005). During the second decision, RNA regulation 

continues to dominate as the molecular strategy used to control germ cell sexual fates 

(Kimble and Page, 2007). For example, in Drosophila, the sex determination pathway is 

comprised of alternative splicing events facilitated by RNA-binding proteins such as the 

master switch Sxl and its downstream target Tra (Amrein et al., 1988; Bell et al., 1988; 

Valcárcel et al., 1993). Additionally, deletions in the DAZL family of RNA-binding protein 

encoding genes are associated with azoospermia (Reijo et al., 1995). Lastly, the Embryonic 

lethal abnormal vision (elav) gene functions not only in neurons but in germ cells as well 

(Calder et al., 2008, 2011; Chalupnikova et al., 2014; Good, 1997; Robinow et al., 1988; 

Wiszniak et al., 2011). The roles of these important RNA-binding proteins in determining 

germline sexual fate are described below: 

 

Sex lethal and transformer in Drosophila 

Our understanding of sex determination in insect species often stems from findings in 

Drosophila. Sxl encodes one of the best-characterized members of the RNA-binding 

proteins and is one of the most upstream components in Drosophila acting as the master 

sex-determining switch gene to specify female sexual identity (Bell et al., 1991; Cline, 

1978, 1984; Keyes et al., 1992). It acts as the direct readout of the X chromosome counting 

mechanism that results in a binary on/off decision in XX females and XY males 
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respectively (Erickson and Quintero, 2007), and is vital for the sexual identity of both the 

somatic and germ cells. Sxl encodes an RNA-binding protein that in addition to regulating 

its own splicing, also regulates the splicing of tra, the next immediate downstream gene in 

the somatic sex-determination cascade (Inoue et al., 1990; Sosnowski et al., 1989). Sxl is 

also responsible for the translational repression of msl2, which is responsible for the 

canonical dosage compensation pathway in the male soma (Gebauer et al., 2003; Kelley et 

al., 1997). Finally, Sxl is required to feminize the germline, and it has recently been shown 

that it does this in part via the repression of genes important for male germline development 

(Primus et al., 2019). 

The somatic target of Sxl, tra also encodes an RNA-binding protein that is 

responsible for all known aspects of somatic sexual dimorphisms (Burtis and Baker, 1989; 

McKeown et al., 1987, 1988; Nagoshi et al., 1988). Tra in turn alternatively splices the 

highly conserved transcription factor Dsx into a female-specific isoform DsxF (versus the 

default male-specific isoform, DsxM). In many insects outside of Drosophila, tra 

maintains an important role in sex determination (Figure 1.4), and also consists of a self-

regulatory splicing-loop similar to Sxl (Gempe et al., 2009; Hediger et al., 2010; Lagos et 

al., 2007; O’Neil and Belote, 1992; Pane et al., 2002; Verhulst et al., 2010). This illustrates 

that throughout the course of evolution, different RNA-binding proteins have adopted the 

function of master sex determination switch. However, their mode of action remains 

similar. 
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Figure 1.4 

 

Figure 1.4: Tra is an important regulator of sex determination in Dipteran insects. 

Different sex determination cascades converge on Tra, an important RNA-binding protein 

that can autoregulate itself and also regulates the splicing of downstream effector genes 

such as dsx. It is thought that while upstream switches evolve more rapidly, Tra remains 

conserved as the master sex-determination regulator in many species. In fact, the 

Drosophila sex determination switch Sxl is believed to have adopted the ancestral sex 

determination role of Tra. Illustration from (Nagaraju et al., 2014). 
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Deleted in Azoospermia (DAZ) family 

Similar to how Sxl is required in the female germline in Drosophila for fertility, the RNA-

binding proteins encoded by the Deleted in Azoospermia (DAZ) family of genes are vital 

for fertility in mammals and other organisms. DAZ genes were initially discovered in 

azoospermic men (Reijo et al 1995). These genes are conserved across several animal phyla 

and deletions in them result in defective spermatogenesis (Burgoyne, 1998; Reijo et al., 

1996; Vogt et al., 1996). This gene family consists of the Y-linked DAZ gene, the 

autosomal DAZ-like (DAZL), and BOULE genes (Shah et al., 2010; Xu et al., 2001). Their 

expression is restricted to germ cells (Xu et al., 2001; Yen, 2004) but can be either in the 

testis or the ovary, depending on the gene and species. DAZ expression in humans is 

restricted to males (Kee et al., 2009; Xu et al., 2001) and its deletion leads to 

spermatogenesis defects (Reijo et al., 1995, 1996; Shah et al., 2010) although it is not 

absolutely required for spermatogenesis (Calogero et al., 2002; Vogt et al., 1996). In 

contrast, in both mice and humans, DAZL mutations lead to gametogenesis defects in both 

sexes, and it is also essential for germ cell survival (Li et al., 2019; Ruggiu et al., 1997; 

Saunders et al., 2003; Schrans-Stassen et al., 2001), and sexual differentiation (Chen et al., 

2014; Gill et al., 2011; Lin and Page, 2005). Further, in frog oocytes, knockdown of Xdazl 

mRNA leads to tadpoles that lack primordial germ cells (Houston and King, 2000; Houston 

et al., 1998). These RNA-binding proteins are thus necessary for the proper development 

of the germline across several species. 

Of all the DAZL family of genes, BOULE has been especially important in our 

understanding of the role of RNA-binding proteins in gametogenesis. As the most ancestral 

member of the DAZL family (Dazl arose from a duplication in Boule), and because of its 
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conserved requirement for spermatogenesis in males, it is perhaps the best candidate for a 

common ancestral sex-specific gametogenesis mechanism. BOULE is conserved in 

protostome and deuterostome lineages (Eberhart et al., 1996; Karashima et al., 2000; Kee 

et al., 2009; Shah et al., 2010; Xu et al., 2001) and has thus far evaded the selective 

pressures of rapid adaptive evolution to maintain its function in male reproduction for more 

than 600 million years (Anderson et al., 2009; Civetta et al., 2006; Good and Nachman, 

2005; Gromoll et al., 1999; Obbard et al., 2006). Boule homologs are under purifying 

selection and its functions complement those of DAZL. Like other DAZL family genes, 

Boule can function either in the male or the female germline depending on the species. In 

humans, mutations in boule lead to male-specific meiotic defects in the germline (Eberhart 

et al., 1996; Luetjens et al., 2004) whereas in mice, even though meiosis completes 

normally, defects in acrosome biogenesis are observed and there is a complete lack of 

elongating spermatids (VanGompel and Xu, 2010). These phenotypes are similar to 

spermatocyte differentiation defects observed in flies (Eberhart et al., 1996). On the other 

hand, in nematodes, meiotic defects are observed in females when their Boule homolog 

daz-1 is mutated (Karashima et al., 2000), while in the medaka fish, boule is found in the 

germ cells of both sexes (Xu et al., 2009). Because of its close homology between species, 

human BOULE is able to rescue mutations in boule in male flies (Xu et al., 2003), 

suggesting it is also functionally conserved. Similarly, XDazl from frogs is also partially 

able to rescue fly boule mutants (Houston et al., 1998). Together, this widely conserved 

family of genes represents an important example for our understanding of how RNA-

binding proteins function in sex-specific gametogenesis. 
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Embryonic Lethal Abnormal Vision Like (ELAVL) family 

The Embryonic Lethal Abnormal Vision Like (ELAV-like) family of genes encode RNA-

binding proteins that are highly conserved between flies and mammals (Akamatsu et al., 

1999; Chalupnikova et al., 2014; Okano and Darnell, 1997; Yao et al., 1993). ELAVL 

proteins, specifically ELAVL2, ELAVL3, and ELAVL4 in humans and elav in flies, have 

primarily been studied in the context of neuronal development (Hinman and Lou, 2008; 

Ince-Dunn et al., 2012; Okano and Darnell, 1997). However, Elavl2 expression has also 

been observed in the germlines of male mice, female cattle, male and female frogs, and 

zebrafish (Calder et al., 2008, 2011, Good, 1995, 1997; Kim-Ha et al., 1999; Wiszniak et 

al., 2011). In mice, ELAVL2-directed post-transcriptional regulation has been shown to be 

essential for the formation of quiescent primordial follicles (Kato et al., 2019). 

Characteristic of RNA-binding proteins, ELAVL2 has been shown to affect mRNA 

degradation and can also affect protein translation (Chalupnikova et al., 2014; Evsikov et 

al., 2004; Jain et al., 1997). Further, Elavl2 mRNA is a strong candidate for being a target 

of DAZL in the germline and the two proteins can even function cooperatively with other 

germ cell-specific RNA-binding proteins (Wiszniak et al., 2011). This has already been 

observed in zebrafish where DAZL promotes Elavl2 mRNA stability and translation by 

binding to its 3’ UTR (Maegawa et al., 2002; Wiszniak et al., 2011). In frogs too, ELAVL2 

acts as a translational repressor during oogenesis (Arthur et al., 2009; Colegrove-Otero et 

al., 2005).  

Interestingly, ELAV is the closest mammalian homolog of the sex determination 

switch in flies – Sxl. In mammals, ELAV proteins have 3 RNA recognition motifs and have 

been reported to bind poly(U)-rich sequences (Chung et al., 1996; Gao et al., 1994; Jain et 
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al., 1997; Levine et al., 1993; Lisbin et al., 2000; Liu et al., 1995; Ma et al., 1996; Myer et 

al., 1997; Peng et al., 1998; Sokolowski et al., 1999; Wu et al., 1997). Similarly, in flies, 

Sxl and Elav interact with poly(U)-rich sequences via two tandem RRMs that are closely 

related between the genes (Bashaw and Baker, 1997; Birney et al., 1993; Handa et al., 

1999; Kelley et al., 1997; Sakashita and Sakamoto, 1994; Samuels et al., 1998; Wang and 

Bell, 1994). Even though, RRMs within a protein are not necessarily functionally 

equivalent (Cáceres and Krainer, 1993; Mayeda et al., 1998), the high level of conservation 

between the RRMs of Sxl and Elav allows Sxl’s RRM to replace RRM3 in Elav and under 

less stringent conditions, supplement the function of RRM1 and  RRM2 (Lisbin et al., 

2000).  

The high degree of functional conservation between these two genes further adds 

to the idea that RNA-binding proteins may have derived their function from an ancient 

mechanism that was important for sexual development of the germline. As a result, what 

we learn from one gene can also inform us about others. Thus, our understanding of how 

these genes adopted their sex-specific functions, and how they are regulated is important 

for our understanding of sex determination mechanisms as a whole. The rest of this chapter 

will focus on discussing the gene Sex lethal. 

 

Sex lethal 

Sex lethal in other insects and males 

Mechanisms of sex determination evolve rapidly, which could explain how the sex 

determination in D. melanogaster does not have the same functions outside of this genus. 

In dipterans outside of the Drosophila genus, such as Chrysomya rufifacies (blow fly), 
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Ceratitis capitate (Mediterranean fruit fly/Med fly), Megaselia scalaris (laboratory fly), 

and Musca domestica (house fly), Sxl may be conserved but is not sex-specifically 

regulated (Meise et al., 1998; Müller-Holtkamp, 1995; Saccone et al., 1998; Sievert et al., 

2000). Transgenes from these species also have no sex-transforming effects when 

expressed in Drosophila (Saccone et al., 1998). Non-sex-specific Sxl orthologs have also 

been found in other aphids, moths, beetles, and mosquitoes. In the lepidopteran silkworm 

Bombyx mori, Sxl orthologs are expressed in both males and females and are also required 

for anucleate non-fertile parasperm, which is necessary for sperm migration in female 

organs (Sakai et al., 2019). However, within the genus, even the most distantly related 

species such as D. virilis use the same sex determination mechanism as D. melanogaster 

(Jinks et al., 2003). This suggests that the current X chromosome counting system to 

activate Sxl as the master feminizing switch evolved soon after the last common ancestor 

of the Med fly and fruit fly diverged. 

In D. melanogaster Sxl is on in females and off in males. This binary sex-specific 

on-off system is achieved by differential processing of the RNA in males and females. In 

males Sxl RNAs are spliced to include a male-specific Exon 3, which contains a premature 

AUG termination codon (Horabin and Schedl, 1993b, 1993a) In females, the RNA splicing 

skips this exon and results in an uninterrupted open reading frame (Figure 1.5).  
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Figure 1.5 
 

 
 
Figure 1.5: Differential splicing of Sxl in males and females. Sxl’s establishment 

promoter, SxlPE is sex-specifically activated in females only (due to the presence of two 

X chromosomes). Default splicing of SxlPE’s transcript produces functional Sxl protein, 

which is required to productively splice the transcript from Sxl’s maintenance promoter, 

SxlPM. It achieves this facilitating the skipping of a male-specific Exon 3, which includes 

a premature stop codon (red octagon). In males, SxlPE is never active and so the transcript 

of SxlPM includes the premature stop codon, resulting in a truncated, non-functional 

protein. Illustration modified from (Camara et al., 2008). 
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This regulation is also observed in D. simulans, D. pseudoobscura, and D. robusta, which 

have very similar Sxl homologs to D. melanogaster (Bopp et al., 1996). Interestingly, there 

is also variability within the genus itself. D. virilis males make nearly full-length Sxl-like 

proteins in their testes that are different from what they make in their heads. Despite this, 

the gene itself is post-transcriptionally regulated towards a binary status similar to D. 

melanogaster (Bopp et al., 1996). The loss of Sxl in D. virilis specifically kills females 

while increase X chromosome dose kills males, confirming that Sxl controls the sex-

specific X chromosome dosage compensation in this species too, despite the presence of 

protein in males (Cline et al., 2010). Additionally, downstream regulation of tra is 

consistent with what’s observed in D. melanogaster, confirming the sex determination role 

of Sxl in D. virilis. In all Drosophila species, the RRMs are highly conserved, as are Sxl 

binding sites that help facilitate the autoregulatory splicing of Sxl (Horabin and Schedl, 

1993b, 1993a).  

If Sxl’s roles are so sex-specific, what are the nearly full-length Sxl-like proteins 

found in males? These proteins share the same RRMs as the female proteins as well but 

vary at the amino-terminus, which prevents them from having the wildtype functions of 

female Sxl (Wang and Bell, 1994) and thus cannot splice Sxl or tra pre-mRNAs. It is 

possible, especially given their preferential accumulation in the embryonic neurectoderm, 

that similar to ELAVL proteins, these seemingly RNA-binding proteins may have roles in 

translational regulation in the nervous system. Even in D. melanogaster males, some male-

specific Sxl isoforms are observed in extracts of heads and thoraxes, possibly as a result of 

a leaky initiation scanning mechanism that skips past the traditional start codon in Exon 

L2 and starts translation downstream of the stop codon in the male-specific Exon 3 (Bopp 
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et al., 1996). Such a mechanism was proposed to produce Sxl proteins in D. virilis males. 

Indeed, a conserved ORF is present in Exon 3, downstream of the start codon. However, 

this ORF is only present in distant relatives of D. melanogaster, which would require a 

different mechanism for itself and its close relatives to produce male Sxl proteins.  

Evidence for the source of Sxl in D. melanogaster males came from work in 

Megaselia scalaris where a non-sex-specific, alternatively spliced Sxl exon was identified 

(Sievert et al., 2000). By comparing this exon’s sequence homology to a closer relative of 

Drosophila, the housefly Musca domestica, it was found that this exon encoded an 

alternative Sxl amino-terminus, found in many insects including Drosophila, and that if 

Drosophila used its translation start site, it would result in a protein approximately the same 

size as that observed in Drosophila males. This exon, dubbed Exon Z (Cline et al., 2010), 

skips Exon 3 in both sexes and is highly expressed in heads, which is consistent with the 

discovery of non-sex-specific D. melanogaster Sxl protein expression in the heads. 

Interestingly, it is not expressed in ovaries, which require the female-specific isoforms of 

Sxl. This novel open reading frame, which is conserved even in higher Dipterans that do 

not use Sxl as a sex determination switch results in an N-terminally truncated Sxl protein 

that is the likely source of Sxl’s ancestral non-essential and non-sex-specific functions 

(Cline et al., 2010). This is consistent with experiments that showed that Sxl proteins with 

truncated N-termini lacked the ability to regulate tra via splicing but maintained their 

translational repression of msl2 (Yanowitz et al., 1999). Meanwhile, one proposed function 

of this N-terminally truncated Sxl in males was to act as a dominant negative protein to 

repress inappropriate Sxl female protein production in males. Instead, this role ended up 

being attributed to Sister-of-Sex-lethal (Moschall et al., 2019). Thus, it would appear that 
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Sxl’s ancestral role was not sex-specific and it functioned simply as a translational 

repressor. Eventually, in Drosophila, it adopted the role of master regulator of sex that may 

have previously belonged to tra. 

 

Evolution of Sex lethal as a sex determination switch 

It was initially hypothesized that Sxl acquired its function as a sex determination after a 

duplication event occurring after the separation of Acalypterate and Calypterate 

subsections of the Schizophora (Cline et al., 2010), that resulted in the generation of its 

closest paralog sister-of-Sex-lethal (ssx) (Traut et al., 2006). Under this hypothesis, it was 

proposed that Sxl lost its non-sex-specific ancestral functions, which were now carried 

forward by ssx. Indeed ssx RNA and protein are both present in males and females and the 

gene shares 80% identical RRMs to Sxl’s. This allows Ssx to bind msl-2 at U-rich elements 

to repress its translation just like Sxl (Bashaw and Baker, 1997; Moschall et al., 2018; 

Sakashita and Sakamoto, 1994; Samuels et al., 1998). However, null mutant analysis of ssx 

revealed no adverse effects on viability or fertility in either sex. As it can compete with Sxl 

for binding to poly(U) sequences within Sxl, it can act as an inhibitor of inappropriate 

productive autoregulatory Sxl splicing in males (Moschall et al., 2019). Lastly, ssx is more 

highly diverged than Sxl from their orthologs and shows only weak interactions with Sxl 

(Cline et al., 2010). Together, these findings suggest that the duplication event did not 

allow Sxl to transfer its non-sex-specific ancestral functions to ssx. 

 Instead, we can learn more by looking at Exon Z. Its position directly upstream of 

Exon 3 led to the hypothesis that during the course of evolution, a duplication event led to 

the formation of Exon Z from Exon 3 and that perhaps Exon 3 took over the functions 



 37 

necessary for males, while Exon 2 (and Exon 1, both upstream of Exon Z) took on the 

functions necessary for females. Meanwhile Exon Z retained the ancestral roles that are yet 

to be understood as they remain non-essential and non-phenotypic. Eventually, Sxl may 

have developed a switch-like behavior and autoregulatory loop similar to tra, which in 

other insects assumes the role of master feminizing switch (Siera and Cline, 2008). 

Interestingly, maternally and zygotically expressed tra can facilitate positive 

autoregulation of Sxl in D. melanogaster through the presence of two highly conserved Tra 

binding sites in Sxl immediately upstream of the male-specific Exon 3. Perhaps this is 

evidence of an ancient function of tra that Sxl adopted to perform itself in becoming the 

feminizing switch. Given that tra has no known function in the germline, it would make 

sense that Sxl first became the feminizing switch in the soma and then later may have co-

opted this function in the germline as well. 

 

Sex lethal in the soma of Drosophila melanogaster 

Role of Sex lethal in the soma 

In the soma, Sxl took on two important roles. First, it initiates an alternative-splicing 

cascade, through its target tra (tra), which culminates in the splicing of dsx RNA into a 

female-specific isoform. tra and dsx regulate most known aspects of somatic sexual 

development. Second, it blocks male-specific dosage compensation in females by 

preventing the expression of male-specific lethal 2 (msl2), a key regulator of dosage 

compensation. Additionally, other roles of Sxl in non-canonical dosage compensation, sex-

specific Notch regulation, and tra-independent regulation of neuronal genes have also been 

uncovered. 
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 In females i.e. when Sxl is present, tra RNA is processed using a distal 3’ splice 

site to produce protein-coding mRNA (Sosnowski et al., 1989). The default splicing of tra 

RNA uses the proximal 3’ splice site that results in a non-protein-coding mRNA. Different 

mechanisms have been proposed for how Sxl facilitates this productive splicing. In one 

model, the presence of a Sxl binding site upstream of the proximal 3’ splice site is 

suggestive of Sxl-binding interfering with the binding of U2AF binding to the splice site 

(Valcárcel et al., 1993). The alternate model suggests that Sxl associates with the U2AF 

complex and redirects it to activate the distal 3’ splice site instead. Thus Sxl acts as a 

facilitator of productive splicing versus an antagonist of default splicing (Deshpande et al., 

1996, 1999; Nagengast et al., 2003). 

 In addition to its role as a splicing regulator, Sxl has also been shown to regulate 

gene expression through translational regulation. The best studied example of this is in its 

repression of msl2 to prevent male-specific dosage compensation from occurring in 

females. In fact, Sxl represses msl2 via splicing as well as translational regulation. Sxl binds 

to two binding sites within the first intron of msl2 and prevents U1 from binding to the 5’ 

splice site and prevents U2AF from binding at the 3’ splice site thus preventing the excision 

of this intron from the mRNA (Förch et al., 2001; Merendino et al., 1999). This step is an 

important but not essential step in ensuring that these two Sxl-binding sites are retained in 

the resulting mRNA, which together with the other four binding sites found in the 3’ UTR 

are important for the Sxl’s translation repression activity (Bashaw and Baker, 1997; 

Gebauer et al., 1998; Kelley et al., 1997). Sxl binding to the 5’ sites prevents the 43S 

ribosomal pre-initiation complex from reaching the start codon while Sxl binding to the 3’ 

prevents 43S from even being recruited to the 5’ end of the mRNA. Both of these blocks 
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are necessary to completely repress msl2 expression (Beckmann et al., 2005). In males, the 

absence of Sxl allows Msl2 to be produced, which together with other components in the 

male dosage compensation machinery, help increase the transcription of genes on the X-

chromosome to their required levels (Kelley et al., 1995). If this hypertranscription were 

to occur in females, toxic levels of X chromosome encoded genes would result in lethality. 

Thus, Sxl’s role in preventing male-specific  canonical dosage compensation in females is 

very important. However, female-specific dosage compensation also appears to depend on 

Sxl. 

Together with Da, Sxl represses the expression of genes encoded by the X 

chromosome such as run in females during the blastoderm stage of embryogenesis 

(Bernstein and Cline, 1994; Gergen, 1987). In addition to run and Sxl, 18 other genes 

encoded by the X chromosome were found to have Sxl binding sites in their 3’ UTRs 

suggesting that female-specific dosage compensation is also achieved via translational 

repression by Sxl (Kelley et al., 1995; Samuels et al., 1994). This has been observed in the 

case of Sxl inhibiting its own translation by binding to its 3’ UTR (Yanowitz et al., 1999) 

perhaps as a mechanism to maintain homeostasis since too much Sxl can result in female 

lethality (Horabin, 2005; Wang and Lin, 2007; Yanowitz et al., 1999). 

In addition to these roles, Sxl also affects female-specific development independent 

of tra. The ELAV family gene found in neurons (fne) encoding a pan-neuronal RNA-

binding protein is spliced by Sxl into a female-specific isoform. Additionally, Sxl 

downregulates Fne levels in females likely to affect their behavior (Sun et al., 2015). 

Another important target of Sxl is Notch (N). Sxl is known to negatively regulate N in 

multiple tissues. On the A5 abdominal sternite, N is directly repressed by Sxl binding to its 
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mRNA’s 5’ and 3’ UTRs, thereby increasing the number of neurosensory bristles (Penn 

and Schedl, 2007). This repression is also relevant in the ovaries, where, N controls the 

number of cells that adopt a polar cell fate. Lower levels of cytoplasmic Sxl allow for 

increased expression of N and thus cells can adopt the polar cell fate (Penn and Schedl, 

2007). Overall, Sex lethal has several different roles in the soma, all of which lead to the 

development of female-specific traits and thus it is important to understand how it is sex-

specifically activated in the female soma to be able to perform these functions. 

 

Activation of Sex lethal in the soma 

Sex-specific Sxl expression in the soma occurs in two distinct steps: establishment, and 

maintenance and both these steps are regulated by individual promoters (González et al., 

2008; Keyes et al., 1992). The establishment is a transcriptional response by SxlPE, or the 

“establishment promoter,” to the diploid dose of two X chromosomes. This X chromosome 

counting mechanism is a result of genes encoded by the X chromosomes that are 

collectively known as X-linked signaling elements (XSEs). The expression levels of the 

four genes – sisterless B (or scute), sisterless A, runt, and sisterless C (or unpaired) – 

determines that activation state of SxlPE (Avila and Erickson, 2007; Cline, 1988; Duffy 

and Gergen, 1991; Erickson and Cline, 1993; Jinks et al., 2000; Kramer et al., 1999; 

Sánchez et al., 1994; Sefton et al., 2000; Torres and Sánchez, 1989, 1991, 1992; Yang et 

al., 2001).  

sisterless B (sisB) encodes a transcription factor of the basic-helix-loop-helix 

(bHLH) family that heterodimerizes with the maternally deposited autosomal protein 

Daughterless (Da) and directly binds SxlPE to at non-canonical E-box sites to activate it 
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(Liu and Belote, 1995; Yang et al., 2001). The identification of these sites has in turn helped 

identify two sub-segments within the 1.4 kilobase (kb) enhancer that account for most of 

SxlPE’s activity. An upstream segment (-1.4 to -0.8 kb) contributes to promoter strength 

while a proximal segment, which includes the transcriptional start site (TSS) and 390 base 

pairs (bp) upstream, drives female sex-specific, low-level expression (Liu and Belote, 

1995; Yang et al., 2001). sisterless A (sisA) encodes an atypical basic leucine zipper (bZIP) 

transcription factor but has not yet been shown to directly bind to SxlPE (Erickson and 

Cline, 1993) although there is evidence that it too is able to also interact with Da (Liu and 

Belote, 1995). Together, sisB and sisA represent the two most potent activators of SxlPE. 

runt (run) encodes a transcription factor of the run family and also has no known binding 

partners (Duffy and Gergen, 1991; Kramer et al., 1999). sisterless C (sisC) is the only XSE 

that does not encode a transcription factor. Instead, it encodes the ligand required for the 

Jak-Stat signaling pathway to activate the maternally supplied Stat92E transcription factor 

(Avila and Erickson, 2007; Jinks et al., 2000; Sefton et al., 2000). Unlike sisB and sisA, 

both run and sisC activate SxlPE only in specific regions of the embryo and represent the 

weaker XSEs. 

In contrast to the above XSEs, three negative regulators of SxlPE have also been 

identified – extramachrochetae (emc), groucho (gro), and deadpan (dpn) (Barbash and 

Cline, 1995; Paroush et al., 1994; Younger-Shepherd et al., 1992). Emc is a maternally 

deposited HLH protein that heterodimerizes with bHLH activators including SisB and Da 

to repress their activity (Van Doren et al., 1991). Gro is also a maternally deposited protein 

of the Gro/TLE family of transcriptional corepressors (Chen and Courey, 2000; Fisher and 

Caudy, 1998), which are often recruited to DNA by interacting with other DNA-binding 
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proteins such as Dpn. When Gro is lost, SxlPE can inappropriately be activated in males, 

suggesting that Gro helps distinguish the two-copy from the one-copy dose of X 

chromosomes (in females and males respectively) (Lu et al., 2008). Dpn is a zygotically 

expressed autosomal sex element (ASE) that is a member of the Hairy-Enhancer of split 

(HES) family of bHLH repressors (Fischer and Gessler, 2007; Iso et al., 2003; Kageyama 

et al., 2007; Massari and Murre, 2000). It too has a role in helping distinguish the X 

chromosome dose in males and females and its loss in XY cells can result in the activation 

of SxlPE (Barbash and Cline, 1995; Paroush et al., 1994; Younger-Shepherd et al., 1992). 

Together, all of these trans-regulators help assess the difference in the two-copy or one-

copy expression of these XSEs (in females and males respectively), which is amplified into 

an all-or-nothing signal.  

In XX embryos, the higher expression of XSEs is able to overcome repression by 

Gro and SxlPE is activated during nuclear cycle 12 (Avila and Erickson, 2007; Barbash 

and Cline, 1995; Erickson and Cline, 1993; Erickson and Quintero, 2007; Lu et al., 2008). 

The resultant transcription-induced change in chromatin structure can further prevent Gro 

from repressing SxlPE. Since XSEs proteins continue to ramp up during cycles 13 and 14, 

the repression by Dpn raises the threshold to maintain SxlPE activity and thus it continues 

to stay on in XX cells while XY cells are unable to activate it. SxlPE stays on until nuclear 

cycle 14, when somatic cells are first made in the embryo. The default splicing of SxlPE’s 

RNA skips the male-specific Exon 3 (that contains a premature stop codon) and instead 

splices Exon E1 to Exon 4 resulting in a functional Early Sxl protein (Estes et al., 1995; 

Keyes et al., 1992; Zhu et al., 1997). This concludes the establishment phase of Sxl 

expression in the soma. 
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In Drosophila, dosage compensation equalizes the X chromosome expression 

males to female levels rendering the X chromosome counting no longer effective in 

distinguishing XX from XY cells. Thus, during nuclear cycle 14, SxlPE thus shuts off and 

SxlPM, or the “maintenance promoter” is activated in both sexes. Interestingly, SxlPM 

activity also in-part relies on the X chromosome dose. This is possible due to regulation by 

a shared enhancer between SxlPM and SxlPE that is responsive to SisB (and Da), and Run 

proteins (González et al., 2008). In fact, SxlPM is activated 10-15 minutes earlier in females 

than it is in males and its expression overlaps with that of SxlPE. SxlPM is responsible for 

converting the binary status of SxlPE into long-term cellular memory through 

autoregulatory splicing (Bell et al., 1991; Cline, 1984). The Early Sxl produced by SxlPE 

is used in XX embryos to splice the RNA from SxlPM such that it skips Exon 3, thereby 

producing only protein-coding mRNA (Bell et al., 1988, 1991; Sakamoto et al., 1992; Salz 

et al., 1989). This mRNA can then produce its own Late Sxl protein that can take over the 

function of the Early Sxl protein. The overlapping expression of SxlPE and SxlPM is 

critical in facilitating this. In XY embryos, the RNA from SxlPM cannot be spliced to 

exclude Exon 3 and so the resultant protein non-functional (Figure 1.6, Figure 1.7). 
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SxlPE’s transcript produces functional Early Sxl protein. Transition) After dosage 

compensation, X chromosome dose becomes irrelevant and there is a transition to a general 

Maintenance promoter SxlPM. The transcript of SxlPM requires Early Sxl for productive 

splicing that results in Late Sxl protein. Maintenance) Late Sxl can in turn autoregulate 

SxlPM splicing in a maintenance autoregulatory feedback loop. In males, a single X 

chromosome is insufficient to activate SxlPE and thus no productive splicing is facilitated, 

resulting in the inclusion of a male-specific exon that includes a premature termination 

codon that results in a truncated and non-functional protein. 
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The skipping of the male-specific Exon 3 is critical in reinforcing the sexual fate 

determined by SxlPE. Binding sites (poly(U) sequences) for Sxl have been identified 

upstream and downstream of Exon 3, and the binding of Sxl at these sites results in a 

blocking mechanism that allows Exon 3 to be skipped instead of being included in the 

mRNA (Horabin and Schedl, 1993b, 1993a). To achieve this, Sxl interacts with several 

different splicing factors including sans fille (snf), female-lethal-(2)d (fl(2)d), and virilizer 

(vir), the U1 snRNP, the U2AF heterodimer and SPF45 (Chaouki and Salz, 2006; 

Flickinger and Salz, 1994; Granadino et al., 1990, 1992, 1996; Hilfiker and Nothiger, 1991; 

Hilfiker et al., 1995; Lallena et al., 2002; Nagengast et al., 2003; Niessen et al., 2001; 

Oliver et al., 1988; Ortega et al., 2003; Penn et al., 2008; Salz et al., 2004). 

As general splice factors, some of these genes may also have other vital roles in 

development although the interaction between Snf and Sxl appear to be specific to the 

splicing mechanism that facilitates Sxl’s autoregulation (Cline et al., 1999). vir on the other 

hand appears to play a role in tra splicing as well since vir loss-of-function leads to lethality 

and sex transformations but Sxl is only able to rescue the lethality. Regardless, Sxl has been 

shown to block the assembly of the splicing machinery, which starts with U1 being 

deposited at the 5’ splice site and U2AF/SP45 at the 3’ splice site. Snf is a protein 

component of both the U1 and U2 snRNPs (Polycarpou-Schwarz et al., 1996). Vir and 

Fl(2)d are also present in the spliceosome machinery. After the initial assembly, Sxl binds 

to its poly(U) sites on either side of the Exon 3 and antagonizes the splicing machinery to 

block the inclusion of Exon 3 in the mRNA before the entire catalytic spliceosome complex 

can fully form (Deshpande et al., 1996). Loss of snf, vir, or fl(2)d results in male-specific 

splicing of SxlPM transcripts in XX embryos. Other genes have also been implicated in the 
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autoregulatory splicing of Sxl including spenito (nito), and components of the N6-

methyladenosine (m6A) pathway such as YT521-B and xio (Guo et al., 2018; Haussmann 

et al., 2016; Kan et al., 2017; Yan and Perrimon, 2015). Nito acts as a cofactor to Sxl and 

facilitates its binding to the Sxl locus. YT521-B is an effect of the m6A pathway, while Xio 

is an m6A writer and the m6A pathway directly regulates Sxl processing. Together, all these 

features help to lock-in the female mode of autoregulatory splicing throughout the rest of 

development and adulthood and constitute the maintenance phase of Sex lethal expression. 

 
Sex lethal in the germline of Drosophila melanogaster 

Role of Sex lethal in the germline 

Like in the soma, Sxl has several different functions in the germline during different phases 

of oogenesis. The most well-studied role of Sxl in the germline is in specifying and 

maintaining the female sexual identity of germ cells as the loss of Sxl from the female 

germline leads to the formation of ovarian tumors. This is similar to what is observed when 

XY germ cells develop in an XX soma (Hager and Cline, 1997; Horabin et al., 1995; 

Nöthiger et al., 1989; Schüpbach, 1985; Staab et al., 1996; Steinmann-Zwicky, 1993; 

Steinmann-Zwicky et al., 1989). Mutants of snf, which is often used as a proxy for Sxl also 

express testis-enriched markers (Chau et al., 2009; Shapiro-Kulnane et al., 2015). 

Strikingly, when Sxl is expressed in XY GCs, they are able to produce functional gametes 

upon transplantation into a female soma demonstrating that even in the germline, Sxl is the 

feminizing switch and is sufficient to activate female identity in a cell-autonomous manner 

(Hashiyama et al., 2011).  
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Germline-specific isoforms of Sxl have been identified that are required for female 

fertility (Salz et al., 1987). These isoforms require Exons 9 and 10 for their proper function 

during gametogenesis. Unsurprisingly, Sxl’s downstream targets in the germline seem to 

be different from those in the soma. None of the known somatic target genes of Sxl such 

as tra are required autonomously in the germline (Marsh and Wieschaus, 1978; Schüpbach, 

1982) and msl2 is not known to have any function in the germline either. As such, we have 

begun to identify the targets of Sxl in the germline, including genes that appear to be 

required in the male germline. The PHD Finger Protein 7 (phf7) chromatin reader in 

Drosophila has been identified as an important factor for male germline sexual identity 

(Yang et al., 2012). In the absence of Sxl, ectopic Phf7 expression is observed in the female 

germline that helps promote the formation of tumors (Primus et al., 2019; Shapiro-Kulnane 

et al., 2015). Additionally Tudor domain containing protein 5-like (Tdrd5l) represents 

another gene important for male germline sexual identity and it too is repressed by Sxl in 

the female germline (Primus et al., 2019). It is evident from RNA-Seq experiments that 

instead of a global repressive mechanisms, Sxl appears to target discrete genes which are 

important for the male germline identity. Analysis of changes in exon usage in germ cells 

lacking Sxl activity have also revealed that Sxl’s mode of gene regulation in the germline 

is not predominantly via the regulation of alternative splicing (Primus et al., 2019). 

 More clues about Sxl’s role in the female germline during oogenesis can be derived 

from its expression pattern in the adult germline which appears to be biphasic, suggestive 

of functions during both the mitotic and meiotic phases. High levels of cytoplasmic Sxl are 

found in the undifferentiated germline of the ovary. Here, Sxl partners with the RNA-

binding protein product of the gene bag of marbles (bam) to translationally repress nanos 
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and thereby allow cystoblast differentiation (Chau et al., 2009, 2012; Li et al., 2009). After 

this cystoblast division, Sxl levels are dramatically reduced in the cytoplasm and this is 

important for the differentiation of the germ cells and the formation of the oocyte. This 

reduction is Sxl levels is mediated by the translational repressor Bruno 1 (Bru1) (Parisi et 

al., 2001; Wang and Lin, 2007). bru1 mutant germ cells express high levels of Bam and 

Sxl in the cytoplasm and are unable to enter meiosis. Instead they continue to be mitotic 

and result in tumors, similar to what is observed in the case of Sxl overexpression (Wang 

and Lin, 2007). In the second phase of expression, cytosolic Sxl expression abruptly 

decreases and it localizes to the nucleus in the newly formed 16-cell cysts (Bopp et al., 

1993). This expression pattern has been linked to Sxl’s role in coordinating successful 

meiosis. It has been shown that reduced Sxl expression in the germline can lead to reduced 

recombination and increased non-disjunction frequencies (Bopp et al., 1999). Thus, aside 

from the critical function of regulating germline sex, Sxl has vital roles in different stages 

of oogenesis as well. 

