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ABSTRACT 
Sexual size dimorphism (SSD) is common throughout the animal kingdom. In 

the fruit fly, Drosophila melanogaster, females are ~30% larger than males. Over the 

past two decades, studies in Drosophila have expanded our knowledge of the 

genetic and dietary requirements for growth. However, it remains incompletely 

understood how males and females differ in the regulation of growth. The 

insulin/insulin-like growth factor signaling pathway (IIS) was found to be a key 

regulator of nutrient-dependent growth and body size. The appropriate coupling of 

growth with dietary nutrients is known as body size plasticity. Recent studies have 

implicated both dietary nutrients and IIS in establishing SSD, but the mechanism 

remains poorly understood. To better understand how males and females differ in 

growth, I used Drosophila to perform a series of studies examining the contribution 

of nutrients and IIS on growth in both sexes.  

In Chapter 2, I found that IIS activity is required for increased female body 

size. Further, genetically augmenting IIS in males is sufficient for increased body 

size. In Chapter 3, I build upon this characterization and identify that in a high protein 

dietary context, females increase IIS activity and body size more than males. This 

results in increased female body size plasticity. Specifically, when dietary protein is 

abundant, females produce high levels of the insulinotropic factor Stunted which 

promotes increased IIS and larger body size. This mechanism was dependent on 

the sex determination gene transformer. These findings elucidate a molecular 

mechanism underlying the sex difference in body size plasticity. In Chapter 4, I 

present evidence that in a low-sugar dietary context both sexes increase growth via 

distinct mechanisms to achieve the same phenotype. Specifically, males increase 

IIS activity whereas females increase target of rapamycin (TOR) signaling to reach a 

larger body size. Together, my thesis provides novel mechanistic insight into how 

males and females differ in their phenotypic response to genetic manipulation and 

dietary manipulation. This work provides the basis for future studies to identify 

conserved sex differences in the regulation of nutrient-responsive pathways, and 

ultimately will inform our knowledge of the sex-biased risk of human metabolic 

disease.  
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LAY SUMMARY 
In most animals, males and females differ in body size. Dietary nutrients are 

required for animals to grow, and when nutrients are low males and females no 

longer differ in body size. However, we don’t fully understand the genes involved in 

how males and females become different in size in response to nutrients. The goal 

of this thesis was to use the fruit fly to identify these genes involved in growth in both 

sexes in response to nutrients. We show that the insulin signaling pathway, is crucial 

for this sex difference in body size. We find that how males and females couple 

insulin signaling with nutrients is different and this affects the sex difference in body 

size. These results are important because by understanding how nutrients affect 

insulin signaling differently in males and females, we can better understand sex 

differences in the risk of developing metabolic diseases like diabetes. 
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1. INTRODUCTION 

 Sexual dimorphism exists throughout the animal kingdom. While male-female 

differences are most obvious in primary sexual characteristics, such as the gonads, 

there are also sex differences in diverse traits that are not involved in reproduction, 

called secondary sexual characteristics. One secondary sexual characteristic 

present throughout the animal kingdom is sexual size dimorphism (SSD). Among 

invertebrates, the female is often larger. This increased female body size may 

support increased reproductive capacity by facilitating greater egg production. For 

example, across many species of spider there is a positive relationship between 

increased female size and larger clutch sizes (Honek, 1993; Prenter et al., 1999). In 

other animal groups including mammals, males are the larger sex. One reason for 

this is that increased male size supports male fitness by allowing larger males to 

outcompete smaller males for mates and other resources such as food (Flatt, 2020). 

Indeed, higher reproductive success is observed in male elephant seals of a larger 

size (Modig, 1996). Thus, SSD may exist in part due to reproductive advantages that 

accompany a specific body size within a sex (Fairbairn et al., 2007; Fairbairn, 2013).  

Precisely how SSD is established during development varies between 

species, but often the larger sex relies on an increased rate of growth during 

development to achieve a larger body size (Stillwell et al., 2010). One well-studied 

example of how SSD is established emerges from studies in mammals. Individuals 

with an XX sex chromosome complement develop ovaries, the female reproductive 

organs, and produce the sex hormone oestrogen. In XY individuals, the presence of 

the Y chromosome directs testis development and the production of testosterone. 

The presence of oestrogen and testosterone contribute to SSD through the 

somatotropic axis, where the production and secretion of growth hormone (GH) from 

the somatotropes of the anterior pituitary gland promotes growth. Once in circulation, 

GH stimulates the production and secretion of insulin-like growth factor 1 (IGF-1) 

from the liver (Kaplan and Cohen, 2007). Once IGF-1 is in the circulation, it binds to 

insulin-like growth factor receptor (IGFR) to promote skeletal growth (Kaplan and 

Cohen, 2007). In females, oestrogen acts in the liver to blunt the induction of IGF-1 
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leading to reduced growth in females (Weissberger, Ho, and Lazarus, 1991; 

Bellantoni et al., 1996). In males, testosterone plays an important role in promoting 

increased male body size. First, testosterone promotes the secretion of GH from the 

pituitary gland (Giustina et al., 1997; Keenan et al., 1993). Second, testosterone 

augments the GH-dependent induction of IGF-1 in the liver (Gibney et al., 2005). 

Together this results in increased male body size. This modulation of IGF-1 activity 

by GH is crucial for SSD as loss of either GH or IGF-1 eliminates SSD (Efstratiadis, 

1998; Lupu et al., 2001; Bikle et al., 2001; Liu et al., 2016). Thus, the opposing 

actions of oestrogen and testosterone on GH and IGF-1 production and action 

contribute to SSD.  

Other than sex hormones, X chromosome number may also contribute to 

SSD. For example, humans with Klinefelter’s syndrome (XXY) are larger than XY 

individuals (Varella, 1984), suggesting the additional X promotes increased body 

size. Conversely, individuals with Turner’s syndrome (XO) have a smaller body size 

compared with XX individuals (Clement-Jones et al., 2000). This correlation has 

been mechanistically explored using the four-core-genotypes (FCG) mouse model, 

where mice can be bred to have primary male or female sex characteristics but with 

either an XX or XY sex chromosome complement (Arnold, 2009; Arnold and Chen, 

2009; De Vries et al., 2002). In XX or XY mice with either male or female primary 

sex characteristics, body size is larger in mice with two X chromosomes, 

independent of gonadal sex and sex hormones (Chen et al., 2012; Link et al., 2020). 

One explanation for these effects of sex chromosomes on SSD is that while typically 

X-chromosome inactivation corrects the dose imbalance of X-linked genes between 

males and females, several X-linked genes escape X-inactivation and may 

contribute to increased body size in XX individuals, as has recently been shown in 

mice (Link et al., 2020).  

Despite the important role of sex chromosomes and sex hormones in 

regulating SSD, it remains incompletely understood what the genes and pathways 

are that lie downstream of these factors to mediate SSD. One approach to resolve 

this gap in knowledge is to use a model system to advance our understanding of 

genes and pathways that influence SSD. One model system that has been used 
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extensively to study the mechanisms that determine body size is the fruit fly, 

Drosophila melanogaster. Studying the regulation of body size in Drosophila offers 

several advantages. The first advantage is that Drosophila rapidly progress through 

a four-stage life cycle: 1) embryonic development; 2) larval/juvenile growth phase; 3) 

pupa, the transition to sexual maturity; 4) adulthood, the reproductive stage. From 

embryo to adult, the generation time of Drosophila is around ten days at 25oC. This 

fast rate of development in Drosophila is advantageous compared to the relatively 

slower rate of development in mammalian models (6-8 weeks to sexual maturation). 

Following embryonic development and hatching, the larval stage consists of high 

levels of food consumption and growth through three larval instars, or moults (L1-

L3). By progressing through these instars, the larva sheds its cuticle allowing for 

increased growth. Once in the third instar, the larva will reach a ‘critical weight’ 

beyond which the larva is committed to undergoing pupariation. Due to the formation 

of a hard chitinous exoskeleton during metamorphosis, body size will not change 

through adulthood. Together these features of Drosophila development make for a 

highly tractable system to measure growth and body size in a short period of time. 

A second advantage of using Drosophila as a model system is that there are 

many powerful genetic tools. The UAS/GAL4 system is a binary expression system 

that allows researchers to perform gain- and loss-of-function studies in a spatially 

and temporally restricted manner (Brand and Perrimon, 1993; Duffy, 2002). There 

are libraries of UAS-overexpression and UAS-RNAi lines that allow >85% of the 

genes in the genome to be manipulated. Other commonly used binary expression 

systems such as LexA/LexAop (Lai and Lee, 2006), and QF/QUAS (Potter et al., 

2010) systems are functionally equivalent to the UAS/GAL4 system. Loss-of-function 

experiments by generating mutants of a candidate gene are now relatively quick and 

easy in flies with the advent of gene editing techniques such as clustered regularly 

interspersed short palindromic repeats (CRISPR) optimized for use in flies (Port et 

al., 2014; Port et al., 2020). Combining these genetic tools further allows for gene 

interaction studies by determining epistatic relationships, and allows for 

intersectional analysis of overlapping populations of cells. This ability to manipulate 

genes and gene expression in a spatially- and temporally-restricted manner has 
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allowed for the dissection of many complex molecular mechanisms controlling 

growth and final body size. Indeed, several genetic tools have been exploited to 

perform both forward and reverse genetic screens to identify gene that impact body 

size in Drosophila (Harvey et al., 2003; Oldham et al., 2000; Zhang et al., 2000; 

Raisin et al., 2003; Tseng and Hariharan, 2002).  

A third advantage of using flies as a model to study the regulation of body 

size is that the genes and signaling pathways identified in Drosophila are likely to be 

conserved in humans. Approximately 75% of human disease-related genes are 

conserved, including genes involved in growth (Adams et al., 2000; Banfi et al., 

1996; Reiter et al., 2001). Indeed, genes and pathways shown to influence growth 

and body size in flies have been shown to perform similar roles in other animals, 

such as mammals. For example, the Hippo/Warts signaling pathway is highly 

conserved between flies and mammals as a key regulator tissue growth (Fu et al., 

2014; Harvey and Tapon, 2007; Moeller et al., 2017; Pan, 2010). Together, these 

factors establish Drosophila as an excellent model to study the regulation of growth 

and body size, and provide solid foundations to explore the genetic and molecular 

mechanisms that regulate SSD. 

This thesis aims to advance knowledge of the mechanisms underlying body 

size control in each sex. In Chapter 2 of this thesis, I use loss- and gain-of-function 

approaches to describe the requirement for the conserved insulin/insulin-like growth 

factor signaling pathway (IIS) in regulating body size during development in male 

and female Drosophila. In Chapter 3, I reveal the molecular mechanisms underlying 

the increased ability of female larvae to adjust their body size in a nutrient-rich 

context. Specifically, we identify a non-cell-autonomous mechanism coupling dietary 

protein levels with IIS activity through a fat-derived insulinotropic factor in females. 

Finally, in Chapter 4, I provide data suggesting that male and female Drosophila 

display distinct changes in nutrient-dependent signaling pathways to achieve an 

equivalent body size phenotype in a low sugar context. 

For the remainder of this introduction, I will review two important bodies of 

literature upon which my thesis will build to examine the molecular mechanisms 
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underlying Drosophila SSD: 1) genetic and molecular mechanisms of nutrient-

dependent growth, 2) effects of sex determination genes on body size. 

 

1.1. REGULATION OF GROWTH DURING DEVELOPMENT 

 

1.1.1. Environmental factors that affect Drosophila body size 

Many extrinsic environmental factors affect growth and final body size in flies. 

Here, I will describe key biotic and abiotic factors that contribute to growth and final 

body size. 

 

Nutrients. One key requirement for normal growth during development is 

nutrient availability. In Drosophila, when dietary nutrients are low in abundance, 

developmental time is longer and final body size is smaller (Beadle et al., 1938; 

Edgar, 2006; Mirth and Riddiford, 2007; Mirth and Shingleton, 2012; Nijhout, 2003; 

Robertson, 1963). In nutrient-rich conditions developmental time is shorter and final 

body size is larger (Beadle et al., 1938; Edgar, 2006; Mirth and Shingleton, 2012; 

Nijhout, 2003; Robertson, 1963). This is true throughout the animal kingdom from 

other insect species (Davidowitz et al., 2004) through to humans (de Onis and 

Branca, 2016). Thus, nutrient quantity plays an important role in regulating body 

size. Nutrient quality also matters, as specific dietary macronutrients have distinct 

effects on final body size in Drosophila (Raubenheimer, et al., 2009; Raubenheimer 

et al., 2014; Shingleton et al., 2017). For example, dietary protein is a key source of 

amino acids that are required for growth and a normal final body size (Britton and 

Edgar, 1998; Geminard et al., 2009; Robertson, 1963). Indeed, Drosophila larvae fail 

to grow in a diet lacking protein (Britton and Edgar, 1998; Edgar, 2006), and will 

actively reject a diet lacking essential amino acids, reflecting the necessity of dietary 

protein for growth (Bjordal et al., 2014). However, it is important to note that more 

protein is not always beneficial to growth, as extremely high dietary protein results in 

smaller final body size (Musselman et al., 2011). While dietary carbohydrates are 

dispensible for Drosophila growth, in contrast to protein, carbohydrate concentration 

does influence body size. For example, a diet rich in sugars, such as glucose and 
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sucrose, strongly inhibits growth (Musselman et al., 2011; Pasco and Leopold, 2012; 

Reis, 2016). In addition to the individual effects of dietary macronutrients, recent 

studies using isocaloric nutritional geometry diets reveal that a complex interaction 

of both dietary macronutrients contributes to final body size (Raubenheimer, et al., 

2009; Raubenheimer et al., 2014; Shingleton et al., 2017). 

Temperature. In addition to nutrient availability, environmental temperature is 

a key determinant of growth and body size. The relationship between temperature 

and body size in animals has been investigated for over a century, with a larger body 

size typically associated with cold temperatures in both ectotherms and endotherms 

(Bergmann, 1847; Neel, 1940; Schreider, 1950). This inverse relationship between 

temperature and body size is known as the temperature-size rule (Atkinson, 1994) 

and is seen throughout species from birds (Weeks et al., 2020) to mammals 

(Freckleton et al., 2003; Ashton et al., 2000). However, there are notable exceptions 

to the temperature size rule where body size has a positive relationship with 

temperature, such as in marine ectotherms (Atkinson, 1995; Siikavuopio et al., 

2012). The ability to couple final body size with environmental temperature is 

advantageous as body size scaling alters the surface area to volume ratio, ultimately 

allowing for more optimal thermoregulation (Atkinson, 1994; Schoener and Janzen, 

1968). This is the case in Drosophila, where larvae reared in colder temperatures 

have a longer developmental growth period and reach a larger body size due to a 

temperature-dependent change in critical weight for pupariation (Ghosh et al., 2013; 

Karan et al., 1998; Neel, 1940; Nunney and Cheung, 1997; Partridge et al., 1994). 

Indeed, Drosophila are capable of sensing temperature (Gallio et al., 2011; Hamada 

et al., 2008), and actively increase their growth through a cold-sensing mechanism 

to promote large final body size (Li and Gong, 2015). 

Oxygen. Oxygen is required for growth and oxygen-sensing mechanisms 

couple oxygen availability and final body size. For example, in humans living at high 

altitudes, the lower levels of oxygen available (hypoxia) results in short stature and 

delayed development (Frisancho and Baker, 1970; Frisancho, 2013). This is also the 

case in Drosophila, and other insects, where low oxygen causes a longer 

developmental time and a smaller final body size (Frazier et al., 2001; Callier and 
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Nijhout, 2011). Interestingly, the effects of hypoxia on developmental timing and final 

body size are observed at oxygen concentrations permissive of aerobic respiration. 

This suggests that the effects of hypoxia are actively controlled before basic 

metabolic processes become dysfunctional (Harrison et al., 2015; Van Voorhies, 

2009). This suggests an adaptive oxygen-sensing response encoded genetically, as 

opposed to a passive effect of dysfunctional metabolism on final body size under 

hypoxic conditions. Indeed, recent studies have identified an oxygen sensing 

mechanism that couples oxygen and body size (Lee et al., 2019; Texada et al., 

2019). Specifically, the oxygen dependent remodeling of tracheal airway branching 

in the developing larva is central to the coupling of oxygen availability and final body 

size (Texada et al., 2019). 

Microbiome. Another important determinant of growth and final body size is 

the microbiome composition. Both commensal and pathogenic bacteria colonization 

has effects on growth. For example, in humans, chronic enteropathogenic infection 

limits growth during development (Rogawski et al., 2018), potentially due to lower 

levels of IGF-1 (DeBoer et al., 2017). Similarly, in Drosophila, pathogenic infection 

promotes the activation of immune signaling pathways known to affect growth. 

Specifically, activation of immune signaling pathways during development results in 

smaller final body size (DiAngelo et al., 2009; Roth et al., 2018; Suzawa et al., 

2019). This is mediated by one branch of the innate immune system, the Toll 

pathway, which inhibits growth by blocking the Drosophila ortholog of IGF-1 

(DiAngelo et al., 2009; Roth et al., 2018; Suzawa et al., 2019). Interestingly, the 

activation of Toll signaling to inhibit growth promoting pathway activity is conserved, 

as Toll-like receptor-4 (TLR-4) expressing macrophages secrete factors to inhibit 

insulin signaling pathway activity in mammals (Lackey and Olefsky, 2016). 

Additionally, in Drosophila, the absence of a microbiome also has major effects on 

developmental timing and final body size as IIS and TOR activity is reduced in germ-

free flies (Erkosar et al., 2015; Shin et al., 2011; Storelli et al., 2011; Wong et al., 

2014). 
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1.1.2. Hormonal factors that regulate body size 

In response to extrinsic environmental factors, a range of hormones are 

produced in Drosophila affect growth and final body size. Here I will describe the key 

hormonal factors which regulate growth and body size. 

 

Ecdysone. The steroid hormone 20-hydroxyecdysone (20E) is a key 

determinant of the length of the growth period and body size in many insect species 

such as Drosophila and the tobacco hornworm, Manduca sexta (Garen et al., 1977; 

Nijhout, 1976). The precursor to 20E, ecdysone, is produced in the larval prothoracic 

gland (PG) and converted to 20E by the CYP450 enzyme Shade (shd; 

FBgn0003388) primarily in the larval fat body (Petryk et al., 2003). This bioactivation 

of 20E is controlled by nutrient status where high levels of dietary nutrients are 

required for Shd upregulation and 20E production (Buhler et al., 2018). This active 

20E is secreted in a series of pulses to trigger progression through larval instars, 

culminating in a spike of high 20E titer at the end of L3 to trigger pupariation 

(Riddiford and Truman, 1993). Bypassing this nutrient-dependent activation of 20E 

by feeding a 20E-supplemented diet during larval growth is sufficient to inhibit 

growth and results in a smaller body size (Colombani et al., 2005; Delanoue et al., 

2010). Conversely, blunting ecdysone signaling results in increased body size 

(Colombani et al., 2005; Delanoue et al., 2010). Therefore, when ecdysone signaling 

is high, body size is smaller, and lower levels of ecdysone signaling results in larger 

body size. 

PTTH. The timing of the pulse of 20E to trigger pupariation is itself controlled 

by hormonal factors. For example, the neuropeptide prothoracicotropic hormone 

(PTTH) is derived from a pair of neurosecretory cells in the brain and is required for 

the production of 20E pulses (McBrayer et al., 2007). PTTH also acts to integrate 

environmental factors with hormone production. For example, PTTH may mediate 

the effects of oxygen on developmental timing and body size. Upon hypoxia, nitric 

oxide is produced and PTTH promotes the expression of genes required for nitric 

oxide synthase (NOS) activity in the PG (Caceres et al., 2011). In Drosophila and 

other insects such as Manduca, this hypoxia-dependent activation of NOS results in 
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altered 20E production, and earlier pupariation (Callier et al., 2013; Wingrove and 

O’Farrell, 1999). However, it remains unclear whether hyperoxia has any effect on 

20E production, developmental timing, and final body size in Drosophila.  

 Juvenile Hormone. A third hormone controlling developmental time and 

body size is juvenile hormone (JH). In both Drosophila and Manduca, JH production 

is high during times of low nutrient availability to prevent pupariation. Specifically, 

during starvation, JH is produced in the corpora allata of developing larvae, and high 

levels of JH suppress ecdysone production which prolongs the developmental 

growth period (Cymborowski et al., 1982; Fain and Riddiford, 1975; Nijhout and 

Williams, 1974; Mirth and Shingleton, 2012; Mirth et al., 2014; Riddiford and 

Ashburner, 1991; Riddiford et al., 2010). Consequently, in flies lacking JH body size 

is smaller (Mirth et al., 2014; Riddiford et al., 2010), and feeding of JH delays 

pupariation (Riddiford and Ashburner, 1991). Therefore, together with ecdysone, JH 

affects both developmental time and final body size. 

 

1.1.3. Genetic factors that regulate body size. 

Following the identification of environmental and hormonal factors which 

regulate final body size, studies next turned to identifying genes and pathways 

required for nutrient-dependent growth. Using genetic screens in a nutrient-rich 

context to identify modifiers of eye and wing size, several genes controlling body, 

and tissue, growth were identified (Harvey et al., 2003; Oldham et al., 2000; Zhang 

et al., 2000; Raisin et al., 2003; Tseng and Hariharan, 2002). For example, “pinhead” 

mutant flies, generated using EMS-induced mutagenesis, identified a requirement 

for many Drosophila homologs of genes in the target-of-rapamycin (TOR) pathway, 

where Tor is a conserved regulator of cell growth and proliferation (Oldham et al., 

2000; Zhang et al., 2000). Another pathway that emerged as a key regulator of 

growth from these screens was the IIS pathway. Foundational studies over the past 

20 years have expanded and deepened our understanding of how these two 

conserved signaling pathways, IIS and TOR, regulate growth during development. 

Activation of either the IIS and TOR pathways promotes growth and increased body 

size, whereas inhibition of either pathway reduces growth and body size (Boulan et 
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al., 2015; Edgar, 2006; Hietakangas and Cohen, 2009; Nijhout, 2003; Nijhout et al., 

2014). 

IIS. Activation of IIS begins with Drosophila insulin-like peptide (Dilp) 

production and secretion from the insulin-producing cells (IPCs) of the larval brain 

(Brogiolo et al., 2001; Geminard et al., 2009; Ikeya et al., 2002; Rulifson et al., 

2002). The IPCs in Drosophila are functionally analogous to the pancreatic beta cells 

which produce and secrete insulin in mammals (Rulifson et al., 2002). Interestingly, 

the neural production of insulin is observed throughout many invertebrate (Kondo et 

al., 1996; Pierce et al., 2001; Smit et al., 1998) and vertebrate species (Clarke et al., 

1996; Mehran et al., 2012). Given that the specification of IPCs in Drosophila shares 

many similarities to the specification of mammalian beta cells (Wang et al., 2007), 

this suggests a common neural origin of insulin-producing cells across species. 

 The IPCs express Dilps1,2,3, and 5 in larvae, which mediate growth in 

response to dietary nutrient context (Brogiolo et al., 2001; Rulifson et al., 2002; 

Gronke et al., 2010). The IPCs are the main source of growth-promoting Dilps as 

IPC ablation results in dramatically reduced body size which can be rescued by 

transgenic expression of Dilps (Rulifson et al., 2002). However, it is important to note 

that to date eight Dilps have been identified (Dilps1-8), seven of which can promote 

growth (Dilps1-7) (Brogiolo et al., 2001; Ikeya et al., 2002). Once secreted into the 

haemolymph IPC-derived Dilps bind to the insulin receptor (InR; Fbgn0283499) on 

target tissues, where Dilp binding promotes InR autophosphorylation and 

recruitment of adaptor proteins to InR at the plasma membrane (Almudi et al., 2013; 

Böhni et al., 1999; Chen et al., 1996; Poltilove et al., 2000; Werz et al., 2009). As a 

consequence of adapter protein recruitment, the regulatory and catalytic subunits of 

phosphatidylinositol-3-kinase (Pi3K21B; FBgn0020622 and Pi3K92E; FBgn0015279, 

respectively) are further recruited and facilitate the conversion of phosphatidylinositol 

(4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) 

(Leevers et al., 1996). This increase in plasma membrane PIP3 results in the 

recruitment of signaling kinases Akt (Akt; FBgn0010379) and phosphoinositide-

dependent kinase 1 (Pdk1; FBgn0020386) which together control many cellular 

processes which drive cell, tissue, and organismal growth (Fig. 1.1) (Cho et al., 
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2001; Rintelen et al., 2001; Verdu et al., 1999). Evidence in support of IIS’s key role 

in promoting growth comes from studies showing loss of many IIS components 

reduces body size (Böhni et al., 1999; Britton et al., 2002; Chen et al., 1996; 

Fernandez et al., 1995; Grewal, 2009; Gronke et al., 2010; Teleman, 2009). This 

role for IIS in promoting growth is highly conserved in other species. For example, in 

mice (Efstratiadis, 1998; Lupu et al., 2001), dogs (Hoopes et al., 2012; Sutter et al., 

2007), and humans with Laron syndrome (Laron et al., 1966; Clemons et al., 1976) 

reductions in IGF-1 lead to reduced growth. 

 

 
Figure 1.1. Simplified IIS/TOR pathway in Drosophila. Intracellular IIS signaling begins with 

Dilps binding to InR stimulating the production of PIP3 at the cell membrane. Pdk1 and Akt 

mediate a range of intracellular processes to control growth, such as Foxo phosphorylation. 

Increase in intracellular amino acid concentration through amino acid transporter Slimfast 

results in increased activity of TORC1 complex through Rheb. High levels of TORC1 activity 

mediates a range of processes that affect growth, such as through mRNA translation. There 

is crosstalk between IIS and TOR pathway components at multiple levels of the pathway. 

 

TOR. TOR pathway activation is mediated by the cell-autonomous uptake of 

nutrients to promote growth (Edgar, 2006; Grewal, 2009). Upon feeding, dietary 

protein is digested into amino acids which enter the haemolymph and are taken into 
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cells through amino acid transporters (Fig. 1.1) (Colombani et al., 2003; Miguel-

Aliaga et al., 2018). Amino acid uptake promotes recruitment of the TORC1 complex 

to the lysosomal membrane, a required step for TORC1 activation (Kim et al., 2008; 

Sancak et al., 2008; Sancak et al., 2010). TORC1 is the primary complex mediating 

TOR’s effects on cell growth and proliferation (Avruch et al., 2009; Wullschlager et 

al., 2006; Zhang et al., 2000). Then, the recruited TORC1 complex interacts with the 

small GTPase Ras homolog enriched in brain (Rheb; FBgn0041191) which activates 

TORC1 to promote increased cell size and proliferation dependent on Tor kinase 

(Patel et al., 2003; Saucedo et al., 2003; Stocker et al., 2003).  

The activation of Tor kinase in TORC1 by Rheb leads to increased growth by 

augmenting protein biosynthesis through multiple effectors (Hall et al., 2007). TOR 

effectors identified to play an important role in body size and cell growth include 

ribosomal protein S6 kinase (S6k; FBgn0283472), and eukaryotic initiation factor 4E-

binding protein (4E-BP; FBgn0261560), respectively. Both S6k and 4E-BP regulate 

protein biosynthesis, but act in opposing ways. TORC1 phosphorylation of S6k 

augments protein biosynthesis by facilitating translation initiation and elongation 

resulting in increased body size (Wang et al., 2001; Holz et al., 2005). However, 

TORC1-mediated phosphorylation of 4E-BP promotes protein biosynthesis by 

preventing 4E-BP from inhibiting cap-dependent mRNA translation (Gingras et al., 

2001; Hay and Sonenburg, 2004; Miron et al., 2001; Teleman et al., 2005). Both S6k 

and 4E-BP are key downstream effectors TORC1, however while S6k controls body 

size, 4E-BP only acts to inhibit cell growth in stress conditions (Montagne et al., 

1999; Miron et al., 2001; Teleman et al., 2005).  

TOR activity also regulates transcription, at least partly mediated by the post-

translational regulation of the transcription factor Myc (Myc; FBgn0262656) (Grewal 

et al., 2005; Guertin et al., 2006; Orian et al., 2005; Teleman, 2008). Myc regulates 

many aspects of protein biosynthesis in response to nutrient status such as 

ribosome biogenesis and mRNA translation (Grewal et al., 2005). Increasing mRNA 

translation promotes increased body size and genetic manipulations which reduce 

mRNA translation leads to reduced body size (Grewal et al., 2007; Rideout et al., 

2012; Marshall et al., 2012; Ghosh et al., 2014; Sriskanthadevan-Pirahas et al., 
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2018a; Sriskanthadevan-Pirahas et al., 2018b). Therefore, these nutrient- and 

TORC1-dependent changes in ribosome biogenesis, mRNA translation act together 

to control growth and final body size. Together, these studies demonstrate an 

important role for TOR signaling in the cell-autonomous regulation of cell size and 

proliferation in response to cellular amino acid levels. This role for TOR in nutrient-

dependent regulation of growth is highly conserved across species (De Virgilio and 

Loewith, 2006). For example, S6k mutant mice are also significantly smaller than 

their wild type littermates (Pende et al., 2004; Selman et al., 2009; Shima et al., 

1998). 

 

 

1.1.4. Coupling nutrients with growth 
Given that nutrient availability is required for growth during development, and that 

many genes are required to achieve a normal body size even in a nutrient-rich 

environment, the next step in understanding the regulation of body size was to 

identify factors that couple nutrient input with growth. Many studies over the last 20 

years show that coupling of nutrients with body size is mediated in part by the 

function of specific organs within the body that communicate with other organs and 

tissues by short- and long-range signals. In Drosophila, the most well-characterised 

example of this non-cell-autonomous mechanism of growth is the fat body, which 

functions as a key nutrient sensor to couple dietary nutrients with larval growth. The 

first clue that the fat body was a nutrient sensor came from experiments monitoring 

cell proliferation in endoreplicating and mitotic tissues. Constant nutrition is required 

to maintain endoreplicative growth in larvae (Britton and Edgar, 1998), and arrested 

growth is associated with a cessation in endoreplication (Galloni and Edgar, 1999; 

Zhang et al., 2000). These studies found that input of nutrients stimulated the cell 

cycles in both endoreplicating and mitotic tissues (Britton and Edgar, 1998). The IIS 

signaling pathway is key in maintaining endoreplication and growth in larval tissues 

in response to nutrients through Pi3K (Britton et al., 2002). Similarly, TOR signaling 

is required to couple nutrients with growth (Zhang et al., 2000; Patel et al., 2003). 

However, cell cycle stimulation is due in part to factors derived from the fat body 
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which act at a distance to control growth. Through elegant organ coculture 

experiments, researchers found that a mitogenic factor is secreted from the fed fat 

body to promote neuroblast proliferation in the starved brain, independent of the 

direct sensing of nutrients (Britton and Edgar, 1998). 

Further insight into the coupling of nutrients with growth came from research 

showing that the IPCs secrete Dilps in response to secreted fat body-derived factors 

(Colombani et al., 2003; Geminard et al., 2009; Arquier et al., 2008). From these 

studies a straightforward model of how the fat body senses nutrients and controls 

Dilp secretion from the IPCs to regulate growth has emerged. In a protein-rich 

dietary context, the amino acid transporter Slimfast (Slif; FBgn0037203) facilitates 

the uptake of amino acids (Colombani et al., 2003). This increase in intracellular 

amino acids stimulates fat body TOR activity (Colombani et al., 2003). Fat body TOR 

activation non-cell-autonomously promotes Drosophila insulin-like peptide 2 (Dilp2; 

FBgn0036046) secretion from the IPCs (Colombani et al., 2003; Geminard et al., 

2009). In nutrient-poor conditions, lower levels of amino acid import into the fat 

results in less TOR activity and Dilp retention in the IPCs, although refeeding rapidly 

triggers Dilp secretion (Colombani et al., 2003; Geminard et al., 2009). Due to lower 

levels of Dilp secretion, the production of PIP3 in target tissues is lower, resulting in 

diminished levels of Akt and Pdk1 recruitment and a slower rate of growth (Britton et 

al., 2002; Nowak et al., 2013).  

This reduced growth in nutrient-poor conditions can be rescued by the cell-

autonomous activation of IIS which rescues the reduced cell size (Britton et al., 

2002; Geminard et al., 2009; Nowak et al., 2013).  Conversely, in a nutrient-rich 

context, downregulation of slif expression uncouples nutrients from growth and 

phenocopies amino acid starvation and causes Dilp retention, growth arrest, and 

lethality (Colombani et al., 2003). However, this can be bypassed by augmenting 

TOR signaling in the larval fat body in nutrient-poor conditions which promotes Dilp 

secretion and increased growth, but at the cost of higher rates of lethality (Geminard 

et al., 2009). Thus, the fat body senses amino acids directly by coupling intracellular 

amino acid levels with TOR activity to promote Dilp secretion from the IPCs. This 

role for the fat as a nutrient sensor is indispensable for growth. This is in contrast to 
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mammals where the insulin-producing pancreatic beta cells directly sense circulating 

glucose to regulate insulin secretion (Campbell and Newgard, 2021). However, in 

Drosophila, direct sensing of nutrients by the larval IPCs plays a lesser role in 

coordinating systemic growth (Maniere et al., 2016). 

 But how does TOR activity in the fat body influence Dilp secretion from IPCs? 

Recently, a series of studies have identified several humoral factors (known as fat-

to-brain signals, or insulinotropic factors) which are secreted from the fat in a TOR-

dependent manner to promote Dilp secretion. These fat-to-brain signals respond to 

distinct nutrient components of the diet. For example, Stunted (Sun; FBgn0014391), 

Growth-blocking peptide 1 (Gbp1; FBgn0034199), and Growth-blocking peptide 2 

(Gbp2; FBgn0034200) are all upregulated and secreted in response to dietary 

protein consumption (Koyama and Mirth, 2016; Delanoue et al., 2016). In contrast, 

CCHamide-2 (CCHa2; FBgn0038147), and Unpaired-2 (upd2; FBgn0030904) are 

induced by dietary sugar feeding to promote Dilp secretion (Rajan and Perrimon, 

2012; Sano et al., 2015). However, these fat-to-brain signals may also be responsive 

to other nutrient components of the diet. For example, CCHa2 is weakly responsive 

to protein feeding, and Upd2 is induced by fat consumption (Rajan and Perrimon, 

2012; Sano et al., 2015). In the absence of dietary nutrients another fat derived 

factor, Eiger (Egr; FBgn0033483), inhibits Dilp secretion and growth (Agrawal et al., 

2016). Consequently, high levels of growth in a nutrient-rich context, and reduced 

growth in a nutrient-poor context, are both actively regulated by nutrient conditions to 

fine tune body size. 

The mechanisms by which Dilp secretion is induced by fat-to-brain signals differs 

widely. These can be broadly classified into two groups: direct, and indirect 

regulation of Dilp secretion. For example, Sun in circulation directly regulates Dilp2 

secretion through its receptor Methuselah (Mth; FBgn0023000) expressed on the 

IPCs (Delanoue et al., 2016). Similarly, CCHamide-2 receptor (CCHa2-R; 

FBgn0033058) is expressed on the IPCs and regulates Dilp production (Sano et al., 

2015), and Egr directly interacts with its receptor Grindelwald (Grnd; FBgn0032682) 

expressed on the IPCs to inhibit Dilp secretion (Agrawal et al., 2016). In contrast, 

circulating Upd2 binds to its receptor Domeless (Dome; FBgn0043903) expressed 
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on GABAergic neurons which inhibit IPC activity (Rajan and Perrimon, 2012). Upd2-

dependent stimulation of JAK/STAT signaling in these GABAergic neurons relieves 

the inhibition of IPC activity thus indirectly promoting Dilp secretion (Rajan and 

Perrimon, 2012). A similar indirect mechanism promoting Dilp secretion is mediated 

in response to Gbp1 and Gbp2 through a pair of intermediate inhibitory neurons 

termed insulin-connecting neurons (ICNs) (Meschi et al., 2019). Gbp1 and Gbp2 

bind to the epidermal growth factor receptor (EGFR; FBgn0003731) expressed on 

the ICNs to promote EGF signaling which relieves the inhibition of IPC activity 

(Meschi et al., 2019). Therefore, both direct and indirect actions of fat-to-brain 

signals regulate Dilp production and secretion in response to dietary nutrients. 

Together, these studies form a rich foundation of knowledge on the regulation of 

Drosophila body size during development. However, many of these studies were 

performed using a mixed-sex population of larvae. As a result, less is known about 

the requirement for these genes and pathways in regulating body size in each sex.  

