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Abstract 

Though adult tissues are maintained by homeostasis, little is known about how 

their precursor cells adjust to a demand for specialized cells to account for 

changes during development or in the environment. In the male gonad, the ability 

to respond to a demand for increased gamete production, commonly referred to 

as reproductive plasticity, is essential for the fitness of an individual and the 

species.  

 Here, we show that a demand for sperm, caused by repeated male mating, 

increased germline stem cell (GSC) division frequency and the production of 

gametes. The increase in GSC divisions depended on activity of four classical G-
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protein coupled receptors and downstream signaling molecules within the 

germline cells. Thus, GSCs are reliant on the GPCR stimulus. Among the 

signaling molecules, Serotonin appeared sufficient to accelerate GSC divisions in 

non-mated males, making the highly conserved Serotonin receptors key players 

in the mechanism regulating tissue replenishment.  

  

Introduction 

Metazoan tissues undergo homeostasis wherein stem cells divide and their 

daughter cells proliferate and differentiate to replace lost cells. The human 

hematopoietic system, for example, renew a remarkable number of about one 

trillion blood cells per day (Dancey et al., 1976; Erslev, 1983). Stem cells and 

their daughters have to maintain a baseline mitotic activity for the production of 

daughter cells that account for the daily turnover of differentiated cells. However, 

whether they can modulate their mitotic activity in response to demands that 

challenge the system is not fully explored. In some instances, stem cells respond 

to physiological cues; for example, murine hematopoietic stem cells divide more 

frequently during pregnancy due to increased oestrogen levels (Nakada et al., 

2014). In Drosophila melanogaster, intestinal stem cells initiate extra cell 

divisions upon ablation of differentiated gut cells (Amcheslavsky et al., 2009). 

Drosophila GSCs modulate their mitotic activity in response to environmental 

conditions, such as nutrient availability and temperature (Hsu et al., 2008; 

McLeod et al., 2010; Parrott et al., 2012).  
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Specifically, how the gonad maintains gamete production has become of 

increasing interest to ecology, evolution, and medicine. Recent studies on human 

fecundity revealed an alarming decrease in sperm numbers, specifically in 

western males (Levine et al., 2017). Studies in model organism have shown that 

fecundity can be modified by life-history traits. For example, when the field cricket 

(Teleogryllus oceanicus) is exposed to acoustic sexual signals during juvenile 

stages, it develops more reproductive tissue compared to its siblings kept in a 

silent environment (Bailey et al., 2010). In other species, including beetles and 

moths, researchers correlated testis size, the quality of the ejaculate, and the 

success to compete for mating with nutritional stress (Gage and Cook, 1994; 

Knell and Simmons, 2010; Perry and Rowe, 2010; Simmons, 2012).  

It appears that many species have evolved strategies to adjust mating 

behavior and sperm production to their socio-sexual environment. For example, 

insects can sense the presence of rival males and dependent on it modify mating 

behavior, and size and quality of ejaculate (Montrose et al., 2008; Bretman et al., 

2011; Tuni et al., 2016). Likewise, frogs and birds show plasticity in their 

ejaculate dependent on the number of other males in the colony (Dziminski et al., 

2010; Pitcher et al., 2005). Though these studies have shown that males from 

many species show plasticity with respect to the size or quality of their ejaculate, 

the mechanisms and molecules that increase gamete production in response to a 

demand are yet to be explored.  

In Drosophila melanogaster, a plethora of genetic tools are available that 

allow for manipulating and monitoring gametogenesis. The small size of the fly, 
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the short generation cycle, and the fairly low costs covering their maintenance 

allow for high throughput screens. Here, we subjected several thousand male 

and several million virgin female flies to mating experiments, a task that is 

challenging if not impossible to perform with vertebrate model organisms.  

 We show that males that underwent multiple rounds of mating had an 

increase in stem cell activity and produced more gametes compared to non-

mated males. Reducing the expression of four G-protein coupled receptors 

(GPCRs) via RNA-Interference (RNAi) from the germline cells eliminated the 

ability of males to accelerate their GSC divisions when mated. These were the 

Serotonin (5-HT) Receptors 1A, 1B and 7, and the Octopamineβ2-Receptor 

(Octβ2R). 

GPCRs constitute a large family of conserved cell surface receptors that 

mediate the cell’s response to a wide range of external stimuli, including odors, 

pheromones, hormones, and neurotransmitters. Loss of GPCR signaling affects 

the mammalian immune response and digestive processes, and is associated 

with a plethora of conditions, varying from anxiety to Usher syndrome 

(Schoneberg et al., 2004; Wettschureck and Offermanns, 2005). Most of our 

understanding of how GPCRs affects development and cellular function is 

derived from their roles in the nervous system, such as in olfaction, memory 

formation, aggression, and mating behavior (Alekseyenko et al., 2014; Dacks et 

al., 2009; Lee et al., 2011; Pooryasin and Fiala, 2015). Only a few studies are 

available that describe non-neural roles of GPCRs in model organisms. In 

Drosophila, GPCRs regulate cell shape and adhesion during embryogenesis 
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(Manning et al., 2013; Patel et al., 2016). Zebrafish GPCR signaling regulates the 

development of the myelin sheath of Schwann cells around the axons and, in C. 