 

Activation of Sex lethal in the germline 

In Drosophila, the sex determination pathway in the germline is not as well characterized 

as in the soma and may be more complex. This is owing to the fact that unlike in the soma, 

where sex determination is entirely cell-autonomous, sex determination in the germline is 

dependent both on its sex chromosome constitution as well as interactions with the 

surrounding somatic gonadal cells. Importantly, in the germline, the X chromosome 

number is still the primary autonomous sex-determination signal (Schüpbach, 1985) and 

as long as XX and XY germ cells are in the presence of a female soma or male soma 
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respectively, the germ cells can develop properly (Casper and Van Doren, 2006, 2009; 

Janzer and Steinmann-Zwicky, 2001; Staab et al., 1996; Wawersik et al., 2005). Like in 

the soma, Sxl acts as the direct readout of the X chromosome counting mechanism and is 

the feminizing switch in XX germ cells. 

 In XX germ cells, Sxl is activated independent of the soma i.e. as long as the 

germline is XX, Sxl is expressed in the germline. Further, the mechanism of X chromosome 

counting in the germline appears to be different from that in the soma. Previous 

experiments including pole cell transplants have demonstrated that mutations in somatic 

XSEs sisA, sisB, sisC, and run, do not affect Sxl expression in the germline, nor do they 

disrupt oogenesis, suggesting that the germline may require a different combination of 

trans-activators (Granadino et al., 1993; Hashiyama et al., 2011; Schüpbach, 1985; 

Steinmann-Zwicky, 1993, 1994b, 1994a). Moreover, the gene da also has a different 

function in the germline than in the soma, and is not required for activation of Sxl in germ 

cells (Cronmiller and Cline, 1987). Even the timing of Sxl activation in the germline is 

different from those in the soma and Sxl protein is not observed in the primordial germ 

cells at least until they have colonized the developing gonad (Bopp et al., 1991; Hashiyama 

et al., 2011). Still, given that SxlPE transcripts have also been identified in the germline 

(Hashiyama et al., 2011; Salz et al., 1989), and that Sxl in the germline undergoes 

autoregulation similar to that in the soma (Bopp et al., 1993; Cline, 1993; Erickson and 

Cline, 1993; Hager and Cline, 1997), it suggests that sex-specific activation of Sxl in the 

germline follows a similar logic to that in the germline and that SxlPE is critical for primary 

germline sex determination. It has also been suggested that the same enhancer that drives 
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SxlPE’s sex-specific expression in the soma should be sufficient for its sex-specific 

expression in the germline as well (Hashiyama et al., 2011). 

 Sxl in the germline is important for female sexual identity and mutations in Sxl in 

the germline lead to germline overproliferation and ovarian tumors. These tumors are 

similar to what’s observed when XY germ cells are transplanted into a female soma (Salz 

et al., 1987; Schüpbach, 1985; Steinmann-Zwicky et al., 1989). The mutant phenotype has 

helped characterize other genes that are important for germline sex determination through 

their effects on Sxl – snf, vir, ovarian tumor (otu), and ovo. 

 Similar to the soma snf’s role seems to be conserved in the germline as well i.e. the 

interaction between Snf and Sxl appear to be specific to the splicing mechanism that 

facilitates Sxl’s autoregulation as opposed to it acting as a general splice factor (Cline et 

al., 1999). Mutations in snf in the germline lead to ovarian tumors that can be rescued by 

Sxl (Salz, 1992) and overexpression of snf can induce autoregulation in the male germline 

(Hager and Cline, 1997). This dose-dependency has resulted in snf being considered as a 

candidate germline XSE for Sxl activation but as a splice factor rather than a transcriptional 

regulator. 

 vir is also required in the maternal germline to maintain Sxl expression through 

oogenesis, although not to establish germline sexual identity since loss-of-function 

mutations lead to a reduction in Sxl expression only later in oogenesis (SchüŁtt et al., 

1998). Additionally, a reduction of meiotic activity is observed in vir germline mutants due 

to the reduction in Sxl levels and synergistic effects between vir and Sxl mutant alleles 

makes this even worse suggesting that the two genes interact in the germline as well (Bopp 

et al., 1999). vir however, cannot represent XSE as it is an autosomal gene. Perhaps the 
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best candidate genes to lie upstream of Sxl in the germline sex determination cascade are 

otu and ovo (Oliver and Pauli, 1998; Oliver et al., 1990, 1993; Pauli et al., 1993; Wei et al., 

1994), whose mutants can phenocopy Sxl mutants in the germline (King, 1979; Oliver et 

al., 1987).  

Distinct ovo promoters produce two separate germline-specific transcripts, ovo-A 

and ovo-B, both of which encode transcription factors of the C2H2 zinc finger family 

(Andrews et al., 2000; Garfinkel et al., 1994; Lü et al., 1998). While both of them share the 

same DNA-binding motif, they act antagonistically to each other (Andrews and Oliver, 

2002; Andrews et al., 1998, 2000; Lee and Garfinkel, 2000). All female germ cells express 

ovo, and this expression is enriched in ovo-B versus ovo-A and null mutations eliminate the 

female germline while antimorphic mutations result in a Sxl-like ovarian tumor phenotype 

(Oliver et al., 1987). Mutations do not disrupt male gametogenesis suggesting that ovo is 

not required in the male germline. Importantly, ovo promoter activity is higher in XX 

versus XY or XO germ cells (Oliver et al., 1994), a characteristic of XSEs (although 

interestingly, ovo expression in XY pseudofemales is higher than in wildtype XY germ 

cells suggesting non-autonomous regulation as well). As previously mentioned, germ cells 

can respond to cues from their surrounding somatic gonadal cells. The levels of Ovo-B 

have shown to be responsive to a female somatic gonad (Bielinska et al., 2005; Hinson and 

Nagoshi, 1999) although it is still primarily activated in response to the diploid dose of X 

chromosomes in the female germline regardless of somatic sex (Andrews and Oliver, 2002; 

Andrews et al., 2000). Ovo-A acts as a transcriptional repressor that not only autoregulates 

itself but also targets ovo-B and otu, while Ovo-B promotes otu transcription (Andrews et 

al., 2000; Lü and Oliver, 2001; Lü et al., 1998). 
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Like ovo, otu expression is also enhanced by a female soma (Hinson and Nagoshi, 

1999; Hinson et al., 1999) but its requirement on the germline does not depend on the X 

chromosome number making it a less likely candidate to be an XSE. otu is also required 

for successful oogenesis (King et al., 1986; Steinhauer and Kalfayan, 1992) and mutations 

in otu result in ovarian tumors (Wei et al., 1994). Like ovo, it too is not required in the male 

germline. The ovarian tumor phenotype observed in mutants for ovo and otu is at least in 

part due to a sex transformation of the germline since mutant germ cells produce male-

specific Sxl transcripts. Importantly, these mutations can be partially rescued by 

constitutive Sxl expression suggesting that ovo and out can be placed upstream of Sxl in 

the germline sex determination pathway (Andrews and Oliver, 2002; Bae et al., 1994; Bopp 

et al., 1993; Nagoshi et al., 1995; Oliver and Pauli, 1998; Oliver et al., 1993, 1994; Pauli 

et al., 1993; Wei et al., 1994). 
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Figure 1.8 

 

 
 

 

Figure 1.8: ovo is currently the only known germline-specific XSE candidate. One 

possible model for how ovo and otu function in the female germline is presented. Both 

genes are only required in the female germline and phenocopy Sxl loss-of-function. ovo is 

a likely candidate XSE as its promoter activity in the germline is greater in XX flies versus 

XY or XO flies. Further, constitutive Sxl expression is able to rescue ovo (and otu) mutants 
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suggesting ovo is upstream of Sxl. Before the presented work, ovo was the only known 

candidate XSE in the germline. Illustration from (Casper and Van Doren, 2006). 
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Concluding remarks 

As discussed, sex determination mechanisms may be diverse but have evolved to fit a 

“bottom up” model, in which genes found at the bottom of sex determination cascades 

appear to be more highly conserved than those found at the top. At the top, the prevalence 

and importance of RNA-binding proteins is undeniable and often, these proteins act as the 

master sex determination switches. In Drosophila melanogaster, this switch is Sex lethal 

and it is both necessary sufficient for female sexual identity of the soma and the germline. 

While the mechanism for activation of Sxl by X chromosome number has been well 

characterized in the soma, its activation in the germline relies on a completely different and 

unknown mechanism. In this work, we have taken a focused as well as a broad approach 

at better understanding both intrinsic and extrinsic regulation of sex determination in the 

germline of Drosophila melanogaster. In Chapter 2, we compared the logic of cis-

activation of Sex lethal in the germline to that in the soma. We found that the logic of Sxl 

activation is different in the two cell types, since the germline requires different cis-

elements than the soma, and the order as well as timing of activation of both Sex lethal 

promoters is different in the germline. Additionally, we found that the somatic XSE 

sisterless A also acts as an XSE in the germline for Sxl activation. However, it is not 

sufficient for germline Sxl activation and must work together with a different combination 

of XSEs from the soma. In Chapter 3, we attempted to identify targets of SisA via ChIP-

Seq using an overexpression system in vitro. Finally, in Chapter 4 we conducted a reverse 

genetics screen to identify extrinsic somatic cues that can affect germline sexual identity. 

Our work can be used as a framework for continued studies of germline sex determination 
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in Drosophila as well as other species such as humans and mice, in which germ cells rely 

on both autonomous and non-autonomous cues to determine their sex. 
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CHAPTER II: SISTERLESS A IS REQUIRED FOR THE 

ACTIVATION OF SEX LETHAL IN THE GERMLINE 
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ABSTRACT 

In Drosophila, sex determination in somatic cells has been well-studied and is under the 

control of the switch gene Sex lethal (Sxl), which is activated in females by the presence 

of two X chromosomes. Though sex determination is regulated differently in the germline 

versus the soma, Sxl is also necessary and sufficient for the female identity in germ cells. 

Loss of Sxl function in the germline results in ovarian germline tumors, a characteristic of 

male germ cells developing in a female soma. Further, XY (male) germ cells expressing 

Sxl are able to produce eggs when transplanted into XX (female) somatic gonads, 

demonstrating that Sxl is also sufficient for female sexual identity in the germline. As in 

the soma, the presence of two X chromosomes is sufficient to activate Sxl in the germline, 

but the mechanism for “counting” X chromosomes in the germline is thought to be different 

from the soma. Here we have explored this mechanism at both cis- and trans-levels. Our 

data support the model that the Sxl “establishment” promoter (SxlPE) is activated in a 

female-specific manner in the germline, as in the soma, but that the timing of SxlPE 

activation, and the DNA elements that regulate SxlPE are different from those in the soma. 

Nevertheless, we find that the X chromosome-encoded gene sisterless A (sisA), which 

helps activate Sxl in the soma, is also essential for Sxl activation in the germline. Loss of 

sisA function leads to loss of Sxl expression in the germline, and to ovarian tumors and 

germline loss. These defects can be rescued by the expression of Sxl, demonstrating that 

sisA lies upstream of Sxl in germline sex determination. We conclude that sisA acts as an 

X chromosome counting element in both the soma and the germline, but that additional 

factors that ensure robust, female-specific expression of Sxl in the germline remain to be 

discovered.  
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INTRODUCTION 

Sex determination influences the development of many different tissues, but is particularly 

important in the germline to control the production of either sperm or eggs. While in some 

species somatic sex is sufficient to determine germline sex via inductive signaling, in flies 

and humans, the sex chromosome karyotype also plays a role intrinsically in the germline. 

Since a failure to match germline and somatic sex leads to defects in gametogenesis, 

understanding how intrinsic sex determination is regulated in the germline is important for 

our understanding of gonad development, reproductive biology, and hence human health.  

Sex determination in Drosophila is under the control of the switch gene Sex lethal 

(Sxl) which is activated in females by the presence of two X chromosomes (Barbash and 

Cline, 1995; Bell et al., 1991; Bopp et al., 1991; Bridges, 1914, 1921, Cline, 1984, 1985, 

1988; Erickson and Quintero, 2007; Hannal-Alava and Stern, 1957; Maine et al., 1985). 

Sxl is both necessary and sufficient for the female sexual identity of somatic cells (Bell et 

al., 1991; Cline, 1979b, 1979a, 1983, 1984; Lucchesi and Skripsky, 1981; Sánchez and 

Nöthiger, 1982, 1983; Skripsky and Lucchesi, 1982; Uenoyama et al., 1982). Expression 

of Sxl in the soma is regulated by two different promoters (González et al., 2008; Keyes et 

al., 1992). The Sxl “establishment promoter” (SxlPE) is sex-specific and is activated in the 

presence of two X chromosomes (Erickson and Quintero, 2007). Default splicing of the 

SxlPE transcript produces a pulse of ‘Early’ Sxl protein starting at embryonic nuclear cycle 

12. Later, at nuclear cycle 14, dosage compensation equalizes X chromosome expression 

in males and females and so X chromosomes can no longer be counted. Thus, there is a 

transition to a second “maintenance promoter,” SxlPM, which is activated in both sexes 

(González et al., 2008; Keyes et al., 1992). The transcript from SxlPM requires alternative 
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splicing regulated by the early Sxl protein (only made in females) in order to produce more 

‘Late’ Sxl protein, creating an auto-regulatory loop that maintains Sxl expression in 

females (Cline, 1984). The initial, female-specific activation of SxlPE in the soma is in 

direct response to a diploid dose of X-linked Signaling Elements (XSEs) – genes on the X 

chromosome that activate SxlPE when present in two copies, but not one. The somatic 

XSEs include the transcription factors Sisterless A (SisA), Sisterless B (SisB) and Runt, 

along with the JAK/STAT ligand Unpaired (Upd)  (Avila and Erickson, 2007; Cline, 1988; 

Duffy and Gergen, 1991; Erickson and Cline, 1993; Jinks et al., 2000; Kramer et al., 1999; 

Sánchez et al., 1994; Sefton et al., 2000; Torres and Sánchez, 1992; Yang et al., 2001).  

Unlike sex determination in the soma, which is autonomously dependent on a cell’s 

sex chromosome genotype, sex determination in the Drosophila germline is regulated by 

non-autonomous signals from the soma in addition to the sex chromosome make up of the 

germline (reviewed in (Casper and Van Doren, 2006)). In order for proper gametogenesis 

to occur, the “sex” of the germ cells has to match the sex of the soma. For example, XX 

germ cells developing in a male soma result in a testis with a severely atrophic germline 

(Andrews and Oliver, 2002; Brown and King, 1961; Hinson and Nagoshi, 1999; Horabin 

et al., 1995; Marsh and Wieschaus, 1978; Nagoshi et al., 1995; Nöthiger et al., 1989; Oliver 

et al., 1993; Seidel, 1963; Staab et al., 1996; Steinmann-Zwicky, 1993; Steinmann-Zwicky 

et al., 1989; Sturtevant, 1945; Van Deusen, 1977), while XY germ cells developing in a 

female soma produce an ovary with a tumorous germline (“ovarian tumor”) and a complete 

failure to produce eggs (Salz et al., 1987; Schüpbach, 1982, 1985; Steinmann-Zwicky et 

al., 1989). Similar to the soma, Sxl is both necessary and sufficient for determining the 

autonomous component of germline sexual identity. Sxl loss-of-function in the germline 
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results in ovarian germline tumors, similar to male germ cells developing in a female soma 

(Hager and Cline, 1997; Horabin et al., 1995; Nöthiger et al., 1989; Salz et al., 1987; 

Schüpbach, 1985; Staab et al., 1996; Steinmann-Zwicky, 1993; Steinmann-Zwicky et al., 

1989). Further, XY (male) germ cells expressing Sxl are able to produce eggs when 

transplanted into XX (female) somatic gonads, demonstrating that Sxl is sufficient for 

female sexual identity in the germline as long as the surrounding soma is female 

(Hashiyama et al., 2011). Female-specific Sxl expression in the germline is dependent on 

the X chromosome dose: XX germ cells express Sxl while XY germ cells do not (Nöthiger 

et al., 1989; Steinmann-Zwicky et al., 1989). Evidence also indicates that SxlPE is 

important for female-specific expression of Sxl in the germline. Transcript data from early 

germ cells show a Sxl transcript that matches the SxlPE in the soma (Hashiyama et al., 

2011), and data indicate that the positive auto-regulation of Sxl expression that occurs in 

the soma also acts in the germline (Hager and Cline, 1997). However, the mechanism for 

activating Sxl expression in the germline appears to be different from the soma (Cronmiller 

and Cline, 1987; Granadino et al., 1993; Hashiyama et al., 2011; Schüpbach, 1985; 

Steinmann-Zwicky, 1993, 1994b, 1994a). When germ cells simultaneously heterozygous 

for Sxl and the somatic XSEs sisA, sisB, and runt, a genotype that masculinizes somatic 

cells, were transplanted into wildtype female embryos, they were still able to undergo 

oogenesis indicating that the germ cells were not masculinized (Granadino et al., 1993). 

Thus, different XSEs, or at least a different combination of XSEs are required to activate 

Sxl expression in the germline. 

Here we utilize a combination of approaches to investigate the female-specific 

activation of Sxl in the germline. Using RNA FISH and CRISPR-tagging of specific Sxl 
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isoforms, we show that SxlPE is activated in a female-specific manner in the germline, but 

that the timing of its activation relative to SxlPM is different from in the soma. Using 

promoter/enhancer reporter constructs, we demonstrate that the regulatory sequences 

required for female-specific activation of SxlPE in the germline are different from those 

required in the soma. Lastly, we show that the somatic XSE, sisA, is also required for 

female-specific expression of Sxl in the germline. Together our data support a model in 

which sisA acts as a germline XSE, but that additional factors, different from the somatic 

XSEs, are also important for Sxl activation in the female germline. 
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MATERIALS AND METHODS 

Fly stocks 

The following fly stocks were used: vas-Cas9 (BDSC# 51324), vas-Cas9 (BDSC# 56552), 

alphatub-piggyBac (BDSC# 32070), nos-Gal4 (Van Doren et al., 1998),  nos-Cas9 

(BDSC# 54591), nos-Cas9 (BDSC# 78782), UAS-sisA-RNAi1 (TRiP.HMC03864, 

BDSC# 55181), UAS-Sxl-RNAi (TRiP.HMS00609, BDSC# 34393), UAS-sisB-RNAi 

(TRiP.GL01130, BDSC# 41594), UAS-sisC-RNAi (TRiP.HMS00545, BDSC# 33680), 

UAS-run-RNAi (TRiP.HMS01186, BDSC# 34707), UAS-mCherry-RNAi control 

(BDSC# 35785), bam[1] (Gift from A. Spradling, (McKearin and Spradling, 1990)), 

bam[delta86] (BDSC# 5427), sisA[5] (Gift from J. Erickson, (Walker et al., 2000)), UAS-

Sxl (BDSC# 58484), otu-GFP.K10 (BDSC# 29727), otu-GFP.SV40 (BDSC# 29729), otu-

Sxl (BDSC# 58491). Oregon R flies were used as wildtype flies, 

w[1118];Sco/CyO;MKRS/TM6B,Tb,Hu double balancers (Gift from X. Chen) were used 

for 2nd and 3rd chromosome balancing. FM7c was used for X chromosome balancing. 

 

Antibody staining and Tyramide Signal Amplification (TSA) 

Adult testes were dissected in 1X PBS and fixed at room temperature for 20 minutes in 

4.625% formaldehyde in PBS containing 0.1% Triton X-100 (PBTx). Adult ovaries, and 

larval gonads (first, second, and third instar) were dissected in 1X PBS and fixed at room 

temperature for 20 minutes in 5.25% formaldehyde in PBTx. Blocking and 

immunostaining was performed as previously described (Gönczy et al., 1997), and samples 

were mounted in 2.5% DABCO. Embryo collection, fixing, blocking and staining was 

performed as described previously (Casper and Van Doren, 2009). All images were taken 
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with a Zeiss LSM 700 confocal microscope. The following primary antibodies (sources) 

and concentrations were used: chicken anti-Vasa 1:10,000 (K. Howard); rabbit anti-Vasa 

1:10,000 (R. Lehmann); mouse anti-Sxl 3:100 (M18, DSHB); mouse anti-Fas3 1:50 (7G10, 

DSHB); rat anti-NCad 3:100 (DN-Ex #8, DSHB); mouse anti-Lamin B 1:100 (ADL67.10, 

DSHB); guinea pig anti-TJ 1:1,000 (J. Jemc); rabbit anti-GFP 1:1,000 (ab290, Abcam); 

mouse anti-FLAG 1:50 (F3165, Millipore Sigma); rat anti-HA 1:100 (ROAHAHA Clone 

3F10, Roche); rabbit anti-HA 1:800 (C29F4 #3724, CST). DSHB: Developmental Studies 

Hybridoma Bank; CST: Cell Signaling Technologies. Secondary antibodies were used at 

1:500 (Alexa Fluor, Host:Goat, Invitrogen). 

 

TSA was performed using the manufacturer’s protocol (Tyramide SuperBoost Kits with 

Alexa Fluor Tyramides, Invitrogen). Larval gonads and embryos were fixed as previously 

described (Casper and Van Doren, 2009; Gönczy et al., 1997). Samples were blocked in 

10% Goat Serum for 1 hour at room temperature followed by incubation with a single 

primary antibody (target of signal amplification) overnight at 4°C with nutation. Primary 

antibody was washed off using 1X PBS and samples were incubated with poly-HRP-

conjugated secondary antibody for 1 hour at room temperature. Secondary antibody was 

washed off using 1X PBS and samples were incubated in tyramide working solution for 10 

minutes at room temperature before stopping the reaction. Samples were washed with 1X 

PBS and immunolabeling with TSA was multiplexed with other antibodies following the 

standard immunolabeling protocol. 

 

Developmental Staging and Sexing 
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To obtain stage-specific embryos, embryos were pre-collected overnight on apple juice 

plates with fresh yeast paste and discarded to synchronize egg-laying. Embryos were then 

collected for 2 hours at 25°C after which the flies were removed and the embryos were 

aged as required. To obtain first (L1) and second (L2) instar larvae, embryos were aged 20 

hours. The plates were cleared of any larvae that had hatched early. L1 larvae were 

collected after 4-8 hours. For L2 larvae, the L1 larvae were transferred to fresh plates with 

yeast paste and aged for an additional 24 hours. Third instar (L3) larvae were collected 

directly from vials. Sex of embryos was determined by counting the number of Sex lethal 

or sisterless A RNA-FISH signals corresponding to number of X chromosomes or by 

somatic EGFP expression using the transcriptional SxlPE-EGFP reporters. Stage of the 

embryos was approximately determined by the position of the primordial germ cells 

(PGCs). Sex of the first and second larval instar gonads was determined by looking for 

presence or absence of a hub using anti-FasIII or anti-NCad immunolabeling. Sex of the 

third larval instar gonads was determined by morphology. 

 

Oligopaints Probe Design and Synthesis 

Oligopaint probes for RNA FISH were designed using Oligopaints (Beliveau et al., 2012, 

2014, 2015) by Dr. Kayla Viets from Dr. Robert Johnston’s laboratory, Department of 

Biology at Johns Hopkins University (Viets et al., 2019). Gene target sequences (Sex lethal 

and sisterless A) were run through an open-source bioinformatics pipeline made available 

by the Wu lab at Harvard Medical School (http://genetics.med.harvard.edu/oligopaints/) to 

identify sets of 50-bp (Sex lethal) or 30-bp (sisterless A) optimized probe sequences 

(libraries) to tile the nascent RNA transcript. Library of Cy3-conjugated oligos against 
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sisterless A RNA was ordered individually. Library of oligos against Sex lethal and its sub-

libraries (SxlPM vs. SxlCom probes) were ordered as part of a 90k oligopool including 

oligos for other gene targets (Gift from R. Johnston, Johns Hopkins University). To isolate 

target-specific probes (Sex lethal), five 19-bp barcording primers, target F and R; universal 

(univ) F and R; and sublibrary (sub) F were appended to the 5’ and 3’ ends of each probe.  

PCR using target F and R primers allowed amplification of libraries of probes 

against target RNA from oligopool. PCR using sub F and target R primers allowed 

amplification of sub-libraries from whole target libraries. PCR using univ F and R primers 

allowed the conjugation of fluorophores (Cy3, Cy5), generation of single-stranded DNA 

(ssDNA) probes as well as addition of secondary sequences to allow amplification of FISH 

signal using secondary probes (conjugated with fluorophores) that bind to primary probes. 

FISH probes were generated as previously described (Beliveau et al., 2012, 2014, 2015). 

Total number of probes per transcript are as follows: sisA RNA – 12 ; SxlPM RNA – 19 ; 

SxlPE+PM – 36. 

 

RNA fluorescent in situ hybridization (FISH) and immunofluorescence 

RNA FISH + IF was performed using modified versions of the protocols described 

previously (Beliveau et al., 2012, 2014, 2015; Viets et al., 2019). Oregon R embryos were 

collected (after a pre-collection was discarded) on apple juice plates with fresh yeast paste 

for 2 hours at 25°C and aged as needed. Embryos were collected, rinsed with 1X PBTx, 

and dechorionated using 50% bleach for 90 seconds and washed with 1X PBTx. Fixing 

was performed in scintillation vials in 50µL 10X PBS, 100µL 0.25M EGTA, 125µL fresh 

16% formaldehyde, 225µL Milli-Q H2O, 1µL NP-40 (Tergitol solution), and 500µL 
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heptane. Embryos were shaken vigorously by hand for 1 minute, then fixed for 20 minutes 

at room temperature with gentle agitation. The aqueous phase was removed and the 

embryos were devitellinized in by adding 500µL methanol and vigorous shaking for 2 

minutes. Devitellinized embryos were collected washed three times in methanol. Embryos 

were rehydrated via 5-minute serial single washes in 75%, 50%, and 25% methanol in 1X 

PBTx. This was followed by three 5-minute washes in 1X PBTx and two 15-minute washes 

in 1X PBTx with 0.2U/µL RNase inhibitor. Embryos were blocked for 1 hour at room 

temperature in blocking buffer (1X PBTx + Western Blocking Reagent, 1:1) with nutation. 

They were then incubated in primary antibody diluted in 1X PBTx with 3% normal goat 

serum and 0.2U/µL RNase inhibitor overnight at 4°C with nutation. Primary antibody was 

rinsed off followed by three 20-minute washes with 1X PBTx. Embryos were then 

incubated with secondary antibody diluted in 1X PBTx with 3% normal goat serum and 

0.2U/µL RNase inhibitor for two hours at room temperature. Secondary antibody was 

rinsed off followed by two 20-minute washes in 1X PBTx and one 20-minute wash in 1X 

PBS. Embryos were then washed as follows: four 5-minute washes in 2X SSCT, one 10-

minute wash in 20% formamide in 2X SSCT, one 10-minute wash in 50% formamide in 

2X SSCT, one 4-hour wash in 50% formamide in 2X SSCT at 37°C with shaking. Embryos 

were incubated with primary probe at a concentration of ³5 pmol fluorophore/µL in 

hybridization buffer (50% formamide in 2X SSCT with 10% dextran sulfate (w/v) + 

0.2U/µL RNase inhibitor) for 16-20 hours at 37°C with shaking. Primary probe was rinsed 

and followed by a 1-hour wash in 50% formamide in 2X SSCT at 37°C with shaking. 

Secondary probes were hybridized for 1 hour at 37°C with shaking at a concentration of 
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³5 pmol fluorophore/µL in 50% formamide in 2X SSCT and 0.2U/µL RNase inhibitor. 

This was followed by two 30-minute washes in 50% formamide in 2X SSCT at 37°C, one 

10-minute wash in 20% formamide in 2X SSCT, two 10-minute washes in 2X SSCT at 

room temperature, and one 10-minute wash in 2X SSC at room temperature. Embryos were 

washed for 10 minutes in 1X PBTx containing DAPI and incubated at room temperature 

for 10 minutes in SlowFade Diamond with DAPI, followed by mounting. All images were 

taken with a Zeiss LSM 700 confocal microscope. 

 

SxlPE reporter transgenes 

To generate SxlPE-10.2kb, a 10.2kb genomic sequence from a Sxl genomic clone BAC# 

CH321-74P19 (BACPAC Resources Center) cloned into the pJR16 vector in two steps 

(Gift from R. Johnston, Johns Hopkins University) using HiFi DNA Assembly (New 

England Biolabs). Fragment 1 extended from 116 bp downstream of SxlPE TSS to 5,116 

bp upstream of SxlPE TSS and was assembled into pJR16 digested with AgeI and AscI. 

Fragment 2 extended from 117 bp downstream of SxlPE TSS to 5,108 bp downstream of 

SxlPE TSS and was assembled into Fragment 1 + pJR16 digested with AgeI. 

Fragment 1 SxlPE-10.2kb Fw (5’-3’) – 

CCACCCCGGTGAACAGCTCCTCGCCCTTGCTCACCATGGTGGCGACCG

GTAATGGGATAATCACAAAGTT 

Fragment 1 SxlPE-10.2kb Rv (5’-3’) – 

CATGCTGCAGCAGATCTGGTCTAGAGCCCGGGCGAATTCGCCGGCGCG

CCGTAATTTTTCTTTGCTCCTCCTG 
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Fragment 2 SxlPE-10.2kb Fw (5’-3’) – 

CAGCTCCTCGCCCTTGCTCACCATGCTGTACGATGAATCGA 

Fragment 2 SxlPE-10.2kb Rv (5’-3’) – 

GAAAAACGTAACTTTGTGATTATCCCATTATGGATTTCAATTTTGATAC 

The primers ensured that EGFP remained in frame with Exon E1’s coding sequence (CDS). 

Constructs were injected into embryos and integrated via PhiC31 integrase-mediated 

transgenesis (done at BestGene Inc.) into the same genomic location at P{CaryP}attP40 on 

Chromosome II. 

 

Generation of sisA RNAi 2 and 3 

Transcript-specific knockdown was achieved using the VALIUM vector system (Ni et al., 

2011). A 21-nucleotide (nt) sequence without any off-targets greater than 16nt was selected 

based on the algorithm by (Vert et al., 2006). The following sequences were selected: 

sisA-RNAi 2 Sense – CGCCGACGAGGAGCAACGCUA 

sisA-RNAi 2 Antisense – UAGCGUUGCUCCUCGUCGGCG 

sisA-RNAi 3 Sense – CCGGUUCUGGUUCGGAUGUCA 

sisA-RNAi 3 Antisense – UGACAUCCGAACCAGAACCGG 

The top and bottom strands for the short hairpin were as follows: 

sisA-RNAi 2 Top Strand – 

CTAGCAGTCGCCGACGAGGAGCAACGCTATAGTTATATTCAAGCATAT

AGCGTTGCTCCTCGTCGGCGGCG 
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sisA-RNAi 2 Bottom Strand – 

AATTCGCCGCCGACGAGGAGCAACGCTATATGCTTGAATATAACTATA

GCGTTGCTCCTCGTCGGCGACTG 

sisA-RNAi 3 Top Strand – 

CTAGCAGTCCGGTTCTGGTTCGGATGTCATAGTTATATTCAAGCATA-

TGACATCCGAACCAGAACCGGGCG 

sisA-RNAi 3 Bottom Strand – 

AATTCGCCCGGTTCTGGTTCGGATGTCATATGCTTGAATATAACTATGA

CATCCGAACCAGAACCGGACTG 

The top and bottom strands were annealed and cloned into the VALIUM20 vector #1467 

(Drosophila Genomics Resource Center, DGRC). Constructs were injected into embryos 

and integrated via PhiC31 integrase-mediated transgenesis (done at BestGene Inc.) into the 

same genomic location at P{CaryP}attP40 on Chromosome II. For RNAi-mediated 

germline-specific knockdown of sisA, sisB, sisC, runt, Sxl, and mCherry, male flies 

carrying shRNA transgenes were mated with nanos-GAL4:VP16 virgin females (Van 

Doren et al., 1998) and the crosses were maintained at 29°C. The progeny were reared at 

29°C until 3-5 days post-eclosion (unless otherwise specified). 

 

CRISPR-tagging 

sfGFP:sisA, 2xHA:SxlE1, and 3xFLAG:SxlL2 were generated using scarless genome 

editing described in (Bier et al., 2018) to generate N-terminus tags. Guide RNA (gRNA) 

sequences were selected using the FlyCRISPR algorithm 
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(http://flycrispr.molbio.wisc.edu), contain 20 nucleotides each and have no predicted off-

targets. The following gRNAs were selected: 

 sfGFP:sisA gRNA Target (5’-3’) - GTCCAATGGCAAGCTACCTG 

 2xHA:SxlE1 gRNA Target (5’-3’) - GCCTCCTTCGATCTTCTACC 

 3xFLAG:SxlL2 gRNA Target (5’-3’) – GACTTGTTGTTGTAGCCATA 

The guides were cloned into the pU6-2-BbsI-gRNA vector #1363 (DGRC) using the listed 

primers that were phosphorylated using T4 polynucleotide kinase (PNK). 

sfGFP:sisA gRNA Target sense (5’-3’) – 

CTTCGTCGTTGGCCAATCCGGATGC 

sfGFP:sisA gRNA Target antisense (5’-3’) – 

AAACGCATCCGGATTGGCCAACGAC 

2xHA:SxlE1 gRNA Target sense (5’-3’) – CTTCGCCTCCTTCGATCTTCTACC 

2xHA:SxlE1 gRNA Target antisense (5’-3’) – 

AAACGGTAGAAGATCGAAGGAGGC 

3xFLAG:SxlL2 gRNA Target sense (5’-3’) – 

CTTCGACTTGTTGTTGTAGCCATA 

3xFLAG:SxlL2 gRNA Target antisense (5’-3’) – 

AAACTATGGCTACAACAACAAGTC 

Donor plasmids to facilitate homology dependent repair were generated. The coding 

sequences of the different tags are cloned from genomic DNA of vas-Cas9 expressing flies 

(BDSC# 51324, 56552) adjacent to a piggyBac transposon that contained a DsRed 

expression construct resulting in a selectable-tagging-cassette in vectors pHD-sfGFP-

ScarlessDsRed #1365, pHD-2xHA-ScarlessDsRed #1366, pHD-3xFLAG-ScarlessDsRed 
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#1367 (DGRC). Approximately 1kb 5’ and 3’ Homology arms were assembled using HiFi 

DNA Assembly (New England Biolabs) upstream and downstream of this cassette with the 

following primers (5’-3’): 

 sfGFP:sisA 5’ Arm Fw (5’-3’) - GAATTCGCCAAAGGGATTTC 

sfGFP:sisA 5’ Arm Rv (5’-3’) – 

CCGGAACCTCCAGATCCACCGGTGATTTTTTTCGATGTGTG 

sfGFP:sisA cassette Fw (5’-3’) – 

ACACATCGAAAAAAATCACCGGTGGATCTGGAGGTTCC 

sfGFP:sisA cassette Rv (5’-3’) - 

AAGTAAAGATGACTCCGTTCGGAACCTCCTGAACCACC 

sfGFP:sisA 3’ Arm Fw (5’-3’) - 

CTGGTGGTTCAGGAGGTTCCGAACGGAGTCATCTTTACTTGCC 

sfGFP:sisA 3’ Arm Rv (5’-3’) - GGTACCGCATTGGCCCAATTC 

2xHA:SxlE1 5’ Arm Fw (5’-3’) - GCAATCTGTGTTCTTGGTATTTTG 

2xHA:SxlE1 5’ Arm Rv (5’-3’) - 

GGAACATCGTATGGGTACATAATGGGATAATCACAAAGTTAC 

2xHA:SxlE1 cassette Fw (5’-3’) - 

AACTTTGTGATTATCCCATTATGTACCCATACGATGTTCC 

2xHA:SxlE1 cassette Rv (5’-3’) - 

ACAGTATCAAAATTGAAATCGGAACCTCCTGAACCACC 

2xHA:SxlE1 3’ Arm Fw (5’-3’) - 

CTGGTGGTTCAGGAGGTTCCGATTTCAATTTTGATACTGTGAC 

2xHA:SxlE1 3’ Arm Rv (5’-3’) - CGATCGAAGGTGAGTTTC 



 75 

3xFLAG:SxlL2 5’ Arm Fw (5’-3’) - CGACCATGTCGTCCTACTATAAC 

3xFLAG:SxlL2 5’ Arm Rv (5’-3’) - 

TCATGGTCTTTGTAGTCCATATCCTGAGAGTTGGGAGTG 

3xFLAG:SxlL2 cassette Fw (5’-3’) - 

ACACTCCCAACTCTCAGGATATGGACTACAAAGACCATGAC 

3xFLAG:SxlL2 cassette Rv (5’-3’) - 

CCCGGATTATTGTTGCCGTAGGAACCTCCTGAACCACC 

3xFLAG:SxlL2 3’ Arm Fw (5’-3’) - 

CTGGTGGTTCAGGAGGTTCCTACGGCAACAATAATCCG 

3xFLAG:SxlL2 3’ Arm Rv (5’-3’) – GCTAATGAGGGGATTCCTATG 

Assembled donor constructs were cloned into pCR2.1-TOPO (TOPO TA Cloning Kit, 

ThermoFisher). Site-specific mutagenesis was also used to mutate the PAM sites in each 

donor plasmid. For sfGFP:sisA, the included linker sequence between 3’ UTR and the start 

of sfGFP was removed using site-specific mutagenesis (QuikChange, Agilent). The gRNA 

expression plasmid and donor plasmid were injected by BestGene into embryos of Vas-

Cas9 flies (#56552, #51324, BDSC). DsRed positive flies were then crossed to a piggyBac 

transposase expressing line (#32070, #32073, BDSC) to excise DsRed resulting in an in-

frame fusion of the tags’ and the respective genes’ coding sequences. Successful generation 

of CRISPR-tags was confirmed by sequencing. 

 

Generation of overexpression constructs 

UAS-sfGFP, UAS-sisA, and UAS-da were generated by cloning the ORFs of sfGFP, sisA, 

and da-PD into pUASpB (Yang et al., 2012) using the listed primers. pUASpB is a 
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modified version of pUASP (Rørth, 1998) including an attB site for phiC31-mediated 

integration. UAS-sfGFP:sisA was generated by cloning a flexible linker sequence followed 

by the ORF of sisA (lacking a start codon) using the listed primers into UAS-sfGFP that 

had been linearized with SpeI. Constructs were assembled using HiFi DNA Assembly 

(New England Biolabs). 