 

1.2. SEX DIFFERENCES IN GROWTH DURING DEVELOPMENT 
 

1.2.1. Mechanisms of sex determination 
A range of sex determination mechanisms have evolved in a variety of 

species (Manolakou et al., 2006; Bachtrog et al., 2014). While the specifics of sex 

determination vary, there exist several parallels in sex determination between 

species. Many species use a sex determination mechanism dependent on sex 

chromosome complement. One common form of sex determination through sex 

chromosomes is heterogamy, where one sex bears two identical sex chromosomes 

and one is heterozygous for a sex-determining locus. In mammals and Drosophila, 

the heterogametic sex is the male possessing an XY sex chromosome complement. 

However, while mammals and Drosophila share an XX/XY sex determination 

mechanism, the downstream effectors mediating sex-specific development are very 

different. 
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1.2.2. Sex determination in Drosophila 

In Drosophila, the sex determination pathway downstream of sex 

chromosome complement has been extensively studied. In early embryonic 

development, sex is determined by the number of X chromosomes (Bridges, 1921 

Salz and Erickson, 2010). In XX female embryos, a functional Sex Lethal (Sxl; 

FBgn0264270) protein is produced. Sxl is a master regulator of female development 

(Fig. 1.2a-c). In XY individuals, a functional Sxl protein is not produced, and male 

development occurs. The main downstream target of Sxl in directing female 

development is transformer (tra; FBgn0003741), where Sxl binding to tra pre-mRNA 

introduces a female-specific splice that causes a functional Tra protein to be 

produced (TraF) (Belote et al., 1989; Boggs et al., 1987; Inoue et al., 1990). Tra is a 

key determinant of female development: lack of Tra ‘transforms’ females into 

phenotypic males, whereas ectopic Tra expression in males is sufficient to specify 

female development (Sturtevant, 1945). Like Sxl, TraF is a splicing factor which 

controls many aspects of female sexual development, reproduction, and behaviour 

via regulation of two downstream target genes: doublesex (dsx; FBgn0000504) and 

fruitless (fru; FBgn0004652).  

TraF-dependent alternative splicing of dsx pre-mRNA produces a female-

specific Dsx isoform (DsxF). DsxF regulates many aspects of female somatic 

development such as pigmentation, genital development, and female sexual 

behaviour (Kopp et al., 2000; Chatterjee et al., 2011; Clough et al., 2014; Camara, 

Whitworth, and Van Doren, 2008; Williams et al., 2008; Rideout et al., 2010). TraF-

dependent splicing of fru transcripts derived from the P1 promoter (fru-P1), on the 

other hand, results in no fru-P1 derived protein expression in females due to 

alternative 5’ splice site choice. Consequently, female fru-P1 transcripts do not 

encode a functional protein whereas in males a functional FruM protein is produced 

(Ryner et al., 1996; Ito et al., 1996; Heinrichs, Ryner, and Baker, 1998). As loss of 

dsx, or fru, results in defects in sexual differentiation and behaviour, the prevailing 

view is that TraF regulates many aspects of female sexual development and 

behaviour via DsxF. In the absence of TraF, dsx and fru-P1 pre-mRNAs undergo 

default splicing, resulting in the production of male-specific isoforms of Dsx (DsxM) 
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and Fru (FruM). DsxM and FruM together regulate many aspects of male somatic 

development and male sexual behaviours such as courtship (Kopp et al., 2000; 

Williams et al., 2008; Rideout et al., 2010; Chatterjee et al., 2011; Clough et al., 

2014; Massey and Wittkopp, 2016; Billeter et al., 2006; Kimura et al., 2008; Shirangi, 

Taylor, and McKeown et al., 2006).  

While dsx and fru determine many phenotypic sex differences, recent studies 

have identified male-female differences mediated by Sxl/Tra independent of their 

canonical downstream effectors. The first identification of a dsx- and fru-independent 

role for Tra was in the regulation of body size. Tra is both required for increased 

body size in females, and sufficient to drive growth in feminized males (Rideout et 

al., 2015). Since, several studies have identified Sxl/Tra-dependent phenotypes 

independent of Dsx and Fru. For example, sex differences in stress-induced 

intestinal stem cell (ISC) proliferation in the adult midgut are cell-autonomously 

controlled by Sxl/Tra, independent of dsx, through imaginal disc growth factor 1 

(idgf1; FBgn0020416), Serpin 88Eb (Spn88Eb; FBgn0038299), and reduced ocelli 

(rdo; FBgn0243486) (Hudry et al., 2016; Ahmed et al., 2020). Additionally, testis-

derived factors non-cell-autonomously control the sex difference in carbohydrate 

metabolism gene expression in the adult midgut, independent of intrinsic sex identity 

in the midgut (Hudry et al., 2019). Recent evidence also suggests novel 

relationships between Tra and its canonical factors. For example, Tra is required for 

the production of a population of female-specific Dilp7-expressing motoneurons 

(Castellanos et al., 2013; Garner et al., 2018). These studies found Tra acts 

genetically downstream of fru splicing to control the production of these 

motoneurons (Garner et al., 2018). This emerging evidence demonstrates that much 

remains to be discovered as to how phenotypic sex differences are controlled by sex 

determination genes in Drosophila. 
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Figure 1.2. New insights into sex determination pathway in Drosophila. A working model 

incorporating findings from recent studies on sex determination pathway activity in multiple 

larval and adult tissues. Canonically, female sex is determined in Drosophila by the 

presence of two X chromosomes resulting in the production of a functional Sxl protein which 

splices the pre-mRNA of its main downstream target, tra, producing a functional Tra protein 

in females. Tra, also a splicing factor, acts together with its cofactor Tra2 and splices the 

pre-mRNA of its downstream targets dsx and fru producing a female-specific DsxF isoform 

and introducing a stop codon in fru transcripts resulting in no functional Fru protein in 

females. Recent studies have expanded our knowledge of the sex determination pathway by 

identifying additional branches active in specific tissues and at different times during 

development. (a) For example, in the larval fat body a Tra-dependent but dsx-independent 

branch regulates body size in female larvae. (b) Further, in the ISCs of the adult midgut, this 

Tra-dependent but dsx-independent branch promotes ISC proliferation in females; however, 

this function is independent of Tra2. (c) In the larval and the adult central nervous system, 

both Tra and Tra2 specify female neural circuits via dsx and fru. However, recent studies 
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have identified both canonical and non-canonical roles for Tra in promoting the survival of 

female-specific Dilp7-expressing motoneurons. Additionally, a Sxl-dependent but Tra-

independent branch also functions in subsets of neurons to promote increased female body 

size. Adapted from Millington and Rideout, 2018. 

 

1.2.3. Sex differences in Drosophila body size  

In Drosophila, as in other animals, one important determinant of body size is 

biological sex (Millington and Rideout, 2018; Stilwell et al., 2010; Teder and 

Tammaru, 2005). Several factors influence this male-female difference in body size. 

 Sex determination genes. Until recently, it was incorrectly presumed that 

only Sxl, not Tra, controls the sex difference in body size (Cline and Meyer, 1996; 

Cline, 1984; Evans and Cline, 2013). However, evidence that sex determination 

genes affect body size was first collected in 1961 when Brown and King reported 

that mutations in tra caused a smaller body size in female flies (Brown and King, 

1961). Sxl and Tra have recently both been shown to control SSD independent of 

Dsx and Fru (Rideout et al., 2015; Sawala and Gould, 2017). Loss of either Sxl or tra 

results in smaller female body size, but no difference in males (Rideout et al., 2015; 

Sawala and Gould, 2017). This was suggested to be due to the transformation of 

gonads, however, subsequent research demonstrated that Tra’s effects on body size 

are independent of gonad transformation (Rideout et al., 2015). Instead, Tra was 

found to be an important regulator of growth both cell-autonomously and non-cell-

autonomously. Loss of Tra in individual cells results in smaller cell size in females, 

with no effect in males, and overexpression of Tra results in larger cells in males 

(Rideout et al., 2015). Tra was found to regulate body size non-cell-autonomously 

from the larval fat body, where loss of Tra in the fat results in smaller females, and 

overexpression of Tra in the fat in a masculinized tra mutant female is sufficient to 

rescue this reduced body size (Rideout et al., 2015). Following the identification of 

Tra in regulating SSD, Sxl was identified to be required for increased female cell and 

body size (Sawala and Gould, 2017). Specifically, Sxl in the neurons is required for 

increased female body size, acting in the IPCs and the Gad1 producing neurons 

(Sawala and Gould, 2017). While this study did not identify the mechanism by which 
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Sxl acts in these neurons to regulate SSD, Sxl in the neurons regulates the entire 

SSD as females with neuronal loss of Sxl are the same size as males (Sawala and 

Gould, 2017). Together, these studies demonstrate a crucial role for Sxl and Tra for 

SSD.  

X-linked genes. The X-linked gene Myc is expressed at higher levels in 

females and promotes increased female body size (Mathews et al., 2017). This is 

due to Myc expresseion escaping dosage compensation (Mathews et al., 2017). 

Typically, Sxl is a master regulator of dosage compensation of X-linked genes, in 

addition to its role in splicing tra pre-mRNA (Bashaw and Baker, 1996; Cline and 

Meyer, 1996; Salz and Erickson, 2010; Sawala and Gould, 2017). Therefore, this 

explains why Sxl controls the entire sex difference in body size as loss of Sxl 

disrupts both tra pre-mRNA splicing and dosage compensation (Sawala and Gould, 

2017; Mathews et al., 2017). Indeed, simultaneous loss of both Tra and Myc results 

in equal size males and females (Mathews et al., 2017). 

Nutrients. Dietary nutrients are required for SSD as males and females have 

equal body size in a nutrient-poor context (Rideout et al., 2015). However, the 

relationship between nutrient-status and SSD remains incompletely understood. 

Clues as to how nutrients affect growth in both sexes have been reported for almost 

a century. Early studies of diet and wing size identified a greater magnitude of 

change to the size of cells in females in a nutrient-poor diet than males (Alpatov, 

1930). Recent studies have built on these earlier findings and identified sex-biased 

growth responses of male and female traits to dietary protein and carbohydrates 

(Shingleton et al., 2017). Specifically, female trait size is significantly more affected 

by changes to dietary protein concentration than males (Shingleton et al., 2017). 

This suggests that the magnitude of nutrient-dependent changes to growth may be 

higher in females. 

Recent progress has been made in identifying how nutrients are coupled with 

sex differences in growth. For example, recent studies have implicated sex 

differences in IIS activity as important for SSD (Fig. 1.3). Indeed, sex differences 

exist in the expression of Dilps, IIS activity during the larval growth period, and the 

secretion of Dilp2 (Rideout et al., 2015; McDonald et al., 2020). Further, strong 
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reductions in IIS activity through hypomorphic mutation of InR eliminates the sex 

difference in body size (Testa et al., 2013), and loss of some individual Dilps has 

sex-specific effects on growth (Gronke et al., 2010). This appears to be specific to 

IIS as pharmacological inhibition of TOR activity does not have sex-biased effects on 

body size (Rideout et al., 2015), suggesting that IIS, not TOR, contributes to SSD. 

This evidence of sex-biased regulation of IIS activity is further bolstered by reports of 

sex-biased effects of reduced IIS on a range of phenotypes. For example, alterations 

to diet and IIS activity lead to widespread sex-biased and sex–specific changes in 

the transcriptome of adult flies (Camus et al., 2019; Graze et al., 2018). Additionally, 

the sex-biased effects of diet and IIS activity on lifespan have been consistently 

observed in flies (Bjedov et al., 2010; Clancy, 2001; Giannakou et al., 2004; Grönke 

et al., 2010; Regan et al., 2016; Tatar et al., 2001; Woodling et al., 2020; Wu et al., 

2020), and humans (Van Heemst et al., 2005). However, despite the implication of 

sex determination genes and nutrients for sex differences in growth, the 

mechanisms remain unclear how these factors interact to determine SSD. 
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Figure 1.3. Multiple mechanisms contribute to sex differences in growth in Drosophila. A 

working model incorporating findings from recent studies on sex differences in growth. (a) 

Several recent studies have implicated the IIS pathway in the regulation of sex differences in 

body size. Previous findings have demonstrated sex differences in Dilp regulation whereby 

female third instar larvae have higher levels of Dilp2 secretion than males. This may result in 

increased IIS as females have elevated IIS activity compared to males during this larval 

stage. Interestingly, the sex determination gene tra acts in the larval fat body to control Dilp2 

secretion from the IPCs non-cell-autonomously. Which fat-derived factors, such as Sun and 

Upd2, which mediate this increased Dilp2 secretion is not known. (b) Additionally, Sxl in the 

IPCs and Gad1 neurons, independent of Tra, promotes increased female body size. (c) 

Further, in all cells, the growth regulator Myc promotes increased female body size 

potentially through altered levels of ribosomal RNA, ribosome biogenesis, or tRNAs. 

Adapted from Millington and Rideout, 2018. 
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The goal of this thesis is to advance knowledge of the mechanisms 

underlying the differential control of body size in both sexes in Drosophila. In the 

following three chapters, I present evidence demonstrating that males and females 

differ in both the genes and pathways that contribute to final body size, and how 

these genes and pathways mediate nutrient-dependent growth. 
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2. GENETIC MANIPULATION OF INSULIN/INSULIN-LIKE GROWTH FACTOR 
SIGNALING PATHWAY ACTIVITY HAS SEX BIASED EFFECTS ON 
DROSOPHILA BODY SIZE 

 

2.1. SYNOPSIS 

 In Drosophila raised in nutrient-rich conditions female body size is 

approximately 30% larger than male body size due to an increased rate of growth 

and differential weight loss during the larval period (Testa et al., 2013). While the 

mechanisms that control this sex difference in body size remain incompletely 

understood, recent studies suggest that sex-based differences in insulin/insulin-like 

growth factor signaling pathway (IIS) plays a role in the sex-specific regulation of 

processes that influence body size during development (Testa et al., 2013; Rideout 

et al., 2015). In larvae, IIS activity differs between the sexes, and there is evidence 

of sex-specific regulation of IIS ligands (Rideout et al., 2015). Yet, we lack 

knowledge of how changes to IIS activity impact body size in each sex, as the 

majority of studies on IIS and body size use single- or mixed-sex groups of larvae 

and/or adult flies. The goal of our current study was to clarify the contribution of IIS 

activity to body size in each sex. To achieve this goal, we used established genetic 

approaches to enhance, or inhibit, IIS activity, and quantified pupal size in males and 

females. Overall, genotypes that inhibited IIS activity caused a female-biased 

decrease in body size, whereas genotypes that augmented IIS activity caused a 

male-biased increase in body size. These data extend our current understanding of 

body size regulation by showing that most changes to IIS pathway activity have sex-

biased effects, and highlights the importance of analyzing body size data according 

to sex. 
 

2.2. INTRODUCTION 
Over the past two decades, the Drosophila larva has emerged as an 

important model to study the molecular and developmental processes that contribute 

to final body size. When nutrients are plentiful, one important factor that affects body 
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size in most Drosophila species is whether the animal is male or female: female flies 

are typically larger than male flies (Alpatov et al. 1930; Pitnick et al.1995; French et 

al. 1998; Huey et al. 2006; Testa et al. 2013; Okamoto et al. 2013; Rideout et al. 

2015; Sawala and Gould 2017; reviewed in Millington and Rideout 2018). This 

increased body size is due to an increased rate of larval growth and sexually 

dimorphic weight loss in wandering larvae, as the duration of the larval growth period 

does not differ between the sexes in wild-type flies (Testa et al. 2013; Okamoto et al. 

2013; Sawala and Gould 2017). While the precise molecular mechanisms underlying 

the male-female difference in body size remain incompletely understood, recent 

studies have revealed a key role for the insulin/insulin-like growth factor signaling 

pathway (IIS) in the sex-specific regulation of developmental processes that 

influence body size (Shingleton et al. 2005; Gronke et al. 2010; Testa et al. 2013; 

Rideout et al. 2015; Liao et al. 2020; Millington et al. 2020 preprint). 

Normally, IIS activity is higher in female larvae than in age-matched males 

(Rideout et al. 2015; Millington et al. 2020 preprint). Given that increased IIS activity 

is known to promote cell, tissue, and organismal size (Grewal 2009; Teleman 2009), 

this suggests that elevated IIS activity is one reason that females have a larger body 

size. Indeed, the sex difference in body size was abolished between male and 

female flies carrying a mutation that strongly reduced IIS activity (Testa et al. 2013), 

and between male and female pupae reared on diets that markedly decrease IIS 

activity (Rideout et al. 2015). In both cases, the sex difference in body size was 

eliminated by a female-biased decrease in body size (Testa et al. 2013; Rideout et 

al. 2015). While these findings suggest that IIS plays a role in sex-specific body size 

regulation during development, only one genetic combination was used to reduce IIS 

activity (Testa et al. 2013). Therefore, it remains unclear whether the sex-biased 

effect of reduced IIS activity on body size is a common feature of genotypes that 

alter IIS activity. 

 In the present study, we used multiple genetic approaches to either enhance 

or inhibit IIS activity, and monitored body size in males and females. While previous 

studies show that the genetic approaches we employed effectively alter IIS activity, 

the body size effects in each sex remain unclear due to frequent use of mixed-sex or 
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single-sex experimental groups, and the fact that statistical tests to detect sex-by-

genotype interactions were not applied (Fernandez et al. 1995; Chen et al. 1996; 

Leevers et al. 1996; Böhni et al. 1999; Brogiolo et al. 2001; Cho et al. 2001; Rintelen 

et al. 2001; Ikeya et al. 2002; Britton et al. 2002; Rulifson et al. 2002; Zhang et al. 

2009; Geminard et al. 2009; Gronke et al. 2010). Our systematic examination of IIS 

revealed most genetic manipulations that reduced IIS activity caused a female-

biased reduction in body size. In contrast, most genetic manipulations that enhanced 

IIS activity increased male body size with no effect in females. Together, these 

findings provide additional genetic support for IIS as one pathway that impacts sex-

specific body size regulation in Drosophila. 

 

2.3. MATERIALS AND METHODS 

 

2.3.1.  Fly husbandry  

Drosophila growth medium consisted of: 20.5 g/L sucrose, 70.9 g/L D-

glucose, 48.5 g/L cornmeal, 45.3 g/L yeast, 4.55 g/L agar, 0.5g CaCl2•2H2O, 0.5 g 

MgSO4•7H2O, 11.77 mL acid mix (propionic acid/phosphoric acid). Diet data was 

deposited under “Rideout Lab 2Y diet” in the Drosophila Dietary Composition 

Calculator (Lesperance and Broderick 2020). For all experiments, parental flies of 

appropriate genotypes were crossed and allowed to lay eggs on grape juice agar 

plates for a period of 12 hours. At 24 hr AEL, larvae were picked off of grape juice 

agar plates into growth medium and raised at a density of 50 animals per 10 mL 

food at 25°C. Male and female pupae were sexed by gonad size. Adult flies were 

maintained at a density of twenty flies per vial in single-sex groups. 

 

2.3.2. Fly strains 

 The following fly strains from the Bloomington Drosophila Stock Center were 

used: w1118 (#3605), UAS-rpr (#5823), UAS-Imp-L2-RNAi (#55855), InRE19 (#9646), 

InRPZ (#11661), Df(3R)Pi3K92EA (#25900), chico1 (#10738), foxo21 (#80943), foxo25 

(#80944), r4-GAL4 (fat body), dilp2-GAL4 (IPCs). Additional fly strains include: UAS-

Kir2.1 (Baines et al. 2001), dilp1, dilp3, dilp4, dilp5, dilp641, dilp7, Df(3L)ilp2-3,5, 
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Df(3L)ilp1-4,5 (Grönke et al. 2010), Sdr1 (Okamoto et al. 2013), Pi3K92E2H1 (Halfar 

et al. 2001), Pdk14 (Rintelen et al. 2001), Akt13 (Stocker et al. 2002). All fly strains 

except dilp641 were backcrossed into a w1118 background for 6 generations. All 

strains without a visible marker were crossed six times to a w1118 strain carrying a 

balancer chromosome corresponding to the genomic location of the gene. These 

crosses were in addition to prior extensive backcrossing of dilp mutant strains 

(Grönke et al. 2010).  

 

2.3.3. Body size 

For pupal volume, larvae of each genotype were synchronized at 24 hr AEL and 

cultured in Drosophila growth medium at a density of 50 larvae per vial to 

pupariation. Pupal length and width were determined using an automated detection 

and measurement system. Segmentation of the pupae for automated analysis was 

carried out using the “Marker-controlled Watershed” function included in the 

MorphoJ plugin (Klingenberg, 2011) in ImageJ (Schindelin et al. 2012; Rueden et al. 

2017). Briefly, the original image containing the pupae was blurred using the 

“Gaussian blur” function. A selection of points marking the pupae was then created 

using the “Find Maxima” function. Next, a new image with the same dimension as 

the pupae was created, where the individual points were projected onto this original 

image using the “Draw” function. Then, we labelled each point using the “Connected 

Components Labeling” function in the MorphoJ plugin (Klingenberg 2011). This 

image is now the marker image. Upon completion of the marker image, we used the 

“Morphological Filters” function in the MorphoJ package with the options 

“operation=Gradient element=Octagon radius =2” to generate a gradient image of 

the pupae. Using the “Marker-controlled Watershed” function with the gradient image 

as the input, and the marker image to identify regions of interest outlining the pupae, 

the width and length of the pupae were obtained by selecting “Fit ellipse” option 

under the “Set Measurements” menu in ImageJ. Once length and width were 

determined using this automated measurement system, pupal volume was 

calculated using this formula: 4/3π(L/2)(W/2)2 (L, length; W, width) (Delanoue et al. 

2010; Rideout et al. 2012, 2015; Marshall et al. 2012; Ghosh et al. 2014). To 



	 29	

measure adult weight, 5-day-old virgin male and female flies were collected and 

weighed in groups of ten on an analytical balance.  

 

2.3.4. Statistical analysis and data presentation 

GraphPad Prism (GraphPad Prism version 8.4.2 for Mac OS X) was used to 

perform all statistical tests and to prepare all graphs in this manuscript. Statistical 

tests and significance are indicated in figures and figure legends.  
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2.4. RESULTS 

2.4.1. Reduced IPC function causes a female-biased decrease in body size 

In Drosophila, the insulin-producing cells (IPCs) located in the brain are an 

important source of IIS ligands called Drosophila insulin-like peptides (Dilps). In 

larvae, the IPCs synthesize and release Dilp1 (FBgn0044051), Dilp2 

(FBgn0036046), Dilp3 (FBgn0044050), and Dilp5 (FBgn0044048) into the 

hemolymph (Brogiolo et al. 2001; Ikeya et al. 2002; Rulifson et al. 2002; Lee et al. 

2008; Geminard et al. 2009). When circulating Dilps bind to the Insulin-like Receptor 

(InR; FBgn0283499) on the surface of target tissues, an intracellular signaling 

cascade is initiated which ultimately promotes cell, tissue, and organismal size 

(Chen et al. 1996; Böhni et al. 1999; Poltilove et al. 2000; Britton et al. 2002; Werz et 

al. 2009; Almudi et al. 2013). The importance of the IPCs in regulating IIS activity 

and body size is illustrated by the fact that IPC ablation and silencing both reduce IIS 

activity and decrease overall body size (Rulifson et al. 2002; Geminard et al. 2009). 

Yet, the precise requirement for IPCs in body size regulation in each sex remains 

unclear, as past studies presented data from a mixed-sex population of larvae or 

reported effects in only a single sex (Rulifson et al. 2002; Geminard et al. 2009). 

Because recent studies show that the sex of the IPCs contributes to the sex-specific 

regulation of body size (Sawala and Gould 2017), we asked how the presence and 

function of the IPCs affected body size in each sex. 

First, we ablated the IPCs by overexpressing proapoptotic gene reaper (rpr; 

FBgn0011706) with the IPC-specific GAL4 driver dilp2-GAL4 (Brogiolo et al. 2001; 

Rulifson et al. 2002). This method eliminates the IPCs during development (Rulifson 

et al. 2002). To quantify body size, we measured pupal volume to capture 

developmental processes such as growth and weight loss that occur during the 

larval period (Delanoue et al. 2010; Testa et al. 2013). In females, pupal volume was 

significantly lower in dilp2>UAS-rpr pupae compared with dilp2>+ and +>UAS-rpr 

control pupae (Fig. 2.1A). In males, pupal volume was also significantly lower in 

dilp2>UAS-rpr pupae compared with control dilp2>+ and +>UAS-rpr pupae (Fig. 
2.1A); however, the magnitude of the decrease in body size was greater in females 

than in males (sex:genotype interaction p<0.0001; two-way ANOVA). Next, to 
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determine how reduced IPC function affected body size in each sex, we 

overexpressed the inwardly-rectifying potassium channel Kir2.1 (Baines et al. 2001) 

using dilp2-GAL4. This approach reduces Dilp secretion and lowers IIS activity in a 

mixed-sex group of larvae (Geminard et al. 2009). We found that pupal volume was 

significantly reduced in dilp2>UAS-Kir2.1 females compared with dilp2>+ and 

+>UAS-Kir2.1 control females (Fig. 2.1B). In males, pupal volume was reduced in 

dilp2>UAS-Kir2.1 pupae compared with dilp2>+ and +>UAS-Kir2.1 control pupae 

(Fig. 2.1B). Because the magnitude of the decrease in female body size was larger 

than the reduction in male body size (sex:genotype interaction p<0.0001; two-way 

ANOVA), this result indicates that inhibiting IPC function caused a female-biased 

reduction in pupal size. Together, these results identify a previously unrecognized 

sex-biased body size effect caused by manipulating IPC survival and function. 

Because previous studies show that IPC loss and IPC inhibition affects several 

developmental processes that impact final body size, these sex-specific body size 

effects may be due to sex-specific changes in larval growth, growth duration, and 

larval weight loss (Okamoto et al. 2013; Testa et al. 2013; Rideout et al. 2015; 

Sawala and Gould 2017). 

 

2.4.2.  Loss of IPC-derived Dilps causes a female-biased reduction in body size 

Given that the larval IPCs produce Dilp1, Dilp2, Dilp3, and Dilp5 (Brogiolo et 

al. 2001; Ikeya et al. 2002; Rulifson et al. 2002; Lee et al. 2008; Geminard et al. 

2009), we tested whether the loss of some (Df(3L)ilp2-3,5), or all (Df(3L)ilp1-4,5), of 

the IPC-derived Dilps affected pupal size in males and females. While a previous 

study reported how loss of all IPC-derived dilp genes affected adult weight, data 

from both sexes was not available for all genotypes (Gronke et al. 2010). In females, 

pupal volume was significantly smaller in Df(3L)ilp2-3,5 pupae, which lack the coding 

sequences for dilp2, dilp3, and dilp5 (Gronke et al. 2010), compared with w1118 

control pupae (Fig. 2.1C). In males, body size was also significantly reduced in 

Df(3L)ilp2-3,5 homozygous pupae compared with w1118 controls (Fig. 2.1C); 

however, the decrease in body size was significantly greater in females than in 

males (sex:genotype interaction p<0.0001; two-way ANOVA). When we measured 
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body size in males and females lacking all IPC-derived Dilps (Df(3L)ilp1-4,5), which 

lack the coding sequences for dilp1, dilp2, dilp3, dilp4, and dilp5 (Gronke et al. 

2010), we reproduced the female-biased reduction in body size (Fig. 2.1C; 

sex:genotype interaction p<0.0001; two-way ANOVA). This reveals a previously 

unrecognized sex-biased body size effect arising from loss of most, or all, IPC-

derived Dilps. Given that several dilp genes are known to affect developmental 

processes that impact body size, these sex-specific body size effects may reflect 

sex-specific changes in larval growth rate and larval weight loss (Okamoto et al. 

2013; Testa et al. 2013; Rideout et al. 2015; Sawala and Gould 2017), and possibly 

sex-specific effects on the duration of the larval growth period. 

 

 
Figure 2.1. IPC ablation, loss of IPC function, and loss of IPC-derived Dilp ligands all 
cause a female-biased decrease in growth.  
(A) Pupal volume in dilp2>UAS-rpr females and males compared to dilp2>+ and +>UAS-rpr 

controls (p<0.0001 for all comparisons; two-way ANOVA followed by Tukey HSD test). n = 

15-71 pupae. (B) Pupal volume in dilp2>UAS-Kir2.1 females and males compared to both 

dilp2>+ and +>UAS-Kir2.1 controls (p<0.0001 for all comparisons; two-way ANOVA followed 
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by Tukey HSD test). n = 31-53 pupae. (C) Pupal volume in Df(3L)ilp2-3,5 and Df(3L)ilp1-4,5 

homozygous females and males compared with sex-matched w1118 controls (p<0.0001 for all 

comparisons; two-way ANOVA followed by Tukey HSD test). n = 7-74 pupae. **** indicates 

p<0.0001; error bars indicate SEM. For all panels, females are shown on the left-hand side 

of the graph and males are shown on the right-hand side. p-values for all sex:genotype 

interactions are indicated on the graphs. 

 

2.4.3. Loss of individual dilp genes causes a female-specific decrease in body size 

While Dilp1, Dilp2, Dilp3 and Dilp5 are all produced by the IPCs, previous 

studies have uncovered significant differences in regulation, secretion, and 

phenotypic effects of these IPC-derived Dilps (Brogiolo et al. 2001; Zhang et al. 

2009; Okamoto et al. 2009; Grönke et al. 2010; Cognigni et al. 2011; Stafford et al. 

2012; Bai et al. 2012; Linneweber et al. 2014; Cong et al. 2015; Liu et al. 2016; 

Nässel and Vanden Broeck, 2016; Post et al. 2018, 2019; Semaniuk et al. 2018; 

Ugrankar et al. 2018; Brown et al. 2020). We therefore wanted to determine the 

individual contributions of IPC-derived Dilps to pupal size in each sex. Further, given 

that there are non-IPC-derived Dilps that regulate diverse aspects of physiology and 

behaviour (dilp4, FBgn0044049; dilp6, FBgn0044047; and dilp7, FBgn0044046) 

(Gronke et al. 2010; Castellanos et al. 2013; Garner et al. 2018), we wanted to 

determine the requirement for these additional Dilps in regulating pupal size in each 

sex. While a previous study measured adult weight as a read-out for body size in 

dilp mutants (Gronke et al. 2010), we measured pupal volume to ensure changes to 

adult weight were not due to altered gonad size (Green and Extavour 2014). We 

found that pupal volume was significantly smaller in female pupae lacking the coding 

sequences for dilp1, dilp3, dilp4, dilp5, and dilp7, respectively, compared with w1118 

control females (Fig. 2.2A). This data aligns well with findings from two recent 

studies showing a female-specific decrease in larval size caused by loss of dilp2 

(Liao et al. 2020; Millington et al. 2021). In contrast to most dilp mutants; however, 

there was no significant difference in pupal volume between homozygous y,w,dilp641 

female pupae and control y,w females (Fig. 2.2B). In males, pupal volume was not 

significantly different between dilp1, dilp3, dilp4, dilp5, and dilp7 mutant pupae and 

w1118 controls (Fig. 2.2C); however, pupal volume was significantly reduced in 
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y,w,dilp641 pupae compared with y,w controls (Fig. 2.2D). Together, these results 

extend our current understanding of body size regulation by revealing sex-specific 

requirements for all individual dilp genes in regulating body size. These sex-specific 

body size effects may be due to a combination of sex-specific effects on larval 

growth, weight loss in wandering larvae, or growth duration. 

 

 
Figure 2.2. Loss of individual dilp genes causes sex-biased effects on growth.  
(A) In females, pupal volume was significantly reduced compared with w1118 controls in 

pupae carrying individual mutations in each of the following genes: dilp1, dilp3, dilp4, dilp5, 

and dilp7 (p<0.0001, p = 0.0003, p = 0.0136, p<0.0001, and p<0.0001, respectively; one-

way ANOVA followed by Dunnett’s multiple comparison test). n = 59-74 pupae. (B) Pupal 

volume was not significantly different between y,w control female pupae and dilp641 mutant 

females (p = 0.7634, Student’s t test). n = 41-74 pupae. (C) In males, pupal volume was not 

significantly reduced compared with w1118 controls in pupae carrying individual mutations in 

each of the following genes: dilp1, dilp3, dilp4, dilp5, and dilp7 (p = 0.7388, p = 0.2779, p = 

0.1977, p = 0.9535, and p = 0.4526, respectively; one-way ANOVA followed by Dunnett’s 

multiple comparison test). n = 66-79 pupae. (D) Pupal volume was significantly reduced in 

male dilp641 pupae compared with y,w control males (p = 0.0017, Student’s t test). n = 64-70 
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pupae. * indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001; **** indicates 

p<0.0001; ns indicates not significant; error bars indicate SEM. Panels A and B display 

female data; panels C and D show male data.  
 

2.4.4. Loss of Dilp-binding factor Imp-L2 causes a male-specific increase in body 

size 

Once released into the circulation, the Dilps associate with proteins that 

modulate their growth-promoting effects. For example, Dilp1, Dilp2, Dilp5 and Dilp6 

form a high-affinity complex with fat body-derived ecdysone-inducible gene 2 (Imp-

L2, FBgn0001257) and Convoluted/Drosophila Acid Labile Subunit (Conv/dALS; 

FBgn0261269) (Arquier et al. 2008; Honegger et al. 2008; Alic et al. 2011; Okamoto 

et al. 2013), whereas Dilp3 interacts with Secreted decoy receptor of Insulin-like 

Receptor (Sdr; FBgn0038279) (Okamoto et al. 2013). Binding of the Imp-L2/dALS 

complex to individual Dilps likely reduces Dilp binding to InR, as reduced fat body 

levels of either Imp-L2 or dALS augment IIS activity and increase body size (Arquier 

et al. 2008; Honegger et al. 2008; Alic et al. 2011). Similarly, loss of Sdr in flies 

carrying an amorphic Sdr allele (Sdr1), increases IIS activity and increases body size 

(Okamoto et al. 2013). While the Sdr study reported that the magnitude of the 

increase in adult weight was equivalent in both sexes (Okamoto et al. 2013), which 

we confirm using pupal volume (Fig. 2.3A; sex:genotype interaction p = 0.5261; two-

way ANOVA), it remains unclear how the Imp-L2/dALS complex affects pupal size in 

each sex. Given that one source of secreted Imp-L2 is the fat body (other tissues 

shown to express Imp-L2 include the corpora cardiaca, insulin-producing cells, and a 

subset of gut enteroendocrine cells) (Honegger et al. 2008; Sarraf-Zadeh et al. 

2013), we overexpressed an RNAi transgene at equivalent levels in each sex 

(Millington et al. 2021) to reduce Imp-L2 mRNA levels in the fat body. We found that 

in females, pupal volume was not significantly different between pupae with fat body-

specific overexpression of the Imp-L2-RNAi transgene (r4>UAS-Imp-L2-RNAi) and 

control r4>+ and +>UAS-Imp-L2-RNAi pupae (Fig. 2.3B). In contrast, pupal volume 

was significantly larger in r4>UAS-Imp-L2-RNAi male pupae compared with r4>+ 

and +>UAS-Imp-L2-RNAi control males (Fig. 2.3B). This finding aligns with previous 
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studies showing that Imp-L2 loss enhances body size (Honegger et al. 2008). 

Further, this finding extends our knowledge by identifying a male-specific effect of 

reduced fat body Imp-L2 on pupal size (sex:genotype interaction p<0.0001; two-way 

ANOVA), a sex-biased effect that may arise due to sex-specific changes in larval 

growth, larval weight loss, or developmental timing. 

Figure 2.3. Fat body loss of Dilp-binding protein Imp-L2 has sex-biased effects on 
growth.  
(A) Pupal volume in Sdr1 mutant females and males compared with w1118 control females 

and males (p<0.0001 for both sexes; two-way ANOVA followed by Tukey HSD test). n = 52-

88 pupae. (B) In females, pupal volume was not significantly different between pupae with 

fat body-specific knockdown of Imp-L2 (r4>UAS-Imp-L2-RNAi) compared with r4>+ and 

+>UAS-Imp-L2-RNAi control pupae (p = 0.9948 and p<0.0001, respectively; two-way 

ANOVA followed by Tukey HSD test), whereas r4>UAS-Imp-L2-RNAi males were 

significantly larger than r4>+ and +>UAS-Imp-L2-RNAi control males (p<0.0001 for both 

comparisons; two-way ANOVA followed by Tukey HSD test). n = 70-92 pupae. **** indicates 

p<0.0001; ns indicates not significant; error bars indicate SEM. For all panels, females are 

shown on the left-hand side of the graph and males are shown on the right-hand side. p-

values for all sex:genotype interactions are indicated on the graphs. 
 