elegans, GPCR signaling aligns the neuroblasts during development (Langenhan 

et al., 2009; Monk et al., 2009). A number of studies, using mammalian cultured 

cells, show that GPCR signaling can cross-talk with effectors of the cell cycle, 

suggesting essential roles for GPCR signaling in development, tissue 

homeostasis, and cancer progression (New and Wong, 2007). However, the 

impacts of GPCRs on the frequency of stem cell divisions and gamete production, 

and how these associate with normal development and disease are yet to be 

explored. Our data demonstrate a novel, non-neural function for GPCR signaling, 

the regulation of stem cell activity.  

 Octβ2R and the 5-HT receptors are highly conserved and found 

throughout the animal kingdom (Delgado and Moreno, 2000). In mammals, 5-HT 

signaling is associated with reward behavior and neural malfunctions, and the 

vertebrate homologue of Octopamine (OA), Norepinephrine, is associated with 

depression (Delgado and Moreno, 2000; Hayes and Greenshaw, 2011; Popova, 

2006; Schoneberg et al., 2004). The role of these conserved signaling molecules 

in regulating GSC activity in Drosophila suggests parallel roles for them and 

potential other GPCRs in the regulation of stem cell activity and in reproductive 

plasticity in other species.  

 

Results 

Mating increased the number of GSCs in mitosis 
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To uncover a potential mechanism for an increased production of specialized 

cells, we challenged Drosophila males via mating experiments. For each 

experiment, 80-100 males were exposed individually in mating chambers (Figure 

S1A) to three virgin females each day in a three day-long mating experiment. An 

equal number of male siblings were each kept in solitude and served as the non-

mated controls. Mating success was investigated by two criteria: visual 

observation and the presence of progeny. When flies were anesthetized to 

exchange the females for fresh virgins, several copulating pairs of males and 

females were normally observed. Furthermore, 100 of the mated females were 

individually placed into food vials and mating success was evaluated a few days 

later by counting the percentage of vials with progeny. With very few exceptions, 

males in this study sired progeny with 60-90% of the females exposed to them on 

day one of the mating experiment (Table 1). 

Drosophila gametogenesis is strikingly similar to tissue homeostasis in 

other metazoan species. As is typical for many stem cells, the Drosophila GSCs 

are found in a specific cellular microenvironment. Male GSCs are located at the 

tip of the gonad, attached to somatic hub cells (Figure 1A, A'). Upon GSC 

division, one of the daughter cells, called a gonialblast, undergoes four rounds of 

characteristic transit amplifying divisions, resulting in 16 spermatogonia. 

Subsequently, spermatogonia enter a tissue-specific differentiation process. 

They grow in size, undergo the two rounds of meiosis, and develop through 

extensive morphological changes into elongated spermatids (Fuller, 1993). Due 
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to this tightly controlled homeostasis program, each GSC division normally 

produces 64 spermatids (Figure 1A).  

Classically, three mechanisms for how males increase gamete production 

can be envisioned. They could 1) increase the numbers of GSCs, and/or 2) the 

numbers of GSC divisions, and/or 3) the number of transit amplifying divisions 

(Kaczmarczyk and Kopp, 2010; Ramm and Scharer, 2014). To investigate the 

numbers of GSCs and their progeny we used an established immuno-

fluorescence protocol (Parrott et al., 2012). We identified Vasa-positive GSCs 

based on their position next to FasciclinIII (FasIII)-positive hub cells (Figure 1A’). 

Only cells that were outlined by Vasa staining and that were clearly attached to 

the hub were counted as GSCs.  

 According to the literature, an adult male gonad contains an average of 

eight to ten GSCs (Chen et al., 2017; Yamashita et al., 2003). Surprisingly, we 

found a large variation in GSC numbers among our different fly lines. Overall, the 

distribution of GSCs ranged widely from one to 14 per testis, with an average of 

seven GSCs per testis. Males from an isogenized wt stock, Oregon R (OR), had 

the lowest average number of GSCs, having only four to five GSCs per testis. 

Males from another isogenized wt stock, Canton S (CS), had an average of six 

GSCs per testis. Animals mutant for white (w) alleles, w1118 and w1, which are 

commonly used as control animals and as genetic background for transgenes, 

had on average eight and seven GSCs per testis, respectively. Males from a 

vermillion1, yellow1 (v1, y1) stock, which serves as the genetic background for 

many RNAi-lines, had the highest average number of GSCs, at 11 GSCs per 
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testis. When mated, we did not observe a significant difference in the numbers of 

GSCs compared to their non-mated siblings in either of these fly stocks (Figure 

S1B-F). 

To investigate an increase in GSC mitotic activity, we added an antibody 

against phosphorylated Histone-H3 (pHH3) to our immuno-fluorescent procedure. 