UAS-sfGFP Fw (5’-3’) – 

TACCCGCCCGGGGATCAGATCCGCGGCCGCATGGTGTCCAAGGGCGA

G 

 UAS-sfGFP Rv (5’-3’) – 

GACTCTAGAGGATCCAGATCCACTAGTTCACTTGTACAGCTCATCCAT

GC 

UAS-sfGFP:sisA Fw (5’-3’) – 

GCCGGCATCACCCTGGGCATGGATGAGCTGTACAAGATTAAGGCCGG

CGGGTCG 

UAS-sfGFP:sisA Rv (5’-3’) – 

ACGTTAACGTTCGAGGTCGACTCTAGAGGATCCAGATCCATCACTGCT

CCATTTCCAGGC 

UAS-sisA Fw (5’-3’) – 

CTGTTCATTGGTACCCGCCCGGGGATCAGATCCGCATGGAACGGAGTC

ATCTTTACTTGC 

UAS-sisA Rv (5’-3’) – 

ACGTTAACGTTCGAGGTCGACTCTAGAGGATCCAGATCCATCACTGCT

CCATTTCCAGGC 
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UAS-da-PD Fw (5’-3’) – 

AGGTCCTGTTCATTGGTACCCGCCCGGGGATCAGATCCGCATGGCGAC

CAGTGACGATG 

UAS-da-PD Rv (5’-3’) – 

ACGTTAACGTTCGAGGTCGACTCTAGAGGATCCAGATCCATTAAAAGT

GTTGTACATTTTGTAGGGG 

Constructs flies were injected into embryos and integrated via PhiC31 integrase-mediated 

transgenesis (done at BestGene Inc.) into the same genomic location at P{CaryP}attP40 on 

Chromosome II. For germline-specific overexpression, male flies carrying UAS transgenes 

were mated with nanos-GAL4:VP16 virgin females (Van Doren et al., 1998) and the 

crosses were maintained at 29°C. The progeny were reared at 29°C until 3-5 days post-

eclosion (unless otherwise specified). 

 

G0 CRISPR (Tissue-specific CRISPR) 

Guide RNA (gRNA) sequences were selected using the FlyCRISPR algorithm 

(http://flycrispr.molbio.wisc.edu), contain 20 nucleotides each and have no predicted off-

targets. For sisA, four different gRNA sequences were selected, one within the coding 

region (Target 4) and one within the 3’ UTR (Target 3), and two upstream of the gene locus 

(Targets 1 and 2). As a control, four different gRNA sequences were selected against GFP. 

The following gRNAs were selected: 

sisA-G0 gRNA Target 1 (5’-3’) - TCGTTGGCCAATCCGGATGCAGG 

sisA-G0 gRNA Target 2 (5’-3’) - CACTGAGTCTACCTGATAATTGG 

sisA-G0 gRNA Target 3 (5’-3’) - ATAGTGTAGCTATGTGTCGCAGG 
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sisA-G0 gRNA Target 4 (5’-3’) - GCTGAAAACGGAGCTTGCTATGG 

gfp-G0 gRNA Target 1 (5’-3’) - CAGGGTCAGCTTGCCGTAGG 

gfp-G0 gRNA Target 2 (5’-3’) - AGCACTGCACGCCGTAGGTC 

gfp-G0 gRNA Target 3 (5’-3’) - CGGCCATGATATAGACGTTG 

gfp-G0 gRNA Target 4 (5’-3’) – CATGCCGAGAGTGATCCCGG 

Four guides (or two) were cloned into the pCFD5 vector #73914 (Addgene) as previously 

described (Port and Bullock, 2016) using the listed primers. 

sisA-G0-4-PCR1-Fw (5’-3’) – 

GCGGCCCGGGTTCGATTCCCGGCCGATGCATCGTTGGCCAATCCGGAT

GCGTTTTAGAGCTAGAAATAGCAAG 

sisA-G0-4-PCR1-Rv (5’-3’) – 

ATTATCAGGTAGACTCAGTGTGCACCAGCCGGGAATCGAACCC 

sisA-G0-4-PCR2-Fw (5’-3’) – 

CACTGAGTCTACCTGATAATGTTTTAGAGCTAGAAATAGCAAG 

sisA-G0-4-PCR2-Rv (5’-3’) – 

GCGACACATAGCTACACTATTGCACCAGCCGGGAATCGAACCC 

sisA-G0-4-PCR3-Fw (5’-3’) – 

ATAGTGTAGCTATGTGTCGCGTTTTAGAGCTAGAAATAGCAAG 

sisA-G0-4-PCR3-Rv (5’-3’) – 

ATTTTAACTTGCTATTTCTAGCTCTAAAACTAGCAAGCTCCGTTTTCAG

CTGCACCAGCCGGGAATCGAACCC 
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GFP-G0-4-PCR1-Fw (5’-3’) – 

GCGGCCCGGGTTCGATTCCCGGCCGATGCACAGGGTCAGCTTGCCGTA

GGGTTTTAGAGCTAGAAATAGCAAG 

GFP-G0-4-PCR1-Rv (5’-3’) – 

GACCTACGGCGTGCAGTGCTTGCACCAGCCGGGAATCGAACCC 

GFP-G0-4-PCR2-Fw (5’-3’) – 

AGCACTGCACGCCGTAGGTCGTTTTAGAGCTAGAAATAGCAAG 

GFP-G0-4-PCR2-Rv (5’-3’) – 

CAACGTCTATATCATGGCCGTGCACCAGCCGGGAATCGAACCC 

GFP-G0-4-PCR3-Fw (5’-3’) – 

CGGCCATGATATAGACGTTGGTTTTAGAGCTAGAAATAGCAAG 

GFP-G0-4-PCR3-Rv (5’-3’) – 

ATTTTAACTTGCTATTTCTAGCTCTAAAACCCGGGATCACTCTCGGCAT

GTGCACCAGCCGGGAATCGAACCC 

Constructs were injected into embryos and integrated via PhiC31 integrase-mediated 

transgenesis (done at BestGene Inc.) into the same genomic location at P{CaryP}attP40 on 

Chromosome II. For germline-specific CRISPR-mediated knockout of sisA and gfp, male 

flies carrying gRNA expressing transgenes were mated with nanos-Cas9 virgin females 

((Port et al., 2014), BDSC# 54591 or (Ren et al., 2013), BDSC# 78782) and the crosses 

were maintained at 29°C. The progeny were reared at 29°C until 3-5 days post-eclosion 

(unless otherwise specified). 

 

Generating sisA mutant 
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CRISPR-Cas9 was used as previously described to generate a sisA deletion mutant (Gratz 

et al., 2014, 2015b, 2015a). 2 guide RNA (gRNA) sequences were selected flanking the 

sisA gene using the FlyCRISPR algorithm (http://flycrispr.molbio.wisc.edu), contain 20 

nucleotides each, and have no predicted off-targets. The following gRNAs were selected: 

 sisA-del gRNA Target 1 (5’-3’) – GTCCAATGGCAAGCTACCTG 

 sisA-del gRNA Target 2 (5’-3’) – GATTACCTTCGGCCAGGCGA 

The guides were cloned into the pU6-2-BbsI-gRNA vector #1363 (DGRC) using the 

listed primers that were phosphorylated using T4 PNK. 

sisA-del gRNA Target 1 sense (5’-3’) – CTTCGTCGTTGGCCAATCCGGATGC 

sisA-del gRNA Target 1 antisense (5’-3’) – 

AAACGCATCCGGATTGGCCAACGAC 

sisA-del gRNA Target 2 sense (5’-3’) – CTTCGCACTGAGTCTACCTGATAAT 

sisA-del gRNA Target 2 antisense (5’-3’) – 

AAACATTATCAGGTAGACTCAGTGC 

A donor plasmid to facilitate homology dependent repair was generated. A 5’ homology 

arm and a 3’ homology arm were PCR-amplified from genomic DNA of vas-Cas9 

expressing flies (BDSC# 51324, 56552) using the following primers and cloned into 

multiple cloning sites found upstream and downstream of a removable 3xP3-DsRed 

marker in the pHD-DsRed-attP vector #1361 (DGRC). 

sisA-del 5’ Arm Fw (5’-3’) – 

AGCACACCTGCACGACCGATGAAAATGGAGCAAGTGGAAAGCACACC

TGCACGACCGATGAAAATGGAGCAAGTGGAA 
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sisA-del 5’ Arm Rv (5’-3’) – 

AGCACACCTGCACGATTAACCTTAGGCAATATGTCAGCCAGCACACCT

GCACGA TTAACCTTAGGCAATATGTCAGCC 

sisA-del 3’ Arm Fw (5’-3’) – 

GGCGGCTCTTCCTAAAAAACGAATGCTTTCTTATTGGCGGCTCTTCCTA

A AAAACGAATGCTTTCTTATT 

sisA-del 3’ Arm Rv (5’-3’) – 

GGCGGCTCTTCCCGGTTTAATATACATATATTTGTGGCGGCTCTTCCCG

G TTTAATATACATATATTTGT 

The gRNA expression plasmid and donor plasmid were injected by BestGene into 

embryos of Vas-Cas9 flies (#56552, #51324, BDSC). DsRed positive flies were balanced 

without DsRed removal to maintain a selectable marker. Successful deletion of the sisA 

gene and replacement with the DsRed marker was confirmed by sequencing. 
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RESULTS 

Analysis of Sex lethal transcription in PGCs 

Since the activation of SxlPE appears to be the key sex-specific decision in germline sex 

determination, similar to what is observed in the soma, we first decided to examine when 

and how SxlPE is activated in the germline. We hypothesized that, as in the soma, SxlPE 

would be activated prior to SxlPM. To study this, we performed RNA Fluorescent in situ 

Hybridization (FISH) using oligopaints to examine nascent RNA (nRNA) being 

transcribed from SxlPE and SxlPM at the Sxl locus. As SxlPM is upstream of SxlPE, we 

generated one set of probes that exclusively targets SxlPM-derived transcripts (PM-probe, 

Cy5, false color in Green), and another that targets the common transcript from both SxlPE 

and SxlPM (PE+PM-probe, Cy3, Red) (Figure 2.1 A). Thus, if SxlPE alone is active, we 

should observe signal from the PE+PM-probe (Red) but not the PM-probe (Green), while 

if SxlPM is active we should observe signal from both probes (and cannot make a 

conclusion about SxlPE).  

 In the soma, female-specific activation of SxlPE is activated prior to expression of 

SxlPM. Consistent with this, in the female soma we initially observed RNA FISH signal as 

fluorescent nuclear foci only from the PE+PM-probe but not the PM-probe, indicating that 

only SxlPE was activated (Figure 2.1 C-C’’). Subsequently, we observed signals from both 

probes, indicating that SxlPM had been activated (Data not shown). Conversely, in the male 

soma, we always observed a signal from both the PM- and PE+PM-probes simultaneously 

(Figure 2.1 B-B’’), indicating that that SxlPE is not expressed (or does not precede SxlPM 

activation). These data are consistent with the previous understanding of Sxl activation in 
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the soma - that SxlPE is on initially only in females followed by SxlPM activation in both 

sexes.  
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Note that two foci are observed per nucleus indicating the presence of two X chromosomes 

that are unpaired. Arrows mark fluorescent nuclear foci of RNA-FISH signals except in 

C’’ which has no RNA-FISH signals. PE+PM RNA is probed by PE+PM-probes. PM 

RNA is probed by PM-probes. DAPI stains DNA (nucleus). 
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In contrast, in both female and male germ cells, we only observed RNA FISH 

signals from both the PM-probes and the PE+PM-probes simultaneously and never from 

the PE+PM-probe alone (Note: while we observe two foci for Sxl nRNA in XX somatic 

cells as expected, we only observe a single focus in XX germ cells suggesting that the X 

chromosomes may be paired in the germline). This indicates that SxlPE is not activated 

before SxlPM in the germline (Figure 2.2 A-B’’). The simultaneous expression of PM-

probes and PE+PM-probes occurred in a subset of female germ cells at stage 5 (11.1%), 

and increased to 100 % of germ cells by stage 11 (Figure 2.2 C). Similarly, both probe sets 

were expressed simultaneously in a subset of male germ cells, starting at stage 5 (7%) and 

increased to 100% of germ cells by stage 11 (Figure 2.2 D). The gradual increase in the 

number of cells expressing SxlPM transcripts is similar to what is observed in the soma 

(González et al., 2008). We conclude that, unlike in female somatic cells, SxlPE does not 

precede SxlPM activity in the germline, but instead is likely activated either simultaneously 

with, or later than, SxlPM. This is still consistent with a model where ‘Early Sxl’ protein 

produced from default splicing of the SxlPE-derived transcript is required for productive 

RNA splicing of the SxlPM-derived transcript, and thus for the subsequent production of 

‘Late Sxl’ protein; even if SxlPM is active prior to SxlPE activation, these transcripts would 

not be able to produce Sxl protein until SxlPE is activated. 
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Figure 2.2 

 

 

Figure 2.2: SxlPE activity does not precede SxlPM in the female germline. A-B) RNA-

FISH (+ Immunofluorescence) against the transcript from SxlPM only (PM RNA) versus 

the common transcript from SxlPE and SxlPM (PE+PM RNA) in embryonic stage 5 

primordial germ cells (PGCs). A) Male PGCs with both PE+PM and PM-probe signals. 

B) Female PGCs with both PE+PM and PM-probe signals. Arrows mark fluorescent 

nuclear foci of RNA-FISH signals. Note that a single focus is observed in female PGCs 
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suggesting that X chromosomes may be paired in the germ cells. VAS stains germ cells. 

C-D) Graphs showing percentage of PGCs with observable RNA-FISH probe signals 

between stages 3 and 11 of embryogenesis. 
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SxlPE activity in the germline requires different cis-regulatory elements than in the 

soma 

We next wanted to identify if and when SxlPE is activated in the germline, and also to 

compare the cis-regulatory logic of SxlPE activation in the germline to that in the soma. 

To do this we used transcriptional reporter constructs specific for SxlPE. We first tested a 

SxlPE-EGFP transcriptional reporter that contains the 1.5kb somatic enhancer immediately 

upstream of SxlPE (SxlPE-1.5kb), which had previously been reported to recapitulate both 

somatic and germline SxlPE activity (Figure 2.3 A, “Somatic Enhancer”) (Hashiyama et 

al., 2011; Thompson et al.). Contrary to previous reports, we could not observe EGFP 

expression from SxlPE-1.5kb in developing PGCs, even though SxlPE-1.5kb showed sex-

specific EGFP expression in somatic cells (Data not shown). Thus, we conclude that the 

cis-regulatory region sufficient for sex-specific expression of SxlPE in the soma is 

insufficient for SxlPE expression in the germline. We next extended the SxlPE 

transcriptional reporter to contain the entire 5.2kb genomic sequence upstream of SxlPE 

(but excluding SxlPM) (SxlPE-5.2kb, Figure 2.3 A). Once again, even though we observed 

female-specific nuclear EGFP expression from the SxlPE-5.2kb reporter in somatic cells, 

we found no evidence of EGFP expression in the germline of either male or female 

embryos up to stage 15 (Figure 2.3 B, F). To accommodate the possibility of a delay 

between the activation of the SxlPE-5.2kb transgene and our ability to detect EGFP 

expression (as is observed in the somatic cells), we also characterized its expression at later 

stages of development. However, we failed to observe any germline EGFP expression at 

the first, second, or third larval instar (L1, L2, or L3 respectively) stages (Figure 2.3 B-I). 

Thus, SxlPE-5.2kb also does not contain the cis-regulatory elements sufficient for SxlPE 
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activity in the germline. Interestingly, SxlPE-5.2kb exhibited sex-specific EGFP 

expression in all observed somatic cells until L1, which persisted in the somatic gonad until 

L2 (Figure 2.3 F-H). This was unexpected as SxlPE has been reported to shut off in the 

soma following activation of dosage compensation in the early embryo. Our observations 

could be due to the stability of the EGFP reporter used or may point at a possible 

mechanism that keeps SxlPE active even after X chromosomes can no longer be counted. 
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specific nuclear GFP expression in female somatic cells. No GFP expression is observed 

in the germ cells at any stage. Arrows mark GFP-positive somatic cells. VAS stains germ 

cells. 
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 We next generated a SxlPE-EGFP reporter that includes the 5.2kb sequence 

discussed above, as well as an additional 5kb downstream of SxlPE up to the start of Exon 

4 (Figure 2.3 A) (SxlPE-10.2kb).  Flies carrying this transgene showed sex-specific nuclear 

EGFP expression in the soma by stage 15 of embryogenesis (Figure 2.4 A-B). Excitingly, 

we also observed sex-specific nuclear EGFP expression in the female germline during the 

first larval instar (L1) stage (Figure 2.4 C-D’). Together, these data suggest that SxlPE 

activity in the germline is sex-specific as it is in the soma, and that it requires additional 

cis-regulatory elements that lie downstream of SxlPE. Further, germline SxlPE activation 

appears to occur later in development than previously thought (L1), although it is possible 

that there is a delay between when SxlPE is actually activated and when we are first able 

to detect EGFP expression. 
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Figure 2.4 

 

 

Figure 2.4: SxlPE is sex-specifically activated in the female germline. A-B) 

Immunofluorescence of embryonic stage 15 gonads to characterize SxlPE-10.2kb 

expression. Note the absence of GFP expression in female germ cells but presence of GFP 

expression in female somatic cells. Arrows mark GFP-positive somatic cells. (C-D’) 

Immunofluorescence of first instar (L1) gonads from flies bearing SxlPE-10.2kb reporter 
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transgene. Note the presence of sex-specific nuclear GFP expression in female germ cells 

only. Arrows mark nuclei of germ cells. VAS stains germ cells. 
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Late Sex lethal protein is expressed only after SxlPE is activated in the germline 

Since SxlPE is sex-specifically activated in the germline, we hypothesized that, like in the 

soma, Early Sxl protein derived from SxlPE would be required to produce Late Sxl protein 

derived from SxlPM. To study expression of the Early and Late Sxl proteins in the 

germline, we used CRISPR-Cas9 genome editing to separately tag Sxl’s Early and Late 

protein products. We inserted a 2x human influenza hemagglutinin (2xHA) epitope at the 

N-terminus of the coding sequence of exon E1, which is specific to the mRNA produced 

by SxlPE, to generate a HA:SxlE1 ‘Early (E) Sxl’ tag (Figure 2.5). Separately, we inserted 

a 3xFLAG epitope at the N-terminus of the coding sequence of exon L2, which is specific 

to the mRNA produced by SxlPM, to generate a FLAG:SxlL2 ‘Late (L) Sxl’ tag (Figure 

2.5) (Note: these tags are in separate stocks). Both of these tagged alleles of Sxl appear 

wildtype for Sxl function. 
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Using anti-HA antibody, we were able to observe female-specific Sxl Early protein 

in somatic cells beginning at stage 9, and this expression was primarily nuclear, consistent 

with Sxl’s role in alternative splicing. Early Sxl expression in the soma persisted until the 

L1 stage (Figure 2.6 D-E), and no expression was observed after this time. In addition to 

the somatic gonadal tissue, we confirmed Early Sxl expression in the L1 stage in another 

somatic tissue, the developing gut (Figure 2.6 G-H). The continued presence of Early Sxl 

protein at the L1 stage is consistent with what we observed with the SxlPE-10.2kb reporter 

and suggests that Early Sxl protein is expressed, or at the very least maintained, much later 

in development than previously thought, and well after dosage compensation has been 

initiated. To our surprise, we were unable to detect anti-HA immunolabeling in the 

developing germline at any stage examined (embryo, and L1-L2). A low level of signal 

was observed in the cytoplasm of the germline (arrows in Figure 2.7 A-B’), but this was 

not clearly different between males and females, and may represent background staining. 

Detection of Early Sxl in the soma required tyramide amplification of the antibody signal, 

and so Early Sxl protein may be expressed at very low levels, which was undetectable in 

the germline even after tyramide amplification. Regardless, this prevents us from making 

a conclusion about Early Sxl protein expression in the germline.  
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Figure 2.6 
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Figure 2.6: Early Sxl can be detected in the soma. A-F) Immunofluorescence of 

developing gonads to characterize HA:SxlE1 expression from stage 11 of embryogenesis 

to the second larval instar stage (L2). Note the presence of sex-specific Early Sxl 

expression in the nuclei of female somatic cells. Arrows mark HA-positive somatic cells. 

G-H) Immunofluorescence of developing guts to character HA:SxlE1 expression at the 

first larval instar stage (L1). Note the presence of sex-specific Early Sxl expression in the 

nuclei of female gut cells. Arrows mark HA-positive gut cells. VAS stains germ cells. 

DAPI stains DNA (nucleus). 
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Figure 2.7 

 

Figure 2.7: Early Sxl cannot be detected in the germline. A-B’) Immunofluorescence 

of first instar (L1) gonads from flies bearing the HA:SxlE1 (Early Sxl) tag. Note the 

absence of nuclear HA expression in germ cells of either sex. Arrows mark cytoplasmic 

HA-background staining. VAS stains germ cells.   
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 Using the FLAG-tagged Late Sxl allele (FLAG:SxlL2), we observed anti-FLAG 

immunolabeling in female germ cells starting at the second larval instar (L2) stage (Figure 

2.8 A-B’). Female germ cells remained positive for anti-FLAG labeling through to 

adulthood and expression patterns were consistent with anti-Sxl antibody labeling (Figure 

2.8 C-F’), which can be used to visualize Sxl in the germline starting at the third larval 

instar stage and onwards (Data not shown). No anti-FLAG immunoreactivity was observed 

in male germ cells. Though our RNA FISH analysis indicates that expression of SxlPM 

begins in the germline at stage 5, and is active in most germ cells by stage 10 (Figure 2.2 

C), the SxlPE reporter (SxlPE-10.2kb) is only detectable in L1 germ cells (Figure 2.4 D), 

indicating that SxlPE expression begins much later in the germ cells than the soma. This is 

consistent with our ability to detect Late Sxl protein only in L2 germ cells; if Early Sxl 

protein is required to splice SxlPM transcripts to produce Late Sxl protein, then we would 

expect to detect Late Sxl protein only after SxlPE is active in the germline.  
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Figure 2.8 

 

Figure 2.8: Late Sxl is expressed in the germline only after SxlPE has been activated. 

A-B’) Immunofluorescence of second instar (L2) gonads from flies bearing the 

FLAG:SxlL2 (Late Sxl) tag. Arrows mark FLAG-positive germ cells. Note the presence of 

FLAG (Late Sxl) expression in female germ cells only. C-F’) Immunofluorescence of 

developing gonads to characterize FLAG:SxlL2 expression from the third larval instar 
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stage (L3) to adult stage. Arrows mark FLAG-positive germ cells. Note the presence of 

sex-specific Late Sxl expression in the cytoplasm of female germ cells. The anti-FLAG 

immunoreactivity in the fat body of both sexes is also present in wild-type stocks with no 

FLAG-tagged proteins, indicating it is antibody background.  VAS stains germ cells. DAPI 

stains DNA (nucleus). 
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sisterless A loss-of-function in the female germline results in ovarian tumors and 

germline loss 

We next wanted to investigate the trans-acting factors that regulate Sxl in the germline. As 

discussed above, previous work indicates that germ cells use a different combination of 

XSEs than the soma. However, it remains possible that some of the individual somatic 

XSEs contribute to the X chromosome counting mechanism in the germline, perhaps along 

with unknown germline-specific XSEs. To investigate the potential role of the individual 

somatic XSEs in germline Sxl activation, we knocked down their expression specifically 

in the germline using RNAi (nanos-GAL4 ; UAS-sisA RNAi, UAS-sisB RNAi, UAS-sisC 

RNAi, or UAS-runt RNAi). We then immunolabeled adult gonads to look for phenotypes 

resembling Sxl loss of function, such as the formation of ovarian tumors. We found that 

RNAi knockdown of sisB, sisC, or runt in the germline did not result in any aberrant 

ovarian phenotypes (Figure 2.9 A-D’). Germ cells in these ovaries appear to differentiate 

properly as indicated by the progressive increase in the size of their nuclei, characteristic 

of polyploid nurse cells during oogenesis. 
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Figure 2.9 

 

Figure 2.9: RNAi against most somatic XSEs does not affect the female germline. A-

D’) Immunofluorescence of adult ovaries to characterize germ cell phenotypes resulting 

from RNAi against somatic XSEs. A-A’) Wildtype ovary from fly with germline-specific 
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mCherry RNAi. B-B’) Ovary from fly with germline-specific sisB RNAi. C-C’) Ovary 

from fly with germline-specific sisC RNAi. D-D’) Ovary from fly with germline-specific 

run RNAi. All ovaries resemble the wildtype control. VAS stains germ cells. DAPI stains 

DNA (nucleus). 
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In contrast, sisA germline RNAi (sisA RNAi 1) resulted in ovaries that exhibited 

ovarian germ cell tumors (Figure 2.10 C-C’, Figure 2.11 A-B) similar to those observed in 

Sxl LOF (Figure 2.10 B-B’, Figure 2.11 B) or when XY germ cells develop in an XX soma 

(Salz et al., 1987; Schüpbach, 1982, 1985; Steinmann-Zwicky et al., 1989). In addition, we 

also observed a partial loss of germline (Data not shown). To confirm that this phenotype 

was not due to off-target effects sometimes seen with RNAi, we generated an additional 

UAS-sisA RNAi transgene (sisA RNAi 2) (Figure 2.11 A). Expression of this RNAi line in 

the germline also produced ovarian germ cell tumors (Figure 2.10 D-D’), but these tumors 

were less severe and occurred with lower frequency (Figure 2.11 B). An additional UAS-

sisA RNAi transgene did not result in any observable phenotypes (Figure 2.11 A, Data not 

shown). When 2 copies of nanos-GAL4 were used to drive increased expression of UAS-

sisA RNAi 1, we observed severe germline loss resulting in germ cell-less ovaries (Figure 

2.10 E-E’, Figure 2.11 B) and subsequent infertility. This is similar to what is observed in 

strong alleles of other sex determination genes such as ovo and ovarian tumor (otu), as well 

as when XY germ cells develop in an XX soma (Oliver and Pauli, 1998; Oliver et al., 1987, 

1990, 1993, 1994; Wei et al., 1994). 
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Figure 2.10 
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Figure 2.10: RNAi against sisterless A in the germline results in ovarian tumors and 

germline loss. Immunofluorescence of adult ovaries to characterize germ cell phenotypes. 

A-A’) Wildtype ovary from fly with germline-specific mCherry RNAi as control. B-B’) 

Ovary with germ cell tumors from fly with germline-specific Sxl RNAi. Knockdown of Sxl 

causes a germline tumor phenotype. C-C’) Ovary with germ cell tumors from fly with 

germline-specific sisA RNAi (sisA RNAi 1).D-D’) Ovary with germ cell tumors from fly 

with germline-specific sisA RNAi (sisA RNAi 2). Note that the severity of tumors is less 

than those observed with sisA RNAi 1. E-E’) Ovary with severe germ cell loss from fly 

with strong germline-specific sisA RNAi (2x GAL4). VAS stains germ cells. DAPI stains 

DNA (nucleus). 
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Next we wanted to investigate the null phenotype of sisA in the germline. Since 

homozygous sisA mutant females and hemizygous sisA mutant males are embryonic lethal 

(Walker et al., 2000), we generated sisA germline-specific loss of function mutations using 

tissue-specific CRISPR-Cas9 genome editing (“G0 CRISPR”, (Port and Bullock, 2016; 

Port et al., 2014; Ren et al., 2013)). Male flies that ubiquitously express either 2 or 4 

different guide RNAs (gRNAs) targeting the sisA gene region (Figure 2.11 A) were mated 

to females expressing Cas9 in the germline under the nanos promoter. F1 females from this 

cross also exhibited ovarian tumors as well as germ cell-less ovaries (Figure 2.12 A-C’, 

Figure 2.11 B), similar to what was observed using RNAi (Figure 2.10 C-E’). Taken 

together, these data indicate that sisA is required for female germline differentiation and 

maintenance. Additionally, germline sisA loss of function is similar to Sxl loss of function, 

suggesting sisA is a candidate XSE for SxlPE activation in the germline. 
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Figure 2.12 

  

Figure 2.12: Germline-specific sisA mutations recapitulate RNAi phenotypes. A-C’) 

Animals expressing Cas9 in the germline along with guide RNAs for control (gfp) or sisA 

to create de novo “G0” mutations in the germline. A-A’) Wildtype ovary from fly with 

control guide RNAs for gfp. B-B’) Ovary with germ cell tumors from fly with guide RNAs 

generating mutations in sisA. C-C’) Germ cell-less ovary from fly with guide RNAs 

generating mutations in sisA. VAS stains germ cells. DAPI stains DNA (nucleus). 

no
s-

C
as

9 
+ 

gf
p 

gR
N

A
no

s-
C

as
9 

+ 
si

sA
 g

R
N

A

A

B

$·

%·

no
s-

C
as

9 
+ 

si
sA

 g
R

N
A C &·

VAS     DAPI
50 µM

VAS



 114 

sisterless A expression in the embryonic germline precedes Sex lethal activation 

In order for sisA to act as an XSE for activating Sxl in the germline, it should be expressed 

zygotically in germ cells prior to sex-specific activation of SxlPE in the germline. It has 

been reported that sisA mRNA is excluded from the nuclei that bud off to form pole cells 

(Erickson and Cline, 1993). However, reported microarray expression data demonstrates 

that sisA transcripts are enriched in PGCs at the 1-to-3 hour time point (Siddiqui et al., 

2012). To observe zygotic transcription of sisA in the germline we utilized RNA FISH 

against nRNA being transcribed from the sisA locus. As a validation of our approach, we 

observed signals from sisA RNA FISH probes as fluorescent nuclear foci in somatic nuclei 

starting at nuclear cycle 8 (Figure 2.13 A-A’) and also at later stages in yolk cell nuclei, 

consistent with previous reports (Figure 2.13 B-B’) (Erickson and Cline, 1993; Walker et 

al., 2000). Interestingly, we were able to detect sisA RNA FISH signals in PGCs at stages 

3-6 (3-5 shown in Figure 2.13 C-E’). At later stages, the strong expression levels of sisA 

RNA in yolk cell nuclei made it difficult to distinguish fluorescent nuclear foci in 

neighboring PGCs. This suggests that sisA is indeed zygotically transcribed in the early 

embryonic germline. We quantified this expression in sexed embryos and found that sisA 

is expressed in the PGCs of both sexes (Figure 2.13 F). 
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Figure 2.13 
 

 

 
 
Figure 2.13: Zygotic sisA expression can be observed in the germline using sisA RNA-

FISH. A-B’) RNA-FISH (+ Immunofluorescence) against sisA in embryonic somatic cells. 

A-A’) Female somatic cells at stage 3 with sisA RNA-FISH signals. Note that two foci are 

observed per nucleus indicating the presence of two X chromosomes that are unpaired. 
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Arrows mark fluorescent nuclear foci of RNA-FISH signals. B-B’) Yolk cell nuclei with 

sisA RNA-FISH signals. Arrows mark fluorescent nuclear foci of RNA-FISH signals. 

LAM-B stains nuclear lamina. C-E’) RNA-FISH (+ Immunofluorescence) against sisA in 

embryonic PGCs (Stages 3-5 shown). Smaller white dashed boxes specify the region 

zoomed in on, and presented in larger white dashed boxes. Arrows mark fluorescent 

nuclear foci of RNA-FISH signals. Note that a single focus is observed in female PGCs 

suggesting that X chromosomes may be paired in the germ cells. VAS stains germ cells. 

DAPI stains DNA (nucleus). F) Graph showing percentage of PGCs with observable RNA-

FISH probe signals between stages 3 and 11 of embryogenesis. sisA is zygotically 

expressed in PGCs of both sexes.  
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If sisA is expressed early in the PGCs but SxlPE is not activated until later in 

development, how can sisA be an XSE for SxlPE activation in the germline? The answer 

to this may lie in the fact that PGCs eventually become transcriptionally quiescent 

(Siddiqui et al., 2012; Van Doren et al., 1998). Perhaps sufficient levels of sisA RNA (and 

SisA) need to be produced before the onset of transcription from SxlPE begins and if PGCs 

eventually become quiescent, they have a shorter window in which SisA can be produced. 

Thus, it became important to look at protein expression of SisA in the developing germline. 

To analyze the expression of SisA protein in the germline, we used CRISPR-Cas9 genome 

editing to insert a super-folder Green Fluorescent Protein (sfGFP) epitope tag at the N-

terminus of the SisA protein (sfGFP:SisA) (Figure 2.13 A). Importantly, the epitope tag 

does not impair SisA function as neither females that were homozygous for this allele, nor 

hemizygous males demonstrated lethality, sterility, or had any observable gonadal 

phenotypes (Figure 2.13 B-C’). Furthermore, anti-GFP immunolabeling is restricted to the 

nucleus, which is consistent with its predicted function as a bZIP transcription factor. 

Finally, we observed expression of sfGFP:SisA in pre-blastoderm syncytial nuclei (Figure 

2.13 D-D’) and in yolk cell nuclei (Figure 2.13 E-E’), consistent with previously reported 

somatic SisA expression and our observations using RNA-FISH. 
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 Excitingly, similar to what we observed using RNA FISH, sfGFP:SisA expression 

was also observed in PGCs at stage 3, 4, and 5 (Figure 2.15 A-C’). Additionally, this 

expression persisted in PGCs until stage 10 (Figure 2.15 D-D’). This late expression of 

SisA is consistent with its potential role in acting as an XSE for SxlPE activation in the 

germline. Like with sisA RNA, we were only able to detect sfGFP:SisA in a subset of PGCs 

in any one embryo. sfGFP:SisA expression was not observed later in first, second, or third 

larval instar stages, in either the germline or the soma (Data not shown). We conclude that 

SisA is expressed in the embryonic germline and this expression precedes the activation of 

SxlPE, which is consistent with a role as a germline XSE for the activation of Sxl. 
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Figure 2.15 
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Figure 2.15: sfGFP:SisA expression precedes SxlPE expression in the germline. (A-

C’) Immunofluorescence of embryonic PGCs (Stages 3-5 shown) from flies bearing 

sfGFP:SisA (SisA tag). Note that this expression is nuclear, consistent with SisA’s 

characterization as a bZIP transcription factor. D-D’) Immunofluorescence of embryonic 

stage 10 PGCs from flies bearing sfGFP:SisA (SisA tag). Note that sfGFP:SisA expression 

precedes that of SxlPE in the germline, which is first observed at L1. Arrows mark GFP-

positive germ cell nuclei. VAS stains germ cells. 
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sisterless A is required for expression of Sxl in the female germline 

If sisA acts as an activator of Sxl in the female germline, we would expect a loss of Sxl 

expression upon loss of sisA function. Strikingly, using anti-Sxl immunolabeling, we 

observed that the germ cell tumors in sisA RNAi ovaries had a strong reduction in Sxl 

expression when compared with controls (Figure 2.16 A-D’). Tumorous germ cells that 

were mutant for sisA using G0 CRISPR also had lower levels of Sxl expression (Figure 

2.16 E-F’). Somatic Sxl expression remained unaffected in both cases. To examine Sxl 

expression specifically in those germ cells that express highest levels of Sxl (i.e. the early, 

undifferentiated germline), we performed sisA RNAi in the germline of bag of marbles 

(bam) mutants, which are enriched for germ cells robustly expressing Sxl (Figure 2.17 A-

A’). We found that knocking down sisA using RNAi led to a dramatic reduction of Sxl 

antibody labeling in the germ cells of bam mutant ovaries (Figure 2.17 B-B’), 

demonstrating that knocking down sisA leads to a loss of Sxl expression in the germline. 
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Figure 2.16 
 

 

 
 
Figure 2.16: Sxl expression in the female germline depends on sisA. A-F’) 

Immunofluorescence of adult ovaries using anti-Sxl antibody (green). A-A’) Wildtype 

ovary from fly with germline-specific mCherry RNAi. Sxl staining is highest in the early 

germ cells and decreases in differentiating germ cells. B-B’) Ovary with germ cell tumors 

from fly with germline-specific Sxl RNAi. Knockdown of Sxl causes a germline tumor 

phenotype and germ cells lack Sxl staining. C-C’) Ovary with germ cell tumors from fly 

with germline-specific sisA RNAi (sisA RNAi 1). D-D’) Ovary with germ cell tumors from 

fly with germline-specific sisA RNAi (sisA RNAi 2). Note that tumorous germ cells lack 

Sxl expression in the case of both RNAi lines. E-E’) Wildtype ovary from fly with 

mutations in the germline against gfp. Sxl expression is wildtype. F-F’) Ovary with germ 
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cell tumors from fly with mutations in the germline against sisA. Note that tumorous germ 

cells lack Sxl expression. VAS stains germ cells. SXL stains Sxl. 
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Figure 2.17 

  

Figure 2.17: bam mutants can be used to visualize a dramatic loss of Sxl in germ cells 

lacking sisA function. A-A’) bam mutant ovary with germline-specific mCherry RNAi. 

bam mutations cause a germline tumor phenotype and an expansion of germ cells that 

highly express Sxl. B-B’) bam mutant ovary with germline-specific sisA RNAi. Sxl 

staining is dramatically reduced in the germline. VAS stains germ cells. SXL stains Sxl. 
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 These data show that sisA is necessary for Sxl expression in the germline, and we 

next wanted to test whether ectopic expression of sisA would be sufficient to promote Sxl 

expression. Expression of UAS-Sxl in the male germline does not prevent spermatogenesis 

and testes of this genotype appear wildtype (Figure 2.18 B-B’). Similarly, the expression 

of the UAS-sisA transgene in the male germline does not affect the germline. In addition, 

expression of UAS-sisA does not lead to detectible expression of Sxl in the testis (Figure 

2.18 C-C’). This indicates that the overexpression of sisA alone is not sufficient to activate 

Sxl in the germline and that, like in the soma, additional XSEs are required to activate 

SxlPE in the germline. 