2.4.5. Altered activity of the intracellular IIS pathway causes sex-biased and non-

sex-specific effects on body size 

In flies, IIS activity is stimulated by Dilp binding the InR on the surface of 

target cells (Fernandez et al. 1995; Chen et al. 1996). This Dilp-InR interaction 

induces receptor autophosphorylation and recruitment of adapter proteins such as 
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chico (FBgn0024248), the Drosophila homolog of mammalian insulin receptor 

substrate (Böhni et al. 1999; Poltilove et al. 2000; Werz et al. 2009). The recruitment 

and subsequent activation of the catalytic subunit of Drosophila phosphatidylinositol 

3-kinase (Pi3K92E; FBgn0015279) increases the production of phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3) at the plasma membrane (Leevers et al. 1996; Britton et 

al. 2002), which activates signaling proteins such as Phosphoinositide-dependent 

kinase 1 (Pdk1; FBgn0020386) and Akt1 (FBgn0010379) (Alessi et al. 1997). Both 

Pdk1 and Akt1 phosphorylate many downstream effectors to promote body size 

(Verdu et al. 1999; Cho et al. 2001; Rintelen et al. 2001). The importance of these 

intracellular IIS components in regulating organism size is illustrated by studies 

showing that the loss, or reduced function, of most IIS components significantly 

decreases body size (Leevers et al. 1996; Chen et al. 1996; Böhni et al. 1999; 

Weinkove et al. 1999; Brogiolo et al. 2001; Rulifson et al. 2002; Zhang et al. 2009; 

Geminard et al. 2009; Grönke et al. 2010; Murillo-Maldonado et al. 2011). It is 

important to note that the effects of intracellular IIS components on body size are 

due to effects on several developmental processes including larval and pupal 

growth, larval weight loss, and growth duration (Chen et al. 1996; Böhni et al. 1999; 

Shingleton et al. 2005; Slaidina et al. 2009; Gronke et al. 2010; Testa et al. 2013). 

Yet, the majority of studies on the regulation of body size by intracellular IIS 

components were performed in a single- or mixed-sex population of larvae and/or 

adult flies, and tests for sex-by-genotype interactions were not applied (Fernandez et 

al. 1995; Chen et al. 1996; Leevers et al. 1996; Böhni et al. 1999; Brogiolo et al. 

2001; Cho et al. 2001; Rintelen et al. 2001; Ikeya et al. 2002; Rulifson et al. 2002; 

Britton et al. 2002; Geminard et al. 2009; Zhang et al. 2009; Gronke et al. 2010). 

Given that recent studies have demonstrated the sex-specific regulation of IIS 

components such as Akt1 (Rideout et al. 2015), we investigated the requirement for 

each component in regulating pupal size in males and females. In line with previous 

results showing a female-biased decrease in adult weight in flies heterozygous for 

two hypomorphic InR alleles (Testa et al. 2013), we observed a female-biased pupal 

volume reduction in pupae carrying an additional combination of hypomorphic InR 
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alleles (Fig. 2.4A; sex:genotype interaction p<0.0001; two-way ANOVA) (Fernandez 

et al. 1995; Tatar et al. 2001). 

 To expand these findings beyond InR, we measured pupal volume in males 

and females with whole-body loss of individual intracellular IIS components. Given 

that we did not obtain viable pupae homozygous for an amorphic allele of chico 

(chico1), we measured pupal volume in chico1/+ males and females. In chico1/+ 

females, pupal volume was significantly reduced compared with control w1118 pupae 

(Fig. 2.4B). In chico1/+ males, pupal volume was reduced compared with control 

w1118 pupae (Fig. 2.4B). Given that the magnitude of the reduction in pupal volume 

was similar in males and females (sex:genotype interaction p = 0.1399; two-way 

ANOVA), reduced chico did not cause a sex-biased effect on pupal size. In females 

heterozygous for one predicted null and one loss-of-function allele of Pi3K92E, 

Df(3R)Pi3K92EA and Pi3K92E2H1, respectively (Weinkove et al. 1999; Halfar et al. 

2001), pupal volume was significantly reduced compared with control w1118 pupae 

(Fig. 2.4C). In Df(3R)Pi3K92EA/Pi3K92E2H1 males, we observed a significant 

reduction in pupal volume (Fig. 2.4C); however, the magnitude of the decrease in 

pupal size was larger in females compared with males (sex:genotype interaction 

p<0.0001; two-way ANOVA). This indicates that loss of Pi3K92E caused a female-

biased decrease in body size. Similarly, a previous study showed that heterozygous 

loss of Phosphatase and tensin homolog (Pten; FBgn0026379), which antagonizes 

the lipid kinase activity of Pi3K92E to repress growth, also caused a sex-biased 

increase in pupal volume (Millington et al. 2021). 

Next, we examined pupal size in males and females homozygous for a loss-

of-function allele of Pdk1 (Pdk14). We observed no effect on pupal volume in either 

sex in Pdk14 homozygotes (Fig. 2.4D). Given that a previous study showed that 

adult weight was reduced in Pdk14/Pdk15 (Rintelen et al. 2001), we additionally 

measured adult weight in order to make a direct comparison between our findings 

and past findings. We found an equivalent body size reduction in Pdk14 males and 

females compared with sex-matched control w1118 flies (Fig. 2.4E; sex:genotype 

interaction p = 0.5030; two-way ANOVA). This suggests that reduced Pdk1 did not 

cause a sex-biased reduction in pupal size. One important target of Pdk1 is the 
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serine/threonine kinase Akt1. In females, homozygous for a hypomorphic allele of 

Akt1 (Akt13), pupal volume was significantly reduced compared with control w1118 

pupae (Fig. 2.4F). In Akt13 males, we observed a significant reduction in pupal size 

compared with control w1118 pupae (Fig. 2.4F). Given that the magnitude of the 

decrease in pupal size was larger in females than in males (sex:genotype interaction 

p<0.0001; two-way ANOVA), this indicates that loss of Akt1 caused a female-biased 

effect on pupal size. Together, these findings identify previously unrecognized sex-

biased body size effects of reduced Pi3K92E and Akt1.  

 One downstream target of IIS that contributes to the regulation of body size is 

transcription factor forkhead box, sub-group O (foxo; FBgn0038197). When IIS 

activity is high, Akt1 phosphorylates Foxo to prevent Foxo from translocating to the 

nucleus (Puig et al. 2003). Given that Foxo positively regulates mRNA levels of 

many genes that are involved in growth repression and catabolism (Zinke et al. 

2002; Junger et al. 2003; Kramer et al. 2003; Slack et al. 2011; Alic et al. 2011), 

elevated IIS activity enhances body size in part by inhibiting Foxo (Junger et al. 

2003; Kramer et al. 2003). Because previous studies show increased Foxo nuclear 

localization and elevated Foxo target gene expression in males (Rideout et al. 2015; 

Millington et al. 2021), we examined how Foxo contributes to pupal size in each sex 

by measuring body size in females and males heterozygous for two different loss-of-

function foxo alleles (foxo21/foxo25). In foxo21/foxo25 females and males, pupal 

volume was not significantly different from sex-matched w1118 control pupae (Fig. 
2.4G). To directly compare our findings with prior reports on body size effects of foxo 

(Kramer et al. 2003; Junger et al. 2003), we also measured adult weight. In adult 

females, body weight was not significantly different between foxo21/foxo25 mutants 

and control w1118 flies (Fig. 2.4H); however, foxo21/foxo25 adult males were 

significantly heavier than control w1118 males (Fig. 2.4H). Because we observed a 

male-specific increase in body size (sex:genotype interaction p = 0.0014; two-way 

ANOVA), our data suggests that Foxo function normally contributes to the reduced 

adult weight of males. This reveals a previously unrecognized sex-specific role for 

Foxo in regulating body size. Taken together, these results identify sex-biased 

effects on pupal size arising from reduced function of some intracellular IIS 
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components (e.g., InR, Pi3K92E, Akt, foxo). In contrast, other intracellular IIS 

components have non-sex-specific effects on body size (e.g., chico, Pdk1). It will be 

important in future studies to address how different developmental mechanisms 

(e.g., larval growth, larval weight loss, growth duration) contribute to both sex-biased 

and non-sex-biased body size effects of individual IIS components. 
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Figure 2.4. Both sex-biased and non-sex-biased effects on growth arise from loss of 
intracelllular IIS pathway components.  

(A) Pupal volume in females and males heterozygous for two hypomorphic InR alleles 

(InRE19/InRPZ) compared with sex-matched w1118 controls (p<0.0001 for both sexes; two-way 

ANOVA followed by Tukey HSD test). n = 32-133 pupae. (B) Pupal volume in females and 

males heterozygous for a null chico allele (chico1/+) compared with sex-matched w1118 

controls (p<0.0001 for both females and males; two-way ANOVA followed by Tukey HSD 

test). n = 93-133 pupae. (C) Pupal volume in females and males heterozygous for a 

deficiency and hypomorphic allele of Pi3K92E (Df(3R)Pi3K92EA/Pi3K92E2H1) compared with 

sex-matched w1118 controls (p<0.0001 for all comparisons in females and males; two-way 

ANOVA followed by Tukey HSD test). Note: the Df(3R)Pi3K92EA/Pi3K92E2H1 pupae were 

collected and analyzed in parallel with the InRE19/InRPZ genotype, so the w1118 control 

genotype data is shared between these experiments. n = 52-133 pupae. (D) Pupal volume 

was not significant different in either females or males homozygous for a hypomorphic Pdk1 

allele (Pdk14) compared with w1118 controls (p = 0.6739 and p = 0.7847, respectively; two-

way ANOVA followed by Tukey HSD test). n = 61-84 pupae. (E) Adult weight in Pdk14 

females and males compared with w1118 controls (p = 0.0017 and p = 0.0491 for females and 

males respectively; two-way ANOVA followed by Tukey HSD test). n = 5-8 biological 

replicates of ten adult flies. (F) Pupal volume in females and males homozygous for a 

hypomorphic Akt1 allele (Akt13) compared with sex-matched w1118 controls (p<0.0001 for 

both sexes; two-way ANOVA followed by Tukey HSD test). n = 44-60 pupae. (G) In females 

and males heterozygous for two hypomorphic alleles of foxo (foxo21/foxo25), pupal volume 

was not significantly different compared with sex-matched w1118 controls (p = 0.8841 and 

0.9646, respectively; two-way ANOVA followed by Tukey HSD test). n = 110-153 pupae. (H) 

In foxo21/foxo25 females, adult weight was not significantly different compared with w1118 

controls (p = 0.8786; two-way ANOVA followed by Tukey HSD test). In males, adult weight 

was significantly higher in foxo21/foxo25 flies compared with w1118 control flies (p<0.0001; 

two-way ANOVA followed by Tukey HSD test). n = 5-8 biological replicates of 10 adult flies. 

* indicates p<0.05; ** indicates p<0.01; **** indicates p<0.0001; ns indicates not significant; 

error bars indicate SEM. For all panels, females are shown on the left-hand side of the 

graph and males are shown on the right-hand side. p-values for all sex:genotype 

interactions are indicated on the graphs. 
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2.5. DISCUSSION 

An extensive body of work has demonstrated an important role for IIS in 

promoting cell, tissue, and organismal size in response to nutrient input (Fernandez 

et al. 1995; Chen et al. 1996; Böhni et al. 1999; Britton et al. 2002; Grewal, 2009; 

Teleman, 2009). More recently, studies suggest that IIS also plays a role in sex-

specific body size regulation (Testa et al. 2013; Rideout et al. 2015; Millington et al. 

2020 preprint). However, potential links between IIS and the sex-specific regulation 

of body size were inferred from studies using a limited number of genotypes to 

modulate IIS activity. The goal of our current study was to determine whether the 

sex-biased body size effects observed in previous studies represent a common 

feature of genotypes that affect IIS activity. Overall, we found that the loss of most 

positive regulators of IIS activity caused a female-biased reduction in body size. On 

the other hand, loss of genes that normally repress IIS activity caused a male-

specific increase in body size. Thus, most changes to IIS activity cause sex-biased, 

or sex-specific, effects on body size (summarized in Table 2.1), highlighting the 

importance of collecting and analyzing data from both sexes separately in studies 

that manipulate IIS activity and/or examine IIS-responsive phenotypes (e.g., 

lifespan, immunity). 

 
  

 

Genetic 

Manipulation 

 

Female- 

biased 

 

Male- 

biased 

 

Non-sex-

specific 

Percent 

change 

body size 

Reduced 

circulating 

Dilps 

IPC ablation Yes   F – 34.5% 

M – 30.5% 

IPC silencing Yes   F – 39.3% 

M – 35.8% 

dilp2-3,5 Yes   F – 39.5% 

M – 34.5% 

dilp1-4,5 Yes   F – 41.4% 

M – 41.5% 

dilp1 Yes   F – 8.1% 

M – ns 

dilp3 Yes   F – 3.9% 
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M – ns 

dilp4 Yes   F – 3.0% 

M – ns 

dilp5 Yes   F – 11.0% 

M – ns 

dilp6  Yes  F – ns 

M – 3.2% 

dilp7 Yes   F – 4.9% 

M – ns 

Increased 

circulating 

Dilps 

Sdr   Yes F – 27.2% 

M – ns 

Fat body Imp-L2  Yes  F – ns 

M + 9.0% 

Intracellular 

IIS pathway 

InR Yes   F – 61.6% 

M – 54.8% 

chico1/+   Yes F – 4.2% 

M – 8.1% 

Pi3K92E Yes   F – 40.6% 

M – 37.0% 

Pdk1   Yes F – 13.4% 

M – 15.0% 

Akt Yes   F – 51.1% 

M – 48.8% 

foxo  Yes  F – ns 

M + 22.9% 

Table 2.1. Summary of sex-biased effects of IIS pathway manipulations on body size. 

All data used in this summary table is derived from pupal volume experiments, except for 

Pdk1 and foxo, where adult weight is shown. 

 

One important outcome from our study was to provide additional genetic 

support for IIS as an important regulator of the sex difference in body size. Data 

implicating IIS in the sex-specific regulation of body size first emerged from a 
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detailed examination of the larval stage of development in wild-type flies of both 

sexes (Testa et al. 2013). In this study, the authors reported a female-biased body 

size reduction in flies with decreased InR function (Testa et al. 2013). A subsequent 

study extended this finding by uncovering a sex difference in IIS activity: late third-

instar female larvae had higher IIS activity than age-matched males (Rideout et al. 

2015). The reasons for this increased IIS activity remain incompletely understood; 

however, Dilp2 secretion from the IPCs was higher in female larvae than in males 

(Rideout et al. 2015). Given that Dilp2 overexpression is known to augment IIS 

activity and enhance body size (Ikeya et al. 2002; Geminard et al. 2009), these 

findings suggest a model in which high levels of circulating Dilp2 (and possibly other 

Dilps) are required in females to achieve and maintain increased IIS activity and a 

larger body size in nutrient-rich conditions. In males, lower circulating levels of Dilp2 

lead to reduced IIS activity and a smaller body size. If this model is accurate, we 

predict that female body size will be more sensitive to genetic manipulations that 

reduce Dilp ligands and/or IIS activity. Previous studies provided early support for 

this model by demonstrating a female-biased reduction in body size due to strong 

InR inhibition and dilp2 loss (Testa et al. 2013; Liao et al. 2020; Millington et al. 2020 

preprint). Now, we provide strong genetic support for this model using multiple 

genetic manipulations to reduce IIS activity, confirming that Drosophila females 

depend on high levels of IIS activity to promote increased body size. One potential 

reason for this high level of IIS activity in females is to ensure successful 

reproduction, as IIS activity in females regulates germline stem cell divisions, 

ovariole number, and egg production (LaFever and Drummond-Barbosa 2005; Hsu 

et al. 2008; Hsu and Drummond-Barbosa 2009; Gronke et al. 2010; Extavour and 

Green 2014). Unfortunately, this elevated level of IIS activity shortens lifespan, 

revealing an important IIS-mediated tradeoff between fecundity and lifespan in 

females (Broughton et al. 2005). 

A second prediction of this model is that augmenting either circulating Dilp 

levels or IIS activity will enhance male body size. Indeed, we demonstrate that loss 

of Imp-L2, which increases free circulating Dilp levels (Arquier et al. 2008; Honegger 

et al. 2008; Alic et al. 2011; Okamoto et al. 2013), and loss of foxo, which mediates 
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growth repression associated with low IIS activity (Junger et al. 2003; Kramer et al. 

2003), both cause a male-specific increase in body size. Together, these findings 

suggest that the smaller body size of male pupae is partly due to low IIS activity. 

While the reason for lower IIS activity in males remains unclear, studies show that 

altered IIS activity in either of the two main cell types within the testis compromises 

male fertility (Ueishi et al. 2009; McLeod et al. 2010; Amoyel et al. 2014; Amoyel et 

al. 2016). Future studies will therefore need to determine how males and females 

each maintain IIS activity within the range that maximizes fertility. In addition, it will 

be important to determine whether the female-biased phenotypic effects of lower IIS 

activity that we observe, and which are prevalent in aging and lifespan studies 

(Clancy et al. 2001; Holzenberger et al. 2003; Magwere et al. 2004; Van Heemst et 

al. 2005; Selman et al. 2008; Regan et al. 2016; Kane et al. 2018) extend to 

additional IIS-associated phenotypes (e.g., immunity and sleep) (DiAngelo et al. 

2009; Cong et al. 2015; Roth et al. 2018; Suzawa et al. 2019; Brown et al. 2020). 

Another important task for future studies will be to gain deeper insight into sex 

differences in IPC function, as one study identified sex-specific Dilp2 secretion from 

the IPCs (Rideout et al. 2015). Indeed, recent studies have revealed the sex-specific 

regulation of one factor (stunted, FBgn0014391) that influences Dilp secretion from 

the IPCs (Millington et al. 2021), and female-specific phenotypic effects of another 

factor that influences IPC-derived Dilp expression (Woodling et al. 2020). Together, 

these studies suggest that sex differences in IPC function and circulating Dilp levels 

exist, and may arise from the combined effects of multiple regulatory mechanisms. 

Given that our knowledge of IPC function has recently expanded in a series of 

exciting studies (Meschi et al. 2019; Oh et al. 2019), more work will be needed to 

test whether these newly discovered modes of IPC regulation operate in both sexes. 

Further, it will be important to ascertain how sex differences in the IPCs are 

specified. One recent study showed that Sex-lethal (Sxl; FBgn0264270), a key 

regulator of female sexual development, acts in the IPCs to regulate the male-

female difference in body size (Sawala and Gould 2017). By studying how Sxl 

function alters IPC gene expression, activity, and connectivity, it will be possible to 

gain mechanistic insight into the sex-specific regulation of body size.  
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Beyond an improved understanding of sex differences in IPC function, it will 

be essential to study the sex-specific regulation of dilp genes and Dilp proteins, as 

we show female-specific effects on body size in pupae lacking most individual dilp 

genes. While two previous studies report female-biased effects of loss of dilp2 (Liao 

et al. 2020; Millington et al. 2020 preprint), this is the first report of a female-specific 

role for dilp1, dilp3, dilp4, dilp5, and dilp7 in promoting growth. While the female-

specific effect of dilp2 loss on pupal size aligns with the fact that female larvae have 

higher circulating Dilp2 levels (Rideout et al. 2015), much remains to be discovered 

about the sex-specific regulation of most dilp genes and Dilp proteins. For example, 

females have an increased number of dilp7-positive cells compared with males 

(Castellanos et al. 2013; Garner et al. 2018); however, it is unclear whether these 

additional dilp7-positive cells in females augment circulating Dilp7 levels. A full 

understanding of the female-specific effects that accompany loss of most individual 

dilp genes will therefore require more knowledge of sex differences in the regulation 

of dilp genes and Dilp proteins. In addition to revealing the female-specific effects of 

many dilp genes on pupal size, we are also the first to report a male-specific body 

size effect of dilp6. Normally, Dilp6 function sustains growth in nonfeeding 

conditions, and is upregulated in low-nutrient contexts (Slaidina et al. 2009). 

Interestingly, male larvae have lower IIS activity than age-matched females (Rideout 

et al. 2015), where decreased IIS activity phenocopies a low-nutrient environment 

(Britton et al. 2002). Therefore, one potential explanation for the male-specific effect 

of dilp6 loss on pupal size is that reduced IIS activity in normal males leads to an 

increased reliance on Dilp6 to maintain body size. In females, higher levels of potent 

growth-promoting Dilp2 (Ikeya et al. 2002), and possibly other Dilps, promote IIS 

activity to minimize the requirement for Dilp6 function. This possibility will be 

important to test in future studies, alongside experiments to address a potential sex-

specific role for other regulators of dilp6/Dilp6 including steroid hormone ecdysone 

and the Toll signaling pathway (Slaidina et al. 2009; Suzawa et al. 2019). Further, as 

our knowledge of how individual dilp genes affect larval development and physiology 

continues to grow, analyzing data from both sexes will play an important role in 
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extending knowledge of the mechanisms underlying sex differences in body size and 

other IIS-associated traits. 

 In contrast to the female-biased effects of most genetic manipulations that 

reduced Dilp availability, we observed both sex-biased and non-sex-biased effects 

on body size in pupae with reduced function of key intracellular IIS components. For 

example, reduced InR, Pi3K92E, and Akt1 function caused a female-biased 

reduction in body size, whereas there was an equivalent reduction in male and 

female body size due to lower chico and Pdk1 function. While more information on 

larval growth, developmental timing, and larval weight loss are needed to fully 

understand why different IIS components have sex-biased or non-sex-biased body 

size effects, one recent study showed that heterozygous loss of chico caused insulin 

hypersecretion (Sanaki et al. 2020). Given that hyperinsulinaemia contributes to 

insulin resistance, and that insulin resistance decreases Drosophila body size 

(Musselman et al. 2011, 2018; Pasco and Leopold 2012), more studies will be 

needed to determine whether the smaller body size of chico1/+ male and female 

pupae, and possibly Pdk1 mutant flies, can be attributed to insulin resistance. In fact, 

more knowledge of sex-specific tissue responses to insulin is urgently needed in 

male and female flies, as studies in mice and humans have identified sex differences 

in insulin sensitivity (Macotela et al. 2009; Geer and Shen 2009). Because 

Drosophila is an emerging model to understand the mechanisms underlying the 

development of insulin resistance (Musselman et al. 2011), this knowledge would 

help determine whether flies are a good model to investigate the sex-biased 

incidence of diseases associated with insulin resistance, such as the metabolic 

syndrome and type 2 diabetes (Mauvais-Jarvis 2015). 
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3. FEMALE-BIASED UPREGULATION OF INSULIN PATHWAY ACTIVITY 
MEDIATES THE SEX DIFFERENCE IN DROSOPHILA BODY SIZE 
PLASTICITY 

 

3.1. SYNOPSIS 

 Nutrient-dependent body size plasticity differs between the sexes in most 

species, including mammals (Badyaev, 2002; Mcdonald et al., 2020; Shingleton et 

al., 2017; Stilwell and Davidowitz, 2010). Previous work in Drosophila showed that 

body size plasticity was higher in females (Mcdonald et al., 2020; Shingleton et al., 

2017), yet the mechanisms underlying increased female body size plasticity remain 

unclear. Here, we discover that a protein-rich diet augments body size in females 

and not males because of a female-biased increase in activity of the conserved 

insulin/insulin-like growth factor signaling pathway (IIS). This sex-biased 

upregulation of IIS activity was triggered by a diet-induced increase in stunted 

mRNA in females, and required Drosophila insulin-like peptide 2, illuminating new 

sex-specific roles for these genes. Importantly, we show that in females, sex 

determination gene transformer promotes the diet-induced increase in stunted 

mRNA via transcriptional regulator Spargel. Together, these findings provide novel 

insight into mechanisms underlying the sex difference in nutrient-dependent body 

size plasticity. 

 

3.2. INTRODUCTION 

 In insects, the rate of growth during development is influenced by 

environmental factors such as nutrient availability (Boulan et al., 2015; Edgar, 2006; 

Hietakangas & Cohen, 2009; Nijhout, 2003; Nijhout et al., 2014). When nutrients are 

abundant, the growth rate is high and body size is large (Beadle et al., 1938; Edgar, 

2006; Mirth & Shingleton, 2012; Nijhout, 2003; Robertson, 1963). When nutrients are 

scarce, the growth rate is lower and body size is smaller (Beadle et al., 1938; Edgar, 

2006; Mirth & Riddiford, 2007; Mirth & Shingleton, 2012; Nijhout, 2003; Robertson, 

1963). This ability of an organism or genotype to adjust its body size in line with 
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nutrient availability is a form of phenotypic plasticity (Agrawal, 2001; Garland & Kelly, 

2006). While the capacity of individuals to display nutrient-dependent changes to 

body size depends on many factors, one important factor that affects phenotypic 

plasticity is whether an animal is male or female (Stillwell et al., 2010; Teder & 

Tammaru, 2005). For example, in Drosophila the magnitude of changes to wing cell 

size and cell number in a nutrient-poor diet were larger in females compared with 

males (Alpatov, 1930). Similarly, the magnitude of protein- and carbohydrate-

induced changes to several morphological traits was larger in female flies 

(Shingleton et al., 2017). While these studies clearly establish a sex difference in 

nutrient-dependent phenotypic plasticity, the genetic and molecular mechanisms 

underlying this increased trait size plasticity in females remain unclear. 

 Clues into potential mechanisms underlying the increased nutrient-dependent 

phenotypic plasticity in female flies have emerged from over 20 years of studies on 

nutrient-dependent growth in Drosophila (Andersen et al., 2013; Boulan et al., 2015; 

Edgar, 2006; Koyama & Mirth, 2018; Mirth & Piper, 2017). In particular, these 

studies have identified the conserved insulin/insulin-like growth factor signaling 

pathway (IIS) as a key regulator of nutrient-dependent growth in Drosophila (Böhni 

et al., 1999; Britton et al., 2002; Chen et al., 1996; Fernandez et al., 1995; Grewal, 

2009; Teleman, 2009). In nutrient-rich conditions, insulin-producing cells (IPCs) in 

the larval brain release Drosophila insulin-like peptides (Dilps) into the circulation 

(Brogiolo et al., 2001; Géminard et al., 2009; Ikeya et al., 2002; Rulifson et al., 

2002). These Dilps bind the Insulin-like Receptor (InR; FBgn0283499) on target cells 

to induce receptor autophosphorylation and recruitment of adapter proteins (Almudi 

et al., 2013; Böhni et al., 1999; Chen et al., 1996; Poltilove et al., 2000; Werz et al., 

2009). These adapter proteins enable the recruitment of the regulatory and catalytic 

subunits of the Drosophila homolog of phosphatidylinositol 3-kinase (Pi3K21B; 

FBgn0020622 and Pi3K92E; FBgn0015279, respectively), which catalyzes the 

production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) from 

phosphatidylinositol (4,5)-bisphosphate (PIP2) (Leevers et al., 1996). Increased 

plasma membrane PIP3 recruits and activates signaling proteins such as 

phosphoinositide-dependent kinase 1 (Pdk1; FBgn0020386) and Akt (Akt; 



	 51	

FBgn0010379), which influence diverse cellular processes to enhance cell, tissue, 

and organismal size (Cho et al., 2001; Grewal, 2009; Rintelen et al., 2001; Verdu et 

al., 1999).  

In contrast, when nutrients are scarce, Dilp release from the IPCs is reduced 

(Géminard et al., 2009), and plasma membrane Pi3K recruitment, PIP3 levels, and 

Pdk1- and Akt-dependent signaling are all reduced (Britton et al., 2002; Nowak et 

al., 2013). Together, these changes diminish cell, tissue, and organismal size 

(Arquier et al., 2008; Britton et al., 2002; Géminard et al., 2009; Honegger et al., 

2008; Okamoto et al., 2013; Rulifson et al., 2002; Zhang et al., 2009). Indeed, the 

potent growth-promoting ability of IIS activation is shown by the fact that increased 

IIS activity augments body size (Arquier et al., 2008; Goberdhan et al., 1999; 

Honegger et al., 2008; Ikeya et al., 2002; Nowak et al., 2013; Okamoto et al., 2013; 

Oldham et al., 2002), whereas reduced IIS activity limits cell, organ, and body size 

(Böhni et al., 1999; Brogiolo et al., 2001; Chen et al., 1996; Colombani et al., 2003; 

Gao et al., 2000; Grönke et al., 2010; Leevers et al., 1996; Murillo-Maldonado et al., 

2011; Rulifson et al., 2002; Weinkove et al., 1999; Zhang et al., 2009). Because 

increased IIS activity bypasses the reduction in cell size in low-nutrient conditions 

(Britton et al., 2002; Géminard et al., 2009; Nowak et al., 2013), and mutations that 

blunt IIS pathway activity reduce size in nutrient-rich contexts (Böhni et al., 1999; 

Brogiolo et al., 2001; Chen et al., 1996; Leevers et al., 1996), Drosophila studies 

have established IIS as one key pathway that promotes organismal growth 

downstream of nutrient input. While this highlights the impact of Drosophila on our 

knowledge of how IIS couples nutrient input with growth, it is important to note that 

most studies used a mixed-sex population of larvae. Given that cell and body size 

differ significantly between male and female flies (Alpatov, 1930; Brown & King, 

1961; Okamoto et al., 2013; Partridge et al., 1994; Rideout et al., 2015; Sawala & 

Gould, 2017; Testa et al., 2013), more knowledge is needed of nutrient-dependent 

changes to body size and IIS activity in each sex. 

Recent studies have begun to make progress in this area by studying IIS 

regulation and function in both sexes in a single dietary context (reviewed in 

Millington & Rideout, 2018). For example, in late third instar larvae there are sex 
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differences in dilp mRNA levels, IIS activity, and Drosophila insulin-like peptide-2 

(Dilp2; FBgn0036046) secretion from the IPCs (Rideout et al., 2015; McDonald et 

al., 2020). Similarly, transcriptomic studies have detected male-female differences in 

mRNA levels of genes associated with IIS function (Mathews et al., 2017; Rideout et 

al., 2015), and revealed links between IIS and the sex determination hierarchy gene 

regulatory network (Castellanos et al., 2013; Chang et al., 2011; Clough et al., 2014; 

Fear et al., 2015; Garner et al., 2018; Goldman & Arbeitman, 2007). As increasing 

evidence of sex-specific IIS regulation accumulates, several reports reveal sex-

limited and sex-biased phenotypic effects caused by changes to IIS function. 

Changes to IIS activity in larvae show sex-biased effects on growth and final body 

size (Grönke et al., 2010; Rideout et al., 2015; Shingleton et al., 2005; Testa et al., 

2013; Millington et al., 2020), and there are widespread sex-specific and sex-biased 

changes to gene expression in adult flies with altered diet and IIS activity (Camus et 

al., 2019; Graze et al., 2018). Further, sex differences exist in how changes to diet 

and IIS activity affect life span (Bjedov et al., 2010; Clancy et al., 2001; Giannakou et 

al., 2004; Grönke et al., 2010; Regan et al., 2016; Tatar et al., 2001; Woodling et al., 

2020; Wu et al., 2020). Together, these studies illuminate the utility of Drosophila in 

revealing sex-specific IIS regulation and describing the physiological impact of this 

regulation. Yet, more studies are needed to discover the molecular mechanisms 

underlying sex-specific IIS regulation, and to extend these studies beyond a single 

nutritional context. 

Additional insights into male-female differences in the regulation of cell, 

tissue, and body size arise from studies on sex determination genes. In Drosophila, 

sex is determined by the number of X chromosomes. In XX females, a functional 

splicing factor called Sex-lethal (Sxl; FBgn0264270) is produced (Bell et al., 1988; 

Bridges, 1921; Cline, 1978; Salz & Erickson, 2010). Sxl-dependent splicing of 

transformer (tra; FBgn0003741) pre-mRNA allows a functional Tra protein to be 

produced in females (Belote et al., 1989; Boggs et al., 1987; Inoue et al., 1990; 

Sosnowski et al., 1989). In XY males, the lack of a functional Sxl protein causes the 

default splicing of tra pre-mRNA, and no functional Tra protein is produced in males 

(Cline & Meyer 1996; Salz & Erickson, 2010; Belote et al., 1989; Boggs et al., 1987; 
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Inoue et al., 1990; Sosnowski et al., 1989). The presence of functional Sxl and Tra 

proteins in females accounts for most aspects of female sexual development, 

behavior, and physiology (Anand et al., 2001; Billeter et al., 2006; Brown & King, 

1961; Camara et al., 2008; Christiansen et al., 2002; Clough et al., 2014; Dauwalder, 

2011; Demir & Dickson, 2005; Goodwin et al., 2000; Hoshijima et al., 1991; Hudry et 

al., 2016, 2019; Ito et al., 1996; Millington & Rideout, 2018; Neville et al., 2014; 

Nojima et al., 2014; Pavlou et al., 2016; Pomatto et al., 2017; Regan et al., 2016; 

Rezával et al., 2014, 2016; Rideout et al., 2010; Ryner et al., 1996; Sturtevant, 1945; 

von Philipsborn et al., 2014). Recently, new roles for Sxl and Tra in regulating body 

size were also described. While female flies are normally larger than males, females 

lacking neuronal Sxl were smaller than control females, and not different in size from 

males (Sawala & Gould, 2017). Similarly, females lacking a functional Tra protein 

were smaller than control females; however, these tra mutant females were still 

larger than males (Brown & King, 1961; Mathews et al., 2017; Rideout et al., 2015). 

Together, these studies indicate that Tra and Sxl are required to promote a larger 

body size in females; however, much remains to be discovered about the 

mechanisms by which Sxl and Tra impact body size. Moreover, which sex 

determination genes contribute to the male-female difference in diet-induced trait 

size plasticity remains unknown, as studies on sex determination genes used a 

single diet.  

In the present study, we aimed to improve knowledge of the genetic and 

molecular mechanisms that contribute to male-female differences in nutrient-

dependent phenotypic plasticity in Drosophila. Our detailed examination of body size 

revealed increased phenotypic plasticity in females in response to a protein-rich diet, 

in line with studies on plasticity in other traits (Shingleton et al., 2017). We 

discovered that a female-biased upregulation of IIS activity was responsible for the 

larger body size of females raised on a protein-rich diet. Mechanistically, we show 

that the nutrient-dependent upregulation of stunted (sun; FBgn0014391) mRNA 

levels by transcriptional coactivator Spargel (Srl; FBgn0037248) in females triggers 

the diet-induced increase in IIS activity, as females with reduced sun do not 

augment IIS activity or body size in a protein-rich diet. Importantly, we show that sex 
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determination gene tra is required for the nutrient-dependent increase in sun mRNA, 

IIS activity, and phenotypic plasticity in females, and that Srl represents a key link 

between Tra and regulation of sun mRNA levels. In males, ectopic tra expression 

confers nutrient-dependent body size plasticity via Srl-mediated regulation of sun 

mRNA levels and IIS activity. Together, these results provide new insight into the 

molecular mechanisms that govern male-female differences in body size plasticity, 

and identify a previously unrecognized role for sex determination gene tra in 

regulating nutrient-dependent phenotypic plasticity. 

 

3.3. MATERIALS AND METHODS 

3.3.1. Fly husbandry  

For all experiments, parental flies of appropriate genotypes were crossed and 

allowed to lay eggs on grape juice agar plates for a period of 12 hours. At 24 hr AEL, 

larvae were picked off of grape juice agar plates into growth medium and raised at a 

density of 50 animals per 10 mL food at 25°C. Drosophila growth medium consisted 

of: 0.5x: 5.125 g/L sucrose, 17.725 g/L D-glucose, 12.125 g/L cornmeal, 11.325 g/L 

yeast, 4.55 g/L agar, 0.5g CaCl2•2H2O, 0.5 g MgSO4•7H2O, 11.77 mL acid mix 

(propionic acid/phosphoric acid). 1x: 10.25 g/L sucrose, 25.45 g/L D-glucose, 24.25 

g/L cornmeal, 22.65 g/L yeast, 4.55 g/L agar, 0.5g CaCl2•2H2O, 0.5 g MgSO4•7H2O, 

11.77 mL acid mix (propionic acid/phosphoric acid). 2x: 20.5 g/L sucrose, 70.9 g/L 

D-glucose, 48.5 g/L cornmeal, 45.3 g/L yeast, 4.55 g/L agar, 0.5g CaCl2•2H2O, 0.5 g 

MgSO4•7H2O, 11.77 mL acid mix (propionic acid/phosphoric acid). 1Y: 20.5 g/L 

sucrose, 70.9 g/L D-glucose, 48.5 g/L cornmeal, 22.65 g/L yeast, 4.55 g/L agar, 0.5g 

CaCl2•2H2O, 0.5 g MgSO4•7H2O, 11.77 mL acid mix (propionic acid/phosphoric 

acid). 2Y: 20.5 g/L sucrose, 70.9 g/L D-glucose, 48.5 g/L cornmeal, 45.3 g/L yeast, 

4.55 g/L agar, 0.5g CaCl2•2H2O, 0.5 g MgSO4•7H2O, 11.77 mL acid mix (propionic 

acid/phosphoric acid). Details for diets manipulating dietary sugar (1S) and calorie 

content (2Y calories) are found in Table S3.1. Our diets were also deposited in the 

Drosophila Dietary Composition Calculator (DDCC) (Lesperance and Broderick, 

2020). Animals were collected as indicated in figure legends, and sexed by gonad 

size. When gonad size could not be used to determine sex (e.g., tra mutants, da-
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GAL4>UAS-traF), chromosomal females were identified by the presence of an X-

linked GFP. Adult flies were maintained at a density of 20 flies per vial in single-sex 

groups. 
 