The percentage of GSCs in mitosis, the GSC M-phase index (MIGSC) was then 

calculated by dividing the number of pHH3-positive GSCs by the total number of 

GSCs. We discovered that mated wt males had a significantly higher MIGSC 

compared to their non-mated siblings. The box plot in Figure 1B shows the 

difference in MIGSC between non-mated and mated populations of males from 17 

independent, but tightly controlled mating experiments (see Material and 

Methods) using an isogenized stock of OR males. The MIGSC of non-mated males 

ranged from six to nine percent, with a median at seven percent. The MIGSC of 

mated males ranged from 11 to 18 percent, with a median at 16.5 percent. Even 

though the baseline MIGSC differed between individual experiments the MIGSC of 

mated males was always significantly higher than the MIGSC of non-mated males. 

We conclude that the increase in MIGSC of OR males in response to mating is 

highly reproducible.  

We next investigated if only a few males within a population contributed to 

the increase in MIGSC or whether the effect of mating is reflected by changes in 

the MIGSC across a population. These data and the raw data in the supplemental 

figures are displayed in frequency distribution graphs (FDGs). FDGs show how 

often a particular value (MIGSC) is represented in a population (number of testes). 
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When the distribution of the MIGSC for testes within one population of OR flies 

was plotted, the resulting FDG revealed that mated males had fewer testes with 

an MIGSC of zero and more testes with higher MIGSC compared to non-mated 

siblings (Figure 1C). The same result was obtained using CS males (Figure S1G). 

We conclude that mating affects the MIGSC of many males within one mated 

population. 

Finally, we wanted to explore how many mating events it takes for the 

increase in MIGSC to occur.  When we exposed OR males to either one or two 

female virgins for 24 hours, no difference in MIGSC between non-mated and 

mated males was apparent (Figure 1D, "1F, 24 hrs" and "2F, 24 hrs"). Mating OR 

males to three virgin females for 24 hours sometimes, but not always elicited an 

increase in MIGSC upon mating (Figure 1D, 3F, 24hrs). Robust and reproducible 

increases were seen in OR males that were mated to three virgin females on 

each of two or three days of mating (Figure 1D, "2x3F, 48 hrs" and "3x3F, 72 

hrs"). The increase in MIGSC in mated males was reversible, showing that the 

response to mating was dynamic. Moving males back into solitude after the 

three-day mating experiment for 48 hours eliminated the increase in MIGSC 

(Figure 1D, "3x3F, 120 hrs"). Control males mated for 120 hours, in contrast, still 

had a significant increase in MIGSC (Figure 1D, "5x3F, 120 hrs"). 

 

Mating increased GSC division frequency 

An increase in MIGSC could be due to an extended M-phase or to an increased 

division frequency. As another measure of cell divisions, we investigated the 
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percentage of GSCs in synthesis phase (S-phase) of the cell cycle. Testes were 

labeled with 5-ethynyl-2'-deoxyuridine (EdU) and the S-phase index of the GSCs 

(SIGSC) was calculated by dividing the number of EdU-positive GSCs by the total 

number of GSCs. Using pulse-labeling experiments, we observed that mated OR 

males displayed significantly higher SIGSC compared to their non-mated siblings 

(Figure 1E). Together with the increase in the MIGSC this suggests that mating 

accelerates GSC divisions. To test this hypothesis, the lengths of the cell cycle of 

non-mated and mated males were compared using EdU feeding experiments. In 

this approach, OR animals were fed EdU during the mating experiment. We then 

calculated how many GSCs had been in S-phase at different time points. Our 

EdU-incorporation experiment revealed that the number of EdU-positive GSCs 

increased rapidly after 24 hours of feeding (Figure 1F). At 36 and 48 hours of 

mating, mated males had significantly more EdU-positive GSCs compared to 

their non-mated siblings (Figure 1F). This shows that, in mated males, more 

GSCs had progressed through the S-phase of the cell cycle. By 60 hours of 

feeding, the numbers of EdU-positive GSCs reached a plateau at which a 

significant difference in SIGSC between non-mated and mated males was no 

longer seen (Figure 1F). At this time, more than 80% of the GSCs were EdU-

positive. Prolonged feeding did increase the percentage of EdU-positive GSCs 

but these data were excluded because many of the males died when fed EdU for 

more than three days while mating. Our EdU-feeding experiments produced a 

different reaction curve compared to reactions curves obtained from other studies 

where animals were fed the thymidine analogue, bromo-deoxy-uridine 
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(Wallenfang et al., 2006; Yang and Yamashita, 2015). This is probably because 

we used a much lower dose of a thymidine analogue.  