If sisA is required for Sxl expression, and this is its primary role in the germline, 

then expression of Sxl should bypass the need for sisA in the germline and rescue the 

germline defects observed with sisA LOF. To test this we expressed Sxl under the control 

of a female germline-specific promoter (otu) in a sisA LOF background. We used the 

strongest sisA loss of function condition (2x nos-GAL4 > sisA RNAi 1) which results in 

severe germline loss, tumor formation, and infertility (Figure 2.19 A-A’, C). Excitingly, 

50% of sisA RNAi + otu > Sxl ovaries exhibited a wildtype germline morphology (Figure 

2.19 B-B’, C) and were fertile, suggesting Sxl was able to provide a robust rescue. Another 

20% of these ovaries showed a partial rescue of the germline, but contained pervasive 

germline tumors (Figure 2.19 C). Taken together, these data indicate that sisA is necessary, 

but not sufficient, for Sxl expression in the female germline and that activation of Sxl is the 

primary germline role for sisA. 
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Figure 2.18 

 

Figure 2.18: sisA is not sufficient to feminize the germline. A-C’) Immunofluorescence 

of adult testes to characterize anti-Sxl staining. A-A’) Wildtype testis from fly with 

germline-specific overexpression of gfp. B-B’) Testis from fly with germline-specific 

overexpression of Sxl. Sxl staining is observed in the early germ cells. The anterior tip of 

the testis looks mildly atrophied. C-C’) Testis from fly with germline-specific 

overexpression of sisA. No Sxl staining is observed in the germ cells. The testis resembles 

the wildtype control. VAS stains germ cells. SXL stains Sxl. 
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Figure 2.19 
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Figure 2.19: sisA lies upstream of Sxl in the female germline. A-B’) 

Immunofluorescence of adult ovaries to characterize rescue of sisA loss-of-function by Sxl 

expression. All animals strongly express UAS-sisA RNAi using two copies of nos-Gal4. 

A-A’) Germ cell-less ovary from sisA-RNAi flies with ectopic expression of a control 

protein (GFP) using the otu promoter. Flies of this genotype are sterile. E-E’) Ovary from 

sisA-RNAi flies with ectopic expression of Sxl under the control of the otu promoter. Note 

the rescue of the germline and the wildtype appearance of the ovary, indicating normal 

oogenesis. VAS stains germ cells. DAPI stains DNA (nucleus). 

  



 130 

DISCUSSION 
 
The sex-specific activation of SxlPE is the key step for the activation of Sex lethal in the 

germline 

Previous evidence indicated that sex-specific activation of SxlPE is important for Sxl 

activation in germline, as it is in the soma. Transcripts from the SxlPE promoter were 

detected in early germ cells (Hashiyama et al., 2011) and positive autoregulation of Sxl 

was observed in the germline (Hager and Cline, 1997), suggesting that the same mechanism 

of Early Sxl protein from SxlPE being required for splicing of SxlPM transcripts occurs in 

germ cells and soma. Our data also support this model. Using a SxlPE transcriptional 

reporter, we found that SxlPE is active in female germ cells by L1 i.e. much later than it is 

expressed in the soma. This is also supported by reports that SxlPE transcripts as well as 

Sxl protein are not expressed in the embryonic germline as early as they are in the soma 

(Bopp et al., 1991; Keyes et al., 1992). Importantly, even though we observed activation 

of SxlPM during embryogenesis by RNA FISH, we only observed expression of Late Sxl 

protein in the germ cells at L2, after we observed activation of SxlPE. These data are 

consistent with the somatic mode of Sxl regulation also occurring in the germline, with 

SxlPM transcripts being unable to produce Sxl protein until after the sex-specific activation 

of SxlPE. One difference between the germline and the soma appears to be the timing of 

SxlPE activation relative to that of SxlPM. In the soma, SxlPE is activated prior to SxlPM, 

while in the germline, there is no time at which we detect SxlPE alone by RNA FISH, and 

SxlPE is activated later in development, as judged by the SxlPE transcriptional reporter. 

This is still consistent with the autoregulatory model for Sxl activation, but suggests that 

the control of SxlPE activation is different in the germline than the soma. 
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We also found that the cis-regulatory elements that regulate female-specific SxlPE 

expression in the germ cells are different from those in the soma. Previously, it was 

reported that a 1.5kb genomic fragment just upstream of SxlPE was sufficient to regulate 

female-specific expression in both the soma (Keyes et al., 1992; Thompson et al.) and the 

germline (Hashiyama et al., 2011). However, we were unable to observe germline 

expression from this SxlPE reporter. We only observed activation of SxlPE when we 

included a much larger genomic region, including sequences both upstream and 

downstream of SxlPE. These data do not exclude sequences within the 1.5 kb region 

upstream of SxlPE being important for its activation in the germline, but indicate that these 

sequences are not sufficient for activation, as they are in the soma. Similarly, sequences 

outside this 1.5 kb region may also augment expression in the soma. The fact that the cis-

regulatory logic of SxlPE is different in the germline than the soma is consistent with 

previous work demonstrating that the combination of trans-acting factors, the XSEs, that 

activate SxlPE in the germline are different from the soma (Cline, 1986; Granadino et al., 

1993; Steinmann-Zwicky, 1993). Future work will involve identifying the specific 

enhancers that regulate SxlPE expression in the germline, which could in turn help identify 

additional germline trans-regulators of Sxl. In summary, we have shown that the cis-

regulatory logic of Sxl activation is different between the germline and the soma, however, 

the key step in determining the sex of both these cell types is the female-specific activation 

of SxlPE. 

Finally, a surprising observation from our study was the presence of sex-specific 

SxlPE transcriptional reporter activity, as well as Early Sxl protein, in somatic cells as late 

as the L1 larval stage. In order for XSEs to act, they need to be expressed at higher levels 
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in XX cells than XY cells. Once MSL-mediated X chromosome dosage compensation is 

initiated at the late blastoderm stage, there should no longer be a difference in XSE 

expression between XX and XY cells. This is the entire logic behind the autoregulatory 

model for Sxl expression; SxlPE is activated by XSEs only in females, and is then turned 

off prior to the time when dosage compensation equalizes XSE expression. Why then is 

Early Sxl protein and SxlPE activity detected at the L1 stage? One possibility is that both 

the GFP reporter and the Early Sxl protein are stable and perdure to the L1 stage. An 

alternative possibility, however, is that some other mechanism, such as feed-forward 

autoregulation within the sex determination system, maintains SxlPE activity much longer 

than previously thought. Such a feed-forward loop is reminiscent of how Fgf9 maintains 

high levels of Sox9 expression in mice (Herpin and Schartl, 2011; Kim et al., 2006; Sekido 

and Lovell-Badge, 2008, 2009; She and Yang, 2017). Interestingly, Sxl contains a highly-

conserved binding site for the Doublesex transcription factor which could facilitate such 

an XSE-independent feed-forward regulation of SxlPE (Clough et al., 2014). 

 

sisterless A is a germline XSE for Sex lethal activation 

While the combination of XSEs at work in the germline may be different than in the soma, 

our data also indicate that at least one XSE, SisA, is shared between them. Loss of sisA in 

the germline leads to the formation of germline tumors (and germline loss) as well as a loss 

of Sxl expression in the female germline. Additionally, we report that sisA is expressed in 

the germline prior to SxlPE and that the expression of Sxl is able to rescue the sisA loss-

of-function phenotype in the germline, indicating that sisA lies upstream of Sxl in the 
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germline sex determination cascade. Taken together, these data indicate that SisA is a 

germline activator of Sxl and may act as a germline XSE.  

  The ovarian tumor phenotype of Sxl in the germline is well characterized. 

However, the loss of germline has only been indirectly associated with the loss of Sxl 

function resultant from mutations in another candidate XSE for Sxl activation – ovo. Strong 

mutations in ovo lead to a loss of germ cells while antimorphic mutations result in ovarian 

tumors (Oliver et al., 1987). Similarly, in the case of sisA, we observed that a strong loss-

of-function led to severe germline loss while surviving germ cells formed tumors. The 

difference in penetrance of the sisA loss-of-function phenotypes relative to ovo (or even 

Sxl) can be explained by our inability to achieve a robust knockdown of sisA function 

specifically in the germline. However, in the case of both sisA and ovo loss-of-function, 

germ cells lacked Sxl expression and were likely masculinized, thus resulting in the 

formation of tumors. Previous studies on germline sex-determination conducted in 

gynandromorphs found that their gonads frequently lacked a germline, and any surviving 

germ cells were of the same sex as that of their surrounding soma (Brown and King, 1962; 

Gehring et al., 1976; Szabad and Fajszi, 1982). This suggests that germ cells that are sex-

mismatched from their surrounding soma have poor viability and that cell death may be 

the primary phenotype of the germline’s sexual transformation (Pauli and Mahowald, 

1990). It is then possible that the most severe loss of Sxl (and sisA) function results in the 

lethality of germ cells and those germ cells that survive are unable to undergo proper 

oogenesis and result in tumors. Our results follow a similar model where a more robust 

loss of sisA function in the germline results in its ablation but weaker knockdowns result 

in the formation of tumors.  
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 For sisA to act as an XSE, it would need to be expressed zygotically in the germline 

before SxlPE is activated. sisA has been reported to not be expressed in the developing 

germline (Erickson and Cline, 1993). Additionally, germ cells homozygous for sisA 

mutations were able to develop into functional oocytes (Cline, 1986). The former is likely 

due to lower levels of sisA in the germline relative to the soma thus making it difficult to 

detect in the germ cells. The latter can be explained by the fact that the sisA mutant germ 

cell clones were generated during larval stages and were unlikely to affect X chromosome 

counting, which as we suggest, occurs in early L1 if not earlier. Using a sensitive FISH-

based assay, we found that sisA is in fact zygotically transcribed and its protein is expressed 

in the developing PGCs prior to SxlPE activation. Our findings are consistent with 

transcriptomic analyses demonstrating and enrichment of sisA transcripts in early PGCs 

(Siddiqui et al., 2012). Sex determination in the germline could represent a vital function 

for proper germline development and so it is possible that sisA, an activator of Sxl, would 

need to be transcribed early enough i.e. prior to germline quiescence (Siddiqui et al., 2012; 

Van Doren et al., 1998). In this model it can still continue to be translated until it is required 

for its function in activating SxlPE even once transcriptional quiescence is initiated. 

Encouragingly, our data supports this model – we cannot detect sisA RNA after stage 6 but 

can still detect the expression of sfGFP:SisA even as germ cells begin their migration to 

the developing gonads. These results, together with our striking observation that Sxl 

rescues the germline in sisA loss-of-function ovaries similar to what is observed with ovo 

(Oliver and Pauli, 1998; Oliver et al., 1993), suggests that sisA lies upstream of Sxl in 

germline sex determination.  
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It remains to be seen whether SisA acts directly on Sxl in the germline or acts on 

other Sxl regulators, such as ovo or otu. Current thinking is that SisA is a transcriptional 

activator for SxlPE in the soma (Cline, 1988; Erickson and Cline, 1993), and the simplest 

model would be that it acts similarly in the germline. However, the gap in timing we 

observe between sisA expression in the germline and our ability to detect SxlPE activation 

leaves open the possibility that there are intermediate steps between sisA and SxlPE. SisA 

is a somewhat unusual leucine zipper protein and its DNA binding activity and specificity 

have never been determined. Thus, there is no evidence that it regulates SxlPE directly in 

the soma or germline. The transient nature of SisA expression during embryogenesis makes 

it difficult to conduct chromatin immunoprecipitation (ChIP) experiments under native 

conditions. Thus, while our data clearly indicate that sisA is required for activation of Sxl 

in the germline, and that this is its primary role in the germline, evidence that SisA is a 

direct, transcriptional activator of SxlPE will require identification and study of a SisA-

binding enhancer within the Sxl locus. 

 

Sex lethal in the germline versus the soma 

In the soma and the germline, Sxl is the feminizing switch. However, the study of Sxl (and 

its closest paralog Sister-of-Sex-lethal (ssx)) suggest that its ancestral roles existed only in 

the soma and were in fact non-sex-specific (Cline et al., 2010; Traut et al., 2006). In many 

insects outside of Drosophila, tra occupies the position of the feminizing switch. tra also 

consists of an autoregulatory splicing-loop similar to Sxl (Gempe et al., 2009; Hediger et 

al., 2010; O’Neil and Belote, 1992; Pane et al., 2002; Verhulst et al., 2010) and can also 

facilitate positive regulation of Sxl in D. melanogaster (Siera and Cline, 2008). Perhaps 



 136 

through evolution, Sxl adopted this function and took on the role of feminizing switch. As 

the germline evolved an autonomous component to its sex determination mechanism, the 

most parsimonious approach would have been to use a similar sex determination switch in 

the germline but under independent regulation. We and others have shown that there are 

differences in both the cis- and trans-regulation of Sxl in the soma and the germline. Thus 

it is also possible that Sxl achieves its switch function differently in the germline versus 

the soma.  

 In the soma Sxl has two distinctly important roles. First, it productively splices its 

target transformer (tra), which in turn splices doublesex into its female-specific isoform 

DsxF. tra and dsx regulate most known aspects of female somatic sexual development. 

Second, it blocks male-specific dosage compensation in females. Other roles of Sxl have 

also been identified including non-canonical dosage compensation (Bernstein and Cline, 

1994; Gergen, 1987; Kelley et al., 1995; Samuels et al., 1994), sex-specific Notch 

regulation (Penn and Schedl, 2007), and tra-independent regulation of neuronal genes (Sun 

et al., 2015). Thus, in the soma, Sxl not only regulates translation but also acts as a splice 

factor. In fact, its role as a splice factor is consistent with our observations of somatic Sxl 

being predominantly nuclear. 

 In the germline, different isoforms of Sxl are used that are required for its female 

sexual identity as well as fertility (Salz et al., 1987). Here, Sxl may share similar roles as 

Dazl and Boule in other organisms. In many species including mice, humans, and frogs, 

mutations in Dazl and Boule are associated with defective gametogenesis, germline loss, 

and aberrant sexual differentiation (Chen et al., 2014; Gill et al., 2011; Houston and King, 

2000; Li et al., 2019; Lin and Page, 2005; Ruggiu et al., 1997; Saunders et al., 2003; 
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Schrans-Stassen et al., 2001; Smorag et al., 2014). These phenotypes closely resemble 

those of sisA, ovo, and also Sxl. Additionally Sxl’s closest homolog, Elav, has also been 

shown to be important in the germlines of male mice, female cattle, male and female frogs, 

and zebrafish (Calder et al., 2008, 2011, Good, 1995, 1997; Kim-Ha et al., 1999; Wiszniak 

et al., 2011). In frogs, Elavl2 acts as a translational repressor during oogenesis (Arthur et 

al., 2009; Colegrove-Otero et al., 2005). Similarly, work from our lab has shown that Sxl’s 

role in the germline, is achieved predominantly via translational regulation and not 

alternative splicing (Primus et al., 2019). This is consistent with our observation of Late 

Sxl expression in the germline being more robust in the cytoplasm and undetectable in the 

nucleus.  

It is still puzzling that Sxl is a critical regulator of both germline and somatic sex 

determination, and is regulated by a two-X dose in both cell types, yet its mechanism of 

activation and its role in these cell types is so different. It is somewhat simplifying that at 

least one factor, sisA, is important for activation of Sxl in both cell types. Yet evidence still 

suggests that other aspects of Sxl activation in these cells will be different. Further, the 

most significant Sxl targets in the soma, transformer for sexual identity and msl-2 for 

dosage compensation, do not play a role in the germline (Marsh and Wieschaus, 1978; 

Schüpbach, 1982). Instead, distinct factors such as Phf7 and tdrd5l are regulated by Sxl in 

the germline (Primus et al., 2019; Shapiro-Kulnane et al., 2015; Yang et al., 2012). It will 

be interesting to examine how these independent roles for Sxl came to be, and how 

conserved each role is in different species. 
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CHAPTER III: IDENTIFYING TARGETS OF SISTERLESS 
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INTRODUCTION 

SxlPE  activation is in direct response to a diploid dose of X-linked Signaling Elements 

(XSEs). XSEs is the name given to a set of specific genes encoded by the X chromosome, 

whose expression level determines the activation state of SxlPE. In the soma, these genes 

are sisterless A (sisA), sisterless B (sisB), unpaired (upd), and runt (Avila and Erickson, 

2007; Cline, 1988; Duffy and Gergen, 1991; Erickson and Cline, 1993; Jinks et al., 2000; 

Kramer et al., 1999; Sánchez et al., 1994; Sefton et al., 2000; Torres and Sánchez, 1989, 

1991, 1992; Yang et al., 2001). Importantly, SxlPE is also active in the germline and 

requires an XX karyotype. However, previous experiments demonstrate that the germline 

uses a different combination of XSEs to activate SxlPE (Granadino et al., 1993; Hashiyama 

et al., 2011; Schüpbach, 1985; Steinmann-Zwicky, 1993, 1994b, 1994a). Our work has also 

demonstrated evidence of SisA (but not SisB, SisC, or Run) acting as an XSE in the 

germline, suggesting differential trans-activation of SxlPE in the germline versus the soma 

(Chapter 2). The mechanism by which SisB, SisC, and Run activate SxlPE has been well 

characterized (Avila and Erickson, 2007; Duffy and Gergen, 1991; Jinks et al., 2000; 

Kramer et al., 1999; Liu and Belote, 1995; Sefton et al., 2000; Torres and Sánchez, 1989, 

1991; Yang et al., 2001). Previous experiments have demonstrated that SisB, the 

downstream effector of SisC-induced Jak-Stat signaling - Stat92E, and Run directly 

regulate SxlPE. However, the mechanism by which SisA regulates SxlPE remains poorly 

understood. 

Much of the characterization of SisA comes from work by Erickson and Cline 

(Erickson and Cline, 1993). sisA encodes a 21-kD protein that is highly charged. The 

protein has been described as being a basic leucine zipper (bZIP) type transcription factor 



 140 

(Vinson et al., 1989, 1993) due to the presence of its tetraheptad repeat of hydrophobic 

leucine residues that have the ability to form a helical coiled-coil structure to enable 

dimerization and because its N-terminus is rich in acidic, serine and glutamine residues 

that is a feature of transcriptional activators. However, it appears to be a non-canonical 

bZIP protein because its heptad repeat of leucines shows some variability and while it 

includes the invariant asparagine and arginine residues upstream of the heptad repeat, it 

lacks a pair of alanines that is conserved in many other bZIP proteins (Figure 3.1,  (Erickson 

and Cline, 1993).  
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Figure 3.1 

 

Figure 3.1: SisA encodes an atypical bZIP protein. Alignment of predicted bZIP motif 

of SisA as well as other bZIP proteins, six of which are from Drosophila. Black highlights 

indicate highly conserved amino acids, including the invariant asparagine and arginine 

residues upstream of the heptad repeat. The letters a-g indicate the order of residues in each 

heptad repeat. The consensus sequence is illustrated below the sequence alignment. 

Illustration from (Erickson and Cline, 1993).  
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Still, binding of SisA to DNA has not yet been demonstrated and its 

characterization as a transcription factor is not entirely confirmed. It is also not known 

whether SisA acts alone (as a monomer or homodimer), or whether it interacts with other 

proteins to perform its necessary functions. A yeast-two-hybrid study has previously 

indicated that SisA, a bZIP transcription factor, can physically interact with Da, a bHLH 

transcription factor (Liu and Belote, 1995). This is similar to the interaction between the 

bZIP protein cJun and the bHLH protein MyoD (Baxevanis and Vinson, 1993; Bengal et 

al., 1992; Li et al., 1992), as well as the interactions between the bZIP proteins Met4 and 

Met28 and the bHLH Cbf1 (Kuras et al., 1997). Further, in vitro studies have revealed that 

heterodimers of the bZIP proteins Jun and Fos are more stable and have stronger DNA-

binding activity than Jun-Jun homodimers (Rauscher et al., 1988). Together, these studies 

suggest that a bZIP like SisA may form heterodimers with Da to be able to bind DNA and 

function as a transcription factor. 

Given that both SisA and Da are expressed at significant levels in the embryonic 

germline (Cronmiller and Cummings, 1993; Siddiqui et al., 2012), interactions between 

these two proteins could be biologically relevant. As a member of the bHLH family of 

transcription factor, Da is known to have many heterodimerzation functions and is a 

multifunctional protein with functions including somatic sex determination, neurogenesis, 

and oogenesis. On the other hand, SisA does not have many known functions outside of 

primary sex determination in the soma (and as discussed in Chapter 2, primary sex 

determination in the germline), nor have any of its targets been directly assessed. In 

addition to its expression in pre-blastoderm syncytial nuclei, it is found to be highly 

expressed in the embryonic yolk nuclei. These nuclei are found on the surface of the yolk 
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sac, near regions of morphogenetic movements and are eventually engulfed by the 

developing midgut. Indeed, it was found that this expression is biologically significant as 

SisA has an essential role in both sexes. Null mutations in SisA prevent endoderm 

migration and midgut formation, leading to embryonic lethality (Walker et al., 2000) in 

both males and females. 

Since SisA seems to have an important role in both the soma and the germline for 

sex determination, we wanted to learn more about its mode of action. Owing to the lack of 

available reagents, we developed an in vitro overexpression culture system using S2 cells 

to verify the physical interaction between SisA and Da via co-immunoprecipitation (coIP), 

and also to demonstrate the ability of SisA to bind Sxl (and other targets) using chromatin-

immunoprecipitation followed by sequencing (ChIP-Seq). S2 cells are derived from a late-

stage embryo, are aneuploid, and are classified as macrophage-like (Cherry, 2008; Copps 

et al., 1998; Lee et al., 2014; Schneider, 1972; Zhang et al., 2010). Thus, any results 

obtained from the coIP as well as ChIP-seq experiments will be more representative of a 

somatic-like condition. However, under parsimonious assumptions, we can argue that 

SisA’s mode of action would be conserved between the soma and the germline. Further, 

since we are using overexpression conditions, the experiments will only address whether 

SisA can interact with Da and chromatin rather than whether SisA does interact with Da 

and chromatin. Since no antibodies exist against SisA, we used an N-terminus sfGFP-

tagged sisA allele to be able to analyze its expression. We generated stable S2 cell-lines 

that express 1) UAS-sfGFP, 2) UAS-sfGFP:sisA, and 3) UAS-sfGFP + UAS-da under 

copper-inducible pMT-GAL4 (Klueg et al., 2002).  
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MATERIALS AND METHODS 

Construction of DNA plasmids used in S2 cells 

UAS-sfGFP, UAS-sfGFP:sisA, and UAS-da were created using a pUASpB-eGFP plasmid 

that was digested with NotI and SpeI restriction enzymes to excise eGFP. For UAS-sfGFP, 

the entire open reading frame for sfGFP was PCR-amplified from the pScarlessHD-sfGFP-

DsRed plasmid using primers designed for HiFi® Assembly into the digested pUASpB 

plasmid. For UAS-sfGFP:sisA, UAS-sfGFP was linearized using NotI. A flexible linker 

sequence fused to the open reading frame of sisterless A lacking its own start codon was 

PCR-amplified from the genomic DNA of sfGFP:sisA flies (Chapter 2) using primers 

designed for HiFi® Assembly into the digested UAS-sfGFP plasmid. For UAS-da, the 

entire open reading frame for da-RD was PCR-amplified from the genomic DNA of 

wildtype Oregon R flies using primers designed for HiFi® Assembly into the digested 

pUASpB plasmid. HiFi Assembly was performed using the NEBuilder® HiFi DNA 

Assembly Master Mix and the manufacturer’s protocol. Individual assemblies were 

transformed into NEB® 5-alpha Competent E. coli cells per the manufacturer’s protocol. 

Individual colonies were inoculated overnight for 16-18 hours at 37°C with shaking and 

plasmids were purified using the Zyppy™ Plasmid Miniprep Kit. Successful assemblies 

were confirmed via Sanger sequencing. 100mL cultures for positive-clones were incubated 

overnight for 16-18 hours at 37°C with shaking and plasmids were purified using the 

Qiagen EndoFree Plasmid Maxi Kit for transfections. 

Generation of polyclonal Drosophila S2 stable cell lines 
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S2 cells were split on day 0. Cells were counted were seeded at 1.0-3.5 x 106 cells/mL in a 

6-well plate in 1mL Schneider’s Drosophila medium + Fetal Bovine Serum + Penicillin-

Streptomycin (“media”). Three independent cell-lines were transfected using Qiagene 

Effectene Transfection Reagent: 

1) Control Group: pUASpB-sfGFP + pBKS-Ubi-hygro (Hygromycin selection 

vector) + pUASpB (empty vector) + pMT-GAL4 (Drosophila Genomics Resource 

Center) 

2) Experimental Group 1: pUASpB-sfGFP:sisA + pBKS-Ubi-hygro (Hygromycin 

selection vector) + pUASpB (empty vector) + pMT-GAL4 

3) Experimental Group 2: pUASpB-sfGFP:sisA + pUASpB-da-RD + pBKS-Ubi-

hygro + pMT-GAL4 

The empty pUASpB vector was added to 1) and 2) to ensure the same amounts of each 

plasmid were used. A total of 0.4µg of DNA (per mixture) was diluted in Buffer EC to a 

total volume of 100µl. 3.2µl of Enhancer was added to each mixture followed by a quick 

spin down and each mixture was incubated at room temperature for 5 minutes. 10µl of 

Effectene Transfection Reagent was added to each DNA-Enhancer mixture, vortexed for 

10 seconds and incubated at room temperature for 10 minutes. 600µl of media was added 

to each Transfection reaction and added drop-wise to the cells. Cells were grown at 25°C 

and Media (+ 500µg/ml hygromycin) was changed 2 times per week for 8 weeks to select 

for transfected cells. For co-immunoprecpitation (CoIP) and chromatin-

immunoprecipitation (ChIP) experiments, cells were induced with 700mM CuSO4 24 

hours after passage and assayed 48 hours post-induction. Inducible expression was 

characterized by western blot analysis of whole cell lysate run on a 4-12% Bis-Tris gel 
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using a ChIP-grade polyclonal anti-GFP antibody (Abcam). Cell-counting was done under 

fluorescent light to detect GFP expression using a Zeiss Axioplan 2 Fluorescent 

microscope. 

 

Co-Immunoprecipitation via crosslinking 

Formaldehyde was added to the media to a final concentration of 1.0% for 10 minutes at 

room temperature to cross-link proteins and DNA. The reaction was quenched by adding 

glycine to a final concentration of 125mM to the media with shaking for 5 minutes at room 

temperature. Cells were pelleted by centrifugation at 1,000g for 5 minutes at 4°C and 

washed with PBS before resuspending cells in lysis buffer + protease inhibitor + 0.5mM 

PMSF to a final density of 1 x 108 cells/ml. Cells were lysed at 4°C for 10 minutes and 

sonicated on Diagenode Bioruptor 3 minute cycles of 30 second on and 30 second off x 7 

total cycles with 2 minute breaks between each cycle. Target fragment size of chromatin 

was 100-500bp. Samples were spun at 14,000rpm for 5 minutes and supernatant was 

collected and diluted 1:10 with RIPA buffer + protease inhibitor. 10% input was saved. 

ChIP grade anti-GFP polyclonal antibody (Abcam) was added to each sample and kept to 

rotate for 1 hour at 4°C. Meanwhile, magnetic protein A beads were washed in RIPA buffer 

and blocked with 75ng herring sperm/µl of beads and 0.1µg BSA/µL of beads at room 

temperature for 30 minutes with rotation. Beads were then washed with RIPA buffer and 

incubated with sonicated DNA + antibody overnight for 16-18 hours with rotation at 4°C. 

Samples were applied to magnet to remove the supernatant and the beads were washed 

with RIPA buffer, low salt wash buffer, high salt wash buffer and LiCl wash buffer at 4°C 

for 10 minutes each. Crosslinks were reversed by boiling beads (and input DNA) in LDS 
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buffer for 30 minutes. 10% Input, 10% IP, and 50% IP for each Group were run on a 4-

12% Bis-Tris gel for standard western blot. Membranes were blocked in 10% milk for 1 

hour at 4°C and probed with anti-Da monoclonal antibody (Gift from C. Cronmiller) 

diluted 1:10 in blocking solution overnight. Membranes were blocked again in preabsorbed 

1% BSA + 1.5% goat serum. Anti-mouse HRP-conjugated secondary antibody was used 

at 1:2,000 dilution and the western blot was subject to chemiluminescent immunodetection. 

 

Chromatin-Immunoprecipitation + Sequencing 

The same protocol as Co-Immunoprecipitation via crosslinking was followed until and 

including the sonication of cells to shear the chromatin. All samples belonging to the same 

genotype were pooled together. Samples were spun at 13,000g for 10 minutes at 4°C and 

supernatant was collected and diluted 1:10 with RIPA buffer + protease inhibitor and 20µl 

of the supernatant was removed to determine DNA concentration (standard 

phenol:chloroform extraction followed by assessment using Qubit Fluorometric 

Quantification). 25µg of DNA per IP was collected. The remaining supernatant was diluted 

1:10 with RIPA buffer + protease inhibitor. 3% input was saved. 4µl of ChIP grade anti-

GFP polyclonal antibody (Abcam) was added to each sample and kept to rotate for 1 hour 

at 4°C. Protein A beads were blocked as previously described. The samples were split into 

triplicates (3 replicates per genotype) and incubated with beads overnight for 16-18 hours 

with rotation at 4°C. Samples were applied to magnet to remove the supernatant and the 

beads were washed with RIPA buffer, low salt wash buffer, high salt wash buffer and LiCl 

wash buffer at 4°C for 10 minutes each. DNA was eluted twice from samples + input using 
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elution buffer and vortexing at room temperature. 0.2M of 5M NaCl and 0.17mg/ml RNase 

A was added to the samples and incubated at 65°C overnight followed by addition of 

0.315mg/ml proteinase K and incubation with shaking at 60°C for 1 hour. DNA was 

purified using phenol:chloroform extraction. 

 

Sequencing and Data Analysis 

ChIP sample quality control, cDNA library preparation and sequencing was performed at 

the Johns Hopkins Transcriptomics and Deep Sequencing Core under the supervision of 

Dr. Haiping Hao. (3 replicates + input) x 3 genotypes = 12 samples were sequenced on the 

NextSeq platform with 75bp single end reads (400M total reads). The sequence data quality 

controlled and analysis was done in collaboration with Mr. Peter DeFord and Dr. James 

Taylor in the Department of Biology at Johns Hopkins University. Detailed methods are 

described below: 

Trimming and alignment - Raw sequence files were trimmed based on quality using the 

tool trimmomatic (0.36). They were trimmed to an average quality of 20 in a sliding 

window of 4. This was confirmed using fastqc (0.11.8). The trimmed sequences were then 

aligned to the dm6 Drosophila melanogaster genome using bwa (0.7.17) in single ended 

Illumina mode. Quality control - Three tools from the deeptools (3.1.2) package were used 

to assess the quality of the experiments. To first evaluate the enrichment of ChIP signal in 

a few bins relative to the control, the coverage of reads with a minimum mapping quality 

of 1 were calculated for 100000 regions of width 500 from each of the bam files, and the 

ranked relative coverage was plotted using the plotFingerprint function. All of the 

alignments were summarized at a level of 10000bp bins using multiBamSummary, and the 
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output was subsequently passed to plotCorrelation to find the Pearson correlation between 

each of the datasets, and to produce a heatmap. Peak calling - Peaks were identified using 

pooled treatment alignments compared to an input experiment with the tool macs2 

(2.1.1.20160309). For building the peak model, a bandwidth of 300 was used to identify 

peaks with a mfold value between 3 and 50. The tool intersectBed from bedtools (2.27.1) 

was used with the –v option to identify peaks in the treatment files that had no overlap with 

peaks in the GFP control treatment. Analysis of ChIP peak - De novo motif finding was 

performed on the sequences corresponding to these filtered peaks using MEME (4.12.0) to 

identify enriched motifs from the 100 bp surrounding the summit of the top 500 most 

enriched peaks. Using the ZOOPS model with the DNA sequence alphabet and considering 

the reverse complement of the sequences, we found up to 5 motifs with a max E-value of 

5.0, with widths between 8 and 30. Each motif is optimized for up to 50 iterations of EM, 

or until the convergence criterion of 0.001 is met. In addition to motif finding, each peak 

region was annotated with the distance to the 1 closest gene, relative to the gene’s 

orientation, using closestBed from bedtools (2.27.1). Finally, summary heatmaps and plots 

describing the distribution of binding relative to a set of features were performed with the 

tools computeMatrix and plotHeatmap from deeptools (3.1.2). The matrix was generated 

by scaling the regions to 500 bp and using a bin size of 50, while retaining the original 

sorting of regions in the file. The heatmap was then generated from the resulting matrix 

file, with the regions sorted in descending order by the mean value, with an averaged 

summary plot at the top. Gene Ontology (GO) Analysis – A list of 500 genes closest to the 

most enriched peaks was generated. The list was then curated using Protein Analysis 

Through Evolutionary Relationships (PANTHER) Classification System, version 14.1 
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(http://www.pantherdb.org). Drosophila melanogaster was used as a reference organism 

and the Statistical overrepresentation test for Biological processes was conducted. A 

Fisher’s Exact test with the Bonferroni correction for multiple testing as opposed to the 

False Discovery Rate was applied and annotation scores were obtained. Only results with 

a p-value < 0.05 were considered. The output data include number of genes expected from 

the input list to be represented based on the reference genome selected, the actual number 

of input genes represented for each biological process, enrichment score (as fold change), 

and the p-value. 
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RESULTS 

Successful generation of stable S2 cell lines with inducible sfGFP, sfGFP:sisA, and 

sfGFP:sisA + da expression 

To generate the three stable lines, we transfected S2 cells with Control and Experimental 

UAS expression vectors, an inducible metallothionein promoter GAL4, and a Hygromycin 

selection vector. The transfected cells were selected with Hygromycin for 8 weeks, we 

successfully generated stable cell lines for all three Groups. 700mM CuSO4 was used to 

induce the expression of UAS transgenes under the control of the inducible GAL4. GFP-

positive cells can be visualized in all three Groups (Figure 3.2). However, the number of 

GFP-positive cells was under 100% in all three groups. This could be due to the presence 

of cells that were transfected with the Hygromycin selection vector but lacked one or both 

of the UAS-GAL4 expression vectors. Additionally, this could also be due to a lower 

efficiency in the induction of the UAS-GAL4 expression system. Having compared the 

three groups, we observed that the total number of GFP-positive cells was significantly 

lower in Experimental Group 1 compared to the Control Group. The lowest number of 

GFP-positive cells was observed in Experimental Group 2, perhaps due to the presence of 

two UAS-transgenes being driven by a single GAL4. 
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Figure 3.2  

 

Figure 3.2: Successful generation of stable S2 cell lines with inducible gene expression. 

GFP-expressing cells from all three stable lines at 72 hours post-induction with 700mM 

CuSO4. Control cells showed a greater number of GFP-positive cells compared to either 

Experimental Group. Experimental Group 1 showed a greater number of GFP-positive 

cells compared to Experimental Group 2. Less then 100% of the cells in each case were 

GFP-positive. This could be due to the presence of cells that were transfected with the 

Hygromycin selection vector but lacked one or both of the UAS-GAL4 expression vectors. 
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These results were consistent with what was observed using western blot analysis 

(Figure 3.3). Whole cell lysate from each of the three Groups was collected and western 

blot analysis using an anti-GFP ChIP grade antibody was performed at 24, 48, 72, and 96 

hours post-induction with 700mM of CuSO4. Excitingly, bands of expected sizes were 

obtained for each Group (27kDa for sfGFP and 48 kDa for sfGFP:SisA). At each time 

point, the expression of sfGFP was significantly greater than that of sfGFP:sisA (Figure 

3.3). Surprisingly, trace levels of GFP could be detected even in uninduced cells, which 

would suggest leaky GAL4 expression. No such expression was observed in wildtype S2 

cells (Data not shown). Since the expression of sfGFP:SisA in Experimental Group 2 was 

highest at 48 hours post-induction, we picked this time-point to do our CoIP and ChIP-Seq 

assays. 
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Figure 3.3 

 

Figure 3.3: Gene expression levels post-induction. Comparison of GFP expression at 24, 

48, 72, and 96 hours post-induction. The western blot membranes were probed with an 

anti-GFP antibody. The GFP detected in Control cells is sfGFP with an expected molecular 

weight of 27kDa. The GFP detected in Experimental Groups 1 and 2 is sfGFP:SisA with 

an expected molecular weight of 48kDa. Highest expression was observed at 96 hours post-

induction in Control samples, at 72 hours post-induction in Experimental Group 1, and at 

48 hours post-induction in Experimental Group 2. Time point of 48 hours post-induction 

was selected for further experimentation.  
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SisA and Da physically interact in vitro 

To verify the physical interaction between SisA and Da, we conducted co-

immunoprecipitation analysis using S2 cells that express UAS-sfGFP:sisA (Experimental 

Group 1), and UAS-sfGFP:sisA + UAS-da (Experimental Group 2), with UAS-sfGFP 

(Control Group) as a control. At 48 hours post-induction, two independent pull-downs of 

sfGFP:SisA and its interacting partners from whole cell lysates after cross-linking with 

formaldehyde, using a ChIP-grade polyclonal antibody against GFP. Subsequent western 

blot analysis using a monoclonal anti-Da antibody showed an expected band of 74.9kDa 

(Figure 3.4) in Experimental Groups 1 and 2, but not in the Control Group cells, confirming 

that Da and sfGFP:SisA are able to interact physically in vitro and that this interaction is 

not between the sfGFP epitope and Da. The bands with maximum intensity are observed 

for 50% Input samples from Experimental Group 2, likely due to the excess Da expression 

from our overexpression construct. A band representing Da can be seen in the Control 

Input, representing expression of the Da protein in wildtype S2 cells. We were unable to 

see this interaction in co-immunoprecipitation experiments performed without cross-

linking (Data not shown) suggesting that this may be a weak interaction, likely because of 

the many functions of Da, which require it to interact with other proteins. Regardless, it is 

possible that this interaction is biologically significant and should be considered in any 

experimentation that involves SisA binding, including our ChIP-Seq experiment. 
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Figure 3.4 

 

 

 

Figure 3.4: SisA and Da physically interact in vitro. Western blot analysis after co-

immunoprecipitation confirm that SisA and Da physically interact and are pulled-down 

together. Bands of the strongest intensity can be observed at 74.9kDa in the case of 50% 

IP in Experimental Group 2 while fainter bands are observed in 50% IP samples from 

Experimental Group 1. No bands are observed in either IP sample from Control cells. 
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ChIP-Sequencing was of high quality 

For chromatin immunoprecipitation, we performed a pull-down of sfGFP (Control) or 

sfGFP:SisA (Experimental Groups 1 and 2) using an antibody against GFP on samples 

obtained from all three stable cell lines. Three technical replicates were performed for each 

genotype and the ChIP-ed DNA was purified and cDNA libraries were generated for all 

replicates and their respective input samples. Finally, 75bp single end read sequencing of 

libraries was performed on the Illumina NextSeq platform. FastQC analysis on the 

sequencing files revealed that the raw sequence reads were found to have very high 

sequence quality. The sequence lengths are expectedly 76 bp and even the 3’ ends did not 

need trimming due to the high quality of reads. This can be seen in an example of the 

summary from FastQC for the Control Input sample (Figure 3.5). Upon alignment to the 

genome, we expected the controls (sfGFP) to follow an approximately Poisson distribution, 

while the experimental groups (sfGFP:sisA and sfGFP:sisA + da) should show fewer 

locations with much higher levels of enrichment. As can be observed from our ChIP 

fingerprint plot (Figure 3.6), the Control Input sample shows the least amounts of signal 

enrichment (as indicated by the consistent slope) followed by the control ChIP replicates 

that show slightly more enrichment. The ChIP of the target proteins, conversely, show high 

levels of enrichment based on the initially gradual slope with the sharp upturn around rank 

0.9. 