3.3.2. Fly strains  

The following fly strains from the Bloomington Drosophila Stock Center were 

used: Canton-S (#64349), w1118 (#3605), tra1 (#675), Df(3L)st-j7 (#5416), srl1 

(#14965), InRE19 (#9646), TRiP control (#36303) UAS-ilp2-RNAi (#32475), UAS-

upd2-RNAi (#33949), UAS-traF (#4590), y,w (#1495), da-GAL4 (ubiquitous), r4-GAL4 

(fat body), cg-GAL4 (fat body), dilp2-GAL4 (IPCs), elav-GAL4 (post-mitotic neurons), 

UAS-rheb (#9688), UAS-cyt-c-p-RNAi (#64898), UAS-Idh-RNAi (#41708), mth1 

(#27896). The following fly strains from the Vienna Drosophila Resource Center 

were used in this study: UAS-sun-RNAi (GD23685), UAS-Gbp1-RNAi (KK108755) 

UAS-Gbp2-RNAi (GD16696), UAS-CCHa2-RNAi (KK102257), UAS-mth-RNAi 

(KK106399). Additional fly strains include: dilp2 (Grönke et al., 2010), pten2L100, 

UAS-sun, tGPH (GFP-PH), traKO (Hudry et al., 2016), traF K-IN (Hudry et al., 2019), 

y,w;;ilp2HF (Park et al., 2014). 

 

3.3.3. Body size  

Pupal volume was measured in male and female pupae, as previously 

described, using this formula: 4/3π(L/2)(W/2)2 (L, length; W, width) (Delanoue et al., 

2010; Marshall et al., 2012; Rideout et al., 2012, 2015). For adult weight, 5-day-old 

virgin male and female flies were weighed in groups of ten in 1.5 ml microcentrifuge 

tubes on an analytical balance. Wing length was measured as previously described 

(Garelli et al., 2012). 

 

3.3.4. Developmental timing  

Larvae were placed into the experimental diet ±2 hr post-hatching. Percent 

pupation was calculated by comparing the number of pupae at 12 hr intervals to the 

total pupae in the vial after all animals pupated. 
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3.3.5. Feeding behavior  

Feeding behavior was quantified in sexed larvae by counting mouth hook 

contractions for 30 sec. 

 

3.3.6. Protease feeding experiments  

We treated larvae with a broad-spectrum protease inhibitor (PIC; Sigma-

Aldrich #P2714) or a serine protease-specific inhibitor (AEBSF; Sigma-Aldrich 

#A8456) by adding the inhibitors to the food at final concentrations of 100 ml of 1x 

PIC per L, and 4 mM AEBSF as previously described (Erkosar et al., 2015). 

 

3.3.7. RNA extraction and cDNA synthesis  

One biological replicate represents ten larvae frozen on dry ice and stored at -

80°C. Each experiment contained 3-4 biological replicates per sex, per genotype, 

and per diet, and each experiment was repeated twice. RNA was extracted using 

Trizol (Thermo Fisher Scientific; 15596018) according to manufacturer’s instructions, 

as previously described (Marshall et al., 2012; Rideout et al., 2012, 2015; Wat et al., 

2020). cDNA synthesis was performed using the QuantiTect Reverse Transcription 

Kit according to manufacturer’s instructions (Qiagen; 205314). 

 

3.3.8. Quantitative real-time PCR (qPCR)  

qPCR was performed as previously described (Rideout et al., 2012, 2015; 

Wat et al., 2020). mRNA levels were normalized to expression of Actin5C and β-

tubulin. To determine changes in Foxo target gene expression, we plotted and 

analyzed the fold change in mRNA levels for each of three known Foxo target genes 

(InR, bmm, and 4E-BP) together to quantify IIS activity in each sex and dietary 

context, an established approach to analyze co-regulated genes (Blaschke et al., 

2013; Hudry et al., 2019). A complete primer list is available in Table S3.2.  

 

3.3.9. Preparation of protein extract  

Dissected fat bodies were prepared for SDS-PAGE by homogenizing sets of ten 

larval fat bodies 108 hr after egg laying in an appropriate volume of lysis buffer (20 
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mM Hepes (pH 7.8), 450 mM NaCl, 25% glycerol, 50 mM NaF, 0.2 mM EDTA, 1 mM 

DTT, 1x Protease Inhibitor Cocktail (Roche, 04693124001), 1x Phosphatase 

Inhibitor Cocktail (Roche, 4906845001) using the Omni Bead Ruptor (VWR). Cellular 

fragments were pelleted, and supernatant collected by centrifugation for 5 min at 

10000 rpm at 4°C (Thermo Scientific, Heraeus Pico 21 centrifuge). Protein 

concentration was determined by Bradford assay (Bio-Rad #550-0205) prior to SDS-

PAGE. 

 

3.3.10. SDS-PAGE and Western blotting  

A total of 20 µL of sample with 20 µg protein was loaded into each well. 

Proteins were separated using a 12% gel SDS-PAGE gel in SDS running buffer, and 

transferred to a nitrocellulose membrane (Bio-Rad) for 2 hr at 40 V on ice. 

Membranes were incubated for 1 hr in blocking buffer (5% milk or 5% BSA in TBST 

0.1%) then incubated with primary antibodies overnight at 4°C. Membranes were 

washed (3 x 2min) in TBST 0.1% then probed with secondary antibodies in blocking 

buffer for 1 hr at room temperature. After washes (3 x 2min, 2 x 15min,1 x 5min) in 

TBST 0.1%, membranes were treated with Pierce ECL (Thermo Scientific #32134) 

or Immobilon Forte (Millipore #WBLUF0100). Images were quantified using Image 

Studio (LI-COR). Primary antibodies: Anti-pS6K (#9209; Cell Signalling, and anti–

actin (#8432; Santa Cruz), were used at 1:1000. HRP-conjugated secondary 

antibodies were used at 1:5000 for pS6k (anti-rabbit #65-6120; Invitrogen) and 

1:3000 for actin (anti-mouse #7076; Cell Signalling). 

 

3.3.11. Hemolymph Western blotting  

Hemolymph Western blotting was performed as previously described 

(Delanoue et al., 2016). Briefly, hemolymph from 40 larvae was collected in 40 µL of 

PBS with protease and phosphatase inhibitors (Roche 04693124001, Roche 

4906845001), and hemocytes were removed by centrifugation according to the 

published protocol (Delanoue et al., 2016). Antibody concentrations used to detect 

hemolymph proteins were 1:50 for anti-Sun and 1:1000 for anti-Cv-d. Anti-guinea pig 

HRP-conjugated secondary was used at 1:2000. 
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3.3.12. Fecundity and fertility  

For female fecundity, single 6-day-old virgin female flies raised as indicated 

were crossed to three age-matched CS virgin males for a 24 hr mating period. Flies 

were transferred to fresh food vials with blue 2Y food to lay eggs. The number of 

eggs laid over 24 hr was quantified. For male fertility, single 6-day-old virgin males 

were paired with three 6-day-old virgin CS females to mate, and females were 

allowed to lay eggs for 24 hr. The number of progeny was quantified by counting 

viable pupae. 
 

3.3.13. Microscopy  

GFP-PH larvae were picked into 1Y or 2Y food. Larvae were dissected 108 hr 

after egg laying (AEL) and inverted carcasses were fixed for 30 minutes in 4% 

paraformaldehyde in phosphate buffered saline (PBS) at room temperature. 

Carcasses were rinsed twice with PBS, once in 0.1% Triton-X in PBS (PBST) for 5 

minutes, then incubated with Hoechst (5 µg/mL, Life Technologies H3570), 

LipidTOX Red (1:100, Thermo Fisher Scientific H34476), and phalloidin fluor 647 

(1:1000, Abcam ab176759) in PBST for 40 min. The stained carcasses were 

washed with PBS and mounted in SlowFade Diamond (Thermo Fisher Scientific 

S36972). Images were acquired with a Leica SP5 (20X). Mean GFP intensity was 

quantified at the cell membrane (marked by phalloidin) and in the cytoplasm using 

Fiji (Schindelin et al., 2012). Three cells per fat body were measured, and at least 

five fat bodies per sex and per diet were measured. 

 

3.3.14. Statistics and data presentation  

Statistical analyses and data presentation were carried out using Prism 

GraphPad 6 (GraphPad Prism version 8.4.3 for Mac OS X). Statistical tests and 

significance are indicated in figures and figure legends. 
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3.4. RESULTS 

3.4.1. High levels of dietary protein are required for increased nutrient-dependent 

body size plasticity in females 

Previous studies identified a sex difference in nutrient-dependent plasticity in 

several morphological traits (Shingleton et al., 2017; Stillwell et al., 2010; Teder & 

Tammaru, 2005). To determine whether sex differences in nutrient-dependent body 

size plasticity exist in Drosophila, we measured pupal volume, an established 

readout for Drosophila body size (Delanoue et al., 2010), in white1118 (w; 

FBgn0003996) males and females reared on diets of varying nutrient quantity. We 

found that pupal volume in w1118 female larvae raised on the 2-acid diet (1✕) (Lewis, 

1960) was significantly larger than genotype-matched females raised on a diet with 

half the nutrient quantity (0.5✕) (Fig. S3.1A). In w1118 males, pupal volume was also 

significantly larger in larvae raised on the 1✕ diet compared with the 0.5✕ diet (Fig. 
S3.1A). No significant sex-by-diet interaction was detected using a two-way analysis 

of variance (ANOVA) (sex:diet interaction p = 0.7048), suggesting that nutrient-

dependent body size plasticity was not different between the sexes in this context. 

We next compared pupal volume in w1118 males and females raised on the 1✕ diet 

with larvae cultured on a diet with twice the nutrient content (2✕). Pupal volume in 

w1118 females was significantly larger in larvae raised on the 2✕ diet compared with 

larvae cultured on the 1✕ diet (Fig. S3.1A). In w1118 males, the magnitude of the 

nutrient-dependent increase in pupal volume was smaller compared with female 

larvae (Fig. S3.1A; sex:diet interaction p < 0.0001). This suggests that in nutrient-

rich conditions, there is a sex difference in phenotypic plasticity, where nutrient-

dependent body size plasticity is higher in females. To represent the normal body 

size responses of each sex to nutrient quantity, we plotted reaction norms for pupal 

volume in w1118 males and females raised on different diets (Fig. S3.1B). The body 

size response to increased nutrient quantity between 0.5✕ and 1✕ was not different 

between the sexes (Fig. S3.1B); however, the body size response to increased 

nutrient quantity between 1✕ and 2✕ was larger in females than in males (Fig. 
S3.1B). Importantly, these findings were not specific to pupal volume, as we 

reproduced our findings using adult weight as an additional readout for body size 
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(Fig. 3.1A, B). Thus, our findings demonstrate that while phenotypic plasticity is 

similar between the sexes in some nutritional contexts, body size plasticity is higher 

in females than in males in a nutrient-rich environment. 
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Figure 3.1. Upregulation of IIS activity is required for increased nutrient-dependent 
body size plasticity in females in a protein-rich diet.  
(A) Adult weight was significantly higher in w1118 males and females cultured on 1✕ 

compared with flies raised on 0.5✕ (p<0.0001 for both sexes; two-way ANOVA followed by 

Tukey HSD test). The magnitude of this increase in adult weight was the same in both sexes 

(sex:diet interaction p = 0.3197; two-way ANOVA followed by Tukey HSD test). Adult weight 

was significantly higher in w1118 females raised on 2✕ compared to flies cultured on 1✕; 

however, male adult weight was not significantly increased (p<0.0001 and p = 0.4015, 

respectively; two-way ANOVA followed by Tukey HSD test), where the diet-dependent 

increase in adult weight was higher in females (sex:diet interaction p = 0.0003; two-way 

ANOVA followed by Tukey HSD test). (B) Reaction norms for adult weight in response to 

changes in nutrient quantity in w1118 females and males, plotted using the data presented in 

panel A. n = 6-11 groups of 10 flies. (C) Adult weight was significantly higher in females 

cultured on 2Y compared with flies raised on 1Y; however, male adult weight was not 

significantly higher in flies raised on 2Y compared with males cultured on 1Y (p<0.0001 and 

p = 0.7199, respectively; two-way ANOVA followed by Tukey HSD test, sex:diet interaction 

p<0.0001). (D) Reaction norms for adult weight in w1118 females and males reared on either 

1Y or 2Y, plotted using data from panel C. n = 7-11 groups of 10 flies. (E) In females, mRNA 

levels of Foxo targets (insulin receptor (InR), brummer (bmm), and eukaryotic initiation factor 

4E-binding protein (4E-BP)), were significantly lower in larvae raised on a protein-rich diet 

(2Y) compared with larvae raised on a diet containing half the protein content (1Y) 

(p<0.0001; Student’s t test). n = 8 biological replicates. (F) Quantification of the ratio 

between cell surface membrane-associated green fluorescent protein (GFP) and 

cytoplasmic GFP fluorescence (GFP ratio [M:C]) in a dissected fat body of female larvae 

from the GFP-PH strain. The ratio was significantly higher in female larvae cultured on 2Y 

compared with larvae raised on 1Y (p = 0.001; Student’s t test). n = 18 biological replicates. 

(G) In males, there was no significant difference in mRNA levels of Foxo targets between 

larvae raised on 2Y compared with larvae cultured on 1Y (p = 0.7323; Student’s t test). n = 

6-7 biological replicates. (H) In males, the ratio (M:C) for GFP-PH was not significantly 

different between males cultured on 2Y compared with larvae raised on 1Y (p = 0.0892; 

Student’s t test). n = 15-18 biological replicates. (I) Pupal volume was significantly higher in 

both w1118 females and InRE19/+ females reared on 2Y compared with genotype-matched 

females cultured on 1Y (p<0.0001 for both genotypes; two-way ANOVA followed by Tukey 

HSD test); however, the magnitude of the nutrient-dependent increase in pupal volume was 
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lower in InRE19/+ females (genotype:diet interaction p<0.0001; two-way ANOVA followed by 

Tukey HSD test). n = 58-77 pupae. (J) Pupal volume was significantly higher in both w1118 

males and InRE19/+ males reared on 2Y compared with genotype-matched males cultured 

on 1Y (p<0.0001 for both genotypes; two-way ANOVA followed by Tukey HSD test). While 

we observed a sex:diet interaction in the w1118 control genotype, there was no sex:diet 

interaction in the InRE19/+ genotype (p<0.0001 and p = 0.7104, respectively; two-way 

ANOVA followed by Tukey HSD test). n = 47-76 pupae. For body size plasticity graphs, filled 

circles indicate mean body size, and dashed lines indicate 95% confidence interval. *** 

indicates p<0.001, **** indicates p<0.0001; ns indicates not significant; error bars indicate 

SEM. 

 

To narrow down macronutrients that account for the increased body size plasticity in 

females, we changed individual food ingredients and measured body size in w1118 

males and females. We first altered dietary yeast, as previous studies show that 

yeast is a key source of protein and an important determinant of larval growth 

(Britton et al., 2002; Géminard et al., 2009; Robertson, 1963). In w1118 females 

raised on a diet with yeast content that corresponds to the amount in the 2✕ diet (2Y 

diet), pupal volume was significantly larger than in females raised on a diet 

containing half the yeast content (1Y) (Fig. S3.1C). It is important to note that the 

yeast and calorie content of the 1Y diet was within the range of standard diets used 

in many larval growth studies (22.65 g/L vs. 21-46 g/L and 586 calories/L vs 459-760 

calories/L, respectively) (Ghosh et al., 2014; Koyama & Mirth, 2016; Marshall et al., 

2012; Sawala & Gould, 2017), and therefore does not represent a nutrient-restricted 

diet. In w1118 males, the magnitude of the nutrient-dependent increase in pupal 

volume was smaller than in females (Fig. S3.1C; sex:diet interaction p = 0.0001) 

suggesting that nutrient-dependent body size plasticity was higher in females in a 

yeast-rich context. Indeed, when we plotted reaction norms for pupal volume in both 

sexes, the magnitude of the yeast-dependent change in pupal volume (Fig. S3.1D) 

and adult weight (Fig. 3.1C, D) was larger in females than in males. This sex 

difference in phenotypic plasticity in a yeast-rich context was reproduced in Canton-

S (CS), a wild-type strain (Fig. S3.2A, B), and using wing length as an additional 

measure of size (Fig. S3.3A). Thus, our findings indicate that the male-female 
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difference in nutrient-dependent body size plasticity persists across multiple genetic 

backgrounds, and confirms that body size is a robust trait to monitor nutrient-

dependent phenotypic plasticity.  

Given the sex difference in body size plasticity in response to altered yeast 

content, we hypothesized that yeast may trigger increased nutrient-dependent body 

size plasticity in females. To test this, we raised larvae on diets with altered sugar 

(Fig. S3.4A) or calorie content (Fig. S3.4B). Because we observed no sex:diet 

interaction for either manipulation (sex:diet interaction p = 0.6536 and p = 0.3698, 

respectively), this suggests dietary yeast mediates the sex difference in nutrient-

dependent body size plasticity. To test whether protein is the macronutrient in yeast 

that enables sex-specific phenotypic plasticity, we pharmacologically limited protein 

breakdown by culturing larvae on the 2Y diet supplemented with either a broad-

spectrum protease inhibitor (protease inhibitor cocktail; PIC) or a serine protease-

specific inhibitor (4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride; AEBSF). 

Previous studies suggest that these inhibitors are specific, as the growth-inhibitory 

effects of these protease inhibitors was buffered by feeding larvae with bacteria that 

enhance intestinal protease mRNA levels and gut proteolytic activity (Erkosar et al., 

2015). While we found a significant body size reduction in both sexes treated with 

protease inhibitors (Fig. S3.5A, B), in line with previous studies (Erkosar et al., 

2015), the magnitude of the inhibitor-induced decrease in pupal volume was larger in 

female larvae than in males (sex:treatment interaction p = 0.0029 [PIC] and p < 

0.0001 [AEBSF]). This indicates that yeast-derived dietary protein is the 

macronutrient that augments nutrient-dependent body size plasticity in females. 

While two potential explanations for the male-female difference in body size 

plasticity are a sex difference in food intake or length of the growth period, we found 

no differences in either phenotype between w1118 male and female larvae cultured 

on 1Y or 2Y (Fig. S3.6A-C). Moreover, the larger body size of female larvae does 

not explain their increased nutrient-dependent body size plasticity, as a genetic 

manipulation that augments male body size did not enhance phenotypic plasticity 

(Fig. S3.7A, B). Taken together, our data reveals female larvae have enhanced 
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body size plasticity in a nutrient-rich context, and identifies abundant dietary protein 

as a prerequisite for females to maximize body size. 

 

3.4.2. The nutrient-dependent upregulation of IIS activity in females is required to 

achieve a larger body size in a protein-rich context 

In a mixed-sex population of Drosophila larvae, IIS activity is positively 

regulated by nutrient availability to promote growth (Böhni et al., 1999; Britton et al., 

2002; Chen et al., 1996; Fernandez et al., 1995; Grewal, 2009; Teleman, 2009). We 

therefore examined nutrient-dependent changes to IIS activity in larvae raised on 1Y 

and 2Y (Fig. 3.1E-H). Previous studies show that high levels of IIS activity repress 

mRNA levels of several genes via transcription factor Forkhead box, sub-group O 

(Foxo; FBgn0038197) (Alic et al., 2011; Jünger et al., 2003; Kang et al., 2017; Puig 

& Tjian, 2005; Zinke et al., 2002). We therefore assessed mRNA levels of known 

Foxo target genes InR, brummer (bmm, FBgn0036449), and eukaryotic initiation 

factor 4E-binding protein (4E-BP, FBgn0261560) to quantify IIS activity in each sex 

and dietary context. Given that these genes are coregulated and behave the same in 

response to dietary manipulation (Fig S3.8A,B), we combined these data for our 

analysis, an established approach to analyze coregulated genes (Blaschke et al., 

2013; Hudry et al., 2019). In w1118 females, mRNA levels of Foxo target genes were 

significantly lower in larvae reared on 2Y than in larvae raised on 1Y (Fig. 3.1E). 

This suggests IIS activity is significantly higher in females raised on 2Y than in 

females cultured on 1Y. To confirm this, we used the localization of a ubiquitously-

expressed green fluorescent protein (GFP) fused to a pleckstrin homology (PH) 

domain (GFP-PH) as an additional readout of IIS activity. Because high levels of IIS 

activity raise plasma membrane PIP3, and PH domains bind specifically to PIP3, 

larvae with elevated IIS activity show increased membrane localization of GFP-PH 

(Britton et al., 2002). We observed a significantly higher membrane localization of 

GFP-PH in females cultured on 2Y than in female larvae raised on 1Y (Fig. 3.1F). 

Together with increased Foxo target gene repression in 2Y, this GFP-PH data 

indicates that females reared on 2Y have higher IIS activity than females cultured on 

1Y. In males, the magnitude of the nutrient-dependent change in Foxo target genes 
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was smaller than in females (Fig. 3.1G). as we detected a significant sex:diet 

interaction for Foxo target genes (p = 0.0007). Indeed, there was no significant 

increase in GFP-PH membrane localization between males raised on 2Y and males 

reared on 1Y (Fig. 3.1H). Taken together, these results reveal a previously 

unrecognized female-biased upregulation of IIS activity in a protein-rich context. 

 To determine whether increased IIS activity is required in females for the 

ability to maximize body size on a protein-rich diet, we measured pupal volume in 

larvae heterozygous for a hypomorphic mutation in the InR gene (InRE19/+) that were 

raised in either 1Y or 2Y. Previous studies have shown that while overall growth is 

largely normal in InRE19/+ heterozygous animals, growth that requires high levels of 

IIS activity is blunted (Chen et al., 1996; Rideout et al., 2012, 2015). In w1118 control 

females, larvae cultured on 2Y were significantly larger than larvae raised on 1Y 

(Fig. 3.1I); however, the magnitude of this protein-dependent increase in pupal 

volume was smaller in InRE19/+ females (Fig. 3.1I; genotype:diet interaction p < 

0.0001). This suggests that nutrient-dependent body size plasticity was reduced in 

InRE19/+ females. Indeed, while we observed a sex difference in phenotypic plasticity 

in the w1118 control genotype (sex:diet interaction p < 0.0001), the sex difference in 

nutrient-dependent body size plasticity was abolished in the InRE19/+ genotype (Fig. 
3.1I, J; sex:diet interaction p = 0.7104). Together, these results indicate that the 

nutrient-dependent upregulation of IIS activity in females is required for them to 

achieve a larger body size in a protein-rich context, and that the sex difference in 

body size plasticity arises from the female-biased upregulation of IIS activity in a 

protein-rich context.  

 

3.4.3. dilp2 is required for the nutrient-dependent upregulation of IIS activity and a 

larger body size in females raised on a protein-rich diet 

Previous studies have identified changes to the production and release of 

Dilps as important mechanisms underlying nutrient-dependent changes to IIS activity 

and body size (Colombani et al., 2003; Géminard et al., 2009; Zhang et al., 2009). 

For example, mRNA levels of Drosophila insulin-peptide-3 (dilp3; FBgn0044050) 
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 and Drosophila insulin-peptide-5 (dilp5; FBgn0044048), but not dilp2, decrease in 

response to nutrient withdrawal (Colombani et al., 2003; Géminard et al., 2009; 

Ikeya et al., 2002), and the release of Dilps 2, 3, and 5 from the IPCs is altered by 

changes in nutrient availability (Géminard et al., 2009; Kim & Neufeld, 2015). Levels 

of Dilp2 also fluctuate during larval development (Slaidina et al., 2009). Interestingly, 

a recent study suggests that late third-instar female larvae have increased Dilp2 

secretion compared with age-matched males when the larvae were raised in a diet 

equivalent to 2Y (Rideout et al., 2015). Given that Dilp2 is an important growth-

promoting Dilp (Grönke et al., 2010; Ikeya et al., 2002), we tested whether dilp2 was 

required in females for the nutrient-dependent upregulation of IIS activity. In control 

w1118 females, mRNA levels of Foxo target genes were significantly lower in larvae 

raised on 2Y than in larvae reared on 1Y (Fig, 3.2A), suggesting a nutrient-

dependent increase in IIS activity. In contrast, mRNA levels of Foxo target genes 

were not significantly lower in dilp2 mutant female larvae raised on 2Y compared 

with genotype-matched females cultured on 1Y (Fig, 3.2A), suggesting that loss of 

dilp2 in females eliminated the nutrient-dependent increase in IIS activity. The 

magnitude of the nutrient-dependent decrease in Foxo target gene expression was 

smaller in w1118 males compared with w1118 females (Fig, 3.2B, sex:diet interaction p 

= 0.0511), but not in dilp2 mutant males compared with genotype-matched females 

(sex:diet interaction p = 0.6754). This indicates that dilp2 loss blocks the female-

biased upregulation of IIS activity in a protein-rich diet. 
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Figure 3.2. Drosophila insulin-like peptide 2 is required for the nutrient-dependent 
upregulation of insulin pathway activity and increased female body size plasticity.  
(A) In control w1118 females, mRNA levels of Foxo targets (insulin receptor (InR), brummer 

(bmm), and eukaryotic initiation factor 4E-binding protein (4E-BP)), were significantly lower 

in larvae cultured on a protein-rich diet (2Y) compared with larvae raised on a diet 
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containing half the protein content (1Y) (p<0.0001; Student’s t test). In dilp2 mutant females, 

there was no significant difference in mRNA levels of Foxo targets in larvae cultured on 2Y 

compared with larvae raised on 1Y (p = 0.2231 Student’s t test). n = 8 biological replicates. 

(B) In control w1118 and dilp2 mutant males, mRNA levels of Foxo targets were significantly 

lower in larvae cultured on 2Y compared with larvae raised on 1Y (p = 0.0066 and p = 

0.0023 respectively; Student’s t test). n = 7-8 biological replicates; however, the magnitude 

of the reduction in Foxo target gene expression in w1118 males was smaller than in genotype-

matched females. (C) Adult weight was significantly higher in w1118 females raised on 2Y 

compared with flies cultured on 1Y (p<0.0001; two-way ANOVA followed by Tukey HSD 

test); however, adult weight was not significantly different between dilp2 mutant females 

reared on 2Y versus 1Y (p = 0.1263; two-way ANOVA followed by Tukey HSD test). n = 7-

11 groups of 10 flies. (D) Adult weight in control w1118 and dilp2 mutant males was not 

significantly higher in flies reared on 2Y compared with males raised on 1Y (p = 0.8366 and 

p = 0.8817, respectively; two-way ANOVA followed by Tukey HSD test). There was a 

significant sex:diet interaction in the control w1118 genotype (p<0.0001), but not in the dilp2 

mutant genotype (p = 0.0827; two-way ANOVA followed by Tukey HSD test). n = 10-12 

groups of 10 flies. (E) Pupal volume was significantly higher in w1118 females but not in dilp2 

mutant females reared on 2Y compared with genotype-matched females cultured on 1Y 

(p<0.0001 and p = 0.6486 respectively; two-way ANOVA followed by Tukey HSD test). The 

magnitude of the nutrient-dependent increase in pupal volume was higher in w1118 females 

(genotype:diet interaction p<0.0001; two-way ANOVA followed by Tukey HSD test). n = 74-

171 pupae. (F) Pupal volume was significantly higher in w1118 males and dilp2 mutant males 

reared on 2Y compared with genotype-matched males cultured on 1Y (p<0.0001 for both 

genotypes; two-way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-

dependent increase in pupal volume was not different between genotypes (genotype:diet 

interaction p = 0.6891; two-way ANOVA followed by Tukey HSD test). n = 110-135 pupae. 

(G) Pupal volume was significantly reduced in females upon RNAi-mediated knockdown of 

dilp2 in 2Y when compared to both control genotypes (p<0.0001 [da>+], and p = 0.002 

[+>UAS-dilp2-RNAi], respectively; two-way ANOVA followed by Tukey HSD test), but not in 

males in 2Y (p<0.0001 [da>+], and 0.9634 [+>UAS-dilp2-RNAi], respectively; two-way 

ANOVA followed by Tukey HSD test). The magnitude of the effect of RNAi-mediated 

knockdown of dilp2 on pupal volume was higher in females (sex:genotype interaction p = 

0.003; two-way ANOVA followed by Tukey HSD test). n = 44-59 pupae. For all body size 

plasticity graphs, filled circles indicate mean body size, and dashed lines indicate 95% 
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confidence interval. ** indicates p<0.01, **** indicates p<0.0001; ns indicates not significant; 

error bars indicate SEM. 

 

To determine whether the inability to augment IIS activity on 2Y affects the 

nutrient-dependent increase in female body size, we measured body size in w1118 

and dilp2 mutant larvae cultured on either 1Y or 2Y. In w1118 control females, adult 

weight was significantly higher in flies cultured on 2Y compared with flies raised on 

1Y (Fig, 3.2C); however, this nutrient-dependent increase in adult weight was not 

observed in dilp2 mutant females (Fig, 3.2C; genotype:diet interaction p = 0.0024). 

In w1118 control males and dilp2 mutant males, there was no significant increase in 

adult weight in flies raised on 2Y compared with genotype-matched flies cultured on 

1Y (Fig, 3.2D; genotype:diet interaction p = 0.935). Indeed, in contrast to the sex 

difference in nutrient-dependent body size plasticity in the w1118 genotype (sex:diet 

interaction p < 0.0001), the sex difference in phenotypic plasticity was abolished in 

the dilp2 mutant genotype (sex:diet interaction p = 0.0827). Importantly, we 

replicated all these findings using pupal volume (Fig, 3.2E, F), and reproduced the 

female-specific effects of dilp2 loss by globally overexpressing a UAS-dilp2-RNAi 

transgene (Fig, 3.2G), and show that dilp2 loss does not alter feeding behavior (Fig. 
S3.9A). While we did not determine a sex difference in circulating Dilp2 levels in 

larvae with an endogenously tagged dilp2 allele due to body size plasticity defects in 

this strain (Park et al., 2014) (Fig. S3.10A, B), an experiment that will be important 

to repeat in future using alternative ways of measuring circulating Dilp2, we show 

that changes to dilp mRNA levels in males and females lacking dilp2 (Fig. S3.11A, 
B), and nutrient-dependent changes to dilp mRNA levels (Fig. S3.12A, B), were 

similar in both sexes. Together, our data reveals a previously unrecognized female-

specific requirement for dilp2 in triggering a nutrient-dependent increase in IIS 

activity and body size in a protein-rich context. 
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3.4.4. A nutrient-dependent increase in stunted mRNA levels is required for 

enhanced IIS activity and a larger body size in females cultured in a protein-rich 

context 

Nutrient-dependent changes in Dilp secretion from the IPCs, and 

consequently IIS activity, are mediated by humoral factors that are regulated by 

dietary nutrients (Britton & Edgar, 1998; Delanoue et al., 2016; Koyama & Mirth, 

2016; Rajan & Perrimon, 2012; Rodenfels et al., 2014; Sano et al., 2015). For 

example, in a mixed-sex population of larvae, dietary protein augments mRNA levels 

of Growth-blocking peptides 1 and 2 (Gbp1, FBgn0034199; Gbp2, FBgn0034200), 

CCHamide-2 (CCHa2; FBgn0038147), unpaired 2 (upd2; FBgn0030904), and sun 

(Delanoue et al., 2016; Koyama & Mirth, 2016; Rajan & Perrimon, 2012; Sano et al., 

2015). Increased levels of these humoral factors promote the secretion of IPC-

produced Dilps to enhance IIS activity and growth (Delanoue et al., 2016; Koyama & 

Mirth, 2016; Meschi et al., 2019; Rajan & Perrimon, 2012; Sano et al., 2015). To 

determine whether any humoral factors contribute to the sex-biased increase in IIS 

activity in a protein-rich diet, we examined mRNA levels of each factor in larvae of 

both sexes raised on either 1Y or 2Y. In w1118 females, sun mRNA levels in larvae 

reared on 2Y were significantly higher than in larvae cultured on 1Y (Fig. 3.3A). In 

contrast, mRNA levels of Gbp1, Gbp2, CCHa2, and upd2 were not significantly 

higher in female larvae reared on 2Y compared with 1Y (Fig. 3.3B). Thus, while 

previous studies have shown that mRNA levels of all humoral factors were severely 

reduced by a nutrient-restricted diet or nutrient withdrawal (Delanoue et al., 2016; 

Koyama & Mirth, 2016; Rajan & Perrimon, 2012; Sano et al., 2015), our study 

suggests that for most factors, augmenting dietary protein beyond a widely-used 

level does not further enhance mRNA levels. In males, there was no significant 

increase in sun mRNA levels (Fig. 3.3C), or any other humoral factors (Fig. 3.3D), in 

larvae reared on 2Y compared with 1Y. Thus, there is a previously unrecognized sex 

difference in the regulation of sun mRNA levels in a protein-rich context, which we 

confirm leads to a sex difference in circulating Sun levels (Fig. S3.13A). 

Given that a comprehensive series of genetic, molecular, and organ co-

culture experiments have established that Sun promotes IIS activity by enhancing 
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Dilp2 secretion (Delanoue et al., 2016), we hypothesized that the female-specific 

increase in sun mRNA levels in 2Y triggers the nutrient-dependent upregulation of 

IIS activity in females. To test this, we overexpressed UAS-sun-RNAi in the larval fat 

body using r4-GAL4, and cultured the animals on either 1Y or 2Y. Importantly, 

overexpression of the UAS-sun-RNAi transgene significantly decreased sun mRNA 

levels in both sexes (Fig. S3.14A, B), where GAL4 expression was similar between 

the sexes in 1Y and 2Y (Fig. S3.14C). In control r4>+ and +>UAS-sun-RNAi 

females, we observed a significant decrease in Foxo target gene expression in 

larvae cultured on 2Y compared with genotype-matched larvae reared on 1Y (Fig. 
3.3E). In contrast, the nutrient-dependent decrease in Foxo target gene expression 

was absent in r4>UAS-sun-RNAi females (Fig. 3.3E; diet:genotype interaction p < 

0.0001), suggesting sun is required in females for the nutrient-dependent increase in 

IIS activity. In males, the magnitude of the nutrient-dependent decrease in Foxo 

target gene expression was smaller than in genotype-matched females for the r4>+ 

and +>UAS-sun-RNAi control strains (p = 0.0166 [r4>+]; p = 0.0119 [+>UAS-sun-

RNAi]), but not in the r4>UAS-sun-RNAi strain (Fig. 3.3F) (sex:diet interaction p = 

0.1121 [r4>UAS-sun-RNAi]). Importantly, the lack of a diet:genotype interaction 

among males indicates that there was no effect of genotype on Foxo target gene 

expression (p = 0.1068). Together, this data suggests that in females a protein-rich 

diet stimulates a nutrient-dependent increase in sun mRNA that promotes IIS 

activity. In males, the 2Y diet did not augment sun mRNA levels, suggesting one 

reason for the female-biased increase in IIS activity in a protein-rich diet. 

 We next asked whether the female-specific increase in sun mRNA and its 

impact on IIS activity contribute to the nutrient-dependent increase in female body 

size in a protein-rich context. In r4>+ and +>UAS-sun-RNAi control females, adult 

weight was significantly higher in flies cultured on 2Y compared with genotype-

matched flies raised on 1Y (Fig. 3.3G). In contrast, the nutrient-dependent increase 

in adult weight was abolished in r4>UAS-sun-RNAi females (Fig. 3.3G; 

genotype:diet interaction p = 0.0014). This indicates r4>UAS-sun-RNAi females 

have reduced nutrient-dependent body size plasticity, a finding that cannot be 

explained by changes to feeding behavior (Fig. S3.15A). In r4>+, +>UAS-sun-RNAi, 
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and r4>UAS-sun-RNAi male flies raised on 2Y, adult weight was not significantly 

higher than in genotype-matched males raised on 1Y (Fig. 3.3H; genotype:diet 

interaction p = 0.9278). Importantly, in contrast to the sex difference in nutrient-

dependent body size plasticity we observed in the r4>+ and +>UAS-sun-RNAi 

control genotypes (sex:diet interaction p = 0.011 and p = 0.0005, respectively), the 

sex difference in phenotypic plasticity was abolished in the r4>UAS-sun-RNAi 

genotype (sex:diet interaction p = 0.8749), findings we reproduced using pupal 

volume (Fig. S3.16A, B). While we observed no phenotypic plasticity effects in 

larvae with whole-body, pan-neuronal, or IPC loss of Sun receptor methuselah (mth; 

Fbgn0023000; Delanoue et al., 2016) (Fig. S3.17A-F), likely due to use of different 

dilp2-GAL4 lines, minor variation in rearing conditions, and sex-specific plasticity 

defects in the dilp2-GAL4 strain, we reproduced the female-specific effects of sun 

knockdown on body size using an additional fat body GAL4 line (Fig. S3.18A). 