We next tried to investigate which stage of the cell cycle is shortened upon 

mating using Fly-FUCCI in combination with the UAS/Gal4-expression system 

(Duffy, 2002; Zielke et al., 2014). With Fly-FUCCI, the coding regions of 

fluorescent proteins are fused to the destruction boxes of cell cycle regulators, 

allowing the marking of different cell cycle stages. These artificial proteins are 

under control of the yeast upstream activating sequences (UAS) and can be 

expressed in a tissue-specific manner using a variety of available Gal4-

transactivators. In our case, we used a nanos-Gal4-transactivator (NG4) with a 

reported expression in GSCs, gonialblasts, and spermatogonia (Van Doren, 

1998). Using two independent FUCCI-lines, we observed that MIGSC did not 

significantly increase upon mating. While mated UAS-FUCCI/NG4 males had an 

MIGSC of 4.7% (number of GSCs=1017) their non-mated siblings had a MIGSC of 

3.7% (number of GSCs=1281). We conclude that expressing FUCCI-constructs 

from these fly lines within the GSCs interfered with their ability to significantly 

increase MIGSC in response to mating. This could be because the high expression 

of proteins with destruction boxes may have overloaded the cell cycle machinery. 

 

Mating also increased the MI of gonialblasts, spermatogonia, and somatic 

stem cells 

The development of a mature sperm from one GSC daughter takes nine to 11 

days (Fuller 1993, Lindsley and Tokuyasu, 1980). However, it only takes a few 
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days for a cell to develop from a GSC through the gonialblast stage and into 

spermatogonial stage. Thus, three days of mating should increase the number of 

these early-stage germline cells (EGCs). Due to the three-dimensional 

arrangement of the germline cells within the testes, it is extremely challenging to 

reliably count the total numbers of EGCs. As another way of histological 

sampling we aimed towards using a single focal plane of the apical testis region. 

To establish the feasibility, we used GSC numbers as our control. Due to the 

GSC position next to the hub, they can easily be identified in both ways, in a 

single focal plane and in all focal planes throughout the apical tip of the testis.   

 After imaging the apical regions of OR testes (Figure 2A, A') we counted 

the numbers of GSC in all focal planes and, as expected, did not detect a 

difference between non-mated and mated males (Figure 2B, total GSCs). Using 

the same images, we chose a single focal plane. To avoid any bias we always 

picked the focal plane in which the hub is clearly seen (Figure 2A, A’, arrow). A 

careful analysis of these single focal plane images confirmed equal numbers of 

GSC in the testes of non-mated and mated OR males (Figure 2B, focal GSCs). 

This shows that using a single focal plane for analyzing a difference in GSC 

numbers is as informative as analyzing all focal planes. Using the same single 

focal plane images, we counted the numbers of EGCs. We discovered that the 

number of EGCs was significantly higher in the mated males compared to the 

non-mated males (19.5 to 23.3 EGCs per testis, Figure 2B, focal EGCs). We 

conclude that mating does not affect GSC numbers but does increase the 

production of EGCs that will eventually differentiate into sperm cells.  
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 Having established that this histological method is reliable, we wondered if 

mating also increases the MI of the EGCs. Going back to the same images, we 

now counted the percentage of GSCs in division using both, all focal planes and 

only the single focal plane. In both cases, MIGSC was significantly increased in 

mated OR males (Figure 2C, “total GSCs” and “focal GSCs”). MIEGC was also 

increased in mated males compared to their non-mated siblings (Figure 2C, 

“focal EGCs”). When we used the same tissues as above to count the clusters of 

spermatocytes that were in meiosis, we did not detect a significant difference 

between non-mated and mated males. In both cases, we detected 0.8 - 0.9 

meiotic clusters per testis (number of testes=100). This shows that the meiotic 

activity does not change in response to mating. 

Somatic stem cells in the male gonad, however, did increase their MI in 

response to mating. In mammals and Drosophila, germline development 

depends on somatic support cells (Zoller and Schulz, 2012). Each Drosophila 

male GSC is enclosed by two Cyst Stem Cells (CySC) that are also arranged 

around and attached to the hub cells (Hardy et al., 1979). CySCs self-renew and 

produce cyst cells. Two cyst cells associate with and grow around one 

gonialblast to form the cellular microenvironment for the developing germline 

cells (Gonczy and DiNardo, 1996; Sarkar et al., 2007). Loss of germline 

enclosure by these somatic cells increases GSC division frequency and causes 

germline tumors (Parrott et al., 2012; Schulz et al., 2002). To explore CySC 

divisions we used the same immuno-fluorescence protocol as above but 

replaced the germline marker, Vasa, with the soma marker, Traffic Jam (Tj). We 
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then investigated those Tj-positive cells within three cell diameters away from the 

hub as the potential CySCs. The mitotic index of the CySCs (MICySC) was 

significantly higher in mated OR males than in their non-mated siblings (Figure 

2D) and this increase in MICySC affected the whole population of males (Figure 

2E). Our data indicate that mating increases the MI of all mitotically active cells in 

the male gonad. However, for technical and simplicity reasons, we focus on the 

activity of the GSCs in the remainder of this manuscript. 