 An additional feature to consider is whether the technical replicates correlate with 

one another. Each replicate’s aligned reads were binned across the genome, and the Pearson 

correlation was computed for each pairwise comparison based on the bin enrichments. We 

found that the technical replicates had extremely high correlations (R ≥ 0.99) (Figure 3.7) 
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and that the Experimental Groups are clearly distinguishable from the Control Input, and 

the Control ChIP replicates. 
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Figure 3.5 
 

 

 

Figure 3.5: Very high sequence quality was observed for reads. Example of FastQC 

analysis suggesting that the entire length of each raw read showed a high quality score and 

did not need trimming. The example represents the Control Input sample but similar results 

were obtained for all 12 samples. The overrepresented sequences refer to repetitive 

elements and can be disregarded.  
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Figure 3.6 

 

Figure 3.6: Experimental Groups 1 and 2 show high levels of signal enrichment 

Fingerprint plot indicating relative levels of enrichment of specific sequences. Straighter 

lines (or more consistent slope) indicates lower signal enrichment, as observed in Control 

Input and Control ChIP samples. High levels of enrichment are observed in Experimental 

Group Inputs and ChIP samples as indicated by upward curving plots.  
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Figure 3.7 

 

Figure 3.7: Pearson Correlation score heatmap. Heatmap showing correlation scores 

between technical replicates across all three Groups. A score of 1 = perfect correlation 

(beige) while 0 = not correlated (orange to red). As can be seen, samples from Experimental 

Groups 1 and 2 form tight clusters of high correlation. Inputs from all three Groups form 

clusters of high correlation. Inputs versus Experimental Groups 1 and 2 appear to have 

lower correlation as do Experimental Groups 1 and 2 versus Control Group. 
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Distribution of apparent SisA (and SisA + Da) binding correlates with GFP controls 

The distribution of distances of each SisA peak to the nearest gene reveals that the majority 

of peaks occur just upstream or overlapping gene regions (Figure 3.8). A heatmap of the 

ChIP signal between 1kb upstream of the transcriptional start site (TSS) and 0.5kb 

downstream of the TSS reveals that the signal across both experimental groups occurs 

primarily at the boundaries of the transcribed region or overlap gene bodies, similar to what 

was observed in Figure 3.8. This would not be entirely surprising for transcription factors. 

However, it is important to note that while the GFP signal is noisier than either of the 

experimental groups, it shows a similar pattern (Figure 3.9). 

 Initial peak calling counted 9,721 peaks for Control samples (sfGFP), 12,471 peaks 

for Experimental Group 1 (sfGFP:sisA), and 12,948 peaks for Experimental Group 2 

(sfGFP:SisA + Da).  When the experimental peaks are filtered against the control to 

account for any non-specific binding, we found 40 peaks for the Control, 4,190 peaks for 

Experimental group 1, and 4,572 peaks for Experimental Group 2. A new heat map was 

generated with the expectation that we would see very little enrichment in the control 

group. However, we see consistent, albeit much lower levels of enrichment for GFP in 

these regions (Figure 3.10).  

By evaluating the correlation of the signal between the GFP control and each of the 

treatment experiments for the regions identified as SisA peaks, a high amount of correlation 

is observed with R2 > 0.5 and a consistent slope (Figure 3.11). This likely correlates with 

the expression level of the nearest genes (Data not shown) and the accessibility of open 

chromatin in the region. 
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Figure 3.8 

 

Figure 3.8: SisA peaks are found immediately upstream of transcriptional start sites. 

As can be seen from the plot, SisA binding peaks are found very close to gene bodies. In 

most cases, the peaks lie immediately upstream of the transcriptional start site. 
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Figure 3.9 

 

 

Figure 3.9: Control and Experimental Groups have a similar distribution pattern. 

Heatmaps representing the binding location within 1kb upstream and 0.5kb downstream of 
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the TSS for all genes that had peaks called. Blue = Strongest peaks (or binding signal). Red 

= No peaks. Strong peaks are observed just upstream of the Start position with more subtle 

peaks immediately downstream of the Start position. Peaks in the Control samples are 

shorter than in Experimental Groups but follow a similar distribution across the gene 

region. 
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Figure 3.10 

 

Figure 3.10: Revised heatmap of ChIP signal shows fewer peaks in Control samples. 

Heatmaps representing the binding location within 1kb upstream and 0.5kb downstream of 

the TSS for all genes after filtering against genes that had peaks in Control samples. Blue 

= Strongest peaks (or binding signal). Red = No peaks. While enrichment is even more 
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biased in Experimental Groups, peaks in the Control samples still follow a similar 

distribution across the gene region. 
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Figure 3.11 

 

 

Figure 3.11: Signals are correlated between Experimental and Control Groups. 

Correlation maps showing scores of sfGFP:SisA binding versus sfGFP binding, and 

sfGFP:SisA + Da binding versus sfGFP binding. R2 = 1 suggests perfect correlation. R2 = 

0 suggests not correlated. A consistent slope with an R2 > 0.5 suggests that the signals are 
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correlated between Experimental Groups and the Control Group and that sfGFP:SisA 

binding was not very specific. 
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No strong SisA binding motif was predicted 

After calling peaks on the Experimental Groups relative to the Control Inputs, MEME was 

used to discover motifs from the center of the 500 most enriched peaks. A sample of the 

MEME output is presented (Figure 3.12). Encouragingly the best predicted motif 

prediction resembles that of the FOS:JUN heterodimer composed of bZIP proteins. 

However, the number of sites for each of these motifs within the training sequences is quite 

low, with the highest value being 71 out of 500 sequences. In addition, a number of these 

motifs tend to co-occur and neither of them appear to be similar. Running these through a 

motif comparison tool Tomtom found that 1) Has no good matches but is similar to a 

FOS:JUN complex, 2) Has no good matches but is similar to GLI2, 3) Good match for 

CTCF, and 4) Matches homeodomains like Cux and OneCut. Since the found motifs only 

account for a fraction of the most enriched sequences, it would appear that these motifs do 

not carry much explanatory power for the peaks observed in the experiment and may in 

fact represent motifs of transcription factors that frequently bind active gene promoters in 

S2 cells.  
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Figure 3.12 

 

Figure 3.12: No strong consensus SisA binding motif is predicted. Predicted motifs 

from MEME derived from the center of the 500 most enriched peaks after filtering out 

Controls. Several motifs are predicted including one that is similar to the heterodimer of 

bZIP proteins FOS:JUN (1). However, they are highly underrepresented within the most 

enriched sequences, with the highest one occurring at only 71 sites out of 500. Each 

predicted motif is also dissimilar from the rest.  
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Peak calling includes Sxl and an overrepresentation of genes involved in reproduction 

To identify the potential gene targets of SisA, pooled treatment alignments were compared 

to an input experiment and genes were selected in which Experimental Groups had no 

overlap with peaks in the Control Group. The genes closest to the top 500 most enriched 

peaks (after removing duplicates) (Table 3.1) were identified. Excitingly, Sxl was a 

predicted target of SisA. Next, the list of targets was run through a GO Analysis program 

to classify the genes according to their Biological process. Among the GO-terms enriched, 

we were pleased to find an overrepresentation of genes associated with “regulation of 

oogenesis”, “reproduction”, “oogenesis”, “sexual reproduction”, and “germ cell 

development” among others that are related to sexual development (Figure 3.13). These 

terms were enriched ranging from 2- to 6-fold relative to the expected enrichment of these 

terms based on the Drosophila melanogaster reference gene list. Any value greater than 1 

indicates that the category is overrepresented in our experiment. The entire GO Analysis is 

presented in Table 3.2 (Table 3.2). 
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Table 3.1 
 

Rank Gene Rank Gene Rank Gene Rank Gene 

1* dnc 126 Dbp80 251 Tango4 376 CG17760 

2 ec 127 l(1)G0469 252 prage 377 CG1092 

3 CG5445 128 ph-d 253 CG30015 378 rn 

4 ced-6 129 CG8838 254 Psf3 379 D2hgdh 

5* CG5254 130 Pde9 255 asRNA:CR44053 380 CG13175 

6 lncRNA:CR32773 131 cyr 256 Ac13E 381 CG33964 

7 Mur2B 132 CG10958 257 CG9717 382 CG5973 

8 Sptr 133 CG5758 258 PH4alphaEFB 383 CG33932 

9* CG5958 134 CG12065 259 Drgx 384 Rpp20 

10 CG6847 135 DNAlig4 260 ct 385 asRNA:CR45501 

11 Sh 136 CG11164 261 CG12179 386 parvin 

12 abs 137 Lpin 262 pon 387 CG12057 

13* Gel 138 asRNA:CR45604 263 lncRNA:CR44829 388 Irk1 

14 asRNA:CR46255 139 CG2061 264 CG43737 389 Psf1 

15 CG14196 140 AgmNAT 265 mamo 390 luna 

16 CG10417 141 CG14778 266 CG33136 391 lncRNA:CR44274 

17 CR34262 142 pck 267 CR43212 392 Ac78C 

18* CG7458 143 nej 268 CR43211 393 chn 

19* CG14618 144 CG6145 269 lncRNA:CR32835 394 CG15594 

20 Tie 145 Ptp61F 270 Sgp 395 sima 

21 CR31292 146 ru 271 Acer 396 CG14223 

22 Nprl2 147 Mnt 272 CG45263 397 pcs 

23* Rcp 148 sprt 273 Gmap 398 tai 

24 Edem1 149 Sp7 274 schlank 399 CG31323 

25 CG13003 150 Inx2 275 nrv1 400 CG10947 

26 Flo2 151 Sxl 276 IP3K2 401 Ptpmeg 

27 CG9512 152 Ser 277 boi 402 HP5 

28 Naa20A 153 CG14253 278 sut2 403 Vps4 

29 MKP-4 154 CG46313 279 sut3 404 CG13559 

30* Jheh1 155 CG31075 280 CG30089 405 lncRNA:CR46198 

31* Jheh2 156 Tis11 281 pod1 406 CG17230 

32 GLS 157 Nup153 282 CG1764 407 Sec22 

33 Ggamma30A 158 CG3777 283 CanA-14F 408 baz 

34 lovit 159 Ubr3 284 Rcd-1 409 Liprin-gamma 

35 Trf4-1 160 l(1)G0193 285 Tre1 410 snRNA:U2:14B 



 174 

36 l(1)G0007 161 Ir41a 286 corn 411 sbb 

37* dhd 162 emp 287 CR43213 412 CG14502 

38 CG31036 163 svr 288 CG8974 413 CG7888 

39 CG11486 164 asRNA:CR44892 289 gish 414 Nadsyn 

40 lncRNA:iab8 165 CG6024 290 Svil 415 Nna1 

41 Dtg 166 CG42747 291 CR43216 416 CG4928 

42 CG9646 167 CG13384 292 CG4884 417 fd19B 

43* fat-spondin 168 ph-p 293 CG42487 418 B-H1 

44 Cp110 169 RYa-R 294 CG31253 419 CG12541 

45 l(1)G0196 170 TfIIA-S-2 295 nrm 420 dnr1 

46 lncRNA:CR43493 171 alpha-Man-Ia 296 cact 421 CG14851 

47 CG31637 172 CG15211 297 CG3168 422 Lnpk 

48 sn 173 CG2186 298 lncRNA:CR43461 423 CG2021 

49 Son 174 Shawl 299 Mob2 424 mRpL46 

50 CG8301 175 CG42238 300 Tbh 425 Tlk 

51 CG42258 176 CG14207 301 Cpr47Ea 426 del 

52 CG11378 177 CG4829 302 Cul4 427 CG43163 

53 Cdc7 178 CG15822 303 udd 428 Rbp6 

54 CG11241 179 Spg7 304 CG32581 429 CR43186 

55 Tim8 180 CG2662 305 CG16758 430 Nlg3 

56 dlg1 181 CG9932 306 TwdlG 431 CG42329 

57 Moe 182 Debcl 307 REPTOR 432 Myo61F 

58 lncRNA:CR44779 183 hdc 308 CG32249 433 CG9184 

59 bves 184 spri 309 lncRNA:CR44016 434 lncRNA:CR45659 

60 Nplp2 185 Arp8 310 CG2258 435 Hs6st 

61 CG14321 186 CG6769 311 Pde1c 436 Tim9b 

62 Phf7 187 bun 312 AhcyL2 437 Pstk 

63 Ost48 188 CG14626 313 HDAC4 438 Nepl4 

64 Dlip1 189 CG15249 314 if 439 lbk 

65 CG4362 190 lncRNA:CR44865 315 CG12535 440 Rip11 

66 Dbx 191 CG15255 316 eIF4E5 441 lncRNA:CR45542 

67 mRpL17 192 CG6928 317 pbl 442 pum 

68 CG34263 193 rols 318 Dscam3 443 CG44251 

69 m 194 CG3149 319 shn 444 CG44250 

70 CG9360 195 Reepl1 320 CG42376 445 Lgr4 

71 asRNA:CR44690 196 CG11696 321 CG34417 446 CG32640 

72 Cyp4ae1 197 CG14210 322 MetRS-m 447 InR 

73 pn 198 CG1835 323 CG13829 448 E2f1 
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74 Dro 199 Lip2 324 CG6966 449 ClC-a 

75 CG13229 200 CG6415 325 PGRP-SA 450 Gdap2 

76 nAChRalpha4 201 CG1572 326 CG13698 451 AdamTS-A 

77 lncRNA:CR45427 202 eas 327 CR45548 452 LPCAT 

78 Atf3 203 kirre 328 CG31131 453 cdi 

79 CG33298 204 mei-9 329 Trf2 454 shot 

80 Eglp2 205 CG18765 330 CG4587 455 tna 

81 Eglp4 206 CG17098 331 lncRNA:CR44525 456 CG32695 

82 zip 207 drpr 332 Imp 457 fru 

83 CG17163 208 Aprt 333 CG9663 458 Tl 

84 CG17168 209 CG4615 334 CG8607 459 Toll-7 

85 dysc 210 O-fut2 335 CG7194 460 flz 

86 hiw 211 CG14777 336 Sbp2 461 Gprk2 

87 be 212 lncRNA:CR44999 337 CG13312 462 CG15760 

88 Drak 213 CG12206 338 RpIIIC160 463 lncRNA:CR43858 

89 GstT3 214 Tsp42Ec 339 CG33172 464 CG16762 

90 CG15930 215 bbg 340 sick 465 CG32549 

91 Sas10 216 Usp10 341 snRNA:U2:38ABa 466 Mcm3 

92 GstE10 217 CG13907 342 Cadps 467 lncRNA:CR44467 

93 Jafrac1 218 Or92a 343 rk 468 CG10948 

94 lncRNA:CR32636 219 msn 344 DAAM 469 CCHa1 

95 CG6767 220 CG11122 345 CG10019 470 CG9650 

96 Ziz 221 CG11590 346 RluA-1 471 lncRNA:CR44357 

97 Pa1 222 br 347 klar 472 Eip75B 

98 Rtnl1 223 CG14814 348 lama 473 CG6191 

99 fs(1)h 224 MED18 349 CG45080 474 CG45088 

100 CG7402 225 lncRNA:CR44885 350 CG3638 475 CG8910 

101 egl 226 trol 351 Klp61F 476 N 

102 CG17816 227 Egfr 352 CG32318 477 CG32373 

103 shep 228 CR43215 353 lncRNA:CR44939 478 ttv 

104 sgg 229 CR43214 354 mam 479 LamC 

105 Src64B 230 Corin 355 mRpL30 480 CG42637 

106 Spn 231 CG12512 356 CG43693 481 Gyc76C 

107 Rbm13 232 fwd 357 
tRNA:Lys-CTT-1-
11 482 CG2246 

108 Fim 233 Smr 358 CG7991 483 CG42784 

109 chas 234 Eo 359 CG2162 484 Tehao 

110 CG32767 235 lncRNA:CR44363 360 daed 485 Ccn 

111 CG32687 236 CR18275 361 CG15386 486 Lip4 
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112 CG32264 237 CG32817 362 CG42371 487 CG6044 

113 CG1695 238 Best4 363 CG6333 488 tou 

114 ewg 239 CG1640 364 Naam 489 Sox21b 

115 Raf 240 Rs1 365 CG32719 490 Vav 

116 Ilp6 241 Gasz 366 pinta 491 CG9132 

117 CR44839 242 CG31777 367 vri 492 Cyp4d20 

118 CG13367 243 cutlet 368 rudhira 493 CG9521 

119 CG12056 244 CG14229 369 zld 494 Hmt4-20 

120 CG12106 245 Gclc 370 CG42260 495 CG9328 

121 mahe 246 Gyc89Db 371 ttk 496 JIL-1 

122 CG17108 247 Dhfr 372 CHES-1-like 497 RhoGAP92B 

123 CG32107 248 CenG1A 373 CG13215 498 Xport-B 

124 lncRNA:CR44371 249 CG12038 374 LpR2 499 Xport-A 

125 mRpL38 250 trio 375 CG30054 500 Snap25 

 
Table 3.1: Top 500 genes with the strongest SisA binding peaks. Top 500 genes closest 

to the most enriched peaks (after removing duplicates) ranked from 1 (strongest peak) to 

500 (weakest peak) after filtering against Control peaks. Sxl has been highlighted. Genes 

in bold are the top 50 genes that were searched on the BDGP database. Genes marked with 

an * were found to have overlapping expression with sisA mRNA (and/or nRNA). 
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Figure 3.13 – GO Analysis reveals an overrepresentation of genes involved in 

oogenesis, sexual reproduction, and germ cell development

 

Figure 3.13: Sample output from GO analysis. GO Analysis reveals an 

overrepresentation of genes involved in oogenesis, sexual reproduction, and germ cell 

development. Only categories with p-value < 0.05 are presented. The first column contains 

the name of the biological process. The second column contains the number of genes in the 

Drosophila melanogaster genome that map to the category. The third column contains the 

number of genes in the uploaded list of 500 genes that map to the category. The fourth 

column contains the expected number of genes in our list for the category based on the 

reference list. The fifth column has a + or a -, where + overrepresentation of the category, 

- = underrepresentation of the category in the input list. The sixth column shows the fold 

enrichment of the genes observed in the input list over the expected. The seventh column 

shows the raw p-value based on the Fisher’s Exact test after Bonferroni correction. 
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Table 3.2 
 

Analysis Type: 

PANTHER 
Overrepresentation Test 
(Released 20190711)     

Annotation Version and 
Release Date: 

GO Ontology database  
Released 2019-10-08     

Analyzed List: 

Client Text Box Input 
(Drosophila 
melanogaster)     

Reference List: 

Drosophila 
melanogaster (all genes 
in database)     

Test Type: FISHER     
Correction: BONFERRONI     
Bonferroni count: 3432     

GO biological process 
complete 

Drosophila 
melanogaster 
- REFLIST 
(13767) 

Client 
Text 
Box 
Input 
(319) 

Client 
Text Box 
Input 
(expected) 

Client Text 
Box Input 
(over/under) 

Client Text 
Box Input 
(fold 
Enrichment) 

Client 
Text Box 
Input (P-
value) 

axon extension 
(GO:0048675) 35 8 0.81 + 9.86 1.58E-02 

neuron projection extension 
(GO:1990138) 37 8 0.86 + 9.33 2.26E-02 

regulation of epithelial cell 
differentiation (GO:0030856) 41 8 0.95 + 8.42 4.37E-02 
imaginal disc-derived wing 
margin morphogenesis 
(GO:0008587) 53 10 1.23 + 8.14 4.67E-03 
regulation of oogenesis 
(GO:1905879) 70 10 1.62 + 6.17 4.28E-02 
developmental growth 
involved in morphogenesis 
(GO:0060560) 86 11 1.99 + 5.52 4.08E-02 

eggshell chorion assembly 
(GO:0007306) 87 11 2.02 + 5.46 4.50E-02 
gland morphogenesis 
(GO:0022612) 97 12 2.25 + 5.34 2.23E-02 
salivary gland 
morphogenesis 
(GO:0007435) 97 12 2.25 + 5.34 2.23E-02 
regulation of neuromuscular 
junction development 
(GO:1904396) 113 13 2.62 + 4.96 1.90E-02 

regulation of synapse 
assembly (GO:0051963) 114 13 2.64 + 4.92 2.08E-02 
negative regulation of 
developmental process 
(GO:0051093) 221 24 5.12 + 4.69 5.77E-06 

exocrine system 
development (GO:0035272) 120 13 2.78 + 4.68 3.45E-02 

salivary gland development 
(GO:0007431) 120 13 2.78 + 4.68 3.45E-02 

positive regulation of cell 
development (GO:0010720) 160 17 3.71 + 4.59 1.92E-03 
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negative regulation of 
multicellular organismal 
process (GO:0051241) 211 22 4.89 + 4.5 5.53E-05 

respiratory system 
development (GO:0060541) 243 25 5.63 + 4.44 7.24E-06 

open tracheal system 
development (GO:0007424) 234 24 5.42 + 4.43 1.62E-05 

axonogenesis (GO:0007409) 313 32 7.25 + 4.41 4.16E-08 
axon development 
(GO:0061564) 324 33 7.51 + 4.4 2.13E-08 
cellular component assembly 
involved in morphogenesis 
(GO:0010927) 149 15 3.45 + 4.34 1.65E-02 

cognition (GO:0050890) 160 16 3.71 + 4.32 8.60E-03 
learning or memory 
(GO:0007611) 160 16 3.71 + 4.32 8.60E-03 
cell morphogenesis involved 
in differentiation 
(GO:0000904) 451 45 10.45 + 4.31 4.21E-12 

positive regulation of cell 
differentiation (GO:0045597) 171 17 3.96 + 4.29 4.49E-03 
neuron development 
(GO:0048666) 560 55 12.98 + 4.24 3.49E-15 
tissue migration 
(GO:0090130) 153 15 3.55 + 4.23 2.21E-02 

growth (GO:0040007) 184 18 4.26 + 4.22 2.71E-03 
developmental growth 
(GO:0048589) 184 18 4.26 + 4.22 2.71E-03 
epithelial cell migration 
(GO:0010631) 144 14 3.34 + 4.2 4.91E-02 
compound eye photoreceptor 
cell differentiation 
(GO:0001751) 166 16 3.85 + 4.16 1.33E-02 
cell morphogenesis involved 
in neuron differentiation 
(GO:0048667) 405 39 9.38 + 4.16 1.13E-09 
neuron projection 
morphogenesis 
(GO:0048812) 407 39 9.43 + 4.14 1.30E-09 
plasma membrane bounded 
cell projection 
morphogenesis 
(GO:0120039) 408 39 9.45 + 4.13 1.40E-09 

neuron projection 
development (GO:0031175) 430 41 9.96 + 4.11 3.56E-10 

photoreceptor cell 
differentiation (GO:0046530) 189 18 4.38 + 4.11 3.87E-03 
cell projection 
morphogenesis 
(GO:0048858) 410 39 9.5 + 4.11 1.61E-09 
negative regulation of 
cellular component 
organization (GO:0051129) 159 15 3.68 + 4.07 3.39E-02 
imaginal disc-derived wing 
morphogenesis 
(GO:0007476) 278 26 6.44 + 4.04 2.15E-05 
cell part morphogenesis 
(GO:0032990) 418 39 9.69 + 4.03 2.81E-09 

eye photoreceptor cell 
differentiation (GO:0001754) 172 16 3.99 + 4.01 2.03E-02 
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larval development 
(GO:0002164) 162 15 3.75 + 4 4.17E-02 
gland development 
(GO:0048732) 173 16 4.01 + 3.99 2.17E-02 
neuron differentiation 
(GO:0030182) 694 64 16.08 + 3.98 6.36E-17 

chemotaxis (GO:0006935) 283 26 6.56 + 3.96 3.02E-05 
cell morphogenesis 
(GO:0000902) 513 47 11.89 + 3.95 1.82E-11 

muscle structure 
development (GO:0061061) 219 20 5.07 + 3.94 1.80E-03 
post-embryonic animal 
morphogenesis 
(GO:0009886) 460 42 10.66 + 3.94 6.65E-10 

actin cytoskeleton 
organization (GO:0030036) 241 22 5.58 + 3.94 4.84E-04 

neuron projection guidance 
(GO:0097485) 274 25 6.35 + 3.94 6.70E-05 

ovarian follicle cell 
development (GO:0030707) 309 28 7.16 + 3.91 1.05E-05 
compound eye 
morphogenesis 
(GO:0001745) 276 25 6.4 + 3.91 7.65E-05 
axon guidance 
(GO:0007411) 265 24 6.14 + 3.91 1.48E-04 

epithelial cell development 
(GO:0002064) 343 31 7.95 + 3.9 1.51E-06 
cellular component 
morphogenesis 
(GO:0032989) 642 58 14.88 + 3.9 1.29E-14 
columnar/cuboidal epithelial 
cell development 
(GO:0002066) 310 28 7.18 + 3.9 1.12E-05 
wing disc morphogenesis 
(GO:0007472) 288 26 6.67 + 3.9 4.21E-05 
instar larval or pupal 
morphogenesis 
(GO:0048707) 446 40 10.33 + 3.87 4.46E-09 

response to endogenous 
stimulus (GO:0009719) 201 18 4.66 + 3.86 8.71E-03 
post-embryonic appendage 
morphogenesis 
(GO:0035120) 325 29 7.53 + 3.85 7.46E-06 

animal organ morphogenesis 
(GO:0009887) 730 65 16.92 + 3.84 1.66E-16 

post-embryonic animal organ 
development (GO:0048569) 461 41 10.68 + 3.84 2.92E-09 

actin filament-based process 
(GO:0030029) 261 23 6.05 + 3.8 4.51E-04 
post-embryonic animal organ 
morphogenesis 
(GO:0048563) 399 35 9.25 + 3.79 2.24E-07 

imaginal disc morphogenesis 
(GO:0007560) 399 35 9.25 + 3.79 2.24E-07 

regulation of developmental 
growth (GO:0048638) 228 20 5.28 + 3.79 3.24E-03 

taxis (GO:0042330) 344 30 7.97 + 3.76 6.39E-06 
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imaginal disc-derived 
appendage morphogenesis 
(GO:0035114) 334 29 7.74 + 3.75 1.32E-05 
metamorphosis 
(GO:0007552) 473 41 10.96 + 3.74 6.31E-09 
regulation of growth 
(GO:0040008) 300 26 6.95 + 3.74 9.10E-05 
sensory organ 
morphogenesis 
(GO:0090596) 289 25 6.7 + 3.73 1.76E-04 
eye morphogenesis 
(GO:0048592) 289 25 6.7 + 3.73 1.76E-04 

locomotion (GO:0040011) 613 53 14.2 + 3.73 2.49E-12 

appendage morphogenesis 
(GO:0035107) 337 29 7.81 + 3.71 1.60E-05 
columnar/cuboidal epithelial 
cell differentiation 
(GO:0002065) 326 28 7.55 + 3.71 3.10E-05 

cell migration (GO:0016477) 268 23 6.21 + 3.7 7.00E-04 
imaginal disc-derived 
appendage development 
(GO:0048737) 341 29 7.9 + 3.67 2.04E-05 
epithelial tube 
morphogenesis 
(GO:0060562) 471 40 10.91 + 3.67 2.18E-08 
appendage development 
(GO:0048736) 345 29 7.99 + 3.63 2.60E-05 
regulation of cellular 
component biogenesis 
(GO:0044087) 303 25 7.02 + 3.56 4.11E-04 
positive regulation of 
multicellular organismal 
process (GO:0051240) 279 23 6.46 + 3.56 1.36E-03 

epithelial cell differentiation 
(GO:0030855) 401 33 9.29 + 3.55 3.72E-06 

post-embryonic development 
(GO:0009791) 620 51 14.37 + 3.55 6.02E-11 
tube morphogenesis 
(GO:0035239) 511 42 11.84 + 3.55 1.65E-08 

regulation of multi-organism 
process (GO:0043900) 247 20 5.72 + 3.49 1.02E-02 

morphogenesis of an 
epithelium (GO:0002009) 593 48 13.74 + 3.49 6.86E-10 
generation of neurons 
(GO:0048699) 869 70 20.14 + 3.48 7.89E-16 

neurogenesis (GO:0022008) 910 73 21.09 + 3.46 1.38E-16 
tissue morphogenesis 
(GO:0048729) 611 49 14.16 + 3.46 5.15E-10 

embryonic morphogenesis 
(GO:0048598) 237 19 5.49 + 3.46 2.06E-02 

instar larval or pupal 
development (GO:0002165) 553 44 12.81 + 3.43 1.34E-08 
regulation of multicellular 
organismal development 
(GO:2000026) 604 48 14 + 3.43 1.29E-09 

imaginal disc development 
(GO:0007444) 556 44 12.88 + 3.42 1.59E-08 
localization of cell 
(GO:0051674) 319 25 7.39 + 3.38 1.02E-03 
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wing disc development 
(GO:0035220) 384 30 8.9 + 3.37 6.71E-05 

negative regulation of signal 
transduction (GO:0009968) 308 24 7.14 + 3.36 1.95E-03 
negative regulation of cell 
communication 
(GO:0010648) 334 26 7.74 + 3.36 6.60E-04 

negative regulation of 
signaling (GO:0023057) 335 26 7.76 + 3.35 6.97E-04 

cell motility (GO:0048870) 313 24 7.25 + 3.31 2.55E-03 
tube development 
(GO:0035295) 706 54 16.36 + 3.3 1.50E-10 
regulation of anatomical 
structure morphogenesis 
(GO:0022603) 262 20 6.07 + 3.29 2.32E-02 
positive regulation of 
developmental process 
(GO:0051094) 276 21 6.4 + 3.28 1.43E-02 
cell surface receptor 
signaling pathway 
(GO:0007166) 329 25 7.62 + 3.28 1.74E-03 

cell projection organization 
(GO:0030030) 619 47 14.34 + 3.28 1.06E-08 

nervous system development 
(GO:0007399) 1071 81 24.82 + 3.26 2.20E-17 
response to oxygen-
containing compound 
(GO:1901700) 308 23 7.14 + 3.22 6.65E-03 

compound eye development 
(GO:0048749) 349 26 8.09 + 3.22 1.46E-03 
plasma membrane bounded 
cell projection organization 
(GO:0120036) 607 45 14.07 + 3.2 6.93E-08 
immune system process 
(GO:0002376) 297 22 6.88 + 3.2 1.26E-02 
cell development 
(GO:0048468) 1302 96 30.17 + 3.18 8.24E-21 

animal organ development 
(GO:0048513) 1168 86 27.06 + 3.18 4.91E-18 
eye development 
(GO:0001654) 372 27 8.62 + 3.13 1.40E-03 

visual system development 
(GO:0150063) 372 27 8.62 + 3.13 1.40E-03 

sensory system development 
(GO:0048880) 372 27 8.62 + 3.13 1.40E-03 
movement of cell or 
subcellular component 
(GO:0006928) 677 49 15.69 + 3.12 1.77E-08 
epithelium development 
(GO:0060429) 957 69 22.17 + 3.11 3.60E-13 
negative regulation of 
response to stimulus 
(GO:0048585) 369 26 8.55 + 3.04 3.91E-03 

female gamete generation 
(GO:0007292) 639 45 14.81 + 3.04 3.40E-07 

oogenesis (GO:0048477) 584 41 13.53 + 3.03 2.77E-06 

regulation of cell 
development (GO:0060284) 358 25 8.3 + 3.01 7.36E-03 
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regulation of multicellular 
organismal process 
(GO:0051239) 788 55 18.26 + 3.01 2.80E-09 
tissue development 
(GO:0009888) 1047 73 24.26 + 3.01 2.06E-13 
anatomical structure 
morphogenesis 
(GO:0009653) 1477 102 34.22 + 2.98 2.11E-20 

sensory organ development 
(GO:0007423) 464 32 10.75 + 2.98 3.38E-04 

regulation of developmental 
process (GO:0050793) 771 53 17.87 + 2.97 1.36E-08 
anatomical structure 
formation involved in 
morphogenesis 
(GO:0048646) 539 37 12.49 + 2.96 3.51E-05 
embryo development 
(GO:0009790) 499 34 11.56 + 2.94 1.72E-04 

regulation of nervous system 
development (GO:0051960) 368 25 8.53 + 2.93 1.17E-02 

regulation of cell 
differentiation (GO:0045595) 443 30 10.26 + 2.92 1.25E-03 
cell differentiation 
(GO:0030154) 1647 111 38.16 + 2.91 5.82E-22 

positive regulation of signal 
transduction (GO:0009967) 372 25 8.62 + 2.9 1.39E-02 
system development 
(GO:0048731) 1684 112 39.02 + 2.87 9.18E-22 
germ cell development 
(GO:0007281) 715 47 16.57 + 2.84 1.09E-06 

cellular developmental 
process (GO:0048869) 1689 111 39.14 + 2.84 4.30E-21 

cellular process involved in 
reproduction in multicellular 
organism (GO:0022412) 851 55 19.72 + 2.79 4.85E-08 
signal transduction 
(GO:0007165) 944 61 21.87 + 2.79 2.99E-09 
positive regulation of cell 
communication 
(GO:0010647) 404 26 9.36 + 2.78 1.86E-02 

positive regulation of 
signaling (GO:0023056) 404 26 9.36 + 2.78 1.86E-02 

regulation of signal 
transduction (GO:0009966) 718 46 16.64 + 2.76 3.77E-06 

response to external stimulus 
(GO:0009605) 927 59 21.48 + 2.75 1.38E-08 
positive regulation of 
response to stimulus 
(GO:0048584) 484 30 11.21 + 2.68 7.08E-03 
negative regulation of 
cellular process 
(GO:0048523) 1242 76 28.78 + 2.64 3.40E-11 
gamete generation 
(GO:0007276) 917 56 21.25 + 2.64 2.45E-07 

response to organic 
substance (GO:0010033) 462 28 10.71 + 2.62 2.35E-02 
regulation of cell 
communication 
(GO:0010646) 844 51 19.56 + 2.61 2.83E-06 
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regulation of signaling 
(GO:0023051) 844 51 19.56 + 2.61 2.83E-06 

pattern specification process 
(GO:0007389) 499 30 11.56 + 2.59 1.27E-02 
cell communication 
(GO:0007154) 1220 73 28.27 + 2.58 4.98E-10 
developmental process 
involved in reproduction 
(GO:0003006) 890 53 20.62 + 2.57 2.71E-06 

multi-organism reproductive 
process (GO:0044703) 1046 62 24.24 + 2.56 7.36E-08 
sexual reproduction 
(GO:0019953) 1046 62 24.24 + 2.56 7.36E-08 

signaling (GO:0023052) 1149 68 26.62 + 2.55 6.22E-09 
regulation of localization 
(GO:0032879) 491 29 11.38 + 2.55 2.56E-02 
multicellular organismal 
reproductive process 
(GO:0048609) 1040 61 24.1 + 2.53 1.55E-07 
positive regulation of cellular 
biosynthetic process 
(GO:0031328) 554 32 12.84 + 2.49 1.69E-02 
positive regulation of 
biosynthetic process 
(GO:0009891) 554 32 12.84 + 2.49 1.69E-02 
response to chemical 
(GO:0042221) 1098 63 25.44 + 2.48 2.43E-07 

regulation of response to 
stimulus (GO:0048583) 927 53 21.48 + 2.47 8.24E-06 

cytoskeleton organization 
(GO:0007010) 560 32 12.98 + 2.47 1.95E-02 
reproductive process 
(GO:0022414) 1178 67 27.3 + 2.45 5.76E-08 
regulation of cellular 
component organization 
(GO:0051128) 793 45 18.37 + 2.45 1.98E-04 

multicellular organism 
development (GO:0007275) 2292 129 53.11 + 2.43 1.28E-19 
regulation of transcription by 
RNA polymerase II 
(GO:0006357) 715 40 16.57 + 2.41 1.66E-03 
negative regulation of 
biological process 
(GO:0048519) 1435 80 33.25 + 2.41 9.96E-10 

negative regulation of gene 
expression (GO:0010629) 563 31 13.05 + 2.38 4.93E-02 
positive regulation of cellular 
metabolic process 
(GO:0031325) 822 45 19.05 + 2.36 6.03E-04 

anatomical structure 
development (GO:0048856) 2646 142 61.31 + 2.32 1.24E-20 

regulation of biological 
quality (GO:0065008) 1328 71 30.77 + 2.31 2.09E-07 
regulation of cellular 
biosynthetic process 
(GO:0031326) 1334 71 30.91 + 2.3 2.32E-07 

regulation of biosynthetic 
process (GO:0009889) 1338 71 31 + 2.29 2.52E-07 
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positive regulation of 
metabolic process 
(GO:0009893) 889 47 20.6 + 2.28 9.20E-04 
regulation of RNA 
biosynthetic process 
(GO:2001141) 1120 59 25.95 + 2.27 2.52E-05 
regulation of transcription, 
DNA-templated 
(GO:0006355) 1120 59 25.95 + 2.27 2.52E-05 
regulation of nucleic acid-
templated transcription 
(GO:1903506) 1120 59 25.95 + 2.27 2.52E-05 
negative regulation of 
metabolic process 
(GO:0009892) 780 41 18.07 + 2.27 8.17E-03 
multi-organism process 
(GO:0051704) 1389 73 32.19 + 2.27 1.69E-07 
positive regulation of 
biological process 
(GO:0048518) 1604 84 37.17 + 2.26 4.49E-09 

cellular response to stimulus 
(GO:0051716) 1437 75 33.3 + 2.25 1.50E-07 
developmental process 
(GO:0032502) 2765 144 64.07 + 2.25 8.73E-20 

positive regulation of cellular 
process (GO:0048522) 1421 74 32.93 + 2.25 2.30E-07 
positive regulation of 
nitrogen compound 
metabolic process 
(GO:0051173) 771 40 17.87 + 2.24 1.33E-02 
regulation of cellular 
macromolecule biosynthetic 
process (GO:2000112) 1281 66 29.68 + 2.22 5.53E-06 
regulation of macromolecule 
biosynthetic process 
(GO:0010556) 1287 66 29.82 + 2.21 6.04E-06 

regulation of RNA metabolic 
process (GO:0051252) 1246 62 28.87 + 2.15 7.69E-05 

multicellular organism 
reproduction (GO:0032504) 1261 62 29.22 + 2.12 9.42E-05 

cellular component 
organization (GO:0016043) 2593 127 60.08 + 2.11 3.72E-14 
regulation of nucleobase-
containing compound 
metabolic process 
(GO:0019219) 1279 62 29.64 + 2.09 2.05E-04 
response to stimulus 
(GO:0050896) 2520 122 58.39 + 2.09 7.94E-13 

reproduction (GO:0000003) 1396 67 32.35 + 2.07 4.93E-05 

regulation of cellular process 
(GO:0050794) 3525 169 81.68 + 2.07 3.63E-21 
cellular component 
organization or biogenesis 
(GO:0071840) 2729 130 63.23 + 2.06 1.63E-13 
regulation of nitrogen 
compound metabolic process 
(GO:0051171) 1791 83 41.5 + 2 3.14E-06 
regulation of cellular 
metabolic process 
(GO:0031323) 1912 88 44.3 + 1.99 1.09E-06 
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regulation of gene expression 
(GO:0010468) 1527 70 35.38 + 1.98 1.66E-04 

regulation of biological 
process (GO:0050789) 3826 175 88.65 + 1.97 6.35E-20 

multicellular organismal 
process (GO:0032501) 3466 156 80.31 + 1.94 9.49E-16 
response to stress 
(GO:0006950) 1116 50 25.86 + 1.93 3.97E-02 

regulation of metabolic 
process (GO:0019222) 2101 93 48.68 + 1.91 1.96E-06 
biological regulation 
(GO:0065007) 4290 189 99.41 + 1.9 1.03E-20 
regulation of primary 
metabolic process 
(GO:0080090) 1814 79 42.03 + 1.88 1.45E-04 
regulation of macromolecule 
metabolic process 
(GO:0060255) 1949 84 45.16 + 1.86 5.96E-05 
organelle organization 
(GO:0006996) 1699 71 39.37 + 1.8 4.30E-03 
cellular process 
(GO:0009987) 6618 235 153.35 + 1.53 2.03E-16 
biological_process 
(GO:0008150) 11147 291 258.29 + 1.13 2.29E-03 
Unclassified 
(UNCLASSIFIED) 2620 28 60.71 - 0.46 0.00E+00 