Further, we show that this role for sun in mediating the nutrient-dependent increase 

in female body size in a protein-rich context is unique to sun, as no other humoral 

factors caused sex-specific effects on body size (Fig. S3.18B, C). 
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Figure 3.3. stunted is required for the nutrient-dependent upregulation of insulin 
pathway activity and increased female body size plasticity.  
(A) In females, mRNA levels of stunted (sun)RA, but not sunRB, were significantly higher in 

larvae cultured on a protein-rich diet (2Y) compared with larvae raised on a diet containing 
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half the protein content (1Y) (p = 0.0055 and p = 0.2327, respectively; Student’s t test). n = 8 

biological replicates. (B) mRNA levels of Growth-blocking peptide 1 (Gbp1) were 

significantly different in females cultured on a protein-rich diet (2Y) compared with females 

raised in a diet containing half the protein concentration (1Y) (p = 0.0245; Student’s t test); 

however, mRNA levels of Growth-blocking peptide 2 (Gbp2), CCHamide-2 (CCHa2), and 

unpaired 2 (upd2) were not significantly different between female larvae raised on 1Y and 

2Y (p = 0.0662, 0.1416, and 0.7171, respectively; Student’s t test). n = 7-8 biological 

replicates. (C) In males, mRNA levels of sunRA and sunRB were not significantly different in 

larvae raised on 2Y compared with larvae raised on 1Y (p = 0.5832 and p = 0.2017, 

respectively; Student’s t test). n = 7-8 biological replicates. (D) Levels of Gbp1 and upd2 

were not significantly different between male larvae raised on 2Y compared with larvae 

reared on 1Y (p = 0.1487, and p = 0.1686, respectively; Student’s t test); whereas levels of 

Gbp2 and CCHa2 were significantly different between males raised in 2Y and 1Y (p = 

0.0214, and p = 0.0272, respectively; Student’s t test). n = 7-8 biological replicates. (E) In 

control r4>+, and +>sun-RNAi females, mRNA levels of Foxo targets (insulin receptor (InR), 

brummer (bmm), and eukaryotic initiation factor 4E-binding protein (4E-BP)), were 

significantly lower in larvae cultured on a protein-rich diet (2Y) compared with larvae raised 

on a diet containing half the protein content (1Y) (p<0.0001, for both comparisons; 

Student’s t test). However, in r4>sun-RNAi females, there was no significant difference in 

Foxo target mRNA levels (p = 0.2792; Student’s t test). n = 8 biological replicates. (F) In 

control r4>+, and +>sun-RNAi males, mRNA levels of Foxo targets were significantly lower 

in larvae cultured on 2Y compared with larvae raised on 1Y (p<0.0001 and p = 0.0001, 

respectively; Student’s t test). While r4>sun-RNAi males showed no significant difference in 

Foxo target mRNA levels (p = 0.2469; Student’s t test), there was no genotype:diet 

interaction among males (p = 0.1068), suggesting that genotype had no impact on Foxo 

target genes. Importantly, there was a significant sex:diet interaction for Foxo target mRNA 

levels in both the r4>+ control (p = 0.0166; two-way ANOVA followed by Tukey HSD test) 

and +>sun-RNAi control (p = 0.0119; two-way ANOVA followed by Tukey HSD test), but not 

in r4>sun-RNAi larvae (p = 0.1121; two-way ANOVA followed by Tukey HSD test). n = 7-8 

biological replicates. (G) Adult weight was significantly higher in female flies raised in 2Y 

compared with females raised in 1Y in r4>+ and +>UAS-sun-RNAi controls (p<0.0001 for 

both genotypes; two-way ANOVA followed by Tukey HSD test); however, adult weight was 

not significantly different between r4>UAS-sun-RNAi females reared on 2Y compared with 

genotype-matched females raised on 1Y (p = 0.5035; two-way ANOVA followed by Tukey 
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HSD test). n = 7-10 groups of 10 flies. (H) Adult weight was not significantly higher in male 

flies reared in 2Y compared with males cultured in 1Y for r4>+ and +>UAS-sun-RNAi 

controls or r4>UAS-sun-RNAi males (p = 0.8883, 0.6317, and 0.554, respectively; two-way 

ANOVA followed by Tukey HSD test). There was a significant sex:diet interaction in the r4>+ 

and +>UAS-sun-RNAi control genotypes (p = 0.011 and p = 0.0005, respectively; two-way 

ANOVA followed by Tukey HSD test), but no sex:diet interaction in the r4>UAS-sun-RNAi 

genotype (p = 0.8749; two-way ANOVA followed by Tukey HSD test). n = 6-9 groups of 10 

flies. For all body size plasticity graphs, filled circles indicate mean body size, and dashed 

lines indicate 95% confidence interval. * indicates p<0.05, ** indicates p<0.01, *** indicates 

p<0.001 **** indicates p<0.0001; ns indicates not significant; error bars indicate SEM. 

 

Our data suggests a model in which the nutrient-dependent increase in sun 

mRNA levels is one important reason that females raised in a protein-rich context 

have a larger body size. To determine whether increased sun mRNA levels could 

augment body size, we overexpressed sun specifically in the fat body in larvae of 

each sex reared on 1Y and 2Y. We found that fat body sun overexpression was 

sufficient to increase body size in both sexes, in both the 1Y and 2Y diets (Fig. 
S3.19A, B). This demonstrates that increased sun mRNA levels are sufficient to 

enhance body size in these contexts. While this finding contrasts with data from a 

previous study using a different diet and a mixed-sex experimental group (Delanoue 

et al., 2016), when we replicated their experimental conditions we found a significant 

increase in body size that was obscured by pooling data from males and females 

(Fig. S3.20A, B). Together, this data supports a model in which increased fat body 

sun mRNA levels enhance body size in multiple nutritional contexts, an effect that 

was previously overlooked due to minor variation between lab diets and use of a 

mixed-sex experimental group. It is important to note, however, that despite the 

larger body size of sun-overexpressing males and females, phenotypic plasticity was 

not increased in the sun-overexpressing larvae (Fig. S3.19A, B; diet:genotype 

interaction p = 0.4959; and p = 0.0895, respectively). This is likely due to the fact 

that the nutrient-dependent increase in sun mRNA levels was still absent in the 

context of sun overexpression in males (Fig. S3.20C), as our model suggests it is 

the ability to upregulate sun mRNA in response to dietary protein, rather than 
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absolute sun mRNA levels, that allows females raised on a protein-rich diet to 

achieve a larger body size. 

 

3.4.5. Sex determination gene transformer promotes nutrient-dependent body size 

plasticity in females 

To gain a more complete understanding of the sex difference in phenotypic 

plasticity, we wanted to identify genetic factors in females that confer the ability to 

upregulate sun mRNA levels in response to dietary protein. One candidate was sex 

determination gene tra, as tra was previously found to impact IIS activity and body 

size in a diet equivalent to 2Y (Rideout et al., 2015; Mathews et al., 2017). Thus, we 

performed loss- and gain-of-function studies with tra and monitored changes to IIS 

activity, sun mRNA, and body size in both the 1Y and 2Y diets. In control w1118 

females, Foxo target gene expression was significantly lower in larvae raised on 2Y 

compared with larvae cultured on 1Y (Fig. 3.4A); however, this nutrient-dependent 

decrease in Foxo target gene expression was abolished in tra mutant females 

(tra1/Df(3L)st-j7) (Fig. 3.4A; diet:genotype interaction p = 0.0081). Similarly, while 

sun mRNA levels in w1118 control females were significantly higher in larvae raised 

on 2Y compared with 1Y (Fig. 3.4B), this nutrient-dependent increase in sun mRNA 

levels was absent in tra mutant females (Fig. 3.4B). This indicates that tra is 

required in females for the nutrient-dependent increase in sun mRNA levels and IIS 

activity in a protein-rich context.  

To determine whether lack of tra also impacts nutrient-dependent body size 

plasticity, we measured body size in w1118 controls and tra mutants raised in 1Y and 

2Y. In control w1118 females, adult weight was significantly higher in flies raised on 

2Y compared with flies cultured on 1Y (Fig. 3.4C); however, this nutrient-dependent 

increase in adult weight was blocked in tra mutant females (Fig. 3.4C; genotype:diet 

interaction p < 0.0001), a finding we reproduced using pupal volume (Fig. S3.21A). 

Given that we confirmed this result using an additional tra mutant allele (traKO) 

(Hudry et al., 2016) (Fig. S3.21B), and that this finding cannot be explained by 

changes to food intake (Fig. S3.21C), this indicates that tra mutant females have 

reduced nutrient-dependent body size plasticity compared with control females 



	 77	

(genotype:diet interaction p < 0.0001 [tra1/Df(3L)st-j7]; p < 0.0001 [traKO]). In control 

w1118 and tra mutant males, adult weight was not significantly higher in flies raised 

on 2Y compared with genotype-matched flies reared on 1Y (Fig. 3.4D; genotype:diet 

interaction p = 0.4507). Given that we observed a sex difference in nutrient-

dependent body size plasticity in the w1118 genotype (sex:diet interaction p < 

0.0001), but not in the tra mutant strains (sex:diet interaction p = 0.6598 

[tra1/Df(3L)st-j7]; p = 0.5068 [traKO]), findings we replicated with pupal volume (Fig. 
S3.21D, E), our data reveals a previously unrecognized requirement for tra in 

regulating the sex difference in nutrient-dependent phenotypic plasticity. To 

determine whether tra affects phenotypic plasticity via regulation of sun, we 

overexpressed sun in the fat body of tra mutant females. We found that the reduced 

body size of tra mutant females in 2Y was rescued by fat body sun overexpression 

(Fig. S3.22A). This supports a model in which the smaller body size of tra mutant 

females reared in 2Y was due at least in part to lower sun mRNA levels. 
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Figure 3.4. Sex determination gene transformer (tra) regulates increased nutrient-
dependent body size plasticity in females.  
(A) In control w1118 females, mRNA levels of Foxo targets (insulin receptor (InR), brummer 

(bmm), and eukaryotic initiation factor 4E-binding protein (4E-BP)), were significantly lower 

in larvae cultured on a protein-rich diet (2Y) compared with larvae raised on a diet 
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containing half the protein content (1Y) (p = 0.0057; Student’s t test). In tra mutant 

(tra1/Df(3L)st-j7) females, there was no significant difference in mRNA levels of Foxo targets 

in larvae cultured on 2Y compared with larvae raised on 1Y (p = 0.2291 Student’s t test). n = 

8 biological replicates. (B) In control females, mRNA levels of sunRA were significantly higher 

in larvae cultured on 2Y compared with larvae raised on 1Y (p = 0.0011; Student’s t test); 

however, in tra1/Df(3L)st-j7 females there was no significant difference in sunRA mRNA 

levels between larvae cultured on 2Y compared with larvae raised on 1Y (p = 0.1644; 

Student’s t test). n = 8 biological replicates. (C) Adult weight was significantly higher in w1118 

females raised on 2Y compared with females reared on 1Y (p<0.0001; two-way ANOVA 

followed by Tukey HSD test); however, there was no significant difference in adult weight 

between tra1/Df(3L)st-j7 females cultured on 2Y compared with genotype-matched females 

raised on 1Y (p = 0.9617; two-way ANOVA followed by Tukey HSD test). n = 7-8 groups of 

10 flies. (D) Adult weight was not significantly higher in either w1118 control or tra1/Df(3L)st-j7 

mutant males in flies raised on 2Y compared with males reared on 1Y (p = 0.7808 and p = 

0.9983, respectively; two-way ANOVA followed by Tukey HSD test). There was a significant 

sex:diet interaction in the w1118 control genotype (p<0.0001; two-way ANOVA followed by 

Tukey HSD test); however, there was no sex:diet interaction in the tra1/Df(3L)st-j7 genotype 

(p = 0.6598; two-way ANOVA followed by Tukey HSD test). n = 6-8 groups of 10 flies. (E) In 

control da>+, and +>traF males, mRNA levels of Foxo targets were significantly higher in 

larvae cultured on a protein-rich diet (2Y) compared with larvae raised on a diet containing 

half the protein content (1Y) (p = 0.0108 and p<0.0001, respectively; Student’s t test). 

However, in da>traF males, there was a significant decrease in Foxo target mRNA levels 

(p<0.0001; Student’s t test). n = 8 biological replicates. Importantly, there was a significant 

sex:diet interaction for Foxo target mRNA levels in both the da>+ control (p = 0.0004; two-

way ANOVA followed by Tukey HSD test) and +>traF control (p<0.0001; two-way ANOVA 

followed by Tukey HSD test), but not in da>traF larvae (p = 0.3095; two-way ANOVA 

followed by Tukey HSD test). n = 7-8 biological replicates. (F) In control da>+ and +>UAS-

traF males, mRNA levels of sunRA were not significantly different between larvae cultured on 

2Y compared with larvae raised on 1Y (p = 0.2064 and p = 0.0711, respectively; Student’s t 

test). In contrast, da>UAS-traF males showed a significant increase in mRNA levels of sunRA 

in larvae cultured on 2Y compared with males raised on 1Y (p = 0.0013; Student’s t test). n 

= 6-8 biological replicates. (G) Adult weight was not significantly higher in da>+ and +>UAS-

traF control males reared on 2Y compared with genotype-matched males flies cultured on 

1Y (p = 0.5186 and p = 0.8858, respectively; two-way ANOVA followed by Tukey HSD test); 
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however, there was a significant increase in adult weight between da>UAS-traF males 

cultured on 2Y compared with genotype-matched flies raised on 1Y (p<0.0001; two-way 

ANOVA followed by Tukey HSD test). n = 7-8 groups of 10 flies. (H) Adult weight was 

significantly higher in r4-GAL4 control males with traF K-IN, which express physiological levels 

of a functional Tra protein, when reared on 2Y compared with 1Y (p<0.0001 [r4,Df(3L)st-

j7/traF K-IN]); two-way ANOVA followed by Tukey HSD test). In contrast, the nutrient-

dependent increase in adult weight was abolished upon fat body knockdown of sun in a traF 

K-IN male (p = 0.9915 [UAS-sun-RNAi/+;r4,Df(3L)st-j7/traF K-IN]); two-way ANOVA followed by 

Tukey HSD test). Adult weight was no different in tra mutant r4-GAL4 males (r4,Df(3L)st-

j7/traKO) reared on 2Y compared with genotype-matched males cultured on 1Y (p = 0.9980; 

two-way ANOVA followed by Tukey HSD test). Adult weight was not further reduced in 1Y 

with fat body knockdown of sun in a tra mutant male (UAS-sun-RNAi/+;r4,Df(3L)st-j7/traKO) 

(p = 0.9998 [UAS-sun-RNAi/+;r4,Df(3L)st-j7/traKO  v r4,Df(3L)st-j7/traKO]); two-way ANOVA 

followed by Tukey HSD test). n = 9-11 groups of 10 flies. For all body size plasticity graphs, 

filled circles indicate mean body size, and dashed lines indicate 95% confidence interval. * 

indicates p<0.05, ** indicates p<0.01, **** indicates p<0.0001; ns indicates not significant; 

error bars indicate SEM. 

 

 To determine whether lack of a functional Tra protein in males explains their 

reduced nutrient-dependent body size plasticity, we overexpressed UAS-traF in all 

tissues using daughterless (da)-GAL4. We first asked whether Tra overexpression 

impacted the nutrient-dependent regulation of sun mRNA and IIS activity. In control 

da>+ and +>UAS-traF males, there was no significant decrease in Foxo target gene 

expression in larvae reared in 2Y compared with larvae raised in 1Y (Fig. 3.4E). In 

da>UAS-traF males, however, there was a significant nutrient-dependent decrease 

in mRNA levels of Foxo target genes (Fig. 3.4E). Because we observed a significant 

diet:genotype interaction (p < 0.0001), the magnitude of the nutrient-dependent 

increase in IIS activity in the da>UAS-traF genotype was larger than in control males. 

Similarly, while sun mRNA levels in control da>+ and +>UAS-traF males were not 

significantly different in larvae raised on 2Y compared with larvae reared on 1Y (Fig. 
3.4F), there was a nutrient-dependent increase in sun mRNA levels in da>UAS-traF 

males (Fig. 3.4F). In da>+, +>UAS-traF, and da>UAS-traF females, we observed a 

significant decrease in Foxo target gene expression, and a significant increase in 
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sun mRNA levels (Fig. S3.23A, B). Thus, the presence of a functional Tra protein in 

males confers the ability to upregulate sun mRNA levels and IIS activity, revealing 

that the lack of Tra in normal males accounts for the lack of a nutrient-dependent 

increase in sun mRNA and IIS activity.  

We next tested whether the presence of a functional Tra protein in males 

would augment nutrient-dependent body size plasticity. We observed a significant 

increase in adult weight between da>UAS-traF males reared on 2Y compared with 

genotype-matched males raised on 1Y (Fig. 3.4G; genotype:diet interaction p = 

0.0038). This nutrient-dependent increase was not present in either control da>+ or 

+>UAS-traF males (Fig. 3.4G), a finding we reproduced using pupal volume (Fig. 
S3.23C). Because one study suggested high levels of Tra expression may cause 

lethality (Siera & Cline, 2008), we repeated the experiment using males from a 

recently published strain of flies in which flies carry a cDNA encoding the female-

specific Tra protein knocked into the tra locus (traF K-IN). These males express Tra at 

a physiological level (Hudry et al., 2019). As with da>UAS-traF males, we found traF 

K-IN males had increased nutrient-dependent body size plasticity compared with 

control w1118 males and traKO males (Fig. S3.23D; genotype:diet interaction p < 

0.0001). Thus, males expressing a functional Tra protein have increased phenotypic 

plasticity compared with control males, revealing a new role for tra in conferring the 

ability to adjust body size in response to a protein-rich diet. In females, we observed 

a significant increase in both adult weight and pupal volume in da>+, +>UAS-traF, 

and da>UAS-traF flies raised on the 2Y diet compared with genotype-matched 

females cultured on the 1Y diet (Fig. S3.23E, F); however, lack of a significant 

genotype:diet interaction indicates that phenotypic plasticity in da>UAS-traF females 

was not different from controls (p = 0.5912), findings we reproduced with the traF K-IN 

allele (Fig. S3.23G; genotype:diet interaction p < 0.0001). Importantly, the sex 

difference in nutrient-dependent body size plasticity that we observed in the w1118 

control genotype (sex:diet interaction p < 0.0001) was abolished between traF K-IN 

males and their genotype-matched females (p = 0.3168). To determine whether the 

nutrient-dependent upregulation of sun mRNA was required for Tra to enhance male 

body size in a protein-rich context, we overexpressed the UAS-sun-RNAi transgene 
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in the fat body of traF K-IN males. We found that the nutrient-dependent body size 

increase in traF K-IN males was blocked in males with fat body sun loss (Fig. 3.4H), a 

finding we reproduced in traF K-IN females (Fig. S3.23H). This indicates that the 

nutrient-dependent upregulation of sun mRNA in larvae with a functional Tra protein 

is required for phenotypic plasticity. Together, these data demonstrate a new role for 

Tra in regulating the sex difference in nutrient-dependent body size plasticity, and 

identify fat body sun as one downstream factor that mediates Tra’s effects on 

phenotypic plasticity. 

3.4.6. Transcriptional coactivator Spargel represents one link between Transformer 

and regulation of sun mRNA levels 

While sex determination gene tra impacts sexual differentiation via regulation 

of confirmed target genes doublesex (dsx; FBgn0000504) and fruitless (fru; 

FBgn0004652), neither dsx nor fru affect body size (Rideout et al., 2015). Given the 

key role of sun in mediating the nutrient-dependent increase in body size 

downstream of Tra, we wanted to identify the link between Tra and regulation of sun 

mRNA levels. Previous studies show that transcriptional coactivator spargel (srl, 

FBgn0037248), the Drosophila homolog of peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1) (Tiefenbock et al., 2010), coordinates 

sun mRNA levels with dietary protein (Delanoue et al., 2016). To test whether Srl 

mediates the sex difference in nutrient-dependent upregulation of sun mRNA levels, 

we examined mRNA levels of sun in female larvae heterozygous for a strong 

hypomorphic allele of srl (srl1/+) (Tiefenbock et al, 2010). In females, we found that 

the nutrient-dependent upregulation of sun mRNA levels in w1118 control larvae was 

blunted in srl1/+ larvae (Fig. 3.5A; diet:genotype interaction p < 0.0001). To 

determine whether a smaller nutrient-dependent increase in sun mRNA levels 

affects the ability of srl1/+ larvae to achieve a larger body size in a protein-rich 

context, we raised srl1/+ larvae on 1Y and 2Y. While we confirmed that srl1/+ larvae 

have no generalized developmental defects, as there was no decrease in body size 

in srl1/+ female or male larvae reared on 1Y (Fig. 3.5B, C), we showed that the 

nutrient-dependent increase in body size in srl1/+ females was eliminated (Fig. 
3.5B). Given that adult weight was significantly higher in control w1118 females raised 
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on 2Y compared with genotype-matched females cultured on 1Y (Fig. 3.5B), this 

indicates that srl1/+ females have reduced nutrient-dependent body size plasticity 

(genotype:diet interaction p < 0.0001). In control w1118 and srl1/+ males, adult weight 

was not significantly higher in flies raised on 2Y compared with genotype-matched 

flies reared on 1Y (Fig. 3.5C; genotype:diet interaction p = 0.8323). This result 

suggests that Srl mediates the nutrient-dependent upregulation of sun mRNA levels 

and increased nutrient-dependent body size plasticity in female larvae in a protein-

rich context, where future studies will need to determine whether Srl also impacts 

the sex difference in circulating Sun. Indeed, while Sun is also regulated at the level 

of secretion by fat body Target-of-Rapamycin (TOR) signaling (Delanoue et al., 

2016), we found no sex difference in fat body TOR activity in either 1Y or 2Y (Fig. 
S3.24A-D). Given that TOR activity does not affect sun mRNA levels (Delanoue et 

al., 2016), which we confirm (Fig. S3.24E), our data indicates that the sex difference 

in nutrient-dependent upregulation of sun mRNA levels is due to Srl, and not TOR. 

This aligns with our previous finding that treating larvae with TOR inhibitor 
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Figure 3.5. Sex determination gene transformer (tra) requires transcriptional 
coactivator spargel (srl) for increased nutrient-dependent body size plasticity in 
females. (A) In control w1118 females and females with heterozygous loss of srl (srl1/+), 
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mRNA levels of sunRA were significantly higher in larvae cultured on 2Y compared with 

larvae raised on 1Y (p<0.0001 and p = 0.0301; Student’s t test); however, there was a 

significant genotype:diet interaction indicating that the protein-dependent upregulation of 

sunRA was blunted in srl1/+ females  (p<0.0001; two-way ANOVA followed by Tukey HSD 

test). n = 7-8 biological replicates. (B) Adult weight was significantly higher in w1118 females 

raised on 2Y compared with females reared on 1Y (p<0.0001; two-way ANOVA followed by 

Tukey HSD test); however, there was no significant difference in adult weight between srl1/+ 

females cultured on 2Y compared with genotype-matched females raised on 1Y (p>0.9999; 

two-way ANOVA followed by Tukey HSD test). n = 5-7 groups of 10 flies. (C) Adult weight 

was not significantly higher in either w1118 control or srl1/+ mutant males in flies raised on 2Y 

compared with males reared on 1Y (p = 0.9906 and p>0.9999, respectively; two-way 

ANOVA followed by Tukey HSD test). n = 4-5 groups of 10 flies. (D) mRNA levels of sunRA 

were not significantly different in da>traF males with heterozygous loss of srl (UAS-traF/+;da-

GAL4/srl1) cultured on 1Y compared to genotype matched males cultured on 2Y (p = 

0.1405; Student’s t test). n = 8 biological replicates. (E) In control da>traF males with 

heterozygous loss of srl, mRNA levels of Foxo targets (insulin receptor (InR), brummer 

(bmm), and eukaryotic initiation factor 4E-binding protein (4E-BP)), were significantly higher 

in larvae cultured on a protein-rich diet (2Y) compared with larvae raised on a diet 

containing half the protein content (1Y) (p = 0.0266; Student’s t test). n = 8 biological 

replicates. (F) Adult weight was higher in da>UAS-traF males raised on a protein-rich diet 

(2Y) compared with da>UAS-traF males reared on a diet containing half the protein content 

(1Y) (p<0.0001; two-way ANOVA followed by Tukey HSD test). In contrast, the nutrient-

dependent increase in adult weight was abolished in da>UAS-traF males heterozygous for 

srl1 (p = 0.2811; two-way ANOVA followed by Tukey HSD test). n = 6-8 groups of 10 flies. 

(G) Adult weight was higher in da>UAS-traF females raised on 2Y compared with da>UAS-

traF females reared on 1Y (p<0.0001; two-way ANOVA followed by Tukey HSD test). In 

contrast, the nutrient-dependent increase in adult weight was absent in da>UAS-traF females 

heterozygous for srl1 (p = 0.2927; two-way ANOVA followed by Tukey HSD test). n = 6-7 

groups of 10 flies. For all body size plasticity graphs, filled circles indicate mean body size, 

and dashed lines indicate 95% confidence interval. * indicates p<0.05, **** indicates 

p<0.0001; ns indicates not significant; error bars indicate SEM. 
 

Rapamycin did not cause sex-biased effects on larval growth (Rideout et al., 2015). 
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 To determine whether Srl mediates the Tra-dependent regulation of sun 

mRNA levels, we measured sun mRNA levels in males with ectopic Tra expression 

(da>UAS-traF). While da>UAS-traF males show a significant nutrient-dependent 

upregulation of sun mRNA levels compared with da>+ and +>UAS-traF control males 

(Fig. 3.4F), we found that sun mRNA levels were no longer higher in da>UAS-traF 

males heterozygous for the srl1 allele raised on 2Y compared with genotype-

matched males reared on 1Y (Fig. 3.5D). Similarly, we observed no decrease in 

Foxo target genes between da>UAS-traF males heterozygous for the srl1 allele 

raised on 2Y compared with genotype-matched males reared on 1Y (Fig. 3.5E), 

indicating the nutrient-dependent upregulation of IIS activity in da>UAS-traF males 

was abolished in the context of reduced Srl function. Given that we observed no Tra-

dependent changes to TOR activity (Fig. S3.24F, G), when taken together our data 

indicates that Srl function is required for the Tra-dependent increase in sun mRNA 

levels in a protein-rich context. Srl therefore represents an additional link between 

sex determination gene tra and the regulation of gene expression. Moreover, we 

show that the Srl-dependent regulation of sun downstream of Tra is significant for 

phenotypic plasticity, as the nutrient-dependent increase in body size was blocked in 

da>UAS-traF females and males heterozygous for the srl1 allele (Fig. 3.5F, G; 

genotype:diet interaction p = 0.0146 and p = 0.0008, respectively). While we find 

that Srl targets other than sun were also regulated in a sex-specific manner by 

nutrients and Tra function (Fig. S3.25A-D), other functionally similar Srl targets did 

not reproduce sex-specific changes to nutrient-dependent body size plasticity that 

we observed upon loss of fat body sun (Fig. S3.25E-H). Although we cannot rule out 

all Srl targets, our data indicates a key role for sun among Srl targets in mediating 

the effects of Tra on nutrient-dependent body size plasticity. This reveals a 

previously unrecognized role for Srl in mediating sex-specific changes to gene 

expression, and identifies Srl as a new link between Tra and nutrient-dependent 

changes to gene expression. 
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3.4.7. Increased nutrient-dependent body size plasticity in females promotes 

fecundity in a protein-rich context 

Previous studies have shown that plentiful nutrients during development maximize 

body size to promote fertility in Drosophila females (Bergland et al., 2008; Green & 

Extavour, 2014; Grönke et al., 2010; Hodin & Riddiford, 2000; Klepsatel et al., 2020; 

Mendes & Mirth, 2016; Robertson, 1957a, 1957b; Sarikaya et al., 2012; Tu & Tatar, 

2003), and that high levels of IIS activity are required for normal egg development, 

ovariole number, and fecundity (Green & Extavour, 2014; Grönke et al., 2010; 

Mendes & Mirth, 2016; Richard et al., 2005). In line with these findings, w1118 female 

flies reared on 2Y produced significantly more eggs compared with genotype-

matched females cultured on 1Y (Fig. 3.6A). This aligns with findings from many 

studies showing that increased nutrients promote fertility (Green & Extavour, 2014; 

Grönke et al., 2010; Mendes & Mirth, 2016; Richard et al., 2005), and suggests that 

the ability to augment IIS activity and body size in response to a protein-rich diet 

allows females to maximize fecundity in conditions where nutrients are plentiful. To 

test this, we measured the number of eggs produced by InRE19/+ females and w1118 

controls raised in either 1Y or 2Y. In contrast to w1118 females, the nutrient-

dependent increase in egg production was absent in InRE19/+ females (Fig. 3.6A). 

Similarly, there was no diet-induced increase in egg production in dilp2 mutant 

females (Fig. 3.6B). These findings suggest that the nutrient-dependent increase in 

IIS activity and body size are important to promote fecundity in a protein-rich context. 

This result aligns with findings from a previous study showing that lifetime fecundity 

was significantly lower in dilp2 mutants raised in a yeast-rich diet (Grönke et al., 

2010). To extend our findings beyond dilp genes, we next examined fecundity in 

females with an RNAi-mediated reduction in sun. We found that the nutrient-

dependent increase in egg production in r4>UAS-sun-RNAi females was eliminated, 

in contrast to the robust diet-induced increase in fecundity in r4>+ and +>UAS-sun-

RNAi control females (Fig. 3.6C). Together, this data suggests that dilp2 and fat 

body-derived sun play a role in maximizing IIS activity and body size to promote egg 

production in a protein-rich context. Future studies will need to determine which 

aspect of ovary development is affected by these genetic manipulations (Green & 
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Extavour, 2014; Grönke et al., 2010; Mendes & Mirth, 2016; Richard et al., 2005), 

whether this phenotype is specific to dilp2, and whether the effects require InR 

function in the ovary or in other tissues. 

In males, which have a reduced ability to augment body size in response to a 

protein-rich diet, we also investigated the relationship between nutrient content, body 

size, and fertility. When we compared fertility in w1118 males reared on 1Y compared 

with males raised on 2Y, we found no significant difference in the number of 

offspring produced (Fig. 3.6D). Thus, neither male body size nor fertility were 

enhanced by rearing flies in a protein-rich environment. Given that previous studies 

suggest that a larger body size in males promotes reproductive success (Ewing, 

1961; Partridge et al., 1987; Partridge & Farquhar, 1983), we next asked whether 

genetic manipulations that augment male body size also increased fertility. One way 



	 89	

 
 
Figure 3.6. Increased nutrient-dependent body size plasticity in females promotes 
fertility.  
(A) In control w1118 females there was a significant increase in the number of eggs laid by 

females raised on 2Y compared with females cultured on 1Y (p = 0.0009; Student’s t test); 

however, there was no significant difference in the number of eggs laid between InRE19/+ 

females cultured on 2Y compared with genotype-matched females raised on 1Y (p = 0.617; 

Student’s t test). n = 19-20 biological replicates. (B) In control w1118 females, there was a 
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significant increase in the number of eggs laid by females raised on 2Y compared with 

females cultured on 1Y (p<0.0001; Student’s t test); however, there was no significant 

difference in the number of eggs laid between dilp2 mutant females cultured on 2Y 

compared with females raised on 1Y (p = 0.4105; Student’s t test). n = 28-30 biological 

replicates. (C) In control r4>+ and +>UAS-sun-RNAi females there was a significant 

increase in the number of eggs laid by females raised on 2Y compared with control females 

cultured on 1Y (p<0.0001 for both genotypes; Student’s t test). In r4>UAS-sun-RNAi 

females, the number of eggs laid by females cultured on 2Y was lower than females raised 

on 1Y (p = 0.0243; Student’s t test). n = 20 biological replicates. (D) In control w1118 males 

there was no significant difference in the number of offspring produced between a 1Y and 

2Y diet (p = 0.3662; Student’s t test). There was also no significant difference in the number 

of offspring produced between control w1118 males and males heterozygous for a loss-of-

function allele of phosphatase and tensin homolog (pten; genotype pten2L100/+) raised on 1Y 

(p = 0.4003; Student’s t test). Unlike control males, pten2L100/+ males reared on 2Y produced 

significantly more offspring than genotype-matched males raised on 1Y (p = 0.0137; 

Student’s t test). n = 11 biological replicates. (E) In control r4>+ and +>UAS-sun and 

r4>UAS-sun males, there was no significant effect on the number of offspring produced 

between a 1Y and 2Y diet (p = 0.9222, 0.0595, and 0.32 respectively; Student’s t test). 

There was also no significant difference in the number of offspring produced between 

control r4>+, +>UAS-sun males and r4>UAS-sun males raised on 1Y (p = 0.9723 and p = 

0.9969 respectively; one-way ANOVA followed by Tukey HSD test). n = 8-10 groups of 10 

flies. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** indicates p<0.0001; 

ns indicates not significant; error bars indicate SEM. 

 

 

to augment male body size in 1Y is heterozygous loss of phosphatase and tensin 

homolog (pten, FBgn0026379; pten2L100/+) (Fig. S3.7B). Interestingly, fertility was 

not significantly higher in pten2L100/+ males compared with w1118 controls raised in 1Y 

(Fig. 3.6D), suggesting that a larger body size does not always augment fertility in 

males. Similarly, when we measured fertility in r4>UAS-sun males, which are larger 

than control males (Fig. S3.17B), fertility was not significantly different from r4>+ 

and +>UAS-sun control males (Fig. 3.6E). Interestingly, when we examined fertility 

in pten2L100/+ and r4>UAS-sun males in 2Y, fertility was significantly increased in 
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pten2L100/+ males compared with genotype-matched controls cultured in 1Y (Fig. 
3.6D), an observation we did not repeat in r4>UAS-sun males (Fig. 3.6E). 

Ultimately, this less robust and more complex relationship between body size and 

fertility in males suggests a possible explanation for their decreased nutrient-

dependent body size plasticity compared with females. 

 

3.5. DISCUSSION 

In many animals, body size plasticity in response to environmental factors 

such as nutrition differs between the sexes (Fairbairn, 1997). While past studies 

have identified mechanisms underlying nutrient-dependent growth in a mixed-sex 

population, and revealed factors that promote sex-specific growth in a single 

nutritional context, the mechanisms underlying the sex difference in nutrient-

dependent body size plasticity remain unknown. In this study, we showed that 

females have higher phenotypic plasticity compared with males when reared on a 

protein-rich diet, and elucidated the molecular mechanisms underlying the sex 

difference in nutrient-dependent body size plasticity in this context. Our data 

suggests a model in which high levels of dietary protein augment female body size 

by stimulating an increase in IIS activity, where we identified a requirement for dilp2 

and sun in promoting this nutrient-dependent increase in IIS activity. Importantly, we 

discovered tra as the factor responsible for stimulating sun mRNA levels and IIS 

activity in a protein-rich context, revealing a novel role for sex determination gene tra 

in regulating phenotypic plasticity. Mechanistically, tra enhanced sun mRNA levels 

and body size in protein-rich conditions via transcriptional coactivator Srl, identifying 

Srl as one link between tra and the nutrient-dependent regulation of gene 

expression. Together, these findings provide new insight into how Drosophila 

females achieve increased nutrient-dependent body size plasticity compared with 

males.  