 

RNAi against classical GPCRs blocked the increase in MIGSC upon mating  

Drosophila mating is a complex and genetically controlled behavior that is 

dependent on neural circuits (Manoli et al., 2013). This implicates a possible 

neuronal control in regulating GSC divisions in response to mating. Thus, we 

focused on the type of signaling pathway commonly stimulated during neural 

activity, GPCR signaling (Geppetti et al., 2015). The functions of many GPCRs 

have not been studied yet and mutant alleles are only available in rare cases. 

However, collections of RNAi-lines that target GPCRs (GPCR-i) are available 

that are expressed under control of UAS.  

A genetic screen revealed that expressing RNAi-constructs against four 

GPCRs, 5-HT1A, 5-HT1B, 5-HT7, and Octβ2R clearly and reproducibly 

eliminated the increase in MIGSC in mated males. Animals from the GPCR-i-lines 

were crossed to wt and two separate NG4 transactivators, NG4-1 or NG4-2, and 

the MIGSC of their progeny investigated. Each of the control progeny (GPCR-i/wt) 

consistently increased their MIGSC when mated to females (Figure 3A and Figure 
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S2A-D). However, the experimental progeny, GPCR-i/NG4-1 (Figure 3B and 

Figure S2E-H) and GPCR-i/ NG4-2 (Figure 3C and Figure S2I-L), showed no 

significant increase in MIGSC in mated males across at least three replicate 

experiments. 

Among these experiments, the MIGSC between different genotypes 

fluctuated widely. When comparing the MIGSC of non-mated males (blue bars) in 

Figure 3A to 3B and 3C, it is apparent that each of the GPCR-i-lines had a 

different baseline MIGSC dependent on the genetic background. These baseline 

MIGSC fall into the same range as the baseline MIGSC of OR males (compare the 

blue bars in Figure 3 to the blue box in Figure 1B). Furthermore, the MIGSC of the 

mated control males (GPCR-i/wt, red bars in Figure 3A) fall within the range of 

mated OR males (red box in Figure 1B). However, the MIGSC of the mated 

experimental males (GPCR-i/NG4, red bars in Figures 3B and 3C) generally 

remain within the range of MIGSC of non-mated OR males (blue box in Figure 1B). 

This confirms that the four GPCRs are required for the increase in MIGSC in 

response to mating.  

Each of the genotypes produced offspring (Table 1), showing that a block 

in the increase in MIGSC is not caused by a failure to mate but by a reduction of 

GPCR signaling. Viable alleles of 5-HT1A and 5-HT1B are available, but 

unfortunately, displayed only a weak mating success rate and were, therefore, 

not pursued as alternative strategies. 
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Signal transducers downstream of GPCRs were required for the increase in 

MIGSC upon mating  

To further validate that MIGSC is regulated by GPCR stimulation, we manipulated 

downstream signal transducers. Classical GPCRs associate with trimeric 

complexes of the G-proteins, Gα, Gβ, and Gγ (Figure 4A, step 1). Ligand binding 

leads to activation of a guanidyl exchange factor within the GPCR that then 

exchanges GDP for GTP in the Gα subunit. The exchange leads to the 

dissociation of Gα and the Gβ/γ complex from each other and from the GPCR. 

Remaining attached to the membrane, Gα and Gβ/γ diffuse along it and activate 

downstream signal transducers (Figure 4A, step 2; McCudden et al., 2005; 

Oldham and Hamm, 2008). Most organisms have multiple genes that encode for 

each of the G-protein subunits. Drosophila has six Gα, three Gβ, and two Gγ-

proteins, yet only a few examples are available in the literature associating a 

specific G-protein with an upstream GPCR (Boto et al., 2010; McCudden et al., 

2005). 

As mutant alleles for most G-protein subunits are lethal, we continued to 

use the UAS/Gal4-system. We expressed RNAi against the different G-protein 

subunits within the germline cells via NG4-1. Consistent with a role for several 

GPCRs in regulating MIGSC, mated males expressing RNAi for several of the G-

protein subunits displayed only a weak increase in MIGSC compared to their non-

mated siblings (data not shown). We focused on an RNAi-line directed against 

the subunit Gαi as males expressing this construct within the germline did not 

show any increase in MIGSC in response to mating. As before each of the 
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following experiments were performed in at least three replicates. Each 

population of control males (NG4-1/wt, NG4-2/wt, Gαi-i/wt) displayed a significant 

increase in MIGSC when mated (Figure 4B and Figure S3A-C). Experimental 

males expressing Gαi-i via NG4-1 or NG4-2, however, failed to increase MIGSC 

(Figure 4C and Figure S3E, F). We next sought to validate the role for G-proteins 

in MIGSC by an alternative approach to RNAi. A dominant negative version of 

Drosophila Gγ1 (dnGγ1) is available that serves as a reliable tool to abolish G-

protein signaling (Deshpande et al., 2009). Males expressing dnGγ1 via either 

NG4-1 or NG4-2 never showed an increase in MIGSC in response to mating 

(Figure 4C and Figure S3G, H). Control dnGγ1/wt animals, on the other hand, 

had increased MIGSC upon mating in every independent experiment (Figure 4B 

and Figure S3D).  