 
Table 3.2: Complete GO Analysis Output. Complete GO Analysis output from Panther 

Classification System for the Top 500 genes from Table A. Only categories with p-value 

< 0.05 are presented. The first column contains the name of the biological process. The 

second column contains the number of genes in the Drosophila melanogaster genome that 

map to the category. The third column contains the number of genes in the uploaded list of 

500 genes that map to the category. The fourth column contains the expected number of 

genes in our list for the category based on the reference list. The fifth column has a + or a 

-, where + overrepresentation of the category, - = underrepresentation of the category in 

the input list. The sixth column shows the fold enrichment of the genes observed in the 

input list over the expected. The seventh column shows the raw p-value based on the 

Fisher’s Exact test after Bonferroni correction.  
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In situ data shows an overrepresentation of genes expressed in yolk nuclei and the 

midgut 

In situ hybridization data for the genes closest to the top 50 most enriched peaks (after 

removing duplicates) (Table 3.1) was found in the Berkeley Drosophila Genome Project 

(BDGP) database.  Of the 50 genes, 43 had representative images and 11 of these genes 

were annotated as being expressed in the “midgut” (Gel, CG14618, Rcp, Jheh1), “yolk 

nuclei” (CG5254, fat-spondin), both (CG5958, CG7458, Jheh2), or “pole cells” (dnc, dhd) 

(Figure 3.14). These expression patterns match the expected expression pattern for sisA 

mRNA (Erickson and Cline, 1993; Walker et al., 2000), sisA nRNA, and SisA protein 

(Chapter 2) and are consistent with SisA’s function in somatic sex determination, germline 

sex determination, as well as midgut formation (Erickson and Cline, 1993; Walker et al., 

2000). 
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Figure 3.14 

 

Figure 3.14: mRNA distribution of candidate sisA target genes overlaps with that of 

sisA mRNA. BDGP-sourced images showing mRNA distribution of 11 genes from the top 

50 genes with the strongest SisA binding peaks. Blue stain = Positive mRNA expression.  

sisA fat-spondin Jheh1

CG7458 CG5254 CG5958

Rcp Jheh2 Gel

CG14618 dhd dnc
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DISCUSSION 

SisA physically interacts with Da in vitro 

While sisA has long been known to activate SxlPE in the soma, we have also shown that it 

is important for Sxl activation in the germline. Additionally, sisA is an essential gene 

required for the formation of the primordial midgut (Erickson and Cline, 1993; Walker et 

al., 2000). However, the mechanism by which sisA performs these functions has remained 

elusive. Here we have shown that SisA can physically interact with Da in vitro and that 

even after overexpression, its levels in S2 cells remains low.  We were able to confirm this 

interaction via coIP only after crosslinking, suggesting that this interaction is weak, 

possibly due to high levels of competition for binding to Da from other bHLH proteins 

such as SisB. Additionally, it is possible that due to the lower levels of sfGFP:SisA in our 

cell lines despite its overexpression, there were not sufficient levels of sfGFP:SisA-Da 

heterodimers that could be detected. The weak expression of sfGFP:SisA was possibly due 

to the sexual identity of S2 cells. Studies of dosage compensation and gene expression have 

revealed S2 cells to be male-like (Johansson et al., 2011; Lee et al., 2014; Zhang et al., 

2010). Thus it is possible that a mechanism to repress the expression of sisA as well as 

other XSEs exists to prevent stochastic SxlPE activation. This is reminiscent of the 

mechanism by which Sister of Sex lethal (Ssx) contributes to the silencing of Sxl in the 

male soma by competitively binding to Sxl binding sites and preventing stochastic female 

Sxl splicing patterns (Moschall et al., 2018, 2019). Alternately, it is possible that the 

overexpression of sisA in vitro resulted in ectopic expression of Sxl, which led to lethality 

due to repression of the dosage compensation mechanisms via msl2 in S2 cells. 
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ChIP-Seq was unsuccessful in identifying targets of SisA 

The interaction of SisA and Da in vitro encouraged us to include Experimental Group 2, 

which included the overexpression of Da, for the ChIP-Seq analysis. We were interested 

in identifying whether SisA can bind to Sxl or any potential enhancers of SxlPE, and 

whether this binding would be affected by Da. Further, this would allow us to uncover 

additional unknown targets and potential functions of SisA. While the initial quality control 

of the ChIP-Seq experiment appeared encouraging, we found that the observed signal 

seems to be, in fact, non-specific. GFP ChIP experiments can often misclassify highly 

transcribed regions as being enriched for protein binding due to the accessibility of the 

chromatin (Teytelman et al., 2013), which is consistent with the observed correlation 

between signal enrichment and gene expression level. It has been suggested that antibodies 

are sensitive to non-specific interactions with the polymerase machinery, and this 

interaction can introduce so-called ‘Phantom Peaks’ into ChIP experiments targeting gene 

promoters (Jain et al., 2015). Thus, while there are differences observed between the 

Experimental groups and the Control, these differences can explained by differences in the 

expression level of our proteins and the state of chromatin at active gene promoter regions. 

The higher level of protein expression in the Control Group may have introduced more 

noise into the pull-down, as the kinetics would drive GFP to non-specifically interact with 

more regions. The unsaturated levels of sfGFP:SisA, and sfGFP:SisA + Da on the other 

hand would more selectively enrich for the highest affinity interactions, in this case the 

transcriptional machinery, leading to a cleaner overall signal. This overlap in signals 

between Control and Experimental groups likely represents the binding of the sfGFP 

epitope tag to open chromatin. To eliminate these possibilities, future efforts could involve 
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performing a similar ChIP-Seq experiment in Kc cells which have a female sexual identity 

and may not repress sisA expression as we propose S2 cells might be doing. Additionally, 

it might still be worth conducting a follow-up analysis on candidate genes that were 

identified in the GO Analysis and through in situ hybridization expression patterns as 

potential SisA targets. Ultimately, it is possible that SisA has been mischaracterized as an 

atypical bZIP protein and in fact may not be a transcription factor, despite its nuclear 

localization (Chapter 2), making it impossible to ChIP. 

  



 192 

CHAPTER IV: IDENTIFYING NON-AUTONOMOUS 

REGULATORS OF GERMLINE SEXUAL IDENTITY 
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INTRODUCTION 

Germline sex determination in Drosophila is not as well understood as somatic sex 

determination. The sex of the germline depends on its sex chromosome karyotype but 

importantly, also relies on non-autonomous signals from the surrounding soma. 

Masculinizing an XX soma causes its germ cells to express male-specific genes. 

Conversely feminizing an XY soma causes its germ cells to express female-specific genes 

and male-specific genes are repressed (Casper and Van Doren, 2009; Hinson and Nagoshi, 

1999; Nöthiger et al., 1989; Steinmann-Zwicky, 1994a; Van Deusen, 1977; Wawersik et 

al., 2005). 

 In both the germline and the soma, Sxl acts as the sex determination switch, which 

is both necessary and sufficient for female sexual development. Being an RNA-binding 

protein, it affects gene expression via translational regulation as well as by regulating 

alternative splicing. There is evidence of both of these mechanisms being used in the 

somatic cells in the cases of dosage compensation and primary sex determination 

respectively. However, the mode of action by which Sxl functions in the germ cells has 

remained relatively unknown. Until recently, only a few targets of Sxl were known in the 

germline. Work from our laboratory has identified Phf7 as being important for male 

germline sexual identity (Yang et al., 2012). Loss of Sxl in the female germline results in 

the ectopic expression of Phf7, which in turn helps promote the formation of tumors 

(Primus et al., 2019; Shapiro-Kulnane et al., 2015). An RNA expression profiling (RNA-

Seq) experiment was previously conducted by a former graduate student in our laboratory 

to help identify additional targets of Sxl in the germline by comparing the transcriptome of 

ovaries that lack Sxl function in the germline to those with wildtype Sxl function. The gene 
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Tdrd5l was identified and represents another gene important for male germline identity that 

is repressed by Sxl in the female germline (Primus et al., 2019). Additionally, the gene 

expression profiles of testes and ovaries without bag of marbles (bam) function were 

compared to identify genes differentially expressed in the undifferentiated germlines 

(McKearin and Spradling, 1990). It should be noted that any differential gene expression 

in these samples could be a resultant from either the germline or the soma. In this chapter, 

I present the results from a reverse genetics screen that I conducted, in which I 

systematically knocked down the expression of sex-biased genes using the UAS-GAL4 

system to conduct RNAi specifically in somatic cells, immunostained the adult gonads, 

and identified any resultant phenotypes in the germline (or the soma). In a parallel reverse 

genetics screen, a fellow lab member, Dr. Pradeep Kumar Bhaskar used the UAS-GAL4 

system to conduct RNAi in the germ cells against the same gene targets. The data from this 

screen are not presented in this dissertation. 
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MATERIALS AND METHODS 

Selection of gene targets 

The data comparing gene expression data in the bam mutant testes and bam mutant ovaries 

was considered. 589 genes identified as being expressed 6-fold higher in either sex. Flies 

expressing dsRNA against these genes were ordered from Bloomington Drosophila Stock 

Center (BDSC), and/or Vienna Drosophila Resource Center (VDRC) if available. 

 

Fly Stocks and husbandry 

Fly stocks were obtained from Bloomington Drosophila Stock Center (BDSC) unless 

otherwise indicated. The stock numbers for flies expressing dsRNA against target genes 

under UAS control can be found in Table 4.1 (Table 4.1). The somatic cell driver C587-

GAL4 (BDSC# 67747) was used to drive UAS-dsRNA expression in cyst stem cells and 

cyst cells of the adult testis, and follicle stem cells and inner sheath cells of the adult ovary 

(and most somatic cells of the developing ovary). Male flies expressing UAS-dsRNA 

transgenes were mated with C587-GAL4 virgin females and the crosses were maintained 

at 29°C. The progeny were reared at 29°C for 3-5 days post-eclosion (unless otherwise 

specified) before dissecting. 

 

Antibody staining 

If possible, 10 pairs of adult gonads were dissected for each sex. Adult testes were dissected 

in 1X PBS and fixed at room temperature for 20 minutes in 4.625% formaldehyde in PBS 

containing 0.1% Triton X-100 (PBTx). Adult ovaries were dissected in 1X PBS and fixed 

at room temperature for 20 minutes in 5.25% formaldehyde in PBTx. Blocking and 
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immunostaining was performed as previously described (Gönczy et al., 1997), and samples 

were mounted in 2.5% DABCO. All images were taken with a Zeiss LSM 700 confocal 

microscope. The following primary antibodies (sources) and concentrations were used: 

rabbit anti-Vasa 1:10,000 (R. Lehmann); guinea pig anti-TJ 1:1,000 (J. Jemc); mouse anti-

armadillo 1:100 (N2 7A1, DSHB). DSHB: Developmental Studies Hybridoma Bank. 

Secondary antibodies were used at 1:500 (Alexa-fluor, Host:Goat, Invitrogen). 

 

Phenotype classification 

Phenotypes in adult testes were assessed at the level of hub cells, germline stem cells 

(GSCs), germ cells (GC), and/or somatic cells. Phenotypes in adult ovaries were assessed 

at the level of terminal filaments (TFs), GSCs, GCs, somatic cells, and/or egg chambers. 

The formation of tumors was also noted as were any other phenotypes such as lethality, or 

morphological defects. Other observations are also recorded. 
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RESULTS 

The results of the screen are presented in Tables 4.1 and 4.2 (Table 4.1, Table 4.2). 

Examples of genes whose knockout results in defects in the germline, soma, or overall 

gonadogenesis are presented in Figures 4.1 – 4.4 (Fig. 4.1 – 4.4). 
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Table 4.1 

Vendor 
Stock 
Number 

RNAi target 
Gene FBgn 

C587-GAL4 x UAS-dsRNA against GOI 

Testis 

Hub GSC GC Soma Tumor Comments 

BDSC 61229 1-Dec FBgn0000427 - - - - - Lethal 

BDSC 33885 5-HT1A FBgn0004168 - - - - - - 

BDSC 27273 5-HT7 FBgn0004573 - - - - - - 

BDSC 32471 5-HT7 FBgn0004573 - - - - - Wimpy testes 

BDSC 42826 abba FBgn0034412 - - - - - - 

BDSC 26746 Abd-B FBgn0000015 - - Yes - - Deformed testes 

BDSC 51167 Abd-B FBgn0000015 - - - - - - 

BDSC 42953 ac FBgn0000022 - - - - - - 

BDSC 25958 Ace FBgn0000024 - - - - - - 

BDSC 25998 Acp70A FBgn0003034 - - - - - - 

BDSC 31551 Act57B FBgn0000044 - - - - - - 

BDSC 29597 Actbeta FBgn0024913 - - - - - - 

BDSC 42493 Actbeta FBgn0024913 - - - - - Lethal 

BDSC 42795 Actbeta FBgn0024913 - - - - - Lethal 

BDSC 51710 AkhR FBgn0025595 - - - - - - 

BDSC 32502 alphaTub67C FBgn0087040 - - - - - - 

BDSC 31703 alphaTub85E FBgn0003886 Yes Yes Yes Yes - Deformed testes 

BDSC 42905 alphaTub85E FBgn0003886 - - - - - - 

BDSC 33416 Ama FBgn0000071 - - - - - Lethal 

VDRC v39707 amd FBgn0000075 - - - - - - 

BDSC 57561 Amy-d FBgn0000078 - - - - - 
Male lethal (w 
escapers) 

BDSC 62251 Amy-p FBgn0000079 - - - - - 
Male lethal (w 
escapers) 

BDSC 55385 Anp FBgn0000094 - - - - - - 

BDSC 26748 ap FBgn0000099 - - Yes - - - 

BDSC 41673 ap FBgn0000099 - - - - - Lethal 

BDSC 28740 Aph-4 FBgn0016123 Yes Yes Yes Yes Yes - 

BDSC 33673 Aph-4 FBgn0016123 - - - - - Lethal 

BDSC 25954 Arc1 FBgn0033926 - - - - - Deformed testes 

BDSC 38983 aret FBgn0000114 - - - - - - 

BDSC 44483 aret FBgn0000114 - - - - - - 

BDSC 54812 aret FBgn0000114 - - - - - Lethal 

BDSC 34789 armi FBgn0041164 - - - - - - 

BDSC 35343 armi FBgn0041164 - Yes Yes - - GC loss 

BDSC 31895 ase FBgn0000137 - - - - - - 

BDSC 44552 ase FBgn0000137 - - - - - 
 Male lethal (w 
escapers) 

BDSC 60122 betaNACtes3 FBgn0052601 - - - - - - 
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BDSC 53906 betaNACtes4 FBgn0030566 - - - - - - 

BDSC 53906 betaNACtes6 FBgn0052598 - - - - - - 

BDSC 57452 betaNACtes6 FBgn0052598 - - - - - - 

BDSC 56954 betaTry FBgn0010357 - - - - - - 

BDSC 58316 BG642312 FBgn0047334 - - - - - Male lethal 

BDSC 44095 bi FBgn0000179 - - - - - - 

BDSC 27691 bib FBgn0000180 - - Yes - - GC loss 

BDSC 57493 bib FBgn0000180 - - Yes - - GC loss 

BDSC 34572 bnl FBgn0014135 - - - - - Lethal 

BDSC 27074 bowl FBgn0004893 - - - - - Deformed testes 

BDSC 34735 bowl FBgn0004893 - - - - - - 

BDSC 31546 bt FBgn0005666 - - - - - Lethal 

BDSC 40871 btl FBgn0005592 - - - - - Male lethal 

BDSC 43544 btl FBgn0005592 - - - - - Male lethal 

BDSC 60446 bves FBgn0031150 - - - - - - 

VDRC v44268 bw FBgn0000241 - - - - - - 

BDSC 34702 cad FBgn0000251 - - - - - Wimpy testes 

BDSC 27295 Cad86C FBgn0037840 - - - - - - 

BDSC 27510 Cad99C FBgn0039709 - - - - - - 

BDSC 27711 Cad99C FBgn0039709 - - - - - - 

BDSC 35037 Cad99C FBgn0039709 - - - - - - 

BDSC 27503 CadN FBgn0015609 - - - - - Deformed testes 

BDSC 41982 CadN FBgn0015609 - - - - - Lethal 

BDSC 41836 CAH2 FBgn0027843 - - - - - - 

BDSC 31326 CAP-D2 FBgn0039680 - - - - - Wimpy testes 

BDSC 26310 cas FBgn0004878 - - - - - - 

BDSC 31195 Cse1 FBgn0022213 - - - - - Male lethal 

BDSC 34701 cas FBgn0004878 - - - - - - 

BDSC 28302 Cbp53E FBgn0004580 - - - - - Deformed testes 

BDSC 50970 CG10062 FBgn0034439 - - - - - - 

BDSC 50938 CG10157 FBgn0039099 - - - - - - 

BDSC 42657 CG10178 FBgn0032684 - - - - - - 

BDSC 52891 CG10232 FBgn0039108 - - - - - - 

BDSC 33432 CG10249 FBgn0027596 - - Yes - - GC loss 

BDSC 44512 CG10361 FBgn0036208 - - - - - - 

BDSC 42636 CG10407 FBgn0038395 - - - - - - 

BDSC 56014 CG10592 FBgn0035619 - - - - - - 

BDSC 41923 CG10625 FBgn0035612 - - - - - Male lethal 

BDSC 42885 CG10651 FBgn0032853 - - - - - - 

BDSC 28557 CG10814 FBgn0033830 - - Yes - - Deformed testes 

BDSC 57171 CG10830 FBgn0038839 - - - - - 
Male lethal (w 
escapers) 

BDSC 36915 CG10924 FBgn0034356 - - - - - - 

BDSC 51744 CG10960 FBgn0036316 - - - - - Lethal 
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BDSC 28893 CG11136 FBgn0034540 - - - - - Wimpy testes 

BDSC 38231 CG11320 FBgn0031837 - - - - - - 

BDSC 26003 CG11340 FBgn0039840 - - - - - Deformed testes 

BDSC 36892 CG11378 FBgn0040364 - - - - - - 

BDSC 42477 CG11380 FBgn0040359 - - - - - - 

BDSC 57234 CG11425 FBgn0037167 - - - - - - 

BDSC 43281 CG11426 FBgn0037166 - - - - - - 

BDSC 53879 CG11426 FBgn0037166 - - - - - Wimpy testes 

BDSC 57523 CG11438 FBgn0037164 - - - - - - 

BDSC 28312 CG11534 FBgn0046296 - - - - - Deformed testes 

BDSC 26021 CG11889 FBgn0039308 - - - - - 
Male lethal (w 
escapers) 

BDSC 26021 CG11891 FBgn0039309 - - - - - 
Male lethal (w 
escapers) 

BDSC 43311 CG12111 FBgn0030050 - - Yes - - Wimpy testes 

BDSC 28727 CG12239 FBgn0029810 - - - - - - 

BDSC 36619 CG13298 FBgn0035692 - - - - - Male lethal 

BDSC 42873 CG13298 FBgn0035692 - - - - - Lethal 

BDSC 55257 CG13298 FBgn0035692 - - - - - Lethal 

VDRC v23869 CG13321 FBgn0033787 - - - - - - 

BDSC 53969 CG13323 FBgn0033788 - - - - - - 

BDSC 52972 CG13423 FBgn0034513 - - - - - - 

BDSC 55289 CG13423 FBgn0034513 - - - - - - 

BDSC 60115 CG13488 FBgn0034670 - - - - - - 

BDSC 41623 CG13748 FBgn0033355 - - Yes - - GC loss 

VDRC v107039 CG13759 FBgn0040376 - - - - - - 

BDSC 55965 CG13806 FBgn0035325 - - - - - - 

VDRC v38068 CG13822 FBgn0039098 - - - - - - 

BDSC 27243 CG13894 FBgn0035157 - - Yes - - Deformed testes 

BDSC 28646 CG13928 FBgn0035246 - - - - - Male lethal 

BDSC 44015 CG13965 FBgn0032834 - - - - - - 

BDSC 33732 CG14034 FBgn0250847 - - - - - - 

BDSC 36075 CG14193 FBgn0030994 - - - - - Lethal (w escapers) 

BDSC 54807 CG14298 FBgn0038654 - - - - - - 

BDSC 41849 CG14346 FBgn0031337 - - - - - - 

BDSC 33345 CG14507 FBgn0039655 - - - - - Wimpy testes 

BDSC 26770 CG14655 FBgn0037275 - - - - - Deformed testes 

BDSC 44585 CG14655 FBgn0037275 - - - - - - 

BDSC 51031 CG14655 FBgn0037275 - - - - - - 

BDSC 53012 CG14694 FBgn0037845 - - - - - Deformed testes 

BDSC 55978 CG14880 FBgn0038422 - - - - - Lethal 

BDSC 33693 CG15117 FBgn0034417 - - - - - - 

BDSC 56018 CG15231 FBgn0040653 - - - - - - 

BDSC 58268 CG15247 FBgn0030156 - - - - - - 

BDSC 57271 CG15262 FBgn0028852 - - - - - - 
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BDSC 62342 CG15330 FBgn0029987 - - Yes - - 

Deformed testes + 
Male lethal (w 
escapers) 

BDSC 60885 CG15422 FBgn0031579 - - - - - 
Male lethal (w 
escapers) 

BDSC 28631 CG15423 FBgn0031580 - - - - - - 

BDSC 36761 CG15533 FBgn0039768 - - - - - - 

BDSC 36762 CG15534 FBgn0039769 - - - - - Lethal 

BDSC 58347 CG15546 FBgn0039807 - - - - - - 

BDSC 61296 CG15661 FBgn0034605 - - - - - - 

BDSC 57216 CG15739 FBgn0030347 - - - - - Male lethal 

BDSC 28768 CG15890 FBgn0030576 - Yes Yes - - Deformed testes 

BDSC 36882 CG15930 FBgn0029754 Yes - - - - - 

BDSC 55181 CG1641 FBgn0003411 - - - - - - 

BDSC 61217 CG16700 FBgn0030816 - - - - - - 

BDSC 38363 CG1673 FBgn0030482 - - - - - - 

BDSC 56027 CG16820 FBgn0032495 - - - - - - 

BDSC 51868 CG17036 FBgn0032449 - - - - - Male lethal 

BDSC 56901 CG17097 FBgn0265264 - - - - - Lethal 

BDSC 40823 CG17119 FBgn0039045 - - - - - - 

BDSC 28023 CG17843 FBgn0038919 - - - - - - 

BDSC 26009 CG17922 FBgn0034656 - - Yes - - Deformed testes 

BDSC 33735 CG18446 FBgn0033458 - - - - - - 

BDSC 53373 CG18557 FBgn0031470 - - - - - - 

BDSC 58233 CG18605 FBgn0034411 Yes - Yes Yes Yes Deformed testes 

VDRC v47286 CG18673 FBgn0040629 - - - - - - 

BDSC 55251 CG2685 FBgn0024998 - - - - - Lethal (w escapers) 

BDSC 44655 CG2736 FBgn0035090 - - - - - Deformed testes 

BDSC 50710 CG2781 FBgn0037534 - - - - - Male lethal 

BDSC 25851 CG2893 FBgn0040030 - - - - - - 

BDSC 54827 CG2930 FBgn0028491 - - - - - Lethal (w escapers) 

BDSC 52878 CG30090 FBgn0050090 - - Yes - - Deformed testes 

BDSC 57286 CG30403 FBgn0050403 - - - - - - 

BDSC 51790 CG30438 FBgn0050438 - - - - - - 

BDSC 31207 CG30440 FBgn0050440 - - - - - - 

BDSC 62003 CG31288 FBgn0051288 - - - - - - 

BDSC 38970 CG31414 FBgn0051414 - - - - - Wimpy testes 

BDSC 38977 CG31414 FBgn0051414 - - - - - - 

BDSC 60407 CG31808 FBgn0062978 - - - - - - 

BDSC 31697 CG31999 FBgn0051999 - - - - - - 

BDSC 44526 CG32082 FBgn0052082 - - - - - - 

BDSC 50693 CG32354 FBgn0052354 - - - - - - 

BDSC 60466 CG32447 FBgn0052447 - - - - - - 

BDSC 31927 CG33017 FBgn0053017 - - - - - - 

VDRC v19086 CG33098 FBgn0053098 - - - - - - 
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BDSC 56966 CG33258 FBgn0053258 - - - - - - 

BDSC 50916 CG33290 FBgn0053290 - - - - - - 

BDSC 50570 CG3394 FBgn0034999 - - - - - - 

BDSC 61263 CG34002 FBgn0054002 - - - - - - 

BDSC 36825 CG34381 FBgn0085410 - - - - - - 

BDSC 57207 CG34460 FBgn0085489 - - - - - - 

VDRC v12877 CG3541 FBgn0020521 - - - - - - 

BDSC 36728 CG3624 FBgn0034724 - - - - - Wimpy testes 

BDSC 27688 CG3690 FBgn0040350 - - - - - - 

BDSC 27026 CG3850 FBgn0033782 - - - - - - 

BDSC 55182 CG3850 FBgn0033782 - - - - - - 

BDSC 56880 CG3902 FBgn0036824 - - - - - Male lethal 

BDSC 31065 CG4221 FBgn0038385 - - Yes - - Wimpy testes 

BDSC 25877 CG42237 FBgn0250862 - - - - - - 

BDSC 55908 CG42320 FBgn0265998 - - - - - Lethal 

BDSC 42506 CG42458 FBgn0259935 - - - - - - 

BDSC 53314 CG42601 FBgn0261053 - - - - - - 

VDRC v9869 CG42613 FBgn0261262 - - - - - - 

BDSC 25882 CG42817 FBgn0261999 - - - - - - 

BDSC 42815 CG42828 FBgn0262010 - - - - - - 

BDSC 43996 CG42828 FBgn0262010 - - - - - - 

BDSC 29305 CG4288 FBgn0038799 - - - - - Lethal 

BDSC 41967 CG4302 FBgn0027073 - - Yes - - GC loss 

BDSC 50958 CG43163 FBgn0262719 - - - - - - 

BDSC 51720 CG4318 FBgn0030455 - - - - - - 

BDSC 52999 CG43729 FBgn0263980 - - - - - - 

BDSC 31923 CG4404 FBgn0030432 - - Yes - - Deformed testes 

BDSC 50527 CG4404 FBgn0030432 - - - - - - 

VDRC v21501 CG44250 FBgn0265185 - - - - - - 

BDSC 62312 CG4462 FBgn0038752 - - - - - Deformed testes 

BDSC 25893 CG4587 FBgn0028863 - - - - - - 

BDSC 27310 CG4629 FBgn0031299 - - - - - - 

BDSC 42655 CG4847 FBgn0034229 - - - - - - 

BDSC 44450 CG4991 FBgn0030817 - - Yes - - - 

BDSC 27660 CG5160 FBgn0031906 - - - - - - 

BDSC 57786 CG5171 FBgn0031907 - Yes - Yes - 
GC loss (Severe) + 
Delayed eclosion 

BDSC 55410 CG5246 FBgn0038484 - - - - - - 

BDSC 44515 CG5278 FBgn0038986 - - - - - - 

BDSC 44659 CG5326 FBgn0038983 - - - - - - 

BDSC 57808 CG5758 FBgn0032666 - - - - - - 

BDSC 55282 CG6006 FBgn0063649 - - - - - Male lethal 

BDSC 61929 CG6074 FBgn0039486 - - - - - - 
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BDSC 56038 CG6126 FBgn0038407 - - - - - - 

BDSC 55936 CG6186 FBgn0022355 - - - - - Lethal 

BDSC 62323 CG6908 FBgn0037936 - - - - - - 

BDSC 27505 CG7236 FBgn0031730 - - Yes - - 

Deformed testes + 
Male lethal (w 
escapers) 

BDSC 31146 CG7365 FBgn0036939 - - - - - - 

BDSC 51911 CG7470 FBgn0037146 - - - - - - 

BDSC 57161 CG7560 FBgn0036157 - - - - - - 

BDSC 32338 CG7692 FBgn0036714 - - - - - - 

VDRC v25544 CG7755 FBgn0034105 - - - - - - 

BDSC 44464 CG7777 FBgn0033635 - - - - - - 

BDSC 57217 CG8105 FBgn0030661 - - - - - - 

BDSC 38893 CG8119 FBgn0030664 - - - - - 
Male lethal (w 
escapers) 

VDRC v4917 CG8303 FBgn0034143 - - - - - - 

VDRC v15507 CG8335 FBgn0033069 - - - - - - 

VDRC v35993 CG8641 FBgn0035733 - - - - - - 

BDSC 57428 CG8654 FBgn0034479 - - - - - Lethal 

BDSC 42593 CG9029 FBgn0031746 - - - - - - 

BDSC 42899 CG9164 FBgn0030634 - - - - - - 

BDSC 60087 CG9391 FBgn0037063 - - - - - - 

BDSC 28320 CG9411 FBgn0030569 - - - - - Male lethal 

BDSC 57866 CG9449 FBgn0036875 - - Yes - - GC loss 

BDSC 28384 CG9657 FBgn0029950 - - - - - - 

VDRC v42465 CG9664 FBgn0031515 - - - - - - 

VDRC v6859 CG9702 FBgn0039787 - - - - - - 

BDSC 61827 CG9717 FBgn0039789 - - - - - - 

BDSC 52880 CG9737 FBgn0039758 - - - - - - 

BDSC 51728 CG9826 FBgn0034784 - - Yes - - 
GC loss + Somatic 

Cell loss 

BDSC 57160 Cht3 FBgn0250907 - - - - - Lethal 

BDSC 54823 Cht6 FBgn026313 - - - - - - 

BDSC 28984 ci FBgn0004859 - - Yes - - Wimpy testes 

BDSC 31236 ci FBgn0004859 - - - - - - 

BDSC 31320 ci FBgn0004859 - - - - - 
Male lethal (w 
escapers) 

BDSC 31321 ci FBgn0004859 - - - - - - 

BDSC 55967 ckd FBgn0035427 - - - - - - 

BDSC 35734 cln3 FBgn0036756 - - - - - - 

BDSC 28351 clumsy FBgn0026255 - - - - - Male lethal 

BDSC 58072 CngB FBgn0034656 - - - - - - 

BDSC 27071 croc FBgn0014143 - - - - - Male lethal 

BDSC 58321 CS-2 FBgn0029091 - - - - - Deformed testes 

BDSC 29625 ct FBgn0004198 - - - - - Male lethal 

BDSC 33967 ct FBgn0004198 - - - - - Lethal 
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BDSC 27718 CycD FBgn0010315 - - - - - - 

BDSC 42904 Cyp318a1 FBgn0030369 - - - - - - 

BDSC 36737 Cyp4g1 FBgn0010019 - - - - - - 

BDSC 27664 d FBgn0086896 - - - - - - 

BDSC 33754 d FBgn0262029 - - - - - 
Male lethal (w 
escapers) 

BDSC 26319 da FBgn0000413 - - - - - Lethal 

BDSC 29326 da FBgn0000413 - - - - - Lethal 

BDSC 35686 da FBgn0000413 - - - - - - 

BDSC 38382 da FBgn0000413 - - - - - - 

BDSC 29610 Dh44-R2 FBgn0033744 - - Yes - - GC loss 

BDSC 41683 disco-r FBgn0042650 - - - - - - 

BDSC 28032 Dl FBgn0000463 - - - - - Male lethal 

BDSC 34322 Dl FBgn0000463 - - - - - Lethal 

BDSC 36784 Dl FBgn0000463 - - - - - Deformed testes 

BDSC 31181 dlg1 FBgn0001624 - - - - - Male lethal 

BDSC 31520 dlg1 FBgn0001624 Yes Yes Yes Yes Yes Deformed testes 

BDSC 31521 dlg1 FBgn0001624 - Yes Yes - Yes - 

BDSC 33620 dlg1 FBgn0001624 - - - - - Lethal 

BDSC 34854 dlg1 FBgn0001624 - - - - - Lethal 

BDSC 35286 dlg1 FBgn0001624 - - - - - Male lethal 

BDSC 25783 dm FBgn0262656 - - - - - Male lethal 

BDSC 25784 dm FBgn0262656 - - - - - Lethal 

BDSC 36123 dm FBgn0262656 - - - - - Lethal 

BDSC 43962 dm FBgn0262656 - - - - - Lethal 

BDSC 50903 doa FBgn0265998 - - - - - Lethal 

BDSC 27991 dpr10 FBgn0052057 - - Yes - Yes GC loss 

BDSC 26224 Dr FBgn0000492 - - - - - - 

BDSC 42891 Dr FBgn0000492 - - - - - - 

BDSC 51830 Dr FBgn0000492 - - - - - - 

BDSC 29602 drl FBgn0015380 - - Yes - - - 

BDSC 39002 drl FBgn0015380 - - - - - - 

BDSC 28008 ds FBgn0000497 - - Yes - - 
Deformed testes + 
Delayed eclosion 

BDSC 32964 ds FBgn0000497 - - - - - Lethal 

BDSC 53964 dsx-c73A FBgn0261799 - - - - - 
Male lethal (w 
escapers) 