 One key feature of this increased phenotypic plasticity in females was a 

female-biased increase in IIS activity in a protein-rich context. This reveals a 

previously unrecognized sex difference in the coupling between IIS activity and 

dietary protein. In females, there was tight coupling between increased nutrient input 
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and enhanced IIS activity across a wide protein concentration range in all control 

genotypes. In males, this close coordination between dietary protein and IIS activity 

was weaker in a protein-rich context. Our data shows that sex-biased nutrient-

dependent change to IIS activity during development is physiologically significant, as 

it supports an increased rate of growth and consequently larger body size in females 

but not in males raised on a protein-rich diet. In future studies, it will be important to 

determine whether the sex difference in coupling between nutrients and IIS activity 

exists in other contexts. For example, previous studies on the extension of life span 

by dietary restriction have shown that male and female flies differ in the 

concentration of nutrients that produces the maximum life span extension, and in the 

magnitude of life span extension produced by dietary restriction (Magwere et al., 

2004; Regan et al., 2016). Similar sex-specific effects of dietary restriction and 

reduced IIS on life span have also been observed in mice (Holzenberger et al., 

2003; Kane et al., 2018; reviewed in Regan & Partridge, 2013; Selman et al., 2008) 

and humans (van Heemst et al., 2005). Future studies will be needed to determine 

whether a male-female difference in coupling between nutrients and IIS activity 

account for these sex-specific life span responses to dietary restriction. Indeed, 

given that sex differences have been reported in the risk of developing diseases 

associated with overnutrition and dysregulation of IIS activity such as obesity and 

type 2 diabetes (Kautzky-Willer et al., 2016; Mauvais-Jarvis, 2018; Tramunt et al., 

2020), more detailed knowledge of the male-female difference in coupling between 

nutrients and IIS activity in other models may provide insights into this sex-biased 

risk of disease. 

In addition to revealing a sex difference in the nutrient-dependent 

upregulation of IIS activity, our data identified a female-specific requirement for dilp2 

and sun in mediating the diet-induced increase in IIS activity in a protein-rich 

context. While previous studies have shown that both dilp2 and sun positively 

regulate body size (Ikeya et al., 2002; Grönke et al., 2010; Delanoue et al 2016), we 

describe new sex-specific roles for dilp2 and sun in nutrient-dependent phenotypic 

plasticity. Elegant studies have shown that sun is a secreted factor that stimulates 

Dilp2 release from the IPCs (Delanoue et al., 2016). Together with our data, this 
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suggests a model in which females are able to achieve a larger body size in a 

protein-rich diet because they have the ability to upregulate sun mRNA levels, 

whereas males do not. Indeed, we show that higher sun mRNA levels are sufficient 

to augment body size. This model aligns well with findings from two previous studies 

on Dilp2 secretion in male and female larvae. The first study, which raised larvae on 

a protein-rich diet equivalent to the 2Y diet, found increased Dilp2 secretion in 

females compared to males (Rideout et al., 2015). The second study, which raised 

larvae on a diet equivalent to the 1Y diet, found no sex difference in Dilp2 secretion 

and no effects of dilp2 loss on body size (Sawala & Gould, 2017). Thus, while these 

previous studies differed in their initial findings on a sex difference in Dilp2 secretion, 

our data reconcile these minor differences by identifying context-dependent effects 

of dilp2 on body size. It is important to note that absolute confirmation of a sex 

difference in hemolymph Dilp2 levels will be needed in future studies because the 

body size plasticity defects in the dilp2-HF strain precluded its use as a tool to 

quantify circulating Dilp2 levels in our study. Future studies will also need to 

determine whether these sex-specific and context-dependent effects of dilp2 are 

observed in other phenotypes regulated by dilp2 and other dilp genes. For example, 

flies carrying mutations in dilp genes show changes to aging, metabolism, sleep, and 

immunity, among other phenotypes (Bai et al., 2012; Brown et al., 2020; Cong et al., 

2015; Grönke et al., 2010; Liu et al., 2016; Nässel & Vanden Broeck, 2016; Okamoto 

et al., 2009; Okamoto & Nishimura, 2015; Post et al., 2018, 2019; Slaidina et al., 

2009; Stafford et al., 2012; Zhang et al., 2009;  Brogiolo et al., 2001; Cognigni et al., 

2011; Linneweber et al., 2014; Semaniuk et al., 2018; Suzawa et al., 2019; Ugrankar 

et al., 2018). Further, it will be interesting to determine whether the sex-specific 

regulation of sun is observed in any other contexts, and whether it will influence sex 

differences in phenotypes associated with altered IIS activity, such as life span. 

While our findings on sun and dilp2 provide mechanistic insight into the 

molecular basis for the larger body size of females reared on a protein-rich diet, a 

key finding from our study was the identification of sex determination gene tra as the 

factor that confers plasticity to females. Normally, nutrient-dependent body size 

plasticity is higher in females than in males in a protein-rich context. In females 
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lacking a functional Tra protein, however, this increased nutrient-dependent body 

size plasticity was abolished. In males, which normally lack a functional Tra protein, 

ectopic Tra expression conferred increased nutrient-dependent body size plasticity. 

While a previous study showed that on the 2Y diet Tra promotes Dilp2 secretion 

(Rideout et al., 2015), our current study extends this finding in two ways: by 

identifying sun as one link between Tra, Dilp2, and changes to IIS activity, and by 

showing that Tra regulates sun mRNA via conserved transcriptional coactivator Srl. 

While previous studies discovered Srl as the factor that promotes sun mRNA levels 

in response to dietary protein in a mixed-sex larval population (Delanoue et al., 

2016), our findings reveal a previously unrecognized sex-specific role for Srl in 

regulating transcription. Because loss of Tra reduces Srl transcriptional activity, this 

new link between Tra and Srl suggests an additional way in which Tra may impact 

gene expression beyond its canonical downstream targets dsx and fru. While this 

builds on recent studies that reveal a number of additional Tra-regulated genes 

(Clough et al., 2014; Hudry et al., 2016, 2019), it will be important to determine 

whether these additional Tra-regulated genes including sun represent direct targets 

of Tra/Srl. Future studies will also be needed to elucidate how Tra impacts Srl 

transcriptional activity in a context-dependent manner, however, uncovering a 

connection between a sex determination gene and a key regulator of genes involved 

in mitochondrial function suggests an additional mechanism that may contribute to 

sex differences in phenotypes affected by mitochondrial function (e.g., lifespan) 

(Tiefenbock et al., 2010; Cho et al., 2011; Tower, 2015, 2017). In addition, it will be 

critical to explore how the presence of Tra allows an individual to couple dietary 

protein with body size. Because the tra locus is regulated both by alternative splicing 

and transcription (Belote et al., 1989; Boggs et al., 1987; Grmai et al., 2018; Inoue et 

al., 1990; Sosnowski et al., 1989), and Tra protein is regulated by phosphorylation 

(Du et al., 1998), our study highlights the importance of additional studies on the 

regulation of the tra genomic locus and Tra protein throughout development to gain 

mechanistic insight into its effects on nutrient-dependent body size plasticity. 

 While the main outcome of our work was to reveal the molecular mechanisms 

that regulate the sex difference in nutrient-dependent body size plasticity, we also 
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provide some insight into how genes that contribute to nutrient-dependent body size 

plasticity affect female fecundity and male fertility. Our findings align well with 

previous studies demonstrating that increased nutrient availability during 

development and a larger female body size confers increased ovariole number and 

fertility (Green & Extavour, 2014; Klepsatel et al., 2020; Mendes & Mirth, 2016; 

Robertson, 1957a, 1957b), as females lacking either dilp2 or fat body-derived sun 

were unable to augment egg production in a protein-rich context. Given that previous 

studies demonstrate IIS activity influences germline stem cells in the ovary in adult 

flies (Hsu et al., 2008; Hsu & Drummond-Barbosa, 2009; Kao et al., 2015; LaFever & 

Drummond-Barbosa, 2005; Lin & Hsu, 2020; Su et al., 2018), there is a clear 

reproductive benefit that arises from the tight coupling between nutrient availability, 

IIS activity, and body size in females. In males, however, the relationship between 

fertility and body size remains less clear. While larger males are more reproductively 

successful both in the wild and in laboratory conditions (Ewing, 1961; Partridge & 

Farquhar, 1983), other studies revealed that medium-sized males were more fertile 

than both larger and smaller males (Lefranc & Bundgaard, 2000). Given that our 

study revealed no significant increase in the number of progeny produced by larger 

males, the fertility benefits that accompany a larger body size in males may be 

context-dependent. For example, a larger body size increases the ability of males to 

outcompete smaller males (Flatt, 2020; Partridge et al., 1987; Partridge & Farquhar, 

1983). Thus, in crowded situations, a bigger body may provide significant fertility 

gains. On the other hand, in conditions where nutrients are limiting, an imbalance in 

the allocation of energy from food to growth rather than to reproduction may 

decrease fertility (Bass et al., 2007; Camus et al., 2017; Jensen et al., 2015; Wood 

et al., 2018). Future studies will need to resolve the relationship between body size 

and fertility in males, as this will suggest the ultimate reason(s) for the sex difference 

in nutrient-dependent body size plasticity. 
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4. A LOW SUGAR DIET ENHANCES DROSOPHILA BODY SIZE IN MALES AND 
FEMALES VIA SEX-SPECIFIC MECHANISMS 

 

4.1. SYNOPSIS 

 In Drosophila, changes to dietary protein elicit different body size responses 

between the sexes (McDonald et al., 2020; Millington et al., 2021; Shingleton et al., 

2017). Whether this sex difference in nutrient-dependent body size regulation 

extends to other nutrients, such as dietary sugar, remains unclear. Here, we show 

that reducing dietary sugar enhanced body size in Drosophila male and female 

larvae. Indeed, the largest body size was found in larvae reared in a diet without 

added sugar. Despite the equivalent body size effects of a low sugar diet between 

males and females, we detected sex-specific changes to the insulin/insulin-like 

growth factor (IIS) and target of rapamycin (TOR) signaling pathways. Specifically, 

we found a female-specific increase in TOR pathway activity and a male-specific 

increase in IIS activity in 0S compared with 1S. Further, we show that the metabolic 

changes observed in larvae reared on a low sugar diet differ between the sexes. 

Thus, despite identical phenotypic responses to dietary sugar in males and females, 

these sex-limited changes to TOR and IIS were associated with distinct changes to 

whole-body metabolism and were required for the increased body size in each sex. 

This highlights the importance of including both sexes in all mechanistic studies on 

larval growth, as males and females may use different molecular and metabolic 

mechanisms to achieve similar phenotypic outcomes.  

 

4.2. INTRODUCTION 

 In Drosophila, dietary nutrients impact the rate and duration of larval growth to 

influence final body size. Nutrient quantity promotes growth during larval 

development, as conditions where nutrients are plentiful favour larger body sizes 

(Edgar, 2006; Hietakangas and Cohen, 2009; Nijhout et al., 2014). Nutrient quality is 

also critical in regulating larval growth, as individual macronutrients differ in their 

body size effects. For example, while dietary protein promotes a larger body size 
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across a wide concentration range (Britton and Edgar, 1998; Britton et al., 2002; 

Edgar, 2006; Shingleton et al., 2017), moderate or high levels of dietary sugar inhibit 

growth and reduce body size (Musselman et al., 2011; Pasco and Léopold, 2012; 

Reis, 2016). This suggests a complex relationship between individual macronutrients 

and body size. 

 One factor that influences the magnitude of nutrient-dependent changes to 

Drosophila body size is biological sex (McDonald et al., 2020 preprint; Millington et 

al., 2021a; Shingleton et al., 2017; Stillwell et al., 2010; Teder and Tammaru, 2005). 

For example, manipulating nutrient quantity by altering dietary protein and 

carbohydrates causes sex-biased trait size effects (Shingleton et al., 2017). Male 

and female phenotypic responses to altered nutrient quality also differ, as the 

magnitude of protein-dependent changes to body size are larger in females 

(Millington et al., 2021a). Due to the widespread use of mixed-sex groups in larval 

growth studies, however, it remains unclear whether sex-specific body size 

responses to dietary protein extend to other macronutrients, such as sugar. 

 Our examination of larval development revealed that a reduction in dietary 

sugar significantly increased the rate of growth and body size in males and females. 

Indeed, the largest body size was observed in a diet with no added sugar. Despite 

the equivalent body size increase in males and females, sex-specific mechanisms 

underlie the larger body size of larvae raised in a low sugar diet. In females, the low 

sugar diet stimulated increased target of rapamycin (TOR) pathway activity, whereas 

the activity of the insulin/insulin-like growth factor signaling pathway (IIS) was 

enhanced in males. Genetic studies confirmed that these female- and male-specific 

changes to TOR and IIS, respectively, were important for the low sugar-induced 

increase in body size, and biochemical studies revealed sex-specific changes to 

metabolic gene expression and metabolism. Together, our findings provide 

additional mechanistic insight into how dietary sugar affects development by 

revealing sex-specific changes to cell signaling pathways and metabolism. This 

highlights the importance of including both sexes in all larval growth studies, as we 

show that equivalent phenotypic outcomes may be achieved via distinct 

mechanisms in each sex. 
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4.3. MATERIALS AND METHODS 

 

4.3.1. Fly husbandry  

For all experiments, parental flies of appropriate genotypes were crossed and 

allowed to lay eggs on grape juice agar plates for a period of 12 hours. At 24 hr AEL, 

larvae were picked off of grape juice agar plates into growth medium and raised at a 

density of 50 animals per 10 mL food at 25°C. Our 1S diet consists of 20.5 g/L 

sucrose, 70.9 g/L D-glucose, 48.5 g/L cornmeal, 45.3 g/L yeast, 4.55 g/L agar, 0.5g 

CaCl2•2H2O, 0.5 g MgSO4•7H2O, 11.77 mL acid mix (propionic acid/phosphoric 

acid). Our 0S diet consists of 48.5 g/L cornmeal, 45.3 g/L yeast, 4.55 g/L agar, 0.5g 

CaCl2•2H2O, 0.5 g MgSO4•7H2O, 11.77 mL acid mix. Details of 0.75S, 0.5S, and 

0.25S diets can be found in Table S4.1. Larvae were raised at a density of 50 

animals per 10 mL food at 25°C, and sexed by gonad size. Adult flies were 

maintained at a density of twenty flies per vial in single-sex groups. 
 

4.3.2. Fly strains  

The following fly strains from the Bloomington Drosophila Stock Center were used: 

w1118 (#3605), InRE19 (#9646), Tor∆P (#7014). Additional fly strains include: dilp2, 

dilp3, and dilp5 (Grönke et al., 2010). All fly strains were backcrossed for at least 6 

generations, in addition to extensive prior backcrossing (Grönke et al., 2010; 

Millington et al., 2021a,b). 

 

4.3.3. Body size  

Pupal volume was measured as previously described using this formula: 

4/3π(L/2)(W/2)2 (L, length; W, width). Adult weight was measured as previously 

described (Delanoue et al., 2010; Millington et al., 2021a; Millington et al., 2021b; 

Rideout et al., 2015). 

 

4.3.4. Feeding behaviour  

Feeding behavior was quantified as number of mouth-hook contractions per 30 s. 
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4.3.5. Developmental timing  

Time to pupariation was measured as previously described (Millington et al., 2021a). 

Time to 50% pupariation was calculated per replicate and used for quantification and 

statistical analysis. 

 

4.3.6. Metabolism assays  

Each biological replicate consists of ten female or male larvae. Larvae were frozen 

on dry ice, and homogenized for lipid, protein, glucose, glycogen, and trehalose 

assays. All assays were performed as described in Tennessen et al. (2014) and Wat 

et al. (2020). 

 

4.3.7. RNA extraction and cDNA synthesis 

RNA extraction and cDNA synthesis were performed as previously described 

(Marshall et al., 2012; Rideout et al., 2012; Rideout et al., 2015; Wat et al., 2020). 

Briefly, each biological replicate consists of ten w1118 larvae frozen on dry ice and 

stored at -80°C. Each experiment contained 3-4 biological replicates per sex, and 

each experiment was performed at least twice. RNA was extracted using 500 µl 

Trizol (Thermo Fisher Scientific: #15596018) and precipitated using isopropanol and 

75% ethanol. Pelleted RNA was resuspended in 200 µl molecular biology grade 

water (Corning, 46-000-CV) and stored at -80°C until use. For cDNA synthesis, an 

equal volume of RNA per reaction was DNase-treated and reverse transcribed using 

the QuantiTect Reverse Transcription Kit (Qiagen, 205314).  

 

4.3.8. Quantitative real-time PCR (qPCR)  

qPCR was performed as previously described (Marshall et al., 2012; Rideout et al., 

2012; Rideout et al., 2015; Wat et al., 2020). mRNA levels were normalized to 

expression of Actin5C and β-tubulin. Primer list in Table S4.2. 

 

4.3.9. Preparation of protein samples, SDS-PAGE, and Western blotting  

Samples were generated as previously described (Millington et al., 2021a). 20 µg of 

protein was loaded per lane, separated on a 12% SDS-PAGE gel in SDS running 
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buffer, and transferred onto a nitrocellulose membrane (Bio-Rad) for 2 hr at 40 V on 

ice. Membranes were incubated for 24 hr in blocking buffer at 4°C (5% milk or 5% 

BSA in TBST 0.1%) and subsequently incubated with primary antibodies overnight 

at 4°C. Anti-pS6k (#9209, Cell Signaling), and anti-Actin (#8432, Santa Cruz) were 

used at 1:1000. After 3 x 2 min washes in 0.1% TBST, HRP-conjugated secondary 

antibodies were used at 1:5000 for pS6k (#65–6120; Invitrogen) and 1:3000 for actin 

(#7076; Cell Signaling). Membranes were washed (3 x 2 min, 2 x 15min) in 0.1% 

TBST, washed 1 x 5 min in TBS, and finally Pierce ECL was applied as per 

manufacturer’s instructions (#32134, Thermo Scientific).  

 

4.3.10. Statistical analysis  

GraphPad Prism (GraphPad Prism version 8.4.3 for Mac OS X) was used for all 

statistical tests, and for figure preparation. Statistical tests and significance are 

indicated in figures and figure legends. 
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4.4. RESULTS AND DISCUSSION 

 

4.4.1. A low sugar diet promotes an increased rate of growth and augments body 

size 

To determine the body size effects of dietary sugar in each sex, we quantified 

pupal volume in white1118 (w; FBgn0003996) male and female larvae reared in diets 

with different levels of dietary sugar. Because dietary sugar represses growth in a 

mixed-sex larval group (Musselman et al., 2011; Pasco and Léopold, 2012), we 

started with a widely-used diet (1S) (Lewis, 1960) and removed sugar in a stepwise 

manner until no added sugar remained (0S). In w1118 females, body size was 

significantly larger in larvae cultured on a diet with half (0.5S), or one-quarter 

(0.25S), the amount of sugar found in 1S (Fig. 4.1A). Interestingly, the largest body 

size was found in female larvae reared in 0S (Fig. 4.1A). 

In w1118 males, body size was significantly larger in larvae reared on 0.5S and 

0.25S compared with larvae raised on 1S (Fig. 4.1B). As in females, the largest 

body size among males was recorded on 0S (Fig. 4.1B). Importantly, the body size 

effects of reduced sugar diets were equivalent between the sexes (Fig. 4.1C), a 

finding we reproduced using adult weight (Fig. 4.1D), indicating that phenotypic 

responses to dietary sugar were not different between males and females. Because 

a diet with fewer calories has no effect on body size (Millington et al., 2021a), our 

findings suggest that the larger size of larvae raised in 0S can be attributed to less 

dietary sugar. This agrees with data from a mixed-sex larval group showing that 

dietary sugar inhibits growth (Musselman et al., 2011; Pasco and Léopold, 2012), 

and extends previous findings by showing the body size effects occur in both sexes. 
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Figure 4.1. A low sugar diet promotes an increased rate of growth and final body size. 
(A) Pupal volume was no different in w1118 females cultured on 0.75S diet compared with 

genotype matched females raised on 1S (p = 0.0798; one-way ANOVA followed by 

Dunnett’s multiple comparison test) but was significantly higher in 0.5S, 0.25S, and 0S diets 

(p<0.0001, p = 0.0193, p<0.0001, respectively; one-way ANOVA followed by Dunnett’s 

multiple comparison test). n = 100-160 pupae. (B) Pupal volume was no different in w1118 

males cultured on 0.75S diet compared with genotype matched males raised on 1S (p = 

0.3099; one-way ANOVA followed by Dunnett’s multiple comparison test) but was 

significantly higher in 0.5S, 0.25S, and 0S diets (p<0.0001 for all comparisons; one-way 

ANOVA followed by Dunnett’s multiple comparison test). n = 100-121 pupae. (C) Reaction 
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norms for pupal volume in both sexes plotted using 1S and 0S data from A and B. (D) Adult 

weight in w1118 female and male flies was significantly increased in flies reared in a sugar-

free diet (p = 0.0006, and p = 0.0039, respectively; Student’s t test). n = 6-8 groups of 10 

adult flies. (E) The time to pupariation was shorter in w1118 female larvae cultured on diets 

with decreasing sugar. n = 126-235 pupae. (F) Time to 50% pupariation was calculated for 

each replicate using the data in panel E. The time to pupariation was significantly shorter in 

female larvae cultured on 0.75S, 0.5S, 0.25S, and 0S (p<0.0001 for all comparisons; one-

way ANOVA followed by Tukey HSD test). (G) The time to pupariation was shorter in w1118 

male larvae cultured on diets with decreasing sugar. n = 116-195 (H) Time to 50% 

pupariation was calculated for each replicate using the data in panel G. The time to 

pupariation was significantly shorter in male larvae cultured on 0.75S, 0.5S, 0.25S, and 0S 

(p<0.0001 for all comparisons; one-way ANOVA followed by Tukey HSD test). * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001; ns indicates not significant; error bars indicate SEM; 

dashed lines indicate 95% confidence interval. 

 

To determine the growth rate in larvae reared on low sugar diets, we measured the 

time between egg-laying and pupariation in both sexes. In w1118 females, time to 

50% pupariation was significantly shorter in larvae raised on each reduced-sugar 

diet compared with genotype-matched larvae cultured in 1S (Fig. 4.1E, F). Time to 

50% pupariation was also reduced in w1118 males raised on each reduced-sugar diet 

compared with genotype-matched males reared on 1S (Fig. 4.1G, H). Given that 

diets with less added sugar shorten the larval growth period and increase body size, 

our data suggests the larval growth rate in each sex was significantly accelerated in 

a low sugar context. 

 

4.4.2. A low sugar diet has sex-biased effects on insulin/insulin-like growth factor 

(IIS) and target of rapamycin (TOR) signaling 

Many signaling pathways control organismal and tissue growth during 

development, however, IIS and TOR have emerged as key regulators of nutrient-

dependent growth (Gokhale and Shingleton, 2015; Grewal, 2009; Koyama and 

Mirth, 2018; Lecuit and Le Goff, 2007; Teleman, 2010). Indeed, high levels of IIS 

and TOR activity promote a larger body size (Böhni et al., 1999; Britton et al., 2002; 
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Chen et al., 1996; Fernandez et al., 1995; Patel et al., 2003; Poltilove et al., 2000; 

Zhang et al., 2000). Given the larger body size of males and females cultured on 0S, 

we examined IIS and TOR activity in larvae reared on 0S and 1S. To measure IIS 

activity, we quantified mRNA levels of genes that are coregulated by transcription 

factor Forkhead box, sub-group O (Foxo; FBgn0038197) (e.g. Insulin receptor (InR;  

 
Figure 4.2. A low sugar diet has sex-biased effects on insulin/insulin-like growth 
factor (IIS) and target of rapamycin (TOR) signaling.  
(A) In females, mRNA levels of Foxo targets (insulin receptor (InR), brummer (bmm), and 

eukaryotic initiation factor 4E-binding protein (4E-BP)) were not significantly different 

between larvae raised on a diet containing sugar (1S) and larvae cultured on a sugar-free 

diet (0S) (p = 0.1396; Student’s t test). n = 8 biological replicates. (B) In males, mRNA levels 

of Foxo targets were significantly lower in larvae raised on 0S compared to larvae cultured 

on 1S (p = 0.0003; Student’s t test). n = 6-7 biological replicates. (C) There was no 

significant difference in mouth hook contractions between w1118 control female and male 

larvae raised on 1S compared to larvae raised on 0S (p = 0.4982, and p = 0.6112, 

respectively; Student’s t test). n = 20 biological replicates. (D) In females, mRNA levels of 
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Jun-N-terminal kinase pathway targets Neural Lazarillo (NLaz) and puckered (puc) were not 

significantly different between larvae raised in 1S and larvae raised in 0S (p = 0.1385, and p 

= 0.5321, respectively; Student’s t test). n = 7-8 biological replicates. (E) In males, mRNA 

levels of NLaz were not significantly different between between larvae raised in 1S and 

larvae raised in 0S (p = 0.9190; Student’s t test), but puc mRNA levels were significantly 

lower in larvae raised in 0S compared to larvae cultured in 1S (p = 0.0055; Student’s t test). 

n = 6-7 biological replicates. (F) Levels of phosphorylated S6 kinase (pS6k) in females and 

males raised in 1S or 0S. ** p<0.01; *** p<0.001; ns indicates not significant; error bars 

indicate SEM. 

 

 

FBgn0283499), brummer (bmm; FBgn0036449), and eukaryotic initiation factor 4E-

binding protein (4E-BP; FBgn0261560). For example, when IIS activity is high, Foxo 

is repressed and mRNA levels of InR, bmm, and 4E-BP are low (Alic et al., 2011; 

Jünger et al., 2003; Puig and Tjian, 2005; Zinke et al., 2002).  

In w1118 females, mRNA levels of Foxo target genes were not different 

between larvae reared in 0S and 1S (Fig. 4.2A), suggesting IIS activity was not 

altered in females. In contrast, mRNA levels of Foxo target genes were significantly 

lower in w1118 male larvae in 0S (Fig. 4.2B), indicating enhanced IIS activity. 

Importantly, feeding behaviour was not different between the sexes in either diet 

(Fig. 4.2C). While increased IIS activity in males raised on 0S may be due to 

improved insulin sensitivity, changes to mRNA levels of two genes upregulated by 

insulin insensitivity (Neural Lazarillo (NLaz; FBgn0053126) and puckered (puc; 

FBgn0243512) were not consistent with improved insulin sensitivity in either sex 

(Fig. 4.2D, E) (Lourido et al., 2021; Pasco and Léopold, 2012). Indeed, altered puc 

mRNA levels in males likely reflect Foxo activity, as puc is a Foxo target (Bai et al., 

2013). Together, these findings reveal a previously unrecognized sex difference in 

IIS regulation in a low sugar context, adding to a growing body of evidence showing 

sex differences in the nutrient-dependent regulation of IIS in larvae (Millington et al., 

2021a). 

 We next measured TOR activity by monitoring the phosphorylation of TOR’s 

downstream target Ribosomal protein S6 kinase (S6k; FBgn0283472). In w1118 
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females, levels of phosphorylated S6k (pS6k) were higher in 0S in multiple biological 

replicates (Fig. 4.2F; Fig S4.1A), an effect we did not reproduce in w1118 males (Fig. 
4.2F; Fig S4.1A). This suggests that the low sugar diet caused a female-biased 

increase in TOR activity, revealing a previously unrecognized sex difference in the 

nutrient-dependent regulation of TOR. Taken together, these findings not only 

extend knowledge of sex-specific IIS regulation, but also provide the first report of 

sex-biased TOR regulation. 

 

4.4.3. Sex-biased requirement for IIS, Drosophila insulin-like peptides, and TOR in 

promoting the low sugar-induced increase in body size 

To determine whether sex-biased changes to IIS and TOR play a role in 

mediating the low sugar-induced increase in body size, we measured body size in 

male and female larvae carrying mutations in each pathway that blunt high levels of 

IIS and TOR activation (Chen et al., 1996; Millington et al., 2021a; Rideout et al., 

2015; Zhang et al., 2000). To determine the requirement for IIS, we measured pupal 

volume in w1118 larvae, and in larvae heterozygous for a hypomorphic allele of InR 

(InRE19/+), in 1S and 0S. While body size was larger in w1118 male larvae reared on 

0S than 1S (Fig. 4.3A), the low sugar-induced increase in body size was blocked in 

InRE19/+ males (Fig. 4.3A; genotype:diet interaction p<0.0001). Thus, IIS activity 

was required in males for increased body size in 0S. In contrast, female w1118 and 

InRE19/+ larvae reared on 0S were significantly larger than genotype-matched 

females raised on 1S (Fig. 4.3B). While we detected a significant genotype:diet 

interaction in females (p<0.0001), the magnitude of genotype effects on the body 

size response to low sugar was smaller in females than in males (sex:diet:genotype 

interaction p=0.0114). Thus, reduced IIS function had a male-biased impact on the 

low sugar-induced increase in body size. 

Beyond InR, we reared male and female larvae lacking the coding sequences 

for Drosophila insulin-like peptide 2 (dilp2; Fbgn0036046), Drosophila insulin-like 

peptide 3 (dilp3; Fbgn0044050), and Drosophila insulin-like peptide 5 (dilp5; 

Fbgn0044038) on 0S and 1S (Grönke et al., 2010). These Dilps are produced and 

secreted by insulin-producing cells in the brain (Brogiolo et al., 2001; Géminard et 
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al., 2009; Ikeya et al., 2002; Rulifson et al., 2002). Circulating Dilps stimulate IIS 

activity and growth by binding to InR on target cells (Teleman, 2010). In males, loss 

of dilp2 and dilp3 blunted the low sugar-induced increase in body compared with 

w1118 controls (genotype:diet p<0.0001 for both); loss of dilp5 had no effect 

(genotype:diet p=0.9751) (Fig. 4.3C). In females, while loss of dilp2 and dilp3 

(genotype:diet p<0.0001 for both), but not dilp5 (genotype:diet p=0.9389), blunted 

the low sugar-induced increase in body size (Fig. 4.3D), the magnitude of genotype 

effects on the increase in body size were larger in males for dilp3 (sex:diet:genotype 

interaction: p=0.0003), with a similar trend in dilp2 (sex:diet:genotype interaction: 

p=0.0627). Thus, we identify a male-biased requirement for several genes that 

influence IIS activity in regulating the low sugar-induced increase in body size, a 

finding that aligns with the male-specific increase in IIS activity in 0S. 

To determine the requirement for TOR in mediating the low sugar-induced 

increase in body size, we measured pupal volume in larvae heterozygous for a 

hypomorphic allele of Target of rapamycin (Tor; Tor∆P/+) (Zhang et al., 2000). In 

w1118 females, larvae reared on 0S were significantly larger than genotype-matched 

larvae raised on 1S (Fig. 4.3E); however, this low sugar-induced increase in body 

size was blunted in Tor∆P/+ female larvae (Fig. 3E; genotype:diet interaction 

p<0.0001). This suggests the low sugar-induced increase in TOR activity in females 

was required to achieve a larger body size. In w1118 and Tor∆P/+ males, pupal 
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Figure 4.3. Sex-biased requirement for IIS, Drosophila insulin-like peptides, and target 
of rapamycin (TOR) in promoting the low sugar-induced increase in body size.  
(A) Pupal volume was significantly higher in w1118 male larvae (p<0.0001; two-way ANOVA 

followed by Tukey HSD test) but not in InRE19/+ heterozygote male larvae reared on a sugar-

free diet (0S) compared to males raised on a diet containing sugar (1S) (p = 0.1539; two-

way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent 

increase in pupal volume was higher in w1118 males than InRE19/+ heterozygote males 

(genotype:diet interaction p<0.0001; two-way ANOVA by Tukey HSD test). n = 36-120 
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pupae. (B) Pupal volume was significantly higher in w1118 and InRE19/+ heterozygote female 

larvae reared on 0S compared to females raised on 1S (p<0.0001 for all comparisons; two-

way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent 

increase in pupal volume was higher in w1118 females than InRE19/+ heterozygote females 

(genotype:diet interaction p<0.0001; two-way ANOVA by Tukey HSD test). n = 73-160 

pupae. (C) Pupal volume was significantly higher in w1118, dilp2 mutant, dilp3 mutant, and 

dilp5 mutant male larvae reared on 0S compared to males raised on 1S (p<0.0001 for all 

comparisons; two-way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-

dependent increase in pupal volume was higher in w1118 males than dilp2 mutant, and dilp3 

mutant males (genotype:diet interaction p<0.0001 for all comparisons; two-way ANOVA by 

Tukey HSD test), but was not different in dilp5 mutants (genotype:diet interaction p = 

0.9751; two-way ANOVA by Tukey HSD test) n = 69-120 pupae. (D) Pupal volume was 

significantly higher in w1118, dilp2 mutant, dilp3 mutant, and dilp5 mutant female larvae 

reared on 0S compared to females raised on 1S (p<0.0001 for all comparisons; two-way 

ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent increase in 

pupal volume was higher in w1118 females than dilp2 mutant, and dilp3 mutant females 

(genotype:diet interaction p<0.0001 for all comparisons; two-way ANOVA by Tukey HSD 

test), but was not different in dilp5 mutants (genotype:diet interaction p = 0.9389; two-way 

ANOVA by Tukey HSD test) n = 55-160 pupae. (E) Pupal volume was significantly higher in 

w1118 and Tor∆P/+ heterozygote female larvae reared on 0S compared to females raised on 

1S (p<0.0001, and p = 0.0135, respectively; two-way ANOVA followed by Tukey HSD test). 

The magnitude of the nutrient-dependent increase in pupal volume was higher in w1118 

females than Tor∆P/+ heterozygote females (genotype:diet interaction p<0.0001; two-way 

ANOVA by Tukey HSD test). n = 58-98 pupae. (F) Pupal volume was significantly higher in 

w1118 and Tor∆P/+ heterozygote male larvae reared on 0S compared to males raised on 1S 

(p<0.0001, and p = 0.0001, respectively; two-way ANOVA followed by Tukey HSD test). The 

magnitude of the nutrient-dependent increase in pupal volume was higher in w1118 males 

than Tor∆P/+ heterozygote males (genotype:diet interaction p<0.0001; two-way ANOVA by 

Tukey HSD test). n = 58-69 pupae. * p<0.05; *** p<0.001; **** p<0.0001; ns indicates not 

significant; error bars indicate SEM. Note: parallel collection of multiple genotypes and diets 

means that w1118 control data in 0S and 1S are the same in Fig. 1A, B, 3A-D. 

 

volume was significantly larger in larvae raised on 0S compared with genotype-

matched larvae reared on 1S (Fig. 4.3F). While the low sugar-induced increase in 
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body size was smaller in Tor∆P/+ males compared with controls (genotype:diet 

p<0.0001), the magnitude of genotype effects on the body size response were larger 

in females than in males (sex:diet:genotype interaction (p=0.0303). This reveals a 

previously unrecognized female-biased requirement for TOR activity in regulating 

body size in a low sugar context. 

 

4.4.4. A low sugar diet has sex-specific effects on metabolic gene expression and 

whole-body metabolism 

IIS and TOR promote increased body size by regulating diverse aspects of 

metabolism, (e.g. triglyceride storage, protein synthesis, glucose homeostasis) 

(Grewal, 2009; Musselman and Kühnlein, 2018; Teleman et al., 2008). We therefore 

measured mRNA levels of a selection of genes implicated in metabolic regulation. In 

w1118 male and female larvae reared on 0S, we found significant changes to mRNA 

levels compared with larvae reared on 1S, many of which were sex-specific (Fig. 
4.4A). For genes encoding proteins involved in fat metabolism, 9/14 and 5/14 genes 

showed low sugar-induced changes to mRNA levels in males and females, 

respectively (Fig. 4.4A). For genes encoding ribosomal proteins, which play integral 

roles in protein synthesis, 1/12 and 6/12 genes showed low sugar-induced changes 

to mRNA levels in males and females, respectively (Fig. 4.4A). While this 

examination of mRNA levels includes only a fraction of genes that affect metabolism, 

this data suggests that a low sugar diet causes sex-biased changes to mRNA levels 

of metabolic genes.  

To determine the physiological significance of these sex-biased changes in 

mRNA levels (Gershman et al., 2007; Li et al., 2006; Mattila and Hietakangas, 2017; 

Teleman et al., 2008; Zinke et al., 2002), we measured whole-body levels of several 

macronutrients in male and female larvae reared in 0S and 1S. In both male and 

female w1118 larvae reared on 0S, triglyceride levels were significantly reduced 

compared with sex-matched larvae cultured on 1S (Fig. 4.4B). Thus, a low sugar 

diet reduced adiposity in both sexes. In contrast, w1118 females reared in 0S had 

significantly higher protein levels (Fig. 4.4C), an effect that was not reproduced in 

w1118 males (Fig. 4.4C). This reveals a previously unrecognized sex difference in the 
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regulation of whole-body protein in a low sugar context. While glucose levels were 

significantly higher in w1118 male and female larvae raised in 0S (Fig. 4.4D), the low 

sugar diet caused a male-specific increase in glycogen and trehalose (Fig. 4.4E, F). 