In mammalian cells, three major G-protein-dependent signaling cascades 

have been described (Figure 4, steps 3a, b, c; Geppetti et al., 2015; Moolenaar, 

1991). For Drosophila, the literature provides little information on the signaling 

cascades downstream of GPCRs but it is generally assumed that the mammalian 

signal transducers are conserved in flies. To further validate that an increase in 

MIGSC upon mating is regulated by G-protein signaling, we reduced the 

expression of a conserved signal transducer for which three independent RNAi- 

lines were available, Protein Kinase C 98E (PKC98E). As expected, PKC98E-

i/NG4-1 males did not show a significantly increase in MIGSC in response to 

mating for any of the three RNAi-lines, while a control PKC98E 35275/wt did 

respond normally (Figure 4D). 
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5-HT was sufficient to significantly increase the MIGSC 

To address potential contributions of the GPCRs to the increase in MIGSC in 

mated males we aimed towards modifying the expression levels of their ligands 

in non-mated males. Based on the nature of the GPCRs regulating the increase 

in GSC mitotic activity, the ligands are likely 5-HT and Octopamine (OA), both 

amines known to be produced by neurons (Maqueira et al., 2005; Saudou et al., 

1992; Alekseyenko et al., 2010). Two commonly used Gal4-transactivators allow 

for stimulating those neurons that express enzymes for 5-HT synthesis, Trh-Gal4 

and Ddc-Gal4 (Alekseyenko et al., 2014; Coleman and Neckameyer, 2005; Li et 

al., 2000). The neurons can be hyper-stimulated by expressing the Drosophila 

Transient Receptor Potential (TRP) channel (Sakai et al., 2009). Animals 

expressing UAS-TrpA under control of Trh-Gal4 and Ddc-Gal4 should release 5-

HT when shifted to high temperatures, however, the amount of released 5-HT 

has not been evaluated for this system. Modulating 5-HT levels using this genetic 

tool led to the published behavioral defects but did not reveal a significant 

increase in MIGSC between non-shifted and shifted Trh-Gal4/UAS-TrpA or Ddc-

Gal4/UAS-TrpA males compared to controls (Trh-Gal4/wt and Ddc-Gal4/wt; 

Figure 5A).  

We therefore sought to control ligand concentrations more tightly using 

feeding experiments. 5-HT and OA are commercially available and were 

previously successfully fed to adult animals to study changes in their behavior. In 

these experiments, 1-100mM of 5-HT and 30-70µM of OA evoked behavioral 
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responses (Crocker and Sehgal, 2008; Majeed et al., 2014; Sujkowski et al., 

2017; Willard et al., 2006). We did observed these behavioral responses when 

animals were fed these concentrations, but no increase in MIGSC was apparent. 

When we fed OR males lower concentrations of 5-HT, we observed significant 

increases in MIGSC between 60µM and 100µM (Figure 5B and Figure S4B-D). 

Males fed 75µM 5-HT had an MIGSC of 17%, which is more than a two-fold 

increase compared to controls. We conclude that 5-HT is sufficient to increase 

MIGSC. Males fed even lower concentrations of 5-HT did not show an increase in 

MIGSC (Figure 5B, S4A). Thus, we have established a response curve of the 

GSCs to concentrations of 5-HT. 

In contrast, when we fed OA to OR males in concentrations ranging from 

1nM to 100µM no drastic effect on MIGSC was observed (Figure 5C and Figure 

S4E, F). We detected a small but not significant increase in MIGSC at 1µM. The 

GSCs of these males had a MIGSC of nine, which still falls within the upper range 

of the MIGSC seen in non-mated OR males (compare Figure 4C to the box plots in 

Figure 1B). Furthermore, we did not detect a dose-dependent response from 

nearby concentrations. This indicates that OA is not individually sufficient to 

increase MIGSC in adult males similar to the increase seen in mated males.  

 

Repeated mating and 5HT modulated the sperm pool  

To show further experimental proof of biological relevance for the increase in 

mitotic divisions we asked if mating produces a demand for sperm. Counting all 

of the individual sperm cells within a Drosophila testis poses extreme challenges. 
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Therefore, we used a Don Juan-Green Fluorescent Protein (DJ-GFP) reporter to 

access the overall amount of sperm within the gonads (Santel et al., 1997). With 

this reporter, individualized mature sperm was seen within the seminal vesicle of 

the male reproductive tract (Figure 6A, arrow). Based on the size and the 

fluorescence of the seminal vesicles, we sorted the testes into two classes. Class 

I testes had wide and very bright GFP-positive seminal vesicles (Figure 6A, A') 

and class II testes had thinner and less bright GFP-positive seminal vesicles 

(Figure 6B-C’). A quantification of these classes of testes revealed that non-

mated males had mostly class I testes (Figure 6D, "DJ-GFP, n-m"), while mated 

males had mostly class II testes (Figure 6D, "DJ-GPF, m").  