BDSC 56987 dsx-c73A FBgn0261799 - - - - - - 

BDSC 55641 Dys FBgn0260003 - - - - - - 

BDSC 28612 e FBgn0000527 - Yes Yes Yes - GC loss (Severe) 

VDRC v30115 E(spl)m2-BFM FBgn0002592 - - - - - - 

BDSC 55302 E(spl)m3-HLH FBgn0002609 - - - - - - 

BDSC 50674 
E(spl)mbeta-

HLH FBgn0002733 - - - Yes Yes 
Cluster of somatic 
cells in the stalk 

BDSC 55186 ea FBgn0000533 - - - - - Lethal 
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BDSC 43287 Eaat1 FBgn0026439 - - - - - - 

BDSC 25781 Egfr FBgn0003731 - - - - Yes Deformed testes 

BDSC 31183 Egfr FBgn0003731 - - Yes - Yes Deformed testes 

BDSC 31525 Egfr FBgn0003731 - - - - - - 

BDSC 31526 Egfr FBgn0003731 - Yes Yes - Yes Tumor (Severe) 

BDSC 36770 Egfr FBgn0003731 - - - - - Male lethal 

BDSC 36773 Egfr FBgn0003731 - - - - - - 

BDSC 29353 Eip74EF FBgn0000567 - - Yes - - GC loss 

BDSC 26717 Eip75B FBgn0000568 - - Yes - Yes 
Differentiation 

defect 

BDSC 35780 Eip75B FBgn0000568 - - - - - 
Male lethal (w 
escapers) 

BDSC 43231 Eip75B FBgn0000568 - - - - - - 

BDSC 26718 Eip78C FBgn0004865 - - - - - Male lethal 

BDSC 28726 ems FBgn0000576 - - - - - - 

BDSC 50673 ems FBgn0000576 - - Yes - - Wimpy testes 

BDSC 53374 epsilonTry FBgn0010425 - - - - - - 

BDSC 58261 epsilonTry FBgn0010425 - - - - - Deformed testes 

BDSC 34371 esn FBgn0028642 - - - - - - 

BDSC 55927 Est-6 FBgn0000592 - - - - - - 

BDSC 29339 ey FBgn0005558 - - Yes - - - 

BDSC 32486 ey FBgn0005558 - - - - - - 

BDSC 41687 f FBgn0262111 - - - - - - 

BDSC 28044 fan FBgn0028379 - - - - - - 

BDSC 28568 Fili FBgn0085397 - - - - - - 

BDSC 27509 Fsh FBgn0016650 - - Yes - - Deformed testes 

BDSC 31036 fz FBgn0001085 - Yes Yes - - GC loss 

BDSC 31311 fz FBgn0001085 - - - - - - 

BDSC 34321 fz FBgn0001085 - - - - - - 

BDSC 27568 fz2 FBgn0016797 - - - - - - 

BDSC 31312 fz2 FBgn0016797 - - - - - Wimpy testes 

BDSC 31390 fz2 FBgn0016797 - - - - - Deformed testes 

BDSC 35783 GAL4 FBgn0014445 - - - - - - 

BDSC 26323 gce FBgn0030627 - - - - - - 

BDSC 58075 Gclm FBgn0046114 - - - - - - 

BDSC 25836 GluRIIC FBgn0046113 - - - - - Deformed testes 

BDSC 42565 Glycogenin FBgn0034603 - - - - - - 

BDSC 25815 Gr59e FBgn0041233 - - Yes - - - 

BDSC 29577 GRHR FBgn0025595 - - Yes - - 

Deformed testes + 
Male lethal (w 
escapers) 

BDSC 42842 GstD5 FBgn0010041 - - Yes - - Deformed testes 

VDRC v40508 GstD7 FBgn0010043 - - - - - - 

BDSC 28885 GstS1 FBgn0010226 - - - - - Wimpy testes 

BDSC 53238 GstS1 FBgn0010226 - - - - - Wimpy testes 

BDSC 29630 hb FBgn0001180 - - - - - Wimpy testes 
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BDSC 34704 hb FBgn0001180 Yes - Yes - - Wimpy testes 

BDSC 25977 HLHm3 FBgn0002609 - - - - - - 

BDSC 29327 HLHm7 FBgn0002633 - - - - - - 

BDSC 35703 HLHm7 FBgn0002633 - - Yes - - Wimpy testes 

BDSC 28661 hoe2 FBgn0031649 - - - - - - 

BDSC 60096 HP6 FBgn0031613 - - - - - 
Male lethal (w 
escapers) 

BDSC 42607 Hsp67Bc FBgn0001229 - - - - - - 

BDSC 35024 htl FBgn0010389 - - - - - 
Male lethal (w 
escapers) 

BDSC 41602 Idgf4 FBgn0026415 - - - - - - 

BDSC 55381 Idgf4 FBgn0026415 - - - - - - 

BDSC 57048 IM14 FBgn0067905 - - - - - Male lethal 

BDSC 33640 ImpL3 FBgn0001258 - - Yes - - GC loss 

BDSC 50587 Iris FBgn0031305 - - - - - - 

BDSC 25820 Irk2 FBgn0039081 - - - - - - 

BDSC 41981 Irk2 FBgn0039081 - - - - - Lethal 

BDSC 58333 Irk2 FBgn0039081 - - - - - Lethal 

BDSC 36852 Jabba FBgn0259682 - - Yes - - GC loss (Severe) 

BDSC 50676 Jheh1 FBgn0010053 - - - - - Wimpy testes 

BDSC 42484 Jon25Bi FBgn0020906 - - - - - - 

BDSC 55981 Kal1 FBgn0039155 - - - - - - 

BDSC 41615 Kaz1-ORFB FBgn0063923 - - - - - - 

BDSC 28313 klar FBgn0001316 - - - - - - 

BDSC 28731 klu FBgn0013469 - - - - - - 

BDSC 51816 l(2)efl FBgn0011296 - - - - - - 

BDSC 28071 LanA FBgn0002526 - Yes Yes - - Deformed testes 

BDSC 51465 Lgr1 FBgn0016650 - - - - - Deformed testes 

BDSC 29341 Lim1 FBgn0026411 - - - - - 
Male lethal (w 
escapers) 

BDSC 51831 Lim1 FBgn0026411 - - - - - Lethal (w escapers) 

BDSC 27249 LpR1 FBgn0066101 - Yes Yes - - Deformed testes 

BDSC 50737 LpR1 FBgn0066101 - - - - - Deformed testes 

BDSC 56039 Lsp1alpha FBgn0002562 - - - - - - 

BDSC 55389 Lsp1gamma FBgn0002564 - - - - - - 

BDSC 28002 ltd FBgn0002567 - - - - - - 

BDSC 38956 ltd FBgn0002567 - - - - - - 

BDSC 31603 luciferase FBgn0014448 - - - - - - 

BDSC 41851 Mal-A5 FBgn0050359 - - - - - - 

BDSC 52910 Mal-A5 FBgn0050359 - - - - - - 

BDSC 26766 mamo FBgn0264981 - - - - - - 

BDSC 37486 mamo FBgn0264981 - - - - - Male lethal 

BDSC 44103 mamo FBgn0264981 - - - - - - 

BDSC 51770 Mamo FBgn0264981 - - - - - Lethal 

BDSC 35785 mCherry   - - - - - - 
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BDSC 35785 mCherry   - - - - - - 

BDSC 36855 mei-P26 FBgn0026206 - - - - - Lethal 

BDSC 27543 mew FBgn0004456 - - - - - - 

BDSC 44553 mew FBgn0004456 Yes - Yes - - 

Differentiation 
defect + Misplaced 

Hub 

BDSC 25938 mGluRA FBgn0019985 - - - - - - 

BDSC 34872 mGluRA FBgn0019985 - - - - - - 

BDSC 41668 mGluRA FBgn0019985 - - - - - Lethal 

BDSC 26299 Mhc FBgn0086783 - - - - - Lethal 

BDSC 35729 Mhc FBgn0086783 - - - - - Lethal 

BDSC 31907 mirr FBgn0014343 - - Yes - - Wimpy testes 

BDSC 36694 Mlc2 FBgn0002773 - - - - - Lethal 

BDSC 29381 Mlp60A FBgn0259209 - - - - - - 

BDSC 34963 Mp20 FBgn0002789 - - - - - Lethal 

BDSC 29460 mspo FBgn0020269 - - Yes - - GC loss 

BDSC 42918 Mur29B FBgn0051901 - - - - - - 

BDSC 41717 Myo28B1 FBgn0040299 - - - - - - 

BDSC 31983 n-syb FBgn0013342 - - - - - - 

BDSC 27671 nAchRalpha3 FBgn0015519 - Yes Yes Yes - 
GC + Soma loss 

(Severe) 

BDSC 62177 Ndae1 FBgn0259111 - - - - - 
Male lethal (w 
escapers) 

BDSC 42909 Nep5 FBgn0039478 - - - - - - 

BDSC 26204 net FBgn0002931 - - Yes - - Deformed testes 

BDSC 41897 Nha1 FBgn0031865 - - - - - - 

BDSC 51491 Nhe2 FBgn0040297 - - - - - - 

BDSC 57448 nht FBgn0041103 - - - - - Lethal 

BDSC 40883 Nlg1 FBgn0051146 - - - - - - 

BDSC 28665 nompB FBgn0016919 - - - - - - 

BDSC 32433 Nox FBgn0085428 - - - - - - 

BDSC 32902 Nox FBgn0085428 - - - - - Lethal 

BDSC 38906 Nox FBgn0085428 - - - - - - 

BDSC 38921 Nox FBgn0085428 - - - - - - 

BDSC 25939 NPFR1 FBgn0037408 - - - - - - 

BDSC 28793 Nplp4 FBgn0040717 - Yes Yes - - Deformed testes 

BDSC 27502 Nrx-1 FBgn0038975 - - Yes - - Deformed testes 

BDSC 32408 Nrx-1 FBgn0038975 - - - - - - 

BDSC 28338 nub FBgn0085424 - - Yes - - Deformed testes 

BDSC 55305 nub FBgn0085424 - - - - - - 

BDSC 29413 nvy FBgn0005636 - - Yes - - Deformed testes 

BDSC 27713 nwk FBgn0035966 - - Yes - - 

Deformed testes + 
Differentiation 

defect 

BDSC 28794 Obp44a FBgn0033268 - - Yes - - GC loss 

BDSC 28332 Oct-Tyr FBgn0004514 - - Yes - - Deformed testes 

BDSC 27283 ogre FBgn0004646 - - Yes - - Deformed testes 
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BDSC 44048 ogre FBgn0004646 - - - - - Lethal 

BDSC 61981 Or9a FBgn0030204 - - - - - - 

BDSC 25844 osk FBgn0003015 - - - - - GC loss 

BDSC 36903 osk FBgn0003015 - - - - - Lethal 

BDSC 34065 otu FBgn0003023 - - - - - - 

BDSC 35413 ovo FBgn0003028 - - - - - - 

BDSC 42627 ovo FBgn0003028 - - - - - - 

BDSC 56903 PebII FBgn0011694 - - - - - - 

BDSC 55933 PebIII FBgn0011695 - - - - - - 

BDSC 34892 PGRP-LD FBgn0260458 - - - - - - 

BDSC 54805 Phae2 FBgn0263235 - - - - - Wimpy testes 

BDSC 27676 phr FBgn0003082 - - - - - - 

BDSC 34613 pip FBgn0003089 - - - - - - 

BDSC 31610 piwi FBgn0004872 - Yes Yes - - Deformed testes 

BDSC 34866 piwi FBgn0004872 - - - - - Lethal 

BDSC 27491 Pkc53E FBgn0003091 - - - - - - 

BDSC 34716 Pkc53E FBgn0003091 - - - - - Wimpy testes 

BDSC 28355 Pkcdelta FBgn0259680 - - - - - - 

BDSC 51844 plu FBgn0003114 - - - - - - 

BDSC 28957 pncr003:2L FBgn0047133 - - - - - 
Male lethal (w 
escapers) 

BDSC 61995 ppk3 FBgn0050181 - - - - - - 

BDSC 32497 Prx2540-1 FBgn0033520 - - - - - - 

BDSC 37474 Prx2540-2 FBgn0033518 - - - - - - 

BDSC 28795 ptc FBgn0003892 - - - - - Deformed testes 

BDSC 57159 QC FBgn0052412 - - - - - - 

BDSC 58061 qvr FBgn0260499 - - - - - 
Male lethal (w 
escapers) 

BDSC 36683 Rcd-1r FBgn0032089 - - Yes - - GC loss 

BDSC 31286 Rdl FBgn0004244 - - - - - - 

BDSC 51846 Reaper FBgn0011706 - - - - - - 

BDSC 43212 rgn FBgn0261258 - - - - - - 

BDSC 27734 roX1 FBgn0019661 - Yes Yes - - Wimpy testes 

BDSC 31602 roX1 FBgn0019661 - - - - - - 

BDSC 35274 roX1 FBgn0019661 - - - - - - 

BDSC 28986 roX2 FBgn0019660 Yes Yes Yes - Yes Deformed testes 

BDSC 34828 RpL22 FBgn0015288 - - - - - Lethal 

BDSC 42773 RpL22-like FBgn0034837 - - - - - Wimpy testes 

BDSC 28673 run FBgn0003300 - - - - - Lethal 

BDSC 34707 run FBgn0003300 - - - - - Lethal 

BDSC 29445 Rya-r44F FBgn0011286 - - - - - Lethal 

BDSC 25980 Sage FBgn0037672 - - - - - - 

BDSC 25964 Scgdelta FBgn0025391 - - - - - Lethal 

BDSC 55325 Scgdelta FBgn0025391 - - - - - Lethal 

BDSC 29387 scro FBgn0028993 - - - - - Lethal (w escapers) 
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BDSC 33890 scro FBgn0028993 - - Yes - - Deformed testes 

BDSC 41622 Ser7 FBgn0019929 - Yes Yes - - GC loss 

BDSC 42649 Ser7 FBgn0019929 - - - - - - 

BDSC 27291 shakB FBgn0085387 - - - - -   

BDSC 27292 shakB FBgn0085387 - - - - - - 

BDSC 54037 sick FBgn0263873 - - - - - 
Male lethal (w 
escapers) 

BDSC 26739 sim FBgn0004666 - - Yes - - Deformed testes 

BDSC 32488 sim FBgn0004666 - - - - - - 

BDSC 29330 sisA FBgn0003411 - - - - - - 

BDSC 26206 sisB FBgn0004170 - - - - - Lethal 

BDSC 41594 sisB FBgn0004170 - - - - - Lethal 

BDSC 28722 sisC FBgn0004956 - - - - - Lethal 

BDSC 33680 sisC FBgn0004956 - - - - - - 

BDSC 33925 skpC FBgn0026175 - - - - - - 

BDSC 57578 skpE FBgn0031074 - - - - - - 

BDSC 31300 slo FBgn0003429 - - - - - - 

BDSC 31677 slo FBgn0003429 - - - - - - 

BDSC 55405 slo FBgn0003429 - - - - - - 

BDSC 31538 sls FBgn0086906 - - - - - 
Male lethal (w 
escapers) 

BDSC 31539 sls FBgn0086906 - - - - - Lethal 

BDSC 33397 Sobp FBgn0033654 Yes Yes Yes - Yes 

Tumor (Severe), 
Second hub + 
Delayed eclosion 

BDSC 35656 Sox100B FBgn0024288 - - - - - - 

BDSC 26220 Sox102F FBgn0039938 - - Yes - - Deformed testes 

BDSC 41619 Spn2 FBgn0028987 - - - - - - 

BDSC 42474 Spn28B FBgn0083141 - - - - - - 

BDSC 43546 Spn28B FBgn0083141 - - - - - - 

BDSC 41632 Spn3 FBgn0028986 - - - - - - 

BDSC 41972 Spn43Aa FBgn0024294 - - - - - Lethal 

BDSC 42818 Spn43Aa FBgn0024294 - - - - - - 

BDSC 41616 Spn43Ab FBgn0024293 - - - - - - 

BDSC 51437 Spn75F FBgn0052203 - - - - - - 

BDSC 60070 Spn77Bb FBgn0036969 - - - - - - 

BDSC 44563 Spn77Bc FBgn0036970 - - - - - - 

BDSC 51496 spo FBgn0003486 - - - - - Lethal (w escapers) 

BDSC 27701 sr FBgn0003499 - - - - - Deformed testes 

BDSC 57811 stl FBgn0086408 - - - - - - 

BDSC 35415 stwl FBgn0003459 - - - - - - 

BDSC 57466 Su(z)2 FBgn0265623 - - - - - - 

BDSC 38274 synaptogyrin FBgn0033876 - - - - - - 

BDSC 29308 Sytalpha FBgn0261089 - - - - - Wimpy testes 

BDSC 25801 Tdc1 FBgn0050445 - Yes Yes - - Deformed testes 

BDSC 42769 TfIIA-S-2 FBgn0040338 - - - - - - 
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BDSC 31570 Tig FBgn0011722 - - - - - - 

BDSC 35812 tio FBgn0028979 - - - - - - 

BDSC 25987 tj FBgn0000964 Yes Yes Yes Yes Yes 
Male lethal (w 
escapers) 

BDSC 34595 tj FBgn0000964 - Yes Yes Yes Yes Deformed testes 

BDSC 41695 Tm2 FBgn0004117 - - - - - - 

BDSC 26172 TpnC47D FBgn0010423 - - - - - - 

BDSC 55226 Traf4 FBgn0026319 - - - - - - 

BDSC 25842 Trh FBgn0035187 - - - - - Deformed testes 

BDSC 29440 trol FBgn0261451 - Yes - - - Deformed testes 

BDSC 38298 trol FBgn0261451 - - - - - - 

BDSC 42783 trol FBgn0261451 - - Yes - - Deformed testes 

BDSC 31298 trp(gamma) FBgn0032593 - - - - - - 

BDSC 31299 trp(gamma) FBgn0032593 - - - - - - 

BDSC 53313 trp(gamma) FBgn0032593 - - - - - - 

BDSC 40829 Tsp29Fa FBgn0032074 - - - - - - 

VDRC v48973 Tsp42Eh FBgn0033129 - - - - - - 

BDSC 57477 Tsp42Er FBgn0033139 - - - - - - 

BDSC 39046 Tsp74F FBgn0036769 - - - - - - 

BDSC 54850 tutl FBgn0010473 - - - - - - 

BDSC 27670 TyrRII FBgn0038541 - - - - - Wimpy testes 

BDSC 58116 Ugt35b FBgn0026314 - - - - - - 

BDSC 34095 Ugt86Dc FBgn0040257 - - - - - - 

BDSC 32033 unc-13-4A FBgn0035756 - - - - - - 

BDSC 34000 Unc-89 FBgn0053519 - - Yes - - GC loss 

BDSC 32949 up FBgn0004169 - - - - - Lethal 

BDSC 55195 veil FBgn0034225 - - - - - Lethal 

BDSC 31257 Vmat FBgn0260964 - - - - - - 

BDSC 44471 Vmat FBgn0260964 - - - - - - 

BDSC 35573 w FBgn0003996 - - - - - - 

BDSC 29559 wb FBgn0004002 - - - - - Male lethal 

BDSC 29561 wrapper FBgn0025878 - - - - - - 

BDSC 32381 wun2 FBgn0041087 - - - - - - 

BDSC 32423 wun2 FBgn0041087 - - - - - - 

BDSC 31893 wupA FBgn0004028 - - - - - Lethal 

BDSC 55931 Yp2 FBgn0005391 - - - - - Lethal 

BDSC 26229 zen FBgn0004053 - - - - - - 

BDSC 34635 zen FBgn0004053 - - - - - - 

BDSC 50526 zen FBgn0004053 - - - - - - 

BDSC 50643 zfh2 FBgn0004607 - - - - - Lethal 

BDSC 32954 Zip3 FBgn0038412 - - - - - - 

BDSC 34039 zormin FBgn0052311 - - - - - - 
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Table 4.1: Summary of results from knockdown of genes using RNAi in the somatic 

testis. First column is vendor from who UAS-dsRNA stock was purchased. Second column 

is stock ID. Third column is the gene symbol for the gene targeted for somatic knockdown. 

Fourth columns is the Flybase gene identifier (FBgn) for the gene target. For the remaining 

columns GSC = Germline Stem Cells; GC = Germ Cells ; Soma = Somatic Cells (excluding 

hub cells). A Yes indicates an observed phenotype. A “-“ indicates no phenotype. 

Qualitative descriptions of phenotypes are provided in Comments. 
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Table 4.2 

Vendor 
Stock 
Number 

RNAi target 
Gene FBgn 

C587-GAL4 x UAS-dsRNA against GOI 

Ovary 

TFs GSC GC Soma Tumor 
Egg 

Chambers Comments 

BDSC 61229 1-Dec FBgn0000427 - - Yes - - - 
Lethal (w 
escapers) 

BDSC 33885 5-HT1A FBgn0004168 - - - - - - - 

BDSC 27273 5-HT7 FBgn0004573 - - - - - - GC loss 

BDSC 32471 5-HT7 FBgn0004573 - - - - - - - 

BDSC 42826 abba FBgn0034412 - - - - - - 

GC-less 
ovaries 
present 

BDSC 26746 Abd-B FBgn0000015 - - - - - - - 

BDSC 51167 Abd-B FBgn0000015 - - - - - - - 

BDSC 42953 ac FBgn0000022 - - - - - - - 

BDSC 25958 Ace FBgn0000024 - - - - - - - 

BDSC 25998 Acp70A FBgn0003034 - - - - - - 
Sac around 
germarium 

BDSC 31551 Act57B FBgn0000044 - - - - - - - 

BDSC 29597 Actbeta FBgn0024913 - - - - - - - 

BDSC 42493 Actbeta FBgn0024913 - - - - - - Lethal 

BDSC 42795 Actbeta FBgn0024913 - - - - - - Lethal 

BDSC 51710 AkhR FBgn0025595 - - - - - - - 

BDSC 32502 alphaTub67C FBgn0087040 - - - - - - - 

BDSC 31703 alphaTub85E FBgn0003886 - Yes Yes - Yes - 
Deformed 
ovaries 

BDSC 42905 alphaTub85E FBgn0003886 - - Yes - - - - 

BDSC 33416 Ama FBgn0000071 - - - - - - Lethal 

VDRC v39707 amd FBgn0000075 - - - - - - - 

BDSC 57561 Amy-d FBgn0000078 - - - - - - - 

BDSC 62251 Amy-p FBgn0000079 - - - - - - - 

BDSC 55385 Anp FBgn0000094 - - Yes - - - GC loss 

BDSC 26748 ap FBgn0000099 - - - - - - - 

BDSC 41673 ap FBgn0000099 - - - - - - Lethal 

BDSC 28740 Aph-4 FBgn0016123 - - - - - - - 

BDSC 33673 Aph-4 FBgn0016123 - - - - - - Lethal 

BDSC 25954 Arc1 FBgn0033926 - - Yes - Yes - - 

BDSC 38983 aret FBgn0000114 - - - - - - - 
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BDSC 44483 aret FBgn0000114 - - Yes - - - 
GC loss 
(Severe) 

BDSC 54812 aret FBgn0000114 - - - - - - Lethal 

BDSC 34789 armi FBgn0041164 - - - - - - - 

BDSC 35343 armi FBgn0041164 - - Yes - Yes Yes - 

BDSC 31895 ase FBgn0000137 - - - - - - - 

BDSC 44552 ase FBgn0000137 - - - - - - - 

BDSC 60122 betaNACtes3 FBgn0052601 - - - - - - - 

BDSC 53906 betaNACtes4 FBgn0030566 - - - - - - - 

BDSC 53906 betaNACtes6 FBgn0052598 - - - - - - - 

BDSC 57452 betaNACtes6 FBgn0052598 - - - - - - - 

BDSC 56954 betaTry FBgn0010357 - - - - - - 

GC-less 
ovaries 
present 

BDSC 58316 BG642312 FBgn0047334 - - - - - - 

GC-less 
ovaries 
present 

BDSC 44095 bi FBgn0000179 - - - - - - - 

BDSC 27691 bib FBgn0000180 - - - - - - - 

BDSC 57493 bib FBgn0000180 - - Yes - - Yes   

BDSC 34572 bnl FBgn0014135 - - - - - - Lethal 

BDSC 27074 bowl FBgn0004893 - - - - - - Female lethal 

BDSC 34735 bowl FBgn0004893 - - - - - - - 

BDSC 31546 bt FBgn0005666 - - - - - - 
Lethal (w 
escapers) 

BDSC 40871 btl FBgn0005592 - - - - - - - 

BDSC 43544 btl FBgn0005592 - - - - - - - 

BDSC 60446 bves FBgn0031150 - - - - - - - 

VDRC v44268 bw FBgn0000241 - - - - - - - 

BDSC 34702 cad FBgn0000251 - - - - - - - 

BDSC 27295 Cad86C FBgn0037840 - - - - - - - 

BDSC 27510 Cad99C FBgn0039709 - - - - - - - 

BDSC 27711 Cad99C FBgn0039709 - - - - - - 
Sac around 
germarium 

BDSC 35037 Cad99C FBgn0039709 - - - - - - - 

BDSC 27503 CadN FBgn0015609 - - - - - - - 

BDSC 41982 CadN FBgn0015609 - - - - - - Lethal 

BDSC 41836 CAH2 FBgn0027843 - - - - - - - 

BDSC 31326 CAP-D2 FBgn0039680 - - - - - - - 

BDSC 26310 cas FBgn0004878 - - - - - - - 

BDSC 31195 Cse1 FBgn0022213 - Yes Yes - Yes Yes 

GC-less 
ovaries 
present + 
Females 
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without 
ovaries 

BDSC 34701 cas FBgn0004878 - - - - - - - 

BDSC 28302 Cbp53E FBgn0004580 - - - - - - - 

BDSC 50970 CG10062 FBgn0034439 - - - - - - - 

BDSC 50938 CG10157 FBgn0039099 - - - - - - - 

BDSC 42657 CG10178 FBgn0032684 - - Yes - - - GC loss 

BDSC 52891 CG10232 FBgn0039108 - - - - - - - 

BDSC 33432 CG10249 FBgn0027596 - - - - - - - 

BDSC 44512 CG10361 FBgn0036208 - - - - - - - 

BDSC 42636 CG10407 FBgn0038395 - - - - - - - 

BDSC 56014 CG10592 FBgn0035619 - - - - - - 
Sac around 
germarium 

BDSC 41923 CG10625 FBgn0035612 - - - - - - - 

BDSC 42885 CG10651 FBgn0032853 - - - - - - - 

BDSC 28557 CG10814 FBgn0033830 - - - - - - - 

BDSC 57171 CG10830 FBgn0038839 - - - - - - 

GC-less 
ovaries 
present 

BDSC 36915 CG10924 FBgn0034356 - - - - - - - 

BDSC 51744 CG10960 FBgn0036316 - - - - - - Lethal 

BDSC 28893 CG11136 FBgn0034540 - - - - - - - 

BDSC 38231 CG11320 FBgn0031837 - - - - - - - 

BDSC 26003 CG11340 FBgn0039840 - - - - - - - 

BDSC 36892 CG11378 FBgn0040364 - - Yes Yes - Yes 

GC-less 
ovaries 
present 

BDSC 42477 CG11380 FBgn0040359 - - - - - - - 

BDSC 57234 CG11425 FBgn0037167 - - - - - - - 

BDSC 43281 CG11426 FBgn0037166 - - - - - - - 

BDSC 53879 CG11426 FBgn0037166 - - - - - - - 

BDSC 57523 CG11438 FBgn0037164 - - - - - - - 

BDSC 28312 CG11534 FBgn0046296 - - - - - - - 

BDSC 26021 CG11889 FBgn0039308 - - - - - - - 

BDSC 26021 CG11891 FBgn0039309 - - - - - - - 

BDSC 43311 CG12111 FBgn0030050 - - - - - - - 

BDSC 28727 CG12239 FBgn0029810 - - - - - - - 

BDSC 36619 CG13298 FBgn0035692 - - - - - - 

Females 
without 
ovaries 

BDSC 42873 CG13298 FBgn0035692 - - - - - - Lethal 

BDSC 55257 CG13298 FBgn0035692 - - - - - - Lethal 

VDRC v23869 CG13321 FBgn0033787 - - - - - - - 

BDSC 53969 CG13323 FBgn0033788 - - - - - - - 

BDSC 52972 CG13423 FBgn0034513 - - - - - - - 

BDSC 55289 CG13423 FBgn0034513 - - - - - - - 
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BDSC 60115 CG13488 FBgn0034670 - - - - - - - 

BDSC 41623 CG13748 FBgn0033355 - - - - - - - 

VDRC v107039 CG13759 FBgn0040376 - - - - - - - 

BDSC 55965 CG13806 FBgn0035325 - - - - - - - 

VDRC v38068 CG13822 FBgn0039098 - - - - - - - 

BDSC 27243 CG13894 FBgn0035157 - - - - - - - 

BDSC 28646 CG13928 FBgn0035246 - - - - - - - 

BDSC 44015 CG13965 FBgn0032834 - - - - - - - 

BDSC 33732 CG14034 FBgn0250847 - - Yes - - - GC loss 

BDSC 36075 CG14193 FBgn0030994 - - - - - - 
Lethal (w 
escapers) 

BDSC 54807 CG14298 FBgn0038654 - - - - - - 

GC-less 
ovaries 
present 

BDSC 41849 CG14346 FBgn0031337 - - - - - - - 

BDSC 33345 CG14507 FBgn0039655 - - - - - - - 

BDSC 26770 CG14655 FBgn0037275 - - - - - - - 

BDSC 44585 CG14655 FBgn0037275 - - - - - - - 

BDSC 51031 CG14655 FBgn0037275 - - Yes - - Yes - 

BDSC 53012 CG14694 FBgn0037845 - - - - - - - 

BDSC 55978 CG14880 FBgn0038422 - - - - - - 
Lethal (w 
escapers) 

BDSC 33693 CG15117 FBgn0034417 - - - - - - - 

BDSC 56018 CG15231 FBgn0040653 - - - - - - - 

BDSC 58268 CG15247 FBgn0030156 - - - - - - - 

BDSC 57271 CG15262 FBgn0028852 - - - - - - 

GC-less 
ovaries 
present 

BDSC 62342 CG15330 FBgn0029987 - - - - - - - 

BDSC 60885 CG15422 FBgn0031579 - - - - - - - 

BDSC 28631 CG15423 FBgn0031580 - - - - - - - 

BDSC 36761 CG15533 FBgn0039768 - - - - - - - 

BDSC 36762 CG15534 FBgn0039769 - - - - - - Lethal 

BDSC 58347 CG15546 FBgn0039807 - - - - - - - 

BDSC 61296 CG15661 FBgn0034605 - - - - - - - 

BDSC 57216 CG15739 FBgn0030347 - - Yes - - - 
GC loss + 
Sick females 

BDSC 28768 CG15890 FBgn0030576 - - - - - - - 

BDSC 36882 CG15930 FBgn0029754 - - - - - - - 

BDSC 55181 CG1641 FBgn0003411 - - - - - - - 

BDSC 61217 CG16700 FBgn0030816 - - - - - - 

GC-less 
ovaries 
present 

BDSC 38363 CG1673 FBgn0030482 - - - - - - - 

BDSC 56027 CG16820 FBgn0032495 - - - - - - - 

BDSC 51868 CG17036 FBgn0032449 - - - - - - 

GC-less 
ovaries 
present 
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BDSC 56901 CG17097 FBgn0265264 - - - - - - 
Lethal (w 
escapers) 

BDSC 40823 CG17119 FBgn0039045 - - - - - - - 

BDSC 28023 CG17843 FBgn0038919 - - - - - - - 

BDSC 26009 CG17922 FBgn0034656 - - - - - - - 

BDSC 33735 CG18446 FBgn0033458 - - - - - - - 

BDSC 53373 CG18557 FBgn0031470 - - - - - - - 

BDSC 58233 CG18605 FBgn0034411 - - - - - - - 

VDRC v47286 CG18673 FBgn0040629 - - - - - - - 

BDSC 55251 CG2685 FBgn0024998 - - - - - - 
Lethal (w 
escapers) 

BDSC 44655 CG2736 FBgn0035090 - - - - - - - 

BDSC 50710 CG2781 FBgn0037534 - - - - - - - 

BDSC 25851 CG2893 FBgn0040030 - - - - - - - 

BDSC 54827 CG2930 FBgn0028491 - - - - - - 
Lethal (w 
escapers) 

BDSC 52878 CG30090 FBgn0050090 - - - - - - - 

BDSC 57286 CG30403 FBgn0050403 - - - - - - - 

BDSC 51790 CG30438 FBgn0050438 - - - - - - - 

BDSC 31207 CG30440 FBgn0050440 - - - - - - - 

BDSC 62003 CG31288 FBgn0051288 - - - - - - - 

BDSC 38970 CG31414 FBgn0051414 - - - - - - - 

BDSC 38977 CG31414 FBgn0051414 - - - - - - - 

BDSC 60407 CG31808 FBgn0062978 - - - - - - - 

BDSC 31697 CG31999 FBgn0051999 - - - - - - - 

BDSC 44526 CG32082 FBgn0052082 - - - - - - - 

BDSC 50693 CG32354 FBgn0052354 - - - - - - - 

BDSC 60466 CG32447 FBgn0052447 - - - - - - - 

BDSC 31927 CG33017 FBgn0053017 - - - - - - - 

VDRC v19086 CG33098 FBgn0053098 - - - - - - - 

BDSC 56966 CG33258 FBgn0053258 - - - - - - - 

BDSC 50916 CG33290 FBgn0053290 - - - - - - - 

BDSC 50570 CG3394 FBgn0034999 - - - - - - - 

BDSC 61263 CG34002 FBgn0054002 - - - - - - - 

BDSC 36825 CG34381 FBgn0085410 - - - - - - - 

BDSC 57207 CG34460 FBgn0085489 - - - - - - - 

VDRC v12877 CG3541 FBgn0020521 - - - - - - - 

BDSC 36728 CG3624 FBgn0034724 - - - - - - - 

BDSC 27688 CG3690 FBgn0040350 - - - - - - - 

BDSC 27026 CG3850 FBgn0033782 - - - - - - - 

BDSC 55182 CG3850 FBgn0033782 - - - - - - - 

BDSC 56880 CG3902 FBgn0036824 - - Yes - - - GC loss 

BDSC 31065 CG4221 FBgn0038385 - - - - - - 
Sac around 
germarium 

BDSC 25877 CG42237 FBgn0250862 - - Yes - Yes Yes GC loss 
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BDSC 55908 CG42320 FBgn0265998 - - - - - - Lethal 

BDSC 42506 CG42458 FBgn0259935 - - - - - - - 

BDSC 53314 CG42601 FBgn0261053 - - - - - - - 

VDRC v9869 CG42613 FBgn0261262 - - - - - - - 

BDSC 25882 CG42817 FBgn0261999 - - - - - - - 

BDSC 42815 CG42828 FBgn0262010 - - - - - - - 

BDSC 43996 CG42828 FBgn0262010 - - Yes - - - GC loss 

BDSC 29305 CG4288 FBgn0038799 - - - - - - 
Lethal (w 
escapers) 

BDSC 41967 CG4302 FBgn0027073 - - - - - - - 

BDSC 50958 CG43163 FBgn0262719 - - - - - - - 

BDSC 51720 CG4318 FBgn0030455 - - - - - - - 

BDSC 52999 CG43729 FBgn0263980 - - - - - - - 

BDSC 31923 CG4404 FBgn0030432 - - - - - - - 

BDSC 50527 CG4404 FBgn0030432 - - - - - - - 

VDRC v21501 CG44250 FBgn0265185 - - - - - - - 

BDSC 62312 CG4462 FBgn0038752 - - - - - - - 

BDSC 25893 CG4587 FBgn0028863 - - - - - - - 

BDSC 27310 CG4629 FBgn0031299 - - - - - - - 

BDSC 42655 CG4847 FBgn0034229 - - - - - - - 

BDSC 44450 CG4991 FBgn0030817 - - - - - - - 

BDSC 27660 CG5160 FBgn0031906 - - - - - Yes - 

BDSC 57786 CG5171 FBgn0031907 - - - - - - - 

BDSC 55410 CG5246 FBgn0038484 - - - - - - - 

BDSC 44515 CG5278 FBgn0038986 - - - - - - - 

BDSC 44659 CG5326 FBgn0038983 - - - - - - - 

BDSC 57808 CG5758 FBgn0032666 - - - - - - - 

BDSC 55282 CG6006 FBgn0063649 - - - - - - - 

BDSC 61929 CG6074 FBgn0039486 - - - - - - - 

BDSC 56038 CG6126 FBgn0038407 - - - - - - - 

BDSC 55936 CG6186 FBgn0022355 - - - - - - Lethal 

BDSC 62323 CG6908 FBgn0037936 - - - - - - - 

BDSC 27505 CG7236 FBgn0031730 - - - - - - - 

BDSC 31146 CG7365 FBgn0036939 - - - - - - - 

BDSC 51911 CG7470 FBgn0037146 - - - - - - - 

BDSC 57161 CG7560 FBgn0036157 - - - - - - - 

BDSC 32338 CG7692 FBgn0036714 - - - - - - - 

VDRC v25544 CG7755 FBgn0034105 - - - - - - - 

BDSC 44464 CG7777 FBgn0033635 - - - - - - - 

BDSC 57217 CG8105 FBgn0030661 - - - - - - - 

BDSC 38893 CG8119 FBgn0030664 - - - - - - - 

VDRC v4917 CG8303 FBgn0034143 - - - - - - - 

VDRC v15507 CG8335 FBgn0033069 - - - - - - - 
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VDRC v35993 CG8641 FBgn0035733 - - - - - - - 