Thus, we observed both sex-specific and non-sex-specific alterations in whole-body 

carbohydrate levels in a low sugar context, highlighting the importance of including 

both sexes when studying diet-induced metabolic changes. Indeed, our findings 

 
Figure 4.4. A low sugar diet has sex-biased effects on metabolic gene expression and 
metabolism.  
(A) In w1118 females raised on a sugar-free (0S) diet, mRNA levels of mino, ACC, dob, 

CG5966, plin2, tRNAi
Met, RpL6, RpL22, RpL27, RpS15, RpS13, RpS20, and MetRS were 

significantly different from females reared in 1S (p = 0.0005, 0.0019, 0.0041, 0.0006, and 

0.0009, 0.0133, 0.0119, 0.003, 0.03, 0.0321, 0.0039, 0.0112, and 0.0428 respectively; 

Student’s t test). In w1118 males raised on 0S, mRNA levels of ACC, mino, wun2, CG5966, 

dob, bmm, CG1882, hsl, plin2, tRNAi
Met, RpS15, LeuRS, MetRS, and GlyRS were 

significantly different from males reared in 1S (p<0.0001, <0.0001, 0.0004, 0.0014, <0.0001, 

0.0150, 0.0376, 0.0389, <0.0001, 0.0008, 0.018, 0.0009, 0.0122, and 0.013, respectively; 

Student’s t test). n = 6-8 biological replicates. (B) Whole-body triglyceride levels in w1118 

female and male larvae was significantly lower in a sugar-free diet (p<0.0001 for both 
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comparisons; Student’s t test). n = 8 biological replicates. (C) Whole-body protein levels in 

w1118 female larvae was significantly higher in a sugar-free diet (p<0.0001; Student’s t test), 

but no different in males (p = 0.7045; Student’s t test). n = 6 biological replicates. (D) Whole-

body glucose levels in w1118 female and male larvae was significantly higher in a sugar-free 

diet (p<0.0001 for both comparisons; Student’s t test). n = 6 biological replicates. (E) Whole-

body glycogen levels in w1118 male larvae was significantly higher in a sugar-free diet (p = 

0.0001; Student’s t test), but no different in females (p = 0.4851; Student’s t test). (F) Whole-

body trehalose levels in w1118 male larvae was significantly higher in a sugar-free diet 

(p<0.0001; Student’s t test), but no different in females (p = 0.4924; Student’s t test). n = 6 

biological replicates. n = 6 biological replicates. *** p<0.001; **** p<0.0001; ns indicates not 

significant; error bars indicate SEM. 

 

suggest sugar-induced changes to carbohydrate metabolism found in previous 

studies were possibly driven by effects in males (Musselman et al., 2011; Pasco and 

Léopold, 2012). 

In conclusion, our study adds to a growing literature showing sex-specific 

effects of dietary nutrients on phenotypes such as body size, metabolism, lifespan, 

and fertility (Green and Extavour, 2014; Hudry et al., 2019; Klepsatel et al., 2020; 

Millington et al., 2021a; Regan et al., 2016; Wat et al., 2020). Because we show 

males and females activate distinct signaling pathways and exhibit sex-specific 

metabolic changes to achieve equivalent phenotypic outcomes, this suggests the 

absence of a sexually dimorphic phenotype in larval growth studies does not provide 

sufficient rationale for using single- or mixed-sex groups of animals. Instead, both 

sexes must be included to draw accurate conclusions regarding the signaling, 

metabolic, and body size effects of dietary nutrients. 
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5. DISCUSSION 

 

5.1. OVERVIEW OF FINDINGS 
There is a growing appreciation that biological sex is an important variable 

that must be integrated into biomedical research, from data collection to analysis. In 

doing so, we will expand our understanding of the molecular mechanisms by which 

biological sex influences many aspects of development and physiology, and how 

dysfunction in these physiological processes leads to sex differences in disease. In 

my thesis, I focused on improving knowledge of the mechanisms underlying both the 

sex-specific regulation of growth and the sex difference in nutrient-dependent body 

size plasticity using Drosophila as a model. While Drosophila has long been used to 

study the molecular mechanisms underlying growth, the use of mixed-sex 

populations has precluded a full understanding of how males and females differ in 

the mechanisms that impact body size. In this thesis, I made three important findings 

that define key differences in the genetic and molecular mechanisms that impact 

body size regulation in males and females. 

In Chapter 2, I systematically analysed the role of the IIS pathway in 

regulating growth in each sex. A major finding of this study was that genetically 

reducing IIS pathway activity has female-biased effects on final body size, whereas 

genetically increasing IIS activity augmented body size only in males. This 

represented the first detailed examination of how IIS contributes to growth in both 

sexes. 

In Chapter 3 I identified one mechanism underlying the sex difference in body 

size plasticity to dietary nutrients in Drosophila. I showed that females increase final 

body size in a nutrient-rich context by upregulating IIS activity, dependent on Dilp2 

and Sun. In males, the diet-dependent upregulation of IIS was not as large as in 

females, resulting in reduced body size plasticity. This provided the first evidence of 

a role for sex determination factor Tra in regulating body size plasticity, and 

implicated Srl as a novel link between the sex determination pathway and body size 

plasticity. 
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In Chapter 4, I provide the first evidence that differential regulation of the IIS 

and TOR signaling pathways between the sexes can produce an equivalent body 

size outcome in a low-sugar diet. While previous research identified dietary sugar as 

inhibitory for growth (Musselman et al., 2011; Pasco and Leopold, 2012; Reis, 

2016), my study shows that the pathways responsible for growth repression are 

distinct in males and females. This suggests that even when males and females 

display the same phenotypic outcome due to a dietary manipulation, the underlying 

molecular mechanisms may not be shared. 

Based on these findings, the remainder of the discussion will focus on 

emergent themes, future directions, and limitations of my studies.  

 

5.2. INSULIN PATHWAY HAS WIDESPREAD SEX-BIASED AND SEX-SPECIFIC 

EFFECTS 

 

5.2.1.  Loss of IPC function has female-biased effects. 
One key finding of my research was the sex-biased effect of IPC ablation and 

IPC silencing on body size. While previous studies have demonstrated severe 

growth restriction due to IPC ablation (Rulifson et al., 2002), it remained unclear 

whether males and females were equally affected. My finding that females were 

more affected than males suggests that IPC function is important for females to 

achieve a larger body size than males. This finding aligns with results from a recent 

study that shows the sex of the IPCs impacts the male-female difference in body 

size (Sawala and Gould, 2017). Indeed, a previous study showed that secretion of 

the most potent growth-promoting Dilp, Dilp2, was higher in female larvae than in 

males (Rideout et al., 2015). Thus, the sex of the IPCs likely affects their function, 

perhaps via regulation of Dilp secretion, and causes sex-biased effects on IIS-

dependent phenotypes.  

Indeed, evidence for sex-biased effects of changes to IIS-associated 

phenotypes have been documented in many animals. For example, studies in 

worms, flies, and mice show that reduced IIS extends lifespan in a female-biased 

manner (hermaphrodite-biased in C. elegans) (Clancy et al., 2001; Giannakou et al., 
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2004; Honjoh et al., 2017; Hotzi et al., 2018; Hwangbo et al., 2004; Selman et al., 

2008; Tatar et al., 2001). Similarly, in flies, IPC ablation is sufficient to extend 

lifespan, an effect that may be female-biased (Broughton et al., 2005; Haselton et 

al., 2010). Despite these sex-specific responses to changes in IIS function, many 

open questions remain.  

First, in addition to the IPCs, which cells and tissues mediate these effects? 

Several studies indicate that IIS activity in several tissues has sex-biased effects on 

a range of IIS-dependent phenotypes. For example, the fat is a major regulator of 

many IIS-dependent phenotypes and IIS activity in the fat contributes to lifespan in 

both flies and mammalian models. Similarly, IIS activity in the neurons contributes to 

many phenotypes and loss of IIS in mouse neurons has female-specific effects on 

body weight (Bluher et al., 2002; Bluher et al., 2003; Bruning et al., 2000; Hwangbo 

et al., 2004; Partridge et al., 2011). In addition, the gut is highly sexually dimorphic 

and, in Drosophila, females have increased levels of intestinal stem cell (ISC) 

proliferation which contributes to the breakdown of the gut barrier function with age 

(Ahmed et al., 2020; Hudry et al., 2016; Regan et al., 2016). Interestingly, this age-

related gut dysfunction in females was ameliorated by dietary restriction (Regan et 

al., 2016). Given that one regulator of ISC proliferation is diet and IIS activity (Choi et 

al., 2011; O’Brien et al., 2011), this suggests that diet-dependent IIS activity may 

contribute to sex differences in ISC proliferation in the gut and to gut barrier 

dysfunction during aging. Multiple tissues may therefore contribute to the sex-biased 

phenotypic effects of changes to IIS activity.  

Second, which specific IIS genes contribute to sex differences in IIS-

dependent phenotypes? Interestingly, individual Dilps may have sex-biased effects 

on several phenotypes. For example, loss of dilp2 may have a greater effect on 

lifespan extension in females (Gronke et al., 2010). This mirrors the sex-biased 

effects of Dilp2 loss on female body size; however, while many Dilps cause female-

specific effects on body size, previous studies do not observe strongly sex-biased 

lifespan extension for all these Dilps. Thus, whether altered levels of all Dilps cause 

sex-biased phenotypic effects depends on the phenotype under examination. 

Lessons learned in flies will then need to be tested in mammalian models, such as 
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mice. Further, these lessons will need to be applied to additional IIS-dependent 

phenotypes, such as metabolism (Hudry et al., 2016; Hudry et al., 2019; Wat et al., 

2020). Given the highly-conserved nature of differential insulin signaling activity 

affecting a range of dimorphic traits between the sexes, mechanisms identified in 

flies may be relevant for a broad range of mammalian phenotypes. 

 

5.2.2. Loss of individual dilps has sex-specific effects on body size. 

Another finding from my studies was the sex-specific effects of loss of all 

growth-promoting Dilps. I identified female-specific effects of loss of each of Dilps 1, 

2, 3, 4, 5, and 7 on body size, and a male-specific effect of loss of Dilp6 on body 

size. Other recent studies have also confirmed the sex-specific effects of loss of 

Dilps on body size, such as loss of dilp2 in a nutrient-rich context (Liao et al., 2020). 

However, while our studies suggest that several Dilps are regulated sex-specifically 

to control body size in each sex our knowledge of how Dilp regulation differs 

between males and females remains limited. One recent study found higher levels of 

Dilp2 secretion from the IPCs in female larvae (Rideout et al., 2015). However, the 

IPCs produce and secrete other Dilps during development such as Dilps 1,3, and 5 

(Brogiolo et al., 2001; Rulifson et al., 2002). Limited clues exist as to how these 

other IPC-derived Dilps may differ between the sexes. Both Dilps 3, and 5 are 

secreted in response to different nutrient components of the diet. For example, Dilp3 

is secreted in response to circulating sugars in the haemolymph (Kim and Neufeld, 

2015), and Dilp5 is responsive to dietary protein levels (Okamoto and Nishimura, 

2015). This nutrient-dependent regulation of Dilp3 and 5 may suggest that sex-

specific roles for Dilps may be dependent on nutrient context. Interestingly, these 

IPC-derived Dilps may also be found stored in the same secretory granules and 

selectively secreted (Kim and Neufeld, 2015). For example, Dilp2 and Dilp3 may be 

found in the same secretory granules, but Dilp2 secretion is stimulated by dietary 

protein and Dilp3 by dietary sugar (Kim and Neufeld, 2015). How this selective 

secretion is controlled, and how, or whether, it differs between males and females 

remains unknown. By studying these processes in both sexes we will identify how 
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the sex-specific production, secretion, and activity of Dilps in response to dietary 

nutrients controls body size in both sexes. 

In addition to IPC-derived Dilps, I identified a female-specific requirement for 

non-IPC-derived Dilps on body size. For example, Dilp4 promotes increased female 

body size but comparatively little is known about how this Dilps is produced, 

secreted, and functions to promote growth in larvae. This suggests that the sex-

biased regulation of Dilps may be prevalent in many tissues. For example, recent 

studies have demonstrated that Dilp7 is produced by a larger population of Dilp7-

producing motoneurons which are required for female fertility (Castellanos et al., 

2013; Garner et al., 2018). The role of these female-specific Dilp7-producing cells 

may be adult onset and solely related to reproduction. However, whether there may 

be previously unrecognised sex differences in larval Dilp7 production or Dilp7-

producing cells in promoting increased growth remains unknown. More knowledge of 

how sex differences in production and/or secretion of many Dilps will be needed to 

understand the female-biased effects of loss of most Dilps. In addition, it will be 

important to determine whether the milder phenotypic changes we observe in males 

reflects a lower requirement for Dilp proteins to support larval growth, or whether 

males have more active mechanisms to compensate for Dilp loss. For example, the 

transcriptional response to reduced IIS signaling in adults is strongly male-biased 

(Graze et al., 2018). It will be interesting to determine whether this widespread 

remodelling of gene expression in males is required to compensate for loss of IIS 

activity. 

 

5.2.3. Loss of intracellular IIS pathway components have both sex-biased and non-

sex-biased effects on body size. 

Downstream of Dilp production and release, I demonstrated that loss of some 

intracellular IIS components have female-biased effects on growth and SSD 

whereas others had a non-sex-biased effect on growth. Thus, it is not a universal 

feature of mutations that affect IIS activity to have female-biased effects on body 

size. Why some genes have sex-biased effects and others do not is an open 

question. One potential explanation for this observation is the different relative ability 
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of each hypomorphic allele to disrupt the gene product. For example, Akt3 is a strong 

hypomorphic allele which causes a female-biased reduction in body size, whereas 

Pdk14 is a weakly hypomorphic allele (Rintelen et al., 2001). It will therefore be 

important to test whether stronger Pdk1 allelic combinations also have non-sex-

biased effects on body size. An alternative possibility is that loss of intracellular IIS 

signaling causes tissue insulin resistance by blunting the ability of cells and tissues 

to activate IIS signaling. This has been well-described in mice, where loss of 

mammalian insulin receptor is used to induce an insulin resistant phenotype in 

various tissues (Bruning et al., 2000; Michael et al., 2000). Fly tissues can develop 

insulin resistance (Hirabayashi et al., 2013; Musselman et al., 2011; Pasco and 

Leopold, 2012), thus, it will be important for future studies to test the relative 

sensitivity of male and female tissues to insulin in flies and whether loss of IIS 

pathway components does induce insulin resistance. A final possibility to explain 

why some and not other IIS components cause sex-biased effects is that there is an 

adaptor protein lnk that acts in parallel with Chico to control IIS activity (Werz et al., 

2009). Future studies will therefore be needed to determine which intracellular 

pathways are activated in each sex when Dilps bind to InR.  

 

5.2.4. Study limitations. 

One limitation of our studies is that there are a limited number of assays to directly 

detect circulating Dilps in the haemolymph of flies. Unlike in mammals, where 

circulating levels of insulin can be detected at picomolar levels, few equivalents to 

this sensitive assay exist for Dilp quantification in Drosophila. Several approaches 

have been designed to attempt to measure circulating Dilp levels, primarily focusing 

on the most potent growth-promoting Dilp, Dilp2. For example, one way to estimate 

circulating Dilp2 levels is to indirectly infer from the relative intensity of intracellular 

Dilp2 immunoreactivity in the IPCs whether Dilp2 is being retained (high signal) or 

secreted (low signal) (Geminard et al., 2009). However, while being the most 

commonly used method of assessing circulating Dilp2 levels, this technique cannot 

discriminate between altered Dilp production or secretion.  
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More recent progress has been made on developing a direct readout of 

circulating Dilp levels using epitope tagging. One of the first direct measurements of 

circulating Dilp2 levels was achieved using a FLAG tagged Dilp2 (Dilp2F) 

overexpressed using the Dilp2-GAL4 driver (Honegger et al., 2008; Geminard et al., 

2009). However, this method still lacks physiological relevance as overexpression of 

Dilp2F produces supraphysiological levels of Dilp2, in addition to endogenous Dilp2 

production, and is not as bioactive as untagged Dilp2 (Honegger et al., 2008; 

Geminard et al., 2009; Park et al., 2014). Recent efforts have produced better 

epitope tagged Dilp transgenes which do not require overexpression. For example, a 

stable transgenic dilp2 tagged with both FLAG and HA (dilp2HF) expressed under the 

control of dilp2 regulatory sequences in a genetic background lacking the 

endogenous dilp2 locus recapitulates the bioactivity of endogenous Dilp2 and can be 

detected in the picomolar range through enzyme-linked immunosorbent assay 

(ELISA) (Park et al., 2014). A similar approach utilizing CRISPR has also been 

successful for epitope tagging Dilp6 (Dilp6HF) which has allowed for quantification of 

circulating Dilp6 in the haemolymph (Suzawa et al., 2019). Despite these tools, I was 

still unable to measure circulating Dilp2 levels in our hands as Dilp2HF transgenic 

flies had a defect in body size plasticity to dietary nutrients. This suggests that while 

epitope tagging of Dilp2 does not interfere with bioactivity, the nutrient dependent 

regulation of Dilp2HF may be perturbed between a control and high dietary protein 

context. Therefore, it will be important to develop better, and more direct, ways of 

measuring circulating Dilp levels for a more precise dissection of Dilp function, both 

in general and between the sexes. 

 

5.3. SEX DIFFERENCES IN NUTRIENT-DEPENDENT PHENOTYPIC PLASTICITY  

My second study was larger in scope, and made several interesting findings 

that I will discuss in the sections below. 

 

5.3.1. Sex-specific regulation and function of insulinotropic factor Stunted 

One interesting finding from my second study was that Dilp secretion and IIS 

are regulated by different secreted factors from the fat body in males and females. 
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Specifically, I identified a key role for the insulinotropic factor Sun in regulating 

increased female body size plasticity. My studies identified a role for sex-specific 

regulation of sun mRNA levels, however, Sun protein is also regulated at multiple 

levels. Sun is a component of the ATP synthase complex and is found in the 

mitochondria (Cvejic et al., 2004; Kidd et al., 2005), and Sun secretion into the 

hemolymph is regulated by dietary protein (Delanoue et al., 2016). Yet the precise 

mechanism by which Sun is secreted into the hemolymph remains unclear. One 

possible non-canonical secretion mechanism by which Sun may enter circulation is 

through selective mitophagy. Nutrient status is a key regulator of mitophagy 

(Webster et al., 2014; Youle and Narendra, 2011), and several differing cell types 

across species actively increase or decrease intracellular mitochondria number 

(Hämäläinen et al., 2013; Vafai and Mootha, 2012). Our study identified mRNA 

levels as one important mechanism the sexes differ in sun regulation, but this does 

not preclude sex-specific regulation for additional aspects of sun regulation. It will be 

interesting for future studies to determine all the levels at which Sun is sex-

specifically regulated by a protein-rich diet to cause the male-female difference in 

circulating Sun. Interestingly, sex differences in the secretion of insulinotropic factors 

have also been observed in mammals. For example, in non-diabetic humans, 

circulating levels of the incretin gastric inhibitory polypeptide (GIP), a gut derived 

insulinotropic factor in mammals, are higher in males upon glucose challenge than 

females (Matsuo et al., 2014). 

 

5.3.2. The sex determination gene transformer is a plasticity factor 

 I presented evidence that the sex determination gene tra controls the sex 

difference in body size plasticity to dietary nutrients. This suggests that Tra is a 

plasticity factor that allows females to couple dietary protein levels with body size 

through the IIS pathway. This is an interesting possibility given that several 

phenotypes regulated by sex determination factors are affected by nutrition. For 

example, abdominal pigmentation, a secondary sex characteristic controlled by Dsx 

(Kopp et al., 2000), is reduced in both sexes raised on nutrient-poor conditions 

(Shakhmantsir et al., 2014). Similarly, re-mating behaviour, under the control of Dsx 
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expressing neurons, is reduced when food is absent (Harshman et al., 1988). Yet, 

how Tra acts to couple nutrient status with IIS and growth remains unclear.  

One possible mechanism linking nutrient status and Tra would be through the 

nutrient-dependent regulation of Tra mRNA levels or protein. At present, mRNA 

levels of sex determination genes have not been linked to nutrient status, but several 

sex determination factors are post-translationally modified in Drosophila. For 

example, both Tra and its cofactor Tra-2 are phosphorylated by the LAMMER kinase 

Darkener of Apricot (Doa; FBgn0265998), a kinase known to phosphorylate several 

SR protein splicing factors (Du et al., 1998). This phosphorylation of Tra and Tra-2 is 

functionally required for sex determination in Drosophila as mutations to Doa result 

in an intersex phenotype (Du et al., 1998). One potential link between nutrients and 

Tra would therefore be through nutrient-dependent phosphorylation of Tra by Doa. 

Indeed, Doa activity has been linked to nutrient status through TORC1 (Tang et al., 

2018). Future studies will therefore need to determine whether Tra phosphorylation 

differs between our 1Y and 2Y diets, and whether this depends on Doa. 

 Another key finding of my study is the identification of the transcriptional 

coactivator Srl as required for Tra to promote increased body size plasticity to 

dietary nutrients. However, the link between Tra and Srl remains unclear. One 

potential link may be through a physical interaction of Tra and Srl proteins. For 

example, the phosphorylation of SR proteins, such as Tra, promotes the interaction 

of SR protein splicing factors to form complexes which mediate many aspects of pre-

mRNA processing (Kohtz et al., 1994; Shepard and Hertel, 2009; Wu and Maniatis, 

1993). Indeed, the splicing function of Tra and Tra-2 is dependent on its 

phosphorylation of serine residues in the RS domain (Du et al., 1998). Interestingly, 

Srl also contains an RS domain (Mukherjee et al., 2014) which may suggest a 

potential direct interaction between Tra and Srl. However, a lack of available Tra 

reagents for biochemistry is a limitation for testing this hypothesis. To address this 

question, it will be important to develop tools to test the interaction of Tra and Srl and 

whether a direct interaction of Tra and Srl is required for increased female body size 

plasticity.  
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My identification of Srl as an important factor for increased female body size 

plasticity suggests that sex differences in mitochondrial function may underlie the 

sex difference in body size plasticity. Srl is a key regulator of mitochondrial activity, 

where Srl promotes the expression of several genes involved in oxidative 

phosphorylation, and overexpression of Srl is sufficient for increased oxygen 

consumption and ATP production (Tiefenbock et al., 2010; Rera et al., 2011; 

Mukherjee and Duttaroy, 2013). Indeed, there are known sex differences in 

mitochondrial function in Drosophila. For example, sex differences exist in 

mitochondrial Lon protease alternative splicing which contributes to the sex 

difference in oxidative stress tolerance, dependent on Tra (Pomatto et al., 2017). 

Given that ATP production and mitochondrial activity have known effects on body 

size in Drosophila (Jacobs et al., 2020; Kidd et al., 2005; Sriskanthadevan-Pirahas 

et al., 2021), it will be interesting to explore precisely how mitochondria differ in 

structure and function in females and males in different dietary contexts. 

 

5.3.3. Study limitations 

One limitation of my study is that the diets tested differ in calorie content. 

While my data manipulating calories independent of protein and sugar levels 

suggest that calories do not account for the sex differences in nutrient-dependent 

growth, it will be interesting to expand these studies using isocaloric diets altering 

the proportions of dietary nutrients such as protein and sugar. Indeed, one powerful 

approach to determine the relative contributions of dietary nutrients to SSD is 

through a nutritional geometry framework, where using a series of isocaloric diets 

the relative proportions of dietary nutrients are altered. Nutritional geometry has 

been used to study sex differences in trait size identifying increased female-trait size 

plasticity to dietary nutrition, in line with our findings (Shingleton et al., 2017). 

However, sex differences in body size plasticity in a nutritional geometry framework 

has only been extrapolated from trait size data (Shingleton et al., 2017; McDonald et 

al., 2020). Given the high degree of agreement between my studies and those in a 

nutritional geometry framework this suggests that both approaches are valid, but 

may be improved by accounting for calories as a variable. 
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5.4. DISTINCT PATHWAYS MEDIATE SIMILAR PHENOTYPIC OUTCOME IN 

EACH SEX 
In Chapter 4, I identified that a low sugar diet causes equivalent growth 

phenotypes in both sexes. Surprisingly, my data suggests that sex-specific 

alterations in IIS and TOR signaling pathway activity mediate these effects. This 

ability to produce equivalent phenotypic outcomes via distinct mechanisms suggests 

that mechanistic sex differences may be prevalent, even for non-dimorphic 

phenotypes. For future studies, this will require the examination of both sexes, even 

when phenotypic sex differences are not obvious. Previous studies have described 

how different genotypes can present identical phenotypes, a concept known as 

robustness or canalisation (Waddington, 1942), but less is known about the 

molecular mechanisms underlying sex differences in this process. It will be important 

to identify whether sex-specific mechanisms exist for a range of non-dimorphic 

phenotypes in males and females. 

One important finding from this study that requires more follow-up was that 

IIS was increased in a low sugar context specifically in males. This male-specific 

effect was in contrast to the female-biased increase in IIS activity in a protein-rich 

context. One potential explanation for this finding is that reducing dietary sugar in 

males may relieve insulin resistance. High levels of dietary sugar cause insulin 

resistance in developing larvae, triggering reduced growth and a smaller body size 

(Musselman et al., 2011; Pasco and Leopold, 2012; Reis et al., 2016). However, 

these diets used very high levels of dietary sugar, far in excess of the levels used in 

our control (1S) diet. If it is true that the low sugar diet alleviates insulin resistance, 

however, this will be important for many studies on larval growth that use diets with 

added sugar, as it suggests that males develop insulin resistance even at relatively 

low levels of dietary sugar. Indeed, in mammals, males have a higher propensity to 

develop insulin resistance than females (Macotela et al., 2009).  

While the mechanism underlying increased IIS in males in a low sugar 

context remains unknown, it will be interesting to determine whether this increased 

IIS mediates the male-specific increase in metabolites such as trehalose and 
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glycogen. Indeed, IIS signaling is required for glycogen synthesis in the larval fat 

body (Yamada et al., 2018), consequently it will be important to determine whether 

IIS activity is required for the male-specific increase in glycogen levels in a low sugar 

context. 

In contrast to the male-specific increase in IIS, we observed a female-specific 

increase in TOR signaling in a low-sugar context. This was unexpected as a 

previous study identified that TOR is activated in some contexts by the dietary sugar 

trehalose (Kim and Neufeld, 2015). While the mechanism underlying the increased 

TOR activity in a low sugar context remains unclear, the increased TOR signaling 

we identify may explain the female-specific increase in protein content in a low-sugar 

context. Given that we observed several female-specific and female-biased 

increases to ribosomal protein gene expression, this may indicate that females 

reared in 0S have more ribosomes, protein synthesis, and consequently higher 

levels of protein. However, as we only examined a selection of ribosomal protein 

genes, it will be important to perform an unbiased analysis of transcriptomic changes 

in both sexes reared in our 1S and 0S diets. Because TOR signaling promotes 

protein biosynthesis by upregulating ribosomal biogenesis and translation, it will be 

interesting to see if TOR is required for the female-specific increase in protein in 

females reared in a low sugar diet. Further, it will be interesting to test whether the 

female-specific increase in TOR enhances mRNA translation as a mechanism to 

achieve a larger body size (Grewal et al., 2005; Grewal et al., 2007; Rideout et al., 

2012; Marshall et al., 2012; Ghosh et al., 2014; Sriskanthadevan-Pirahas et al., 

2018a; Sriskanthadevan-Pirahas et al., 2018b).  

 

5.5. CONCLUSIONS 
Overall, my thesis identifies critical sex-biased regulation of conserved 

pathways controlling growth that contributes to SSD and the sex difference in body 

size plasticity to dietary nutrients. While many unanswered questions arise from my 

work, my findings provide a solid foundation for future studies to expand our 

knowledge of the molecular mechanisms by which biological sex contributes to SSD 

and sex differences in nutrient-dependent body size plasticity. As studies on growth 
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and body size plasticity had previously determined mechanisms in a single or mixed-

sex population, this thesis fills an important gap by providing a comprehensive 

analysis demonstrating sex differences in IIS pathway activity contributing to SSD, 

and identifying one mechanism underlying the sex difference in body size plasticity 

to dietary nutrients. In the future, expanding these studies to mammalian models to 

identify conserved sex differences in the regulation of these pathways will inform our 

understanding of the sex-biased risk and incidence of human metabolic disease. 
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APPENDIX 
 

A.1 SUPPLEMENTARY DATA FOR CHAPTER 3 
 

 
Figure S3.1. Increased female body size plasticity in a protein-rich diet.  
(A) Pupal volume was significantly higher in w1118 males and females cultured on a widely-

used diet (1✕) compared with larvae raised on a reduced-nutrient diet (0.5✕) (p<0.0001 and 

p = 0.0006, respectively; two-way ANOVA followed by Tukey HSD test). The magnitude of 

this increase in pupal volume was the same in both sexes (sex:diet interaction p = 0.7048; 

two-way ANOVA followed by Tukey HSD test). Pupal volume was significantly higher in 

w1118 males and females raised on a nutrient-rich diet (2✕) compared with larvae cultured on 

1✕ (p<0.0001 for both; two-way ANOVA followed by Tukey HSD test); however, the 

magnitude of the increase in body size was significantly larger in females than in males 

(sex:diet interaction p<0.0001; two-way ANOVA followed by Tukey HSD test). (B) Reaction 

norms for pupal volume in w1118 larvae raised on diets of varying quantity (0.5✕, 1✕, 2✕), 

plotted using data presented in panel A. n = 43-100 pupae. (C) Pupal volume was 

significantly higher in both males and females cultured on a yeast-rich medium (2Y) 

compared with larvae raised on a diet containing half the quantity of yeast (1Y) (p<0.0001 

for both sexes; two-way ANOVA followed by Tukey HSD test); however, the magnitude of 

the nutrient-dependent increase in pupal volume was larger in females than in males 
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(sex:diet interaction p = 0.0001; two-way ANOVA followed by Tukey HSD test). (D) Reaction 

norms for pupal volume in response to changes in dietary yeast in w1118 females and males, 

plotted using the data presented in panel C. n = 62-80 pupae. For body size plasticity 

graphs, filled circles indicate mean body size, and dashed lines indicate 95% confidence 

interval. **** indicates p<0.0001; error bars indicate SEM. 
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Figure S3.2. Increased nutrient-dependent body size plasticity in Canton-S females. 
(A) Pupal volume was significantly higher in both Canton-S (CS) females and males reared 

on a protein-rich diet (2Y) compared with genotype-matched females and males cultured on 

a diet containing half the protein concentration (1Y) (p<0.0001 for both sexes; two-way 

ANOVA followed by Tukey HSD test); however, the magnitude of the nutrient-dependent 

increase in pupal volume was higher in females (sex:diet interaction p<0.0001; two-way 

ANOVA followed by Tukey HSD test). (B) Reaction norms for pupal volume in response to 

changes in yeast quantity in CS females and males, plotted using the data in panel A. n = 

57-95 pupae. For body size plasticity graphs, filled circles indicate mean pupal volume, and 

dashed lines indicate 95% confidence interval. **** indicates p<0.0001; error bars indicate 

SEM. 

 

 
Figure S3.3. Increased nutrient-dependent plasticity in female wing size.  
(A) Wing length was significantly higher in both w1118 females and males reared on a protein-

rich diet (2Y) compared with genotype-matched females and males cultured on a diet 

containing half the protein content (1Y) (p<0.0001 and p = 0.0018, respectively; two-way 

ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent increase in 

wing length was higher in females (sex:diet interaction p = 0.0004; two-way ANOVA 
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followed by Tukey HSD test). n = 16-28 wings. For wing size plasticity graphs, filled circles 

indicate mean wing length, and dashed lines indicate 95% confidence interval. 
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Figure S3.4. No sex-specific effect of altering dietary sugar concentration or calorie 
content.  
(A) Pupal volume was significantly decreased in both w1118 females and males reared on a 

diet with twice the sugar (2S) compared with genotype-matched females and males cultured 

on a diet with the sugar content of our regular diet (1S) (p<0.0001 and p = 0.0002, 

respectively; two-way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-

dependent decrease in pupal volume was not different between females and males (sex:diet 

interaction p = 0.6536; two-way ANOVA followed by Tukey HSD test). n = 117-133 pupae. 

(B) While pupal volume was significantly decreased in w1118 females and not males reared 

on a 2Y calorie-matched diet compared with genotype-matched females and males cultured 

on a 1Y calorie-matched diet (p = 0.0039 and p = 0.0662 respectively; two-way ANOVA 

followed by Tukey HSD test), there was no sex:diet interaction indicating that one sex was 

not more affected than the other (sex:diet interaction p = 0.3698; two-way ANOVA followed 

by Tukey HSD test). n = 44-74 pupae. For body size plasticity graphs, filled circles indicate 

mean pupal volume, and dashed lines indicate 95% confidence interval. 

 

 
Figure S3.5. Pharmacological inhibition of protein breakdown has female-biased 
effects on body size.  
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(A) Pupal volume was significantly higher in both w1118 females and males reared on a 

protein-rich diet (2Y) compared with genotype-matched females and males cultured on 2Y 

containing a broad-spectrum protease inhibitor cocktail (PIC) (p<0.0001 and p = 0.0185, 

respectively; two-way ANOVA followed by Tukey HSD test). Importantly, the magnitude of 

the effect of inhibiting protein breakdown on pupal volume was higher in females 

(sex:treatment interaction p = 0.0029; two-way ANOVA followed by Tukey HSD test). n = 57-

92 pupae. (B) Pupal volume was significantly higher in both w1118 females and males reared 

on 2Y compared with genotype-matched females and males cultured on 2Y containing a 

serine protease-specific inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride 

(AEBSF) (p<0.0001 for both sexes; two-way ANOVA followed by Tukey HSD test); however, 

the magnitude of the effect of inhibiting protein breakdown on pupal volume was higher in 

females (sex:treatment interaction p<0.0001; two-way ANOVA followed by Tukey HSD test). 

n = 28-66 pupae. * indicates p<0.05; **** indicates p<0.0001; error bars indicate SEM. 

 

 
Figure S3.6. No sex difference in food intake or time to pupation.  
(A) There was no significant difference in mouth hook contractions between w1118 control 

male and female larvae raised on a diet containing a widely-used protein content (1Y) (p = 

0.3965; Student’s t test), or a protein-rich diet (2Y) (p = 0.5175; Student’s t test). n = 20 

biological replicates. (B) There was no sex difference in the time to pupation between w1118 
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control male and female larvae when cultured on 1Y. n = 79-93 pupae. (C) There was no 

sex difference in the time to pupation between w1118 control male and female larvae when 

cultured on 2Y. n = 87-94 pupae. ns indicates not significant; error bars indicate SEM. 

 

 
Figure S3.7. Larger body size does not confer increased body size plasticity. (A) Pupal 

volume was significantly higher in both w1118 females and pten2L100/+ females reared on a 

protein-rich diet (2Y) compared with genotype-matched females cultured on a diet 

containing half the protein content (1Y) (p<0.0001 for both genotypes; two-way ANOVA 

followed by Tukey HSD test). n = 60-89 pupae. (B) Pupal volume was significantly higher in 

both w1118 males and pten2L100/+ males reared on 2Y compared with genotype-matched 

males cultured on 1Y (p<0.0001 for both genotypes; two-way ANOVA followed by Tukey 

HSD test). Importantly, the magnitude of the nutrient-dependent increase in pupal volume 

was not different between w1118 males and pten2L100/+ males (genotype:diet interaction p = 

0.3557; two-way ANOVA followed by Tukey HSD test). n = 65-88 pupae. For body size 

plasticity graphs, filled circles indicate mean pupal volume, and dashed lines indicate 95% 

confidence interval. 

 
Figure S3.8. IIS activity is upregulated in response to a protein-rich diet in females, 
not males. (A) In females, mRNA levels of the InR, bmm, and 4E-BP were significantly 

lower in larvae raised on a protein-rich diet (2Y) compared with larvae raised on a diet 
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containing half the protein content (1Y) (p = 0.0009, 0.0019, and 0.0077, respectively; 

Student’s t test). n = 8 biological replicates. (B) In males, there was no significant difference 

in InR, bmm, or 4E-BP mRNA levels between larvae raised on 2Y compared with larvae 

cultured on 1Y (p = 0.291, 0.6994, and 0.666, respectively; Student’s t test). n = 6-7 

biological replicates. * indicates p<0.05; *** indicates p<0.001; ns indicates not significant; 

error bars indicate SEM. 
 

 
Figure S3.9. No sex difference in food intake in dilp2 mutant larvae.  
(A) There was no significant difference in mouth hook contractions between w1118 control 

male and female larvae raised on a diet containing a widely-used protein content (1Y) (p = 

0.5015; Student’s t test), or a protein-rich diet (2Y) (p = 0.6514; Student’s t test). There was 

no significant difference in mouth hook contractions between dilp2 mutant male and female 

larvae raised in 1Y (p = 0.7667; Student’s t test), or 2Y (p = 0.7101; Student’s t test).  n = 

15-17 biological replicates. ns indicates not significant; error bars indicate SEM. 