After mating, the GPF-positive sperm is detectable in the female 

reproductive tract. While non-mated females never had GFP-expression in their 

reproductive tracts (Figure 6E, E’, n=100), mated females clearly showed GFP in 

the spermathecae and the seminal receptacles (Figure 6F, F’, arrows and 

arrowhead). The percentage of female reproductive tracts that contained GFP-

positive sperm at day three of the mating procedure dropped down to 25% 

compared to 94% in the reproductive tracts of day one females (Figure 6G). 

Together with the reduction of GFP in the mated male seminal vesicles, this 

shows that repeated mating reduced the amount of sperm available for transfer 

to the female. Thus, repeated mating has to create a demand for sperm. 

 We next asked if an increase in mitotic divisions of the precursor cells 

leads to more sperm production. Unfortunately, males do not survive the 11 days 

of mating necessary to ask if increased mitotic divisions produce more sperm. 
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Therefore, we used 5-HT-feeding in combination with mating to investigate an 

increase in sperm replenishment. In this experiment, we first fed DJ-GFP males 

either yeast-paste or yeast-paste supplemented with 75µM 5-T for 8 days. Then 

we exposed all of them to a three-day mating experiment to reduce their sperm 

pool. Subsequently, males were dissected at 0, 24, and 48 hours after the mating 

experiment and the overall amount of GFP-positive sperm in their seminal 

vesicles investigated. 90% of the yeast-fed males had type II testes immediately 

after mating and this number decreased to 64% after 48 hours (Figure 6D, "DJ-

GFP/wt, yeast-fed"). 5-HT-fed males in contrast had only 65% of type II testes 

immediately after mating (Figure 6D, "DJ-GFP/wt, 5-HT-fed"). By 48 hours after 

mating, 5-HT-fed males had regained more type I than type II testes (Figure 6D, 

"DJ-GFP/wt, 5-HT-fed") By this time, 66% of the testes were of type I, and 34% 

of the testes were of type II. This experiments shows that increased mitotic 

divisions leads to expedited tissue replenishment.  

 

Discussion 

Previous studies in Drosophila showed that testis size, the numbers of sperm 

within the male gonad, and the size and quality of the ejaculate increased in the 

presence of rival males (Garbazewska et al., 2013; Lupold et al., 2011; Moatt et 

al., 2014; Pitnick et al., 2001). Though these studies suggest an increase in 

spermatogenic activity in response to the socio-sexual environment, the cellular 

events that lead to increased sperm production were not addressed. Here, we 

created a demand for sperm by repeatedly mating single males with multiple 
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female virgins. We show that germline cells in these mated males have 

increased mitotic activity and produced more gametes (EGCs and sperm) 

compared to their non-mated siblings. We further show that this increase in 

spermatogenic activity depended on G-protein signaling. 

Using highly controlled experiments, we demonstrate that reducing the 

expression or modulating the activity of GPCRs, G-proteins, or PKC98E from the 

germline interfered with the male GSC response to mating. Our studies revealed 

that at least four GPCRs are essential in mated males for the increase of MIGSC 

in response to mating. It is surprising that several GPCRs are required for the 

increase in MIGSC in mated males instead of a single GPCR. It is not likely that 

the RNAi-lines produced phenotypes due to off-target effects as their hairpins are 

extremely short. Rather, our finding suggests a complexity of signaling events for 

the regulation of GSC activity. If the four GPCRs act independently it is hard to 

explain how the loss of one GPCR completely blocks the increase in MIGSC. Thus, 

they have to act in a non-redundant manner. This has to be mechanistically 

different from situations where only one or two receptors regulate a cellular or 

developmental process. Examples for two receptors regulating the same process 

have been described for several model organisms. In Drosophila, for example, 

signaling via Hedgehog and Jak/STAT (Janus Kinase signal transducer and 

activators of transcription) from the hub cells regulate CySC self-renewal through 

independent signaling cascades (Amoyel et al., 2013). In C. elegans, two 

Octopamine receptors, SER-3 and SER-6, additively regulate the same signal 

transducers for food-deprived-mediated signaling (Yoshida et al., 2014). 
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Studies on mammalian GPCRs have revealed increasing evidence that 

they can form dimers and oligomers and that these physical associations have a 

variety of functional roles, ranging from GPCR trafficking to modification of G-

protein mediated signaling (Filizola and Weinstein, 2005; Milligan, 2007; Terrillon 

and Bouvier, 2004). Specifically, 5-HT receptors can form homo-dimers and 

hetero-dimers and, dependent on this, they have different effects on G-protein 

signaling (Herrick-Davis, 2013; Lukasiewicz et al., 2010; Xie et al., 1999). In 

cultured fibroblast cells, for example, G-protein coupling is more efficient when 

both receptors within a 5-HT4 homo-dimer bind to agonist (Pellissier et al., 2011). 