BDSC 57428 CG8654 FBgn0034479 - - - - - - Lethal 

BDSC 42593 CG9029 FBgn0031746 - - - - - - - 

BDSC 42899 CG9164 FBgn0030634 - - - - - - - 

BDSC 60087 CG9391 FBgn0037063 - - - - - - - 

BDSC 28320 CG9411 FBgn0030569 - - - - Yes - 
Sac around 
germarium 

BDSC 57866 CG9449 FBgn0036875 - - - - - - - 

BDSC 28384 CG9657 FBgn0029950 - - - - - - - 

VDRC v42465 CG9664 FBgn0031515 - - - - - - - 

VDRC v6859 CG9702 FBgn0039787 - - - - - - - 

BDSC 61827 CG9717 FBgn0039789 - - - - - - - 

BDSC 52880 CG9737 FBgn0039758 - - - - - - - 

BDSC 51728 CG9826 FBgn0034784 - - - - - - - 

BDSC 57160 Cht3 FBgn0250907 - - - - - - Lethal 

BDSC 54823 Cht6 FBgn026313 - - - - - - 

Sheathe 
around 
germaria 

BDSC 28984 ci FBgn0004859 - - - - - - - 

BDSC 31236 ci FBgn0004859 - - - - - - - 

BDSC 31320 ci FBgn0004859 - - - - - - 
Sac around 
germarium 

BDSC 31321 ci FBgn0004859 - - - - - - - 

BDSC 55967 ckd FBgn0035427 - - - - - - - 

BDSC 35734 cln3 FBgn0036756 - - - - - - - 

BDSC 28351 clumsy FBgn0026255 - - - - - - - 

BDSC 58072 CngB FBgn0034656 - - - - - - - 

BDSC 27071 croc FBgn0014143 - - - - Yes - - 

BDSC 58321 CS-2 FBgn0029091 - - - - - - - 

BDSC 29625 ct FBgn0004198 - - - - - - - 

BDSC 33967 ct FBgn0004198 - - - - - - Lethal 

BDSC 27718 CycD FBgn0010315 - - - - - - 

GC-less 
ovaries 
present 

BDSC 42904 Cyp318a1 FBgn0030369 - - - - - - - 

BDSC 36737 Cyp4g1 FBgn0010019 - - - - - - - 

BDSC 27664 d FBgn0086896 - - - - - - - 

BDSC 33754 d FBgn0262029 - - - - - - 

GC-less 
ovaries 
present 

BDSC 26319 da FBgn0000413 - - - - - - Lethal 

BDSC 29326 da FBgn0000413 - - - - - - Lethal 

BDSC 35686 da FBgn0000413 - - - - - - - 

BDSC 38382 da FBgn0000413 - - - - - - - 

BDSC 29610 Dh44-R2 FBgn0033744 - - - - - - - 

BDSC 41683 disco-r FBgn0042650 - - - - - Maybe 
Sac around 
germarium 

BDSC 28032 Dl FBgn0000463 - - Yes - - Yes - 
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BDSC 34322 Dl FBgn0000463 - - - - - - Lethal 

BDSC 36784 Dl FBgn0000463 - Yes Yes - Yes - - 

BDSC 31181 dlg1 FBgn0001624 - - - - - - - 

BDSC 31520 dlg1 FBgn0001624 - - - - - - - 

BDSC 31521 dlg1 FBgn0001624 - - - - - - - 

BDSC 33620 dlg1 FBgn0001624 - - - - - - Lethal 

BDSC 34854 dlg1 FBgn0001624 - - - - - - Lethal 

BDSC 35286 dlg1 FBgn0001624 - - - - - - - 

BDSC 25783 dm FBgn0262656 - - - - - - - 

BDSC 25784 dm FBgn0262656 - - - - - - Lethal 

BDSC 36123 dm FBgn0262656 - - - - - - Lethal 

BDSC 43962 dm FBgn0262656 - - - - - - Lethal 

BDSC 50903 doa FBgn0265998 - - - - - - Lethal 

BDSC 27991 dpr10 FBgn0052057 - - - - - - - 

BDSC 26224 Dr FBgn0000492 - - - - - - - 

BDSC 42891 Dr FBgn0000492 - - - - - - - 

BDSC 51830 Dr FBgn0000492 - - Yes - - - 
Early GC cyst 

death 

BDSC 29602 drl FBgn0015380 - - - - - - - 

BDSC 39002 drl FBgn0015380 - - - - - - - 

BDSC 28008 ds FBgn0000497 - - - - - - - 

BDSC 32964 ds FBgn0000497 - - - - - - Lethal 

BDSC 53964 dsx-c73A FBgn0261799 - - - - - - 
Sac around 
germarium 

BDSC 56987 dsx-c73A FBgn0261799 - - - - - - - 

BDSC 55641 Dys FBgn0260003 - - - - - - - 

BDSC 28612 e FBgn0000527 - - - - - - - 

VDRC v30115 
E(spl)m2-
BFM FBgn0002592 - - - - - - - 

BDSC 55302 
E(spl)m3-
HLH FBgn0002609 - - - - - - - 

BDSC 50674 
E(spl)mbeta-

HLH FBgn0002733       - - - - 

BDSC 55186 ea FBgn0000533 - - - - - - 
Lethal (w 
escapers) 

BDSC 43287 Eaat1 FBgn0026439 - - - - - - - 

BDSC 25781 Egfr FBgn0003731 - - - - - - - 

BDSC 31183 Egfr FBgn0003731 - - - - - - - 

BDSC 31525 Egfr FBgn0003731 - - - - - - - 

BDSC 31526 Egfr FBgn0003731 - - - - - - - 

BDSC 36770 Egfr FBgn0003731 - - Yes - Yes - 

Females 
without 
ovaries + 
Tumors 

BDSC 36773 Egfr FBgn0003731 - - - - - - - 
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BDSC 29353 Eip74EF FBgn0000567 - - - - - - 

GC-less 
ovaries 
present 

BDSC 26717 Eip75B FBgn0000568 - - Yes - Yes Yes - 

BDSC 35780 Eip75B FBgn0000568 - - - - - - - 

BDSC 43231 Eip75B FBgn0000568 - - - - - - - 

BDSC 26718 Eip78C FBgn0004865 - - - - - - - 

BDSC 28726 ems FBgn0000576 - - - - - - - 

BDSC 50673 ems FBgn0000576 - - Yes - - - 

GC loss + 
GC-less 
ovaries 
present 

BDSC 53374 epsilonTry FBgn0010425 - Yes Yes - Yes - - 

BDSC 58261 epsilonTry FBgn0010425 - - - - - - - 

BDSC 34371 esn FBgn0028642 - - - - - - - 

BDSC 55927 Est-6 FBgn0000592 - - - - - - - 

BDSC 29339 ey FBgn0005558 - - - - - - - 

BDSC 32486 ey FBgn0005558 - - - - - - - 

BDSC 41687 f FBgn0262111 - - - - - - - 

BDSC 28044 fan FBgn0028379 - - - - - - - 

BDSC 28568 Fili FBgn0085397 - - - - - - - 

BDSC 27509 Fsh FBgn0016650 - - - - - - - 

BDSC 31036 fz FBgn0001085 - - - - - - - 

BDSC 31311 fz FBgn0001085 - - - - - - - 

BDSC 34321 fz FBgn0001085 - - - - - - - 

BDSC 27568 fz2 FBgn0016797 - - - - - - - 

BDSC 31312 fz2 FBgn0016797 - - - - - - - 

BDSC 31390 fz2 FBgn0016797 - - - - - - 

Sac around 
germarium + 
Female lethal 
(w escapers) 

BDSC 35783 GAL4 FBgn0014445 - - - - - - - 

BDSC 26323 gce FBgn0030627 - - - - - - - 

BDSC 58075 Gclm FBgn0046114 - - - - - - - 

BDSC 25836 GluRIIC FBgn0046113 - - - - - - - 

BDSC 42565 Glycogenin FBgn0034603 - - - - - - - 

BDSC 25815 Gr59e FBgn0041233 - - Yes - - Yes 

GC-less 
ovaries 
present 

BDSC 29577 GRHR FBgn0025595 - - - - - - - 

BDSC 42842 GstD5 FBgn0010041 - - - - - - - 

VDRC v40508 GstD7 FBgn0010043 - - - - - - - 

BDSC 28885 GstS1 FBgn0010226 - - - - - - - 

BDSC 53238 GstS1 FBgn0010226 - - - - - - - 

BDSC 29630 hb FBgn0001180 - - - - - - - 

BDSC 34704 hb FBgn0001180 - - - - - - - 
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BDSC 25977 HLHm3 FBgn0002609 - - - - - - 

GC loss + 
GC-less 
ovaries 
present 

BDSC 29327 HLHm7 FBgn0002633 - - - - - - - 

BDSC 35703 HLHm7 FBgn0002633 - - - - - - 
Female lethal 
(w escapers) 

BDSC 28661 hoe2 FBgn0031649 - - - - - - - 

BDSC 60096 HP6 FBgn0031613 - - - - - - - 

BDSC 42607 Hsp67Bc FBgn0001229 - - - - - - - 

BDSC 35024 htl FBgn0010389 - - - - - - - 

BDSC 41602 Idgf4 FBgn0026415 - - - - - - - 

BDSC 55381 Idgf4 FBgn0026415 - - - - - - 
Sac around 
germarium 

BDSC 57048 IM14 FBgn0067905 - - - - - - - 

BDSC 33640 ImpL3 FBgn0001258 - - - - - - - 

BDSC 50587 Iris FBgn0031305 - - - - - - - 

BDSC 25820 Irk2 FBgn0039081 - - - - - - - 

BDSC 41981 Irk2 FBgn0039081 - - - - - - Lethal 

BDSC 58333 Irk2 FBgn0039081 - - - - - - 
Lethal (w 
escapers) 

BDSC 36852 Jabba FBgn0259682 - - - - - - - 

BDSC 50676 Jheh1 FBgn0010053 - - - - - - - 

BDSC 42484 Jon25Bi FBgn0020906 - - - - - - - 

BDSC 55981 Kal1 FBgn0039155 - - - - - - - 

BDSC 41615 Kaz1-ORFB FBgn0063923 - - - - - - - 

BDSC 28313 klar FBgn0001316 - - - - - - 

Gc-less 
ovaries 
present 

BDSC 28731 klu FBgn0013469 - - - - - - - 

BDSC 51816 l(2)efl FBgn0011296 - - - - - - - 

BDSC 28071 LanA FBgn0002526 Yes Yes Yes Yes Yes Yes 
Deformed 
ovaries 

BDSC 51465 Lgr1 FBgn0016650 - - - - - - Female lethal 

BDSC 29341 Lim1 FBgn0026411 - - - - - Yes - 

BDSC 51831 Lim1 FBgn0026411 - - - - - - - 

BDSC 27249 LpR1 FBgn0066101 - - - - - - - 

BDSC 50737 LpR1 FBgn0066101 - - - - - - - 

BDSC 56039 Lsp1alpha FBgn0002562 - - - - - - - 

BDSC 55389 Lsp1gamma FBgn0002564 - - - - - - - 

BDSC 28002 ltd FBgn0002567 - - - - - - - 

BDSC 38956 ltd FBgn0002567 - - - - - - - 

BDSC 31603 luciferase FBgn0014448 - - - - - - - 

BDSC 41851 Mal-A5 FBgn0050359 - - - - - - - 

BDSC 52910 Mal-A5 FBgn0050359 - - - - - - - 

BDSC 26766 mamo FBgn0264981 - - - - - - - 

BDSC 37486 mamo FBgn0264981 - - - - - - - 

BDSC 44103 mamo FBgn0264981 - - - - - - - 
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BDSC 51770 Mamo FBgn0264981 - - - - - - Lethal 

BDSC 35785 mCherry   - - - - - - - 

BDSC 35785 mCherry   - - - - - - - 

BDSC 36855 mei-P26 FBgn0026206 - - - - - - Lethal 

BDSC 27543 mew FBgn0004456 - - - - - - - 

BDSC 44553 mew FBgn0004456 - - - - - - - 

BDSC 25938 mGluRA FBgn0019985 - - - - - - - 

BDSC 34872 mGluRA FBgn0019985 - - - - - - - 

BDSC 41668 mGluRA FBgn0019985 - - - - - - Lethal 

BDSC 26299 Mhc FBgn0086783 - - - - - - Lethal 

BDSC 35729 Mhc FBgn0086783 - - - - - - Lethal 

BDSC 31907 mirr FBgn0014343 - - - - - - - 

BDSC 36694 Mlc2 FBgn0002773 - - - - - - Lethal 

BDSC 29381 Mlp60A FBgn0259209 - - - - - - - 

BDSC 34963 Mp20 FBgn0002789 - - - - - - Lethal 

BDSC 29460 mspo FBgn0020269 - - - - Yes - - 

BDSC 42918 Mur29B FBgn0051901 - Yes Yes Yes - - 

GC-less 
ovaries 
present 

BDSC 41717 Myo28B1 FBgn0040299 - - - - - - - 

BDSC 31983 n-syb FBgn0013342 - - - - - - - 

BDSC 27671 nAchRalpha3 FBgn0015519 - - - - - - - 

BDSC 62177 Ndae1 FBgn0259111 - - - - - - - 

BDSC 42909 Nep5 FBgn0039478 - - - - - - - 

BDSC 26204 net FBgn0002931 - - - - - - - 

BDSC 41897 Nha1 FBgn0031865 - - - - - - - 

BDSC 51491 Nhe2 FBgn0040297 - - - - - - - 

BDSC 57448 nht FBgn0041103 - - - - - - Lethal 

BDSC 40883 Nlg1 FBgn0051146 - - - - - - - 

BDSC 28665 nompB FBgn0016919 - - - - - - - 

BDSC 32433 Nox FBgn0085428 - - - - - - - 

BDSC 32902 Nox FBgn0085428 - - - - - - Lethal 

BDSC 38906 Nox FBgn0085428 - - - - - - - 

BDSC 38921 Nox FBgn0085428 - - - - - - - 

BDSC 25939 NPFR1 FBgn0037408 - - - - - - - 

BDSC 28793 Nplp4 FBgn0040717 - - - - - - - 

BDSC 27502 Nrx-1 FBgn0038975 - - - - - - - 

BDSC 32408 Nrx-1 FBgn0038975 - - - - - - - 

BDSC 28338 nub FBgn0085424 - - - - - - - 

BDSC 55305 nub FBgn0085424 - - - - - - - 

BDSC 29413 nvy FBgn0005636 - - - - - - - 

BDSC 27713 nwk FBgn0035966 Yes Yes Yes Yes Yes Yes 
Deformed 
ovaries 

BDSC 28794 Obp44a FBgn0033268 - - - - - - - 
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BDSC 28332 Oct-Tyr FBgn0004514 - - - - - - - 

BDSC 27283 ogre FBgn0004646 - - - - - - 

GC-less 
ovaries 
present 

BDSC 44048 ogre FBgn0004646 - - - - - - Lethal 

BDSC 61981 Or9a FBgn0030204 - - - - - - - 

BDSC 25844 osk FBgn0003015 - Yes Yes - - - 

GC-less 
ovaries 
present 

BDSC 36903 osk FBgn0003015 - - - - - - Lethal 

BDSC 34065 otu FBgn0003023 - - - - - - - 

BDSC 35413 ovo FBgn0003028 - - - - - - - 

BDSC 42627 ovo FBgn0003028 - - - - - - - 

BDSC 56903 PebII FBgn0011694 - - - - - - - 

BDSC 55933 PebIII FBgn0011695 - - - - - - - 

BDSC 34892 PGRP-LD FBgn0260458 - - - - - - - 

BDSC 54805 Phae2 FBgn0263235 - - - - - - - 

BDSC 27676 phr FBgn0003082 - - - - - - - 

BDSC 34613 pip FBgn0003089 - - - - - - - 

BDSC 31610 piwi FBgn0004872 - - Yes - Yes Yes 

GC-less 
ovaries 
present 

BDSC 34866 piwi FBgn0004872 - - - - - - Lethal 

BDSC 27491 Pkc53E FBgn0003091 - - - - - - - 

BDSC 34716 Pkc53E FBgn0003091 - - - - - - Female lethal 

BDSC 28355 Pkcdelta FBgn0259680 - - - - - - - 

BDSC 51844 plu FBgn0003114 - - - - - - - 

BDSC 28957 pncr003:2L FBgn0047133 - - - - - - 

GC-less 
ovaries 
present 

BDSC 61995 ppk3 FBgn0050181 - - - - - - - 

BDSC 32497 Prx2540-1 FBgn0033520 - - - - - - - 

BDSC 37474 Prx2540-2 FBgn0033518 - - - - - - - 

BDSC 28795 ptc FBgn0003892 - - - - - - - 

BDSC 57159 QC FBgn0052412 - - - - - - - 

BDSC 58061 qvr FBgn0260499 - - - - - - - 

BDSC 36683 Rcd-1r FBgn0032089 - - - - - - - 

BDSC 31286 Rdl FBgn0004244 - - - - - - - 

BDSC 51846 Reaper FBgn0011706 - - - - - - - 

BDSC 43212 rgn FBgn0261258 - - - - - - - 

BDSC 27734 roX1 FBgn0019661 - - - - - - - 

BDSC 31602 roX1 FBgn0019661 - - - - - - - 

BDSC 35274 roX1 FBgn0019661 - - - - - - Female lethal 

BDSC 28986 roX2 FBgn0019660 - - - - - - - 

BDSC 34828 RpL22 FBgn0015288 - - - - - - Lethal 

BDSC 42773 RpL22-like FBgn0034837 - - - - - - - 

BDSC 28673 run FBgn0003300 - - - - - - Lethal 
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BDSC 34707 run FBgn0003300 - - - - - - Lethal 

BDSC 29445 Rya-r44F FBgn0011286 - - - - - - Lethal 

BDSC 25980 Sage FBgn0037672 - - - - - - - 

BDSC 25964 Scgdelta FBgn0025391 - - - - - - Lethal 

BDSC 55325 Scgdelta FBgn0025391 - - - - - - Lethal 

BDSC 29387 scro FBgn0028993 - - - - - - 
Lethal (w 
escapers) 

BDSC 33890 scro FBgn0028993 - - - - - - - 

BDSC 41622 Ser7 FBgn0019929 - - - - - - - 

BDSC 42649 Ser7 FBgn0019929 - - - - - - - 

BDSC 27291 shakB FBgn0085387 - - - - - Yes - 

BDSC 27292 shakB FBgn0085387 - - - - - - - 

BDSC 54037 sick FBgn0263873 - - - - - - - 

BDSC 26739 sim FBgn0004666 - - - - - - - 

BDSC 32488 sim FBgn0004666 - - - - - - - 

BDSC 29330 sisA FBgn0003411 - - - - - - - 

BDSC 26206 sisB FBgn0004170 - - - - - - Lethal 

BDSC 41594 sisB FBgn0004170 - - - - - - Lethal 

BDSC 28722 sisC FBgn0004956 - - - - - - Lethal 

BDSC 33680 sisC FBgn0004956 - - - - - - - 

BDSC 33925 skpC FBgn0026175 - - - - - - - 

BDSC 57578 skpE FBgn0031074 - - - - - - - 

BDSC 31300 slo FBgn0003429 - - - - - - - 

BDSC 31677 slo FBgn0003429 - - - - - - - 

BDSC 55405 slo FBgn0003429 - - - - - - - 

BDSC 31538 sls FBgn0086906 - - - - - - - 

BDSC 31539 sls FBgn0086906 - - - - - - Lethal 

BDSC 33397 Sobp FBgn0033654 - - Yes - - - 

GC loss + 
Delayed 
eclosion 

BDSC 35656 Sox100B FBgn0024288 - - - - - Maybe 
Female lethal 
(w escapers) 

BDSC 26220 Sox102F FBgn0039938 - - - - - - - 

BDSC 41619 Spn2 FBgn0028987 - - - - - - - 

BDSC 42474 Spn28B FBgn0083141 - - - - - - - 

BDSC 43546 Spn28B FBgn0083141 - - Yes - - - GC loss 

BDSC 41632 Spn3 FBgn0028986 - - - - - - - 

BDSC 41972 Spn43Aa FBgn0024294 - - - - - - Lethal 

BDSC 42818 Spn43Aa FBgn0024294 - - - - - - - 

BDSC 41616 Spn43Ab FBgn0024293 - - - - - - - 

BDSC 51437 Spn75F FBgn0052203 - - - - - - 

GC-less 
ovaries 
present 

BDSC 60070 Spn77Bb FBgn0036969 - - - - - - - 

BDSC 44563 Spn77Bc FBgn0036970 - - - - - - - 



 225 

BDSC 51496 spo FBgn0003486 - - - - - - 
Lethal (w 
escapers) 

BDSC 27701 sr FBgn0003499 - - - - - - - 

BDSC 57811 stl FBgn0086408 - - - - - - - 

BDSC 35415 stwl FBgn0003459 - - - - - - - 

BDSC 57466 Su(z)2 FBgn0265623 - - - - - - - 

BDSC 38274 synaptogyrin FBgn0033876 - - - - - - - 

BDSC 29308 Sytalpha FBgn0261089 - - Yes - Yes - 
Tumor + GC 

loss 

BDSC 25801 Tdc1 FBgn0050445 - - - - - - - 

BDSC 42769 TfIIA-S-2 FBgn0040338 - - - - - - - 

BDSC 31570 Tig FBgn0011722 - - - - - - - 

BDSC 35812 tio FBgn0028979 - - - - - - - 

BDSC 25987 tj FBgn0000964 - - Yes - Yes Yes 
Differentiation 

defect 

BDSC 34595 tj FBgn0000964 - Yes Yes Yes Yes Yes 
Deformed 
ovaries 

BDSC 41695 Tm2 FBgn0004117 - - - - - - - 

BDSC 26172 TpnC47D FBgn0010423 - - - - - - - 

BDSC 55226 Traf4 FBgn0026319 - - - - - - - 

BDSC 25842 Trh FBgn0035187 - - - - - - - 

BDSC 29440 trol FBgn0261451 - Yes Yes - - - Tiny germaria 

BDSC 38298 trol FBgn0261451 - - - - - - - 

BDSC 42783 trol FBgn0261451 - - - - - - - 

BDSC 31298 trp(gamma) FBgn0032593 - - - - - - - 

BDSC 31299 trp(gamma) FBgn0032593 - - - - - - - 

BDSC 53313 trp(gamma) FBgn0032593 - - - - - - - 

BDSC 40829 Tsp29Fa FBgn0032074 - - - - - - - 

VDRC v48973 Tsp42Eh FBgn0033129 - - - - - - - 

BDSC 57477 Tsp42Er FBgn0033139 - - - - - - - 

BDSC 39046 Tsp74F FBgn0036769 - - - - - - - 

BDSC 54850 tutl FBgn0010473 - - - - - - - 

BDSC 27670 TyrRII FBgn0038541 - - - - - - - 

BDSC 58116 Ugt35b FBgn0026314 - - - - - - - 

BDSC 34095 Ugt86Dc FBgn0040257 - - - - - - - 

BDSC 32033 unc-13-4A FBgn0035756 - - - - - - - 

BDSC 34000 Unc-89 FBgn0053519 - - - - - - - 

BDSC 32949 up FBgn0004169 - - - - - - Lethal 

BDSC 55195 veil FBgn0034225 - Yes Yes - Yes - 
Lethal (w 
escapers) 

BDSC 31257 Vmat FBgn0260964 - - - - - - - 

BDSC 44471 Vmat FBgn0260964 - - - - - - - 

BDSC 35573 w FBgn0003996 - - - - - - - 
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BDSC 29559 wb FBgn0004002 - - - - - - - 

BDSC 29561 wrapper FBgn0025878 - - - - - - - 

BDSC 32381 wun2 FBgn0041087 - - - - - - - 

BDSC 32423 wun2 FBgn0041087 - - - - - - - 

BDSC 31893 wupA FBgn0004028 - - - - - - Lethal 

BDSC 55931 Yp2 FBgn0005391 - - - - - - Lethal 

BDSC 26229 zen FBgn0004053 - - - - - - - 

BDSC 34635 zen FBgn0004053 - - - - - - - 

BDSC 50526 zen FBgn0004053 - - - - - - - 

BDSC 50643 zfh2 FBgn0004607 - - - - - - Lethal 

BDSC 32954 Zip3 FBgn0038412 - - - - - - - 

BDSC 34039 zormin FBgn0052311 - - - - - - - 

 

Table 4.2: Summary of results from knockdown of genes using RNAi in the somatic 

ovary. First column is vendor from who UAS-dsRNA stock was purchased. Second 

column is stock ID. Third column is the gene symbol for the gene targeted for somatic 

knockdown. Fourth columns is the Flybase gene identifier (FBgn) for the gene target. For 

the remaining columns GSC = Germline Stem Cells; GC = Germ Cells ; TF = Terminal 

Filaments ; EC = Egg Chambers. A Yes indicates an observed phenotype. A “-“ indicates 

no phenotype. Qualitative descriptions of phenotypes are provided in Comments. 
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Figure 4.2 

 

Figure 4.2: Examples of germ cell loss. These are examples of genes whose knockdown 

in the soma resulted in loss of germ cells in ovaries and testes. GSC loss can be observed 

in the case of e and CG5171 testes, whereas loss of differentiating germ cells can be 

observed in Eip75B ovaries, and Jabba testes. Severe germline loss can be observed in the 

case of nAChRa testes. All adults are aged 5 days at 29°C. VAS: Germ Cells. ARM and 

TJ: Somatic Cells. 
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Figure 4.3 

 

Figure 4.3: Examples of deformed gonads. These are examples of genes whose 

knockdown in the soma resulted gross morphological defects of the gonads. All adults are 

aged 5 days at 29°C. VAS: Germ Cells. ARM and TJ: Somatic Cells. 
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Figure 4.4 

 

Figure 4.4: Examples of somatic cell defects. These are examples of genes whose 

knockdown in the soma resulted somatic phenotypes in the ovary and testis. Somatic cell 

tumors can be observed in CG18605 and sobp testes. Displacement of the germline stem 

cell niche, the hub, can be observed in mew testes. All adults are aged 5 days at 29°C. VAS: 

Germ Cells. ARM and TJ: Somatic Cells. 
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DISCUSSION 

Our primary reverse genetics screen has helped us identify genes expressed in the soma 

that can affect the germline and gametogenesis. Importantly, we identified candidate genes 

whose somatic knockdown resulted in ovarian tumors or germline loss in testes. These are 

similar to phenotypes observed when an XY soma is feminized and when an XX soma is 

masculinized respectively. Sex-specific phenotypes can point to genes that would require 

further analysis and assess whether the resultant phenotype is due to a sex-reversal of the 

soma. 

We also noted a significant level of lethality as a result of knocking down genes in 

the soma. This is unsurprising as the somatic cell driver C587-GAL4 shows high levels of 

expression in the central nervous system as well and many genes can be regarded as 

essential genes. An alternative approach for future screens would be to use the trafficjam-

GAL4 (tj-GAL4) driver, which is also expressed in the somatic gonad and has been 

observed to result in lower levels of lethality. 

Conversely, in many cases, no phenotype was observed. This could be a result of 

sex-biased gene expression in the germline, which was not explored in this screen. As 

mentioned, Dr. Pradeep Kumar Bhaskar conducted a parallel preliminary screen to 

knockdown the expression of the same set of genes specifically in the germline using the 

nanos-GAL4 driver (nos-GAL4,(Van Doren et al., 1998)). The results of this screen are 

not presented here. However, excitingly, we identified 3 candidate genes that may have 

important roles in germline sex determination: 

1) chitinase 3 (cht3) – A chitinase that bears resemblance to the imaginal disc growth 

factor (IDGF) family of genes. The loss of function of Cht3 in the female germline 



 232 

results in ovarian tumors. No phenotype is observed in males. Interestingly, the 

tumorous germ cells have lower levels of Sxl expression, suggesting they may be 

masculinized. Dr. Bhaskar followed-up on this gene in a comprehensive study. 

2) disco-related (disco-r) – A C2H2 zinc finger transcription factor encoded by the X 

chromosome. The loss of function of disco-r in the female germline results in 

ovarian tumors. No phenotype is observed in males. Interestingly, the tumorous 

germ cells have lower levels of Sxl expression, suggesting they may be 

masculinized. It is similar to the gene disconnected (disco) that has predicted 

binding sites flanking SxlPE. It is possible that disco and disco-r may interact with 

each other to help activate SxlPE in the germline. 

3) Ser7 (Ser7) – A serine protease which is also encoded by the X chromosome. The 

loss of function of Ser7 in the female germline results in ovarian tumors. No 

phenotype is observed in males. Levels of Sxl expression in the tumorous germ 

cells remain unknown. 

Finally, it would be interesting to follow-up on candidate genes in a secondary reverse 

genetics screen using traffic jam-GAL4 (for somatic knockdown) as well as nos-GAL4, 

and immunolabeling for sex-specific gene expression to assess the degree to which sex-

reversal has occurred in either tissue. 
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APPENDIX A 

Screening X-chromosome duplication transgenes for ectopic Sxl expression 

Using transgenics we can increase the dose of specific regions of the X chromosome by 

using X chromosome duplication transgenes. The duplications consist of 70-120kb 

segments of the X chromosome integrated into an attP site on the third chromosome. This 

collection of 382 stocks covers 96% of the X chromosome. Males of such stocks have the 

X duplication transgene as well as their own single X chromosome and hence have up to a 

3X chromosome (and candidate XSE) dose for a defined region of the X chromosome when 

the duplication is homozygous (Venken et al., 2010). Some of these have been shown to 

exhibit male-specific reduced fertility. It is possible that this is a result of ectopic Sxl 

activation in the male germline or other defects in male germline sex determination. We 

screened male flies from the transgenic lines with reduced fertility for ectopic Sxl activation 

in the germline to identify candidate XSEs. None of the duplications resulted in 

inappropriate Sxl activation, suggesting that 1) these duplications did not harbor any 

germline-specific XSEs, or 2) these duplications did not harbor the complete repertoire of 

XSEs required for germline Sxl activation. The duplications tested have been described in 

Table A.1 (Table A.1) 
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Table A.1 

Stock # 
from 
Venken 
et al. 

BDSC 
ID 

R5 breakpoint 
coordinates 

Insertion 
site 

Duplication 
ID Clone 

Published 
Phenotype 
(Venken et al 
2010) 

Ectopic 
Sxl? 

1 30217 X:222186;301176 65B2 
Dp(1;3)DC0
06 

CH321
-32O15 

Hw phenotype. 
Homozygotes 
rare. 
Homozygous 
male sterile No 

12 30239 X:3241349;3331682 65B2 
Dp(1;3)DC0
60 

CH321
-42E18 

Homozygotes 
hold wings out 
and are sickly 
with reduced 
fertility No 

18 30753 X:16102085;16222065 65B2 
Dp(1;3)DC3
12 

CH321
-48H12 

Males are sub-
viable. 
Heterozygous 
males are 
reduced in 
number with 
very reduced 
fertility. No 

24 30438 X:17582661;17674922 65B2 
Dp(1;3)DC3
34 

CH321
-16L02 

Semi male 
lethal. 
Heterozygous 
males very rare 
and probably 
sterile (n=1). No 

25 30257 X:1504109;1572698 65B2 
Dp(1;3)DC1
04 

CH321
-90H13 

Homozygous 
viable. 
Homozygous 
male sterile. No 

26 30287 X:5872741;5956505 65B2 
Dp(1;3)DC1
48 

CH321
-95F06 

Homozygous 
viable. 
Homozygous 
male sterile. No 

27 30296 X:6413450;6486728 65B2 
Dp(1;3)DC1
58 

CH321
-50D09 

Homozygous 
viable. 
Homozygous 
male sterile. No 

28 30297 X:6484339;6575128 65B2 
Dp(1;3)DC1
60 

CH321
-
26M04 

Homozygous 
viable. 
Homozygous 
male sterile. No 

29 30311 X:7672898;7771287 65B2 
Dp(1;3)DC1
81 

CH321
-82O06 

Homozygous 
viable. 
Homozygous 
male sterile. No 

30 30312 X:7903619;7984541 65B2 
Dp(1;3)DC1
84 

CH321
-60P23 

Homozygous 
viable. 
Homozygous 
male sterile. No 

31 30379 X:12793350;12890192 65B2 
Dp(1;3)DC2
62 

CH321
-40C11 

Homozygous 
viable. 
Homozygous 
male sterile. No 

32 30422 X:16021790;16119384 65B2 
Dp(1;3)DC3
11 

CH321
-93B12 

Homozygous 
viable. 
Homozygous 
male sterile. No 

33 30269 X:4883716;4972748 65B2 
Dp(1;3)DC1
26 

CH321
-22I01 

Homozygotes 
rare with 
reduced 
fertility. No 

34 30434 X:16991608;17076840 65B2 
Dp(1;3)DC3
25 

CH321
-64E02 

Homozygotes 
rare with No 
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reduced 
fertility. 

54 30232 X:2046673;2157618 65B2 
Dp(1;3)DC0
39 

CH321
-43N04 

Homozygotes 
viable. 
Homozygous 
female fertility 
reduced. 
Homozygous 
male fertility 
not known. No 

55 30213 X:60231;150400 65B2 
Dp(1;3)DC0
02 

CH321
-08O02 

Homozygotes 
viable. 
Homozygous 
females exhibit 
reduced 
fertility. No 

56 30354 X:11012119;11105160 65B2 
Dp(1;3)DC2
35 

CH321
-50P18 

Homozygous 
viable. 
Homozygous 
female sterile. No 

59 30764 X:18753898;18842610 65B2 
Dp(1;3)DC3
54 

CH321
-67L15 

Homozygous 
viable but may 
have reduced 
fertility. No 

61 30367 X:12021769;12119130 65B2 
Dp(1;3)DC2
50 

CH321
-
94M18 

Homozygous 
viable with 
reduced 
fertility. No 

62 30398 X:14120818;14167180 65B2 
Dp(1;3)DC2
81 

CH321
-56F05 

Homozygous 
viable. 
Homozygous 
males exhibit 
reduced 
fertility. No 

63 31452 X:15406630;15508712 65B2 
Dp(1;3)DC3
01 

CH321
-02F23 

Homozygous 
viable. 
Homozygous 
males exhibit 
reduced 
fertility. No 

64 30433 X:16907462;17004671 65B2 
Dp(1;3)DC3
24 

CH321
-57C16 

Homozygous 
viable. 
Homozygous 
male have 
reduced 
fertility. No 

65 30427 X:16555435;16637981 65B2 
Dp(1;3)DC3
18 

CH321
-63I13 

Homozygous 
viable. 
Homozygous 
male sterile. No 

 

Table A.1: X-chromosome duplication transgenes screened for ectopic Sxl activation. 

First column is the duplication stock number from (Venken et al., 2010). Second column 

is the stock ID used by the vendor BDSC. Third column is the region of the X chromosome 

that is duplicated. Fourth column is the insertion site. Fifth column is the Duplication ID. 

Sixth column is the DGRC clone ID. Seventh column contains phenotypic information. 

Eighth column shows whether the duplication resulted in ectopic Sxl expression.



 237 

APPENDIX B 

Transgenic reporter analysis to identify germline-specific cis-regulatory elements for 

SxlPE 

We took the SxlPE-10.2kb transgenic reporter that recapitulates SxlPE expression in the 

female germline at L1 (Chapter 2) and generated several smaller constructs to try and more 

precisely identify map the cis-regulatory elements SxlPE requires in the germline. A 

cartoon illustration of the basic construct designs is presented in Figure B.1 (Figure B.1). 

L1 gonads were immunolabeled and imaged to see any differences in SxlPE expression in 

the developing germline (Figure B.2). 

  



! Mag!

35GHIJ!#4<!

!

35GHIJ!#4<;!/JU5GT!WX!"<2F%!ZIOTUGJT5R!IJ\WIZJI!RWTUZIHRZU4!&=D8>?=>!e\!%BD?3!DC&ed!

7=F?8>!F8@?>89Q!&=D8>?=>!M\!$:6%,!8@93Q!&=D8>?=>!a\!$:6%,>eNQME2Q!&=D8>?=>!b\!$:6%,*z!

$8H@<?>=4B!=P8@<!4@:!;@?>8@<Q!&=D8>?=>!c\!$:6%,!z!*@?>8@!)Q!&=D8>?=>!d\!$:6%,!z!*@?>8@!

KQ!&=D8>?=>!f\!$:6%,!z!*@?>8@!ZQ!&=D8>?=>!g\!$:6%,>eNQME2!H;?6!*@?>8@!)!:=9=?;8@Q!&=D8>?=>!

h\!$:6%,>eNQME2!H;?6!*@?>8@!K!:=9=?;8@Q!&=D8>?=>!eN\!$:6%,>eNQME2!H;?6!*@?>8@!Z!:=9=?;8@Q!

%4F6!>=D8>?=>!H4<!?=<?=:!;@!?6=!1e!5=>B9;@=Q!

! !

Exon L1
Exon 3Exon E1 Exon L2 Exon 4

SxlPM SxlPE

GFP

Reporter 1 (Empty vector control)

GFP

A GFP

Reporter 7

B GFP

Reporter 8

C GFP

A deletion GFP

B deletion GFP

C deletion GFP

Reporter 9

A B C

GFP

GFP

Reporter 10

Reporter 6

Reporter 5

Reporter 4

Reporter 3 (SxlPE-10.2kb)

Reporter 2 (SxlPE only)



 239 

Figure B.2 
 

   
 

20 µM

VAS   GFP

M
al

e
Fe

m
al

e

Reporter 1 Reporter 2 Reporter 3 Reporter 4

20 µM

VAS   GFP

M
al

e
Fe

m
al

e

Reporter 5 Reporter 6 Reporter 7 Reporter 8

20 µM

VAS   GFP

M
al

e
Fe

m
al

e

Reporter 9 Reporter 10

20 µM

VAS   GFP



 240 

Figure B.2: GFP expression for different SxlPE reporter constructs. The expression 

of different reporter transgenes was assayed at L1. VAS: Germ Cells. GFP: SxlPE 

actvity.  
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