 

 
Figure S3.10. HA and FLAG tagged dilp2 transgenic flies exhibit impaired nutrient 
dependent body size plasticity.  
(A) Pupal volume was significantly higher in y,w  females and y,w;;ilp2HF females reared on 

2Y compared with genotype-matched females cultured on 1Y (p<0.0001 and p = 0.0246 
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respectively; two-way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-

dependent increase in pupal volume was higher in y,w  females (genotype:diet interaction p 

= 0.001; two-way ANOVA followed by Tukey HSD test). n = 13-36 pupae. (B) Pupal volume 

was significantly higher in y,w  males and y,w;;ilp2HF males reared on 2Y compared with 

genotype-matched females cultured on 1Y (p<0.0001 and p = 0.0354 respectively; two-way 

ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent increase in 

pupal volume was higher in y,w  males (genotype:diet interaction p<0.0001; two-way 

ANOVA followed by Tukey HSD test). n = 12-46 pupae. For body size plasticity graphs, filled 

circles indicate mean pupal volume, and dashed lines indicate 95% confidence interval. 

 

 
Figure S3.11. Genotype-dependent changes to dilp mRNA levels. (A) In dilp2 mutant 

females, mRNA levels of dilp1, dilp2, dilp4, dilp6, and dilp8 were significantly different from 

w1118 control females (p<0.0001, <0.0001, <0.0001, 0.0003 and 0.0454, respectively; 

Student’s t test), but mRNA levels of dilp3, dilp5, and dilp7 were not significantly different (p 

= 0.5142, 0.0574, and 0.605, respectively; Student’s t test). n = 6-8 biological replicates. (B) 

In dilp2 mutant males, mRNA levels of dilp1, dilp2, dilp3, dilp4, dilp5, and dilp6 were 

significantly different from w1118 control males (p = 0.0001, <0.0001, 0.0034, 0.0001, 0.0001, 

and 0.0008, respectively; Student’s t test), but mRNA levels of dilp7 and dilp8 were not 

significantly different (p = 0.2302, and 0.7809, respectively; Student’s t test). n = 6-7 
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biological replicates. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** 

indicates p<0.0001; ns indicates not significant; error bars indicate SEM.  
 

 
Figure S3.12. Diet-dependent changes to dilp mRNA levels.  
(A) mRNA levels of dilp5 and dilp6 were significantly different between females raised on a 

protein-rich diet (2Y) compared with female larvae cultured on a diet with half the protein 

concentration of 2Y (1Y) (p<0.0001 and 0.0079, respectively; Student’s t test), but mRNA 

levels of dilp1, dilp2, dilp3, dilp4, dilp7, dilp8 were unchanged (p = 0.7337, 0.5947, 0.0672, 

0.1777, 0.0562 and 0.0643, respectively; Student’s t test). n = 7-8 biological replicates. (B) 

In males cultured in 1Y, mRNA levels of dilp1, dilp3, dilp5, dilp7 were significantly different 

from male larvae raised on 2Y (p = 0.047, 0.0014, <0.0001, and 0.0068, respectively; 

Student’s t test); mRNA levels of dilp2, dilp4, dilp6, and dilp8 were unchanged (p = 0.9388, 

0.6812, 0.8157 and 0.5054, respectively; Student’s t test). n = 6-7 biological replicates. * 

indicates p<0.05, ** indicates p<0.01, **** indicates p<0.0001; ns indicates not significant; 

error bars indicate SEM. 
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Figure S3.13. Increased circulating levels of Stunted (Sun) in females.  
(A) Hemolymph levels of Sun in male and female larvae 108 hr after egg laying raised on a 

protein-rich diet (2Y) compared with male and female larvae cultured on a diet with half the 

protein concentration of 2Y (1Y). Quantification indicates ratio of Sun protein normalised to 

loading control Crossveinless-d (Cv-d), relative to male 1Y. n = 1 biological replicates. 

 
 

 
Figure S3.14. Validation of stunted (sun) knockdown.  
(A) mRNA levels of stunted (sunRA) were significantly lower in r4-GAL4>UAS-sun-RNAi 

females compared with r4-GAL4>+ and +>UAS-sun-RNAi control females (p<0.0001 and p 

= 0.0001, respectively; one-way ANOVA followed by Tukey HSD test). n = 8 biological 

replicates. (B) mRNA levels of stunted (sunRA) were significantly lower in r4-GAL4>UAS-

sun-RNAi males compared with r4-GAL4>+ and +>UAS-sun-RNAi control males (p<0.0001 

and p = 0.0012, respectively; one-way ANOVA followed by Tukey HSD test). n = 8 biological 

replicates. (C) Levels of GAL4 mRNA were not significantly different between the sexes in 

larvae raised in 1Y (p = 0.1105; Student’s t test), whereas GAL4 mRNA levels were 

significantly higher in males in 2Y (p = 0.0428; Student’s t test). n = 6-8 biological replicates. 
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* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** indicates p<0.0001; ns 

indicates not significant; error bars indicate SEM. 

 

 
Figure S3.15. No sex difference in food intake in fat body stunted (sun) knockdown 
larvae.  
(A) There was a significant difference in mouth hook contractions between r4 >+ control 

male and female larvae raised on a diet containing a widely-used protein content (1Y) (p = 

0.025; Student’s t test), but not on a protein-rich diet (2Y) (p = 0.1201; Student’s t test). 

There was no significant difference in mouth hook contractions between +>sun-RNAi control 

male and female larvae raised in 1Y (p = 0.0725; Student’s t test), or 2Y (p = 0.296; 

Student’s t test). There was no significant difference in mouth hook contractions between 

r4>sun-RNAi male and female larvae raised in 1Y (p = 0.3997; Student’s t test), or 2Y (p = 

0.1249; Student’s t test). n = 15 biological replicates. * indicates p<0.05; ns indicates not 

significant; error bars indicate SEM. 

 

 
Figure S3.16. Nutrient-dependent increased female body size plasticity requires 
stunted (sun).  
(A) Pupal volume was significantly higher in r4>+, +>UAS-sun-RNAi, and r4>UAS-sun-RNAi 

females reared on 2Y compared with genotype-matched females cultured on 1Y (p<0.0001 
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[r4>+ and +>UAS-sun-RNAi] and p = 0.0367 [r4>UAS-sun-RNAi]; two-way ANOVA followed 

by Tukey HSD test). The magnitude of the nutrient-dependent increase in pupal volume was 

significantly lower in r4>UAS-sun-RNAi females (genotype:diet interaction p<0.0001; two-

way ANOVA followed by Tukey HSD test). n = 69-80 pupae. (B) Pupal volume was 

significantly higher in r4>+, +>UAS-sun-RNAi, and r4>UAS-sun-RNAi males reared on 2Y 

compared with genotype-matched males cultured on 1Y (p<0.0001 for all genotypes; two-

way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent 

increase in pupal volume was not significantly different between r4>UAS-sun-RNAi males 

and control males (genotype:diet interaction p = 0.0784; two-way ANOVA followed by Tukey 

HSD test). n = 44-80 pupae. For body size plasticity graphs, filled circles indicate mean 

pupal volume, and dashed lines indicate 95% confidence interval.  
 

 
Figure S3.17. methuselah (mth) is dispensable for nutrient-dependent increased 
female body size plasticity.  
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(A) Pupal volume was significantly higher in w1118 females and mth1 mutant females reared 

on 2Y compared with genotype-matched females cultured on 1Y (p<0.0001 for both 

genotypes; two-way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-

dependent increase in pupal volume was not significantly different (genotype:diet interaction 

p = 0.1383; two-way ANOVA followed by Tukey HSD test). n = 59-69 pupae. (B) Pupal 

volume was significantly higher in w1118 males and mth1 mutant males reared on 2Y 

compared with genotype-matched males cultured on 1Y (p<0.0001 for both genotypes; two-

way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent 

increase in pupal volume was not significantly different (genotype:diet interaction p = 

0.3697; two-way ANOVA followed by Tukey HSD test). n = 60-75 pupae. (C) Pupal volume 

was significantly higher in elav>+, +>UAS-mth-RNAi, and elav>UAS-mth-RNAi females 

reared on 2Y compared with genotype-matched females cultured on 1Y (p<0.0001 for all 

genotypes; two-way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-

dependent increase in pupal volume was not significantly larger in elav>UAS-mth-RNAi 

females, but was significantly different in +>UAS-mth-RNAi females (genotype:diet 

interaction p = 0.0148; two-way ANOVA followed by Tukey HSD test). n = 53-77 pupae. (D) 

Pupal volume was significantly higher in elav>+, +>UAS-mth-RNAi, and elav>UAS-mth-

RNAi males reared on 2Y compared with genotype-matched males cultured on 1Y 

(p<0.0001 for all genotypes; two-way ANOVA followed by Tukey HSD test). The magnitude 

of the nutrient-dependent increase in pupal volume was not significantly different 

(genotype:diet interaction p = 0.9947; two-way ANOVA followed by Tukey HSD test). n = 57-

86 pupae. (E) Pupal volume was significantly higher in dilp2>+, +>UAS-mth-RNAi, and 

dilp2>UAS-mth-RNAi females reared on 2Y compared with genotype-matched females 

cultured on 1Y (p<0.0001 for all genotypes; two-way ANOVA followed by Tukey HSD test). 

The magnitude of the nutrient-dependent increase in pupal volume was significantly blunted 

in dilp2>+ and dilp2>UAS-mth-RNAi females (genotype:diet interaction p<0.0001; two-way 

ANOVA followed by Tukey HSD test). n = 36-64 pupae. (F) Pupal volume was significantly 

higher in dilp2>+, +>UAS-mth-RNAi, and dilp2>UAS-mth-RNAi males reared on 2Y 

compared with genotype-matched males cultured on 1Y (p<0.0001 for all genotypes; two-

way ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent 

increase in pupal volume was significantly blunted in dilp2>+ and dilp2>UAS-mth-RNAi 

males (genotype:diet interaction p<0.0001; two-way ANOVA followed by Tukey HSD test). n 

= 34-63 pupae. For body size plasticity graphs, filled circles indicate mean pupal volume, 

and dashed lines indicate 95% confidence interval. 
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Figure S3.18. Most humoral factors have non-sex-specific effects on body size.  
(A) Pupal volume was significantly smaller in females with fat body-specific expression of an 

RNAi transgene directed against stunted (sun). Pupal volume was significantly reduced in 

cg>UAS-sun-RNAi females compared with cg>+ and +>UAS-sun-RNAi control females 

(p<0.0001 for both comparisons; two-way ANOVA followed by Tukey HSD test). This 

decreased pupal volume was not reproduced in cg>UAS-sun-RNAi males compared with 

cg>+ and +>UAS-sun-RNAi control males (p = 0.3657 and p = 0.9852, respectively; two-

way ANOVA followed by Tukey HSD test). RNAi-mediated knockdown of sun had larger 
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effects on pupal volume in females than in males (sex:genotype interaction p<0.0001; two-

way ANOVA followed by Tukey HSD test). n = 54-85 pupae. (B) Pupal volume was 

significantly different in females with fat body-specific expression of RNAi transgenes 

directed against sun, Growth-blocking peptide 2 (Gbp2), CCHamide-2 (CCHa2), unpaired 2 

(upd2) compared with r4>+ and +>UAS-X-RNAi control females (p<0.0001 for both 

comparisons [sun], p<0.0001 for both comparisons [Gbp2], p<0.0001 for both comparisons 

[CCHa2], p<0.0001 for both comparisons [upd2]; one-way ANOVA followed by Tukey HSD 

test); but not upon RNAi-mediated knockdown of Growth-blocking peptide 1 (Gbp1) (p = 

0.9665 and p<0.0001 respectively; one-way ANOVA followed by Tukey HSD test). n = 35-

114 pupae. (C) Pupal volume was significantly different in males with fat body-specific 

expression of RNAi transgenes directed against Gbp2, CCHa2, and upd2 compared with 

r4>+ and +>UAS-X-RNAi control males (p<0.0001 for both comparisons [Gbp2], p<0.0001 

for both comparisons [CCHa2], p<0.0001 for both comparisons [upd2]; one-way ANOVA 

followed by Tukey HSD test); but not reduced in males carrying RNAi transgenes directed 

against sun and Gbp1 (p = 0.3513 and p<0.0001, respectively [sun]; p = 0.1274 and 

p<0.0001, respectively [Gbp1]; one-way ANOVA followed by Tukey HSD test). n = 18-100 

pupae. For body size graphs, filled circles indicate pupal volume and error bars indicate 

SEM. **** indicates p<0.0001; ns indicates not significant. 

 

 

 
Figure S3.19. stunted (sun) overexpression augments body size but does not confer 
increased body size plasticity in males.  
(A) Pupal volume was significantly higher in r4>+, +>UAS-sun, and r4>UAS-sun females 

reared on a protein-rich diet (2Y) compared with genotype-matched females cultured on a 

diet containing half the protein concentration (1Y) (p<0.0001 for all genotypes; two-way 

ANOVA followed by Tukey HSD test). The magnitude of the nutrient-dependent increase in 

pupal volume was not significantly different between female genotypes (genotype:diet 
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interaction p = 0.0895; two-way ANOVA followed by Tukey HSD test). n = 43-65 pupae. (B) 

Pupal volume was significantly higher in r4>+, +>UAS-sun, and r4>UAS-sun males reared 

on 2Y compared with genotype-matched males cultured on 1Y (p<0.0001 for all genotypes; 

two-way ANOVA followed by Tukey HSD test), but the magnitude of the nutrient-dependent 

increase in pupal volume was not different between male genotypes (genotype:diet 

interaction p = 0.4959; two-way ANOVA followed by Tukey HSD test). n = 44-67 pupae. For 

body size plasticity graphs, filled circles indicate mean pupal volume, and dashed lines 

indicate 95% confidence interval.  
(A) 	

 
Figure S3.20. stunted (sun) overexpression augments body size in the diet used in 
Delanoue et al. (2016) in males.  
(A) Pupal volume was not significantly larger in r4>UAS-sun females compared with r4>+ 

and +>UAS-sun control females cultured on the diet used in Delanoue et al. (2016) 

(p<0.0001 for both comparisons; two-way ANOVA followed by Tukey HSD test). Pupal 

volume was significantly larger in r4>UAS-sun males compared with r4>+ and +>UAS-sun 

control males cultured on the diet used in Delanoue et al. (2016) (p = 0.0104 and p<0.0001, 
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respectively; two-way ANOVA followed by Tukey HSD test). n = 36-95 pupae. (B) Pupal 

volume was not significantly different in pooled in r4>UAS-sun males and females compared 

with pooled r4>+ and +>UAS-sun control males and females cultured on the diet used in 

Delanoue et al. (2016) (p = 0.7224 and p<0.0001, respectively; two-way ANOVA followed by 

Tukey HSD test). n = 77-174 pupae. (C) mRNA levels of sunRA were not significantly 

different in r4>UAS-sun males cultured on 1Y compared to genotype matched males 

cultured on 2Y (p = 0.5763; Student’s t test). n = 8-10 biological replicates.  For body size 

graphs, filled circles indicate pupal volume and error bars indicate SEM. * indicates p<0.05, 

**** indicates p<0.0001; ns indicates not significant.  
 

 
Figure S3.21. Increased nutrient-dependent body size plasticity in females requires 
transformer.  
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(A) Pupal volume was significantly higher in w1118 females reared on a protein-rich diet (2Y) 

compared with w1118 females cultured on a diet containing half the protein concentration (1Y) 

(p<0.0001; two-way ANOVA followed by Tukey HSD test); however, this nutrient-dependent 

increase in pupal volume was not observed in transformer (tra) mutant females 

(tra1/Df(3L)st-j7) (p = 0.1036; two-way ANOVA followed by Tukey HSD test). The magnitude 

of the nutrient-dependent increase in pupal volume was lower in tra1/Df(3L)st-j7 females 

(genotype:diet interaction p<0.0001). n = 39-69 pupae. (B) Pupal volume was significantly 

higher in w1118 females and tra mutant females (traKO) reared on a protein-rich diet (2Y) 

compared with w1118 females and traKO females cultured on a diet containing half the protein 

concentration (1Y) (p<0.0001, for both comparisons; two-way ANOVA followed by Tukey 

HSD test); however, the magnitude of the nutrient-dependent increase in pupal volume was 

lower in traKO females (genotype:diet interaction p<0.0001). n = 71-81 pupae. (C) There was 

no significant difference in mouth hook contractions between w1118 control male and female 

larvae raised on a diet containing a widely-used protein content (1Y) (p = 0.4103; Student’s t 

test), or a protein-rich diet (2Y) (p = 0.2961; Student’s t test). There was no significant 

difference in mouth hook contractions between tra mutant (tra1/Df(3L)st-j7) male and female 

larvae raised in 1Y (p = 0.1961; Student’s t test), or 2Y (p = 0.6732; Student’s t test).  n = 15 

biological replicates. (D) Pupal volume was significantly higher in w1118 males (p<0.0001; 

two-way ANOVA followed by Tukey HSD test), but not in tra1/Df(3L)st-j7 mutant males 

reared on 2Y compared with genotype-matched males cultured on 1Y (p = 0.6643; two-way 

ANOVA followed by Tukey HSD test). n = 37-65 pupae. (E) Pupal volume was significantly 

higher in w1118 males and tra mutant males (traKO) reared on 2Y compared with genotype-

matched males cultured on 1Y (p<0.0001, for both comparisons; two-way ANOVA followed 

by Tukey HSD test). n = 44-80 pupae. For body size plasticity graphs, filled circles indicate 

mean pupal volume, and dashed lines indicate 95% confidence interval. ns indicates not 

significant; error bars indicate SEM. 
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Figure S3.22. Fat body stunted (sun) overexpression is sufficient to rescue the 
reduced body size of transformer (tra) mutant females in a protein-rich (2Y) diet.  
(A) In females, pupal volume was significantly smaller in tra mutant r4-GAL4 control females 

compared to r4-GAL4 control females with one copy of tra (p = 0.0194 [r4,Df(3L)st-j7/+ v 

r4,Df(3L)st-j7/traKO]; one-way ANOVA followed by Tukey HSD test). Pupal volume was 

significantly smaller in tra mutant UAS-sun control females compared to UAS-sun control 

females with one copy of tra (p<0.0001 [UAS-sun/+; traKO/+ v UAS-sun/+; traKO/Df(3L)st-j7]; 

one-way ANOVA followed by Tukey HSD test). Pupal volume was significantly larger in tra 

mutant females with fat body overexpression of sun compared to tra mutant controls 

(p<0.0001, for both comparisons; one-way ANOVA followed by Tukey HSD test). n = 94-117 

pupae. For body size graphs, filled circles indicate pupal volume and error bars indicate 

SEM. * indicates p<0.05, **** indicates p<0.0001; error bars indicate SEM. 
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Figure S3.23. Sex determination gene transformer (tra) regulates increased nutrient-
dependent body size plasticity.  
(A) In control da>+, +>UAS-traF and da>UAS-traF females, mRNA levels of Foxo targets 

(insulin receptor (InR), brummer (bmm), and eukaryotic initiation factor 4E-binding protein 

(4E-BP)), were significantly lower in larvae cultured on a protein-rich diet (2Y) compared 

with larvae raised on a diet containing half the protein content (1Y) (p = 0.0124 [da>+], 
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p<0.0001 [+>UAS-traF], and p<0.0001 [da>UAS-traF], respectively; Student’s t test). n = 8 

biological replicates. (B) In control da>+ and +>UAS-traF, and da>UAS-traF females, mRNA 

levels of sunRA were significantly higher in larvae cultured on 2Y compared with larvae 

raised on 1Y (p = 0.0024 [da>+], p = 0.0013 [+>UAS-traF], and p = 0.0003 [da>UAS-traF], 

respectively; Student’s t test). n = 8 biological replicates. (C) Pupal volume was significantly 

higher in da>+, +>UAS-traF, and da>UAS-traF males reared on a protein-rich diet (2Y) 

compared with genotype-matched males cultured on a diet containing half the protein 

concentration (1Y) (p<0.0001 for all genotypes; two-way ANOVA followed by Tukey HSD 

test). Importantly, the magnitude of the nutrient-dependent increase in pupal volume was 

higher in da>UAS-traF males (genotype:diet interaction p = 0.0012; two-way ANOVA 

followed by Tukey HSD test). n = 70-91 pupae. (D) Adult weight was significantly higher in 

traF K-IN males, which express physiological levels of a functional Tra protein, when the males 

were reared on 2Y compared with genotype-matched males raised on 1Y (p<0.0001; two-

way ANOVA followed by Tukey HSD test). In contrast, there was no significant increase in 

adult weight in w1118 and traKO male flies reared on 2Y compared with genotype-matched 

males raised on 1Y (p>0.9999 and p = 0.9996, respectively; two-way ANOVA followed by 

Tukey HSD test). The magnitude of the nutrient-dependent increase in adult weight was 

significantly higher in traF K-IN males compared with w1118 and traKO male flies (genotype:diet 

interaction p<0.0001; two-way ANOVA followed by Tukey HSD test). n = 9-11 groups of 10 

flies. (E) Adult weight was significantly higher in da>+, +>UAS-traF, and da>UAS-traF 

females reared on 2Y compared with genotype-matched females cultured on 1Y (p<0.0001 

for all genotypes; two-way ANOVA followed by Tukey HSD test). The magnitude of the 

nutrient-dependent increase in adult weight was not significantly different between da>UAS-

traF females and da>+ and +>UAS-traF controls (genotype:diet interaction p = 0.5912; two-

way ANOVA followed by Tukey HSD test). n = 6-8 groups of 10 flies. (F) Pupal volume was 

significantly higher in da>+, +>UAS-traF, and da>UAS-traF females reared on 2Y compared 

with genotype-matched females cultured on 1Y (p<0.0001 for all genotypes; two-way 

ANOVA followed by Tukey HSD test). n = 68-94 pupae. (G) Adult weight was significantly 

higher in both w1118 females, and in females with a knock-in transgene of the female isoform 

of tra (traF K-IN), when reared on 2Y compared with 1Y (p<0.0001 for both genotypes; two-

way ANOVA followed by Tukey HSD test). In contrast, the nutrient-dependent increase in 

adult weight was abolished in tra mutant females (traKO) reared on 2Y compared with 

genotype-matched females cultured on 1Y (p = 0.864; two-way ANOVA followed by Tukey 

HSD test). Importantly, the magnitude of the nutrient-dependent increase in adult weight 
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was significantly lower in traKO females, which lack a functional Tra protein, than in w1118 and 

traF K-IN females (genotype:diet interaction p<0.0001; two-way ANOVA followed by Tukey 

HSD test). n = 10-16 groups of 10 flies. (H) Adult weight was significantly higher in r4-GAL4 

control females with traF K-IN, when reared on 2Y compared with 1Y (p<0.0001 [r4,Df(3L)st-

j7/traF K-IN]); two-way ANOVA followed by Tukey HSD test). In contrast, the nutrient-

dependent increase in adult weight was abolished upon fat body knockdown of sun in a traF 

K-IN female (p = 0.9999 [UAS-sun-RNAi/+;r4,Df(3L)st-j7/traF K-IN]); two-way ANOVA followed 

by Tukey HSD test). Adult weight was no different in tra mutant r4-GAL4 females 

(r4,Df(3L)st-j7/traKO) reared on 2Y compared with genotype-matched females cultured on 1Y 

(p = 0.9550; two-way ANOVA followed by Tukey HSD test). Importantly, adult weight was 

not further reduced in 1Y with fat body knockdown of sun in a tra mutant female (UAS-sun-

RNAi/+;r4,Df(3L)st-j7/traKO) (p = 0.99 [UAS-sun-RNAi/+;r4,Df(3L)st-j7/traF K-IN v UAS-sun-

RNAi/+;r4,Df(3L)st-j7/traKO]); two-way ANOVA followed by Tukey HSD test). n = 9-12 groups 

of 10 flies. For body size plasticity graphs, filled circles indicate mean body size, and dashed 

lines indicate 95% confidence interval. * indicates p<0.05, ** indicates p<0.01, *** indicates 

p<0.001, **** indicates p<0.0001; error bars indicate SEM. 
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Figure S3.24. No nutrient- or Transformer-dependent sex difference in fat body target-
of-rapamycin (TOR) signaling activity.  
(A) Levels of phosphorylated S6 kinase (pS6k) were quantified in dissected fat bodies from 

w1118 male and female larvae cultured in 1Y. (B) pS6k levels were not different in males or 

females in 1Y (p = 0.2896; Student’s t test). n = 4 biological replicates. (C) Levels of pS6k 

were quantified in dissected fat bodies from w1118 male and female larvae cultured in 2Y. (D) 

pS6k levels were not different in males or females in 2Y (p = 0.0732; Student’s t test). n = 3 

biological replicates. (E) mRNA levels of stunted (sunRA) were not significantly different in r4-

GAL4>UAS-rheb males compared with r4-GAL4>+ and +>UAS-rheb control males (p = 

0.3229 and p = 0.1252, respectively; one-way ANOVA followed by Tukey HSD test). n = 5-8 

biological replicates. (F) Levels of pS6k were quantified in dissected fat bodies from female 

w1118 and female transformer (tra) mutant larvae cultured in 1Y and 2Y. (G) pS6k levels were 

not different in female w1118 or female traKO   between 1Y and 2Y (p = 0.0702 and p = 0.737, 

respectively; Student’s t test). n = 4 biological replicates. ns indicates not significant; error 

bars indicate SEM. 
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Figure S3.25. transformer (tra) is required for nutrient dependent upregulation of 
spargel (srl) target expression in females, but not all srl targets are not required for 
increased female nutrient-dependent body size plasticity.  
(A) In control w1118 females, mRNA levels of the srl targets Cytochrome c proximal (cyt-c-p), 

Isocitrate dehydrogenase (Idh), and bellwether (blw) were significantly higher in larvae 

raised on a protein-rich diet (2Y) compared with larvae raised on a diet containing half the 

protein content (1Y) (p = 0.0409, 0.0307, and 0.0274, respectively; Student’s t test). n = 8 
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biological replicates. (B) In control w1118 males, mRNA levels of cyt-c-p, Idh, and blw were 

not significantly different in larvae raised on 2Y compared with larvae raised on 1Y (p = 

0.4316, 0.1906, and 0.2146, respectively; Student’s t test). n = 6-7 biological replicates. (C) 

In tra mutant females, mRNA levels of cyt-c-p, Idh, and blw were not significantly different in 

larvae raised on a protein-rich diet (2Y) compared with larvae raised on a diet containing 

half the protein content (1Y) (p = 0.8865, 0.0731, and 0.334, respectively; Student’s t test). n 

= 8 biological replicates. (D) In tra mutant males, mRNA levels of cyt-c-p, Idh, and blw were 

not significantly different in larvae raised on 2Y compared with larvae raised on 1Y (p = 

0.6078, 0.6453, and 0.9819, respectively; Student’s t test). n = 6 biological replicates. (E) 

Adult weight was significantly higher in r4>+, +>cyt-c-p-RNAi, and r4>cyt-c-p-RNAi females 

reared on 2Y compared with genotype-matched females cultured on 1Y (p<0.0001 [r4>+], p 

= 0.0004 [+>cyt-c-p-RNAi], and p<0.0001 [r4>cyt-c-p-RNAi], respectively; two-way ANOVA 

followed by Tukey HSD test). The magnitude of the nutrient-dependent increase in adult 

weight was not significantly different (genotype:diet interaction p = 0.4936; two-way ANOVA 

followed by Tukey HSD test). n = 5 groups of 10 flies. (F) Adult weight was not significantly 

different in r4>+, +>cyt-c-p-RNAi, and r4>cyt-c-p-RNAi males reared on 2Y compared with 

genotype-matched males cultured on 1Y (p = 0.9954 [r4>+], p = 0.8873 [+>cyt-c-p-RNAi], 

and p = 0.8873 [r4>cyt-c-p-RNAi], respectively; two-way ANOVA followed by Tukey HSD 

test). n = 4-5 groups of 10 flies. (G) Adult weight was significantly higher in r4>+, +>Idh-

RNAi, and r4>Idh-RNAi females reared on 2Y compared with genotype-matched females 

cultured on 1Y (p<0.0001 for all comparisons; two-way ANOVA followed by Tukey HSD 

test). The magnitude of the nutrient-dependent increase in adult weight was not significantly 

different (genotype:diet interaction p = 0.2104; two-way ANOVA followed by Tukey HSD 

test). n = 4-5 groups of 10 flies. (H) Adult weight was not significantly different in r4>+, 

+>Idh-RNAi, and r4>Idh-RNAi males reared on 2Y compared with genotype-matched males 

cultured on 1Y (p = 0.9912 [r4>+], p = 0.9885 [+>Idh-RNAi], and p = 0.9885 [r4>Idh-RNAi], 

respectively; two-way ANOVA followed by Tukey HSD test). n = 4-5 groups of 10 flies. For 

body size plasticity graphs, filled circles indicate mean adult weight, and dashed lines 

indicate 95% confidence interval. * indicates p<0.05; ns indicates not significant; error bars 

indicate SEM. 
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Table S3.1. Extra fly food recipes used in chapter 3, not detailed in methods. 

 
Ingredient 1S 1Y Calories 

H2O (L) 1 1 

Sucrose (g) 10.25 20.5 

D-glucose (g) 35.45 70.9 

Cornmeal (g) 48.5 28.6 

Yeast (g) 45.3 45.3 

Agar (g) 4.6 4.6 

CaCl2 (g) 0.5 0.5 

MgSO4 (g) 0.5 0.5 
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Table S3.2. A complete list of primers used in chapter 3. 

 

Primer Forward sequence (5'-3') Reverse sequence (5'-3') 

InR GCTGCATCTCCTGTCGAAAT CGTTGGACAGTGGGTGATAC 

bmm GTCCCTTCAGTCCCTCCTTC TATGAAGCACGCACACAACA 

4E-BP GCTAAGATGTCCGCTTCACC CCTCCAGGAGTGGTGGAGTA 

sunRA GGGTTTGACGCTGAGCTG CATTTTGCGCGAGTCCTT 

sunRB CTTTCATGAGCTGGCTTGC CATTTTGCGCGAGTCCTT 

dilp1 CCCCGGAAACCACAAACTCT TAAAGCCATGGGGACACACC 

dilp2 TCCACAGTGAAGTTGGCCC AGATAATCGCGTCGACCAGG 

dilp3 AGAGAACTTTGGACCCCGTGAA TGAACCGAACTATCACTCAACAGTCT 

dilp4 GCGGAGCAGTCGTCTAAGGA TCATCCGGCTGCTGTAGCTT 

dilp5 GAGGCACCTTGGGCCTATTC CATGTGGTGAGATTCGGAGCTA 

dilp6 CGATGTATTTCCCAACAGTTTCG AAATCGGTTACGTTCTGCAAGTC 

dilp7 CAAAAAGAGGACGGGCAATG GCCATCAGGTTCCGTGGTT 

dilp8 GGACGGACGGGTTAACCATT CATCAGGCAACAGACTCCGA 

Gbp1 CATCCTACCGCTGGTCTTCC ACTGGCAGCACAGTGGTGTT 

Gbp2 ACTTCAGCTCGTCCCCAGAA ACGGTTGACGACCTCCTGAT 

CCHa2 GCCTACGGTCATGTGTGCTAC ATCATGGGCAGTAGGCCATT 

upd2 GCGCGGTGGGTTATATCTT ATCAGAGATCCCGGAGTGG 

GAL4 CACCGACGCTAATGATGTTG TGGAACCTGACTCGAAGACC 

cyt-c-p CTGGTGATGTTGAGAAGGGAAAG AGATTGGGTCCAACCTTGTGC 

Idh TTGAGCTGCATACCTACGATCT TCAGCACAGTCAATGGTGACC 

blw CCGTTTCCGTGTGGGAATCAA AGAGCGGTCTTACCAGTCTGA 
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A.2 SUPPLEMENTARY DATA FOR CHAPTER 4 
 

 
Figure S4.1. A low sugar diet has sex-biased effects on target of rapamycin (TOR) 
signaling.  
(A) Levels of pS6k in females and males raised in 1S or 0S. 

 

 

 

Table S4.1. Fly food recipes used in chapter 4. 

 

Ingredients (per L) 1S 0.75S 0.5S 0.25S 0S 

H2O (L) 1 1 1 1 1 

Sucrose (g) 20.5 15.375 10.25 5.125 0 

D-glucose (g) 70.9 53.175 35.45 17.725 0 

Cornmeal (g) 48.5 48.5 48.5 48.5 48.5 

Yeast (g) 45.3 45.3 45.3 45.3 45.3 

Agar (g) 4.6 4.6 4.6 4.6 4.6 

CaCl2 (g) 0.5 0.5 0.5 0.5 0.5 

MgSO4 (g) 0.5 0.5 0.5 0.5 0.5 

  

Figure S1.
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Table S4.2. A complete list of primers used in chapter 4. 

 

Primer Forward sequence (5'-3') Reverse sequence (5'-3') 

Act5c TTGTCTGGGCAAGAGGATCAG ACCACTCGCACTTGCACTTTC 

B-tub ATCATCACACACGGACAGGA GAGCTGGATGATGGGGAGTA 

InR GCTGCATCTCCTGTCGAAAT CGTTGGACAGTGGGTGATAC 

bmm GTCCCTTCAGTCCCTCCTTC TATGAAGCACGCACACAACA 

4E-BP GCTAAGATGTCCGCTTCACC CCTCCAGGAGTGGTGGAGTA 

NLaz TCATACGCCGTCGTCTACAG GAGGAAGGCCTGGGATACAT 

puc GCAGAATTTGCGCAAGAGCGG GAGCAGTTACTACCCGCCAG 

mino AGCTGCATCTATGCCGAAAG TGAGCGACTCACGAGACATC 

ACC CAAAGTACCGAGGATATACATCTCC GATAGCCCTCACCGAGTTCA 

wun2 CCTCTTACTGTGATGCTTGTGG TGTTCGTGGATAGCTGCTCT 

lpin GATCTGTTTCCCGACAAGGA ACTGGAATGTTTGGGTCAGC 

mdy CAGTGCCGTCTTCCATGAAT CCATTATGCACAGAGGCTGA 

mod(mdg4) TTTATTAGCACCGCGGAATC GTCCACGGTCTCGATCTTGT 

CG5966 TCTTTCGAGAGCTTTAAGGACA AGGGCTTGCTATCTCCAGTC 

dob GTGGTTCAATTTGCCGGAGT TCCTCGGACCTGTGGAG 

CG1882 CGCAGTACATACACCAGTGC CGCTGCGACTTGATCTTCTC 

hsl AAATTTCACAATGTTATCCAACG TTGTCGGGGTCTCAGTTCTC 

plin2 ATTGGATAGCCGTCCAACTG AGTCTGGCTGTCAACGGAGT 

plin1 CCGCATCATCACAATCTCAC TGGGTGGCTGAATAATGGTT 

seipin CCCGTTCACATGCAGTTCAA GCCAACCATCAGGAGTTGC 

tRNAiMet AGAGTGGCGCAGTGGAAG AGAGCAAGGTTTCGATCCTC 

RpL6 CTCTGTACCGCCTGAAGGAC AGGAGGCCTTGCTCTTCTTC 

RpL14 TCTGACCAAGTACCGCATCA GCAGATGTTCTGTGCCTTGA 

RpL21 AGGCATATCATGGCAAAACC CACTTGGAGTGGTGGATGTG 

RpL22 AGCTGATCCCTTCAGTGGAA GGCTAGCCCGAAGTTTTCTT 

RpL23 GCTCAGGAAGAAGGTCATGC CTTCATTTCGCCCTTGTTGT 

RpL27 CCCATTCGCTACTTGTGGTT CATCACCATAGGCACGTTTG 

RpL30 GGTGGCCGTTAAGAAACAAA GGGTCTTCAAGGTCTGCTTG 

RpL36 AAGGATAAGAGGGCCCTGAA CTCAGCTGGGTGAGGATGTT 

RpS13 AGGCAGTGCTCGACTCGTAT TTCCCGAGGATCTGTACCAC 



	 196	

RpS15 TCGAACAAAATGCCATACGA CGACTTGCTGCATAGAACGA 

RpS16 GAACCCAAGGTCCTGCAATA TACATGACCACCACCGCTAA 

RpS20 ACGGTGCAAAGAACCAGAAC AGTCTTACGGGTGGTGATGC 

MetRS AAATGCAGCTCCTCACATTG CGTGCAGAGTCGTACATCCT 

LeuRS GTCCACCTGCAGTCCAAAAT CGGGATCCCAGTTAACAAGA 

GlyRS TCAAATTGGCAACTCCTTCC GAGCACGGGATCACAGAAAT 

IleRS GTTGTGGACCCTTGCGTAGT AACACAGCATGCGAAGTTTG 

AlaRS AAGCAACTTCCCAAGAAGCA CGAAAAGTGGCACAAACAGA 

LysRS ATCTGCATTTCGGGTTGAAG GATGATCTTGGCACGGATCT 

 

 