In Xenopus oocytes and mouse hippocampal neurons, hetero-dimerization of 5-

HT1A with 5-HT7 reduces G-protein activation compared to 5-HT1A homo-

dimers. The selective association of 5-HT1A with either itself or with 5-HT7 

regulates the opening of a potassium channel in the brain (Pellissier et al., 2011; 

Renner et al., 2012). The formation of hetero-dimers of GPCRs with other types 

of receptors plays a role in depression in rats and in the response to 

hallucinogens in mice (Borroto-Escuela et al., 2016; Moreno et al., 2011). It is 

possible that the regulation of MIGSC is emerging as the first in vivo example for a 

role of an oligomer complex. 

In addition to the complexity at the level of multiple receptors, signaling 

cascades downstream of GPCRs or GPCR complexes could crosstalk. One 

signaling cascade could, for example, lead to the expression of a kinase that is 

activated by another cascade. Similarly, one signaling cascade could open an ion 

channel necessary for the activity of a protein within another signaling cascade. 
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In this scenario, one of the GPCR activating signaling molecules could be 

sufficient to increase MIGSC but the lack of either GPCR would result in a failure 

to increase MIGSC. Consistent with this idea, we show that 5-HT feeding 

significantly increased MIGSC. This suggests that 5-HT is the key ligand regulating 

the increase in GSC division in response to mating. One possible explanation for 

this is that 5-HT stimulates several GPCRs or a GPCR complex on the GSCs to 

accelerate GSC divisions. Alternatively, 5-HT in the fly hemolymph could cause 

the release of OA and/or other ligands from the fly body and act in concert with 

these to regulate GSC divisions. The development of an organoid culture that 

can be maintained for several days in vitro should allow us to ask more in depth 

questions to study this mechanism. For example, we could investigate if 5-HT 

alone is sufficient to increase MIGSC and if 5-HT acts directly on the GSC 5-HT 

receptors.  

When we stimulated 5-HT neurons or fed animals doses of 5-HT at 

concentrations that evoked the reported hyper-activity we did not observe an 

increase in MIGSC. This observation supports the idea that the body has to 

balance its resources to different functions. Allocating resources to physical 

activity can reduce reproductive fitness. For example, the more time and energy 

houbara bustards (Chlamydotis undulata) devote to sexual display the less 

sperm is detectable in their ejaculate (Preston et al., 2011). The observed hyper-

activity in the Drosophila males preventing the increase in MIGSC suggests that 

allocating energy to hyper-activity directly impacts reproductive plasticity. A 

requirement for four non-redundant GPCRs regulating a post-mating effect may 
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have evolved because each of the GPCRs is also required to regulate important 

other functions, and full stimulation of one of them may pull energy away from 

gamete production. Maybe, even the ability of GPCRs to form complexes may 

have evolved in non-neural tissue to increase the signaling strength, and thus the 

response to small changes of circulating ligands. 
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Material and Methods 

Fly husbandry 

Flies were raised on a standard cornmeal/agar diet and maintained in 

temperature-, light-, and humidity-controlled incubators. Unless otherwise noted, 

all mutations, markers, and transgenic lines are described in the Drosophila 

database and were obtained from the Bloomington stock center (The Flybase 

Consortium, 2003). Fly-FUCCI: BL#55101, BL#55110; NG4-2: BL#4937; UAS-

TrpA: BL#26263; Ddc-Gal4: BL#7009; Trh-Gal4: BL#38389, UAS- Gαi: BL#35407, 

UAS-dnGγ1: 44604. Most of the RNAi-lines we obtained from the Bloomington 

stock center carry a UAS-promotor with high levels of expression in the germline 

cells (Rorth, 1998).  
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UAS/Gal4-expression studies 

For mating experiments, females from two separate X; UAS-dicer; nanos-Gal4 

(NG4-1 and NG4-2) lines or OR females were crossed with males carrying target 

genes under the control of UAS. For neural hyper-stimulation, OR or X; UAS-

TrpA females were crossed to Trh-Gal4 and Ddc-Gal4 males. The animals were 

placed into egg lay containers with fresh apple juice/agar-plates and yeast paste. 

Experimental or control progeny were transferred into food bottles, raised to 

adulthood at 18°C, and then shifted to 29°C for seven days to induce high activity 

of Gal4.   

 

Statistical analysis 

Statistical relevance was determined using the Graphpad student’s t-test. We 

used a more rigorous method to evaluate the P-value than most other studies did. 

In our experiments, we counted each GSC and based the P-value on the 

percentage of pHH3-positive GSCs out of the total number of GSCs. Other 

studies calculated the P-value based on numbers of dividing GSCs per numbers 

of testes (Boyle et al., 2007; Chen et al, 2008; Inaba et al., 2011; Tulina et al., 

2014).  

 

Male mating experiments 

Unless otherwise noted, mating experiments were performed at 29°C. Males and 

virgin females were placed on separate apple juice/agar-plates with yeast paste 
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overnight to assure they were well fed prior to their transfer into mating chambers. 

Single males were placed into each mating slot either by themselves (non-

mated) or with virgin females (mated) and the chambers closed with apple 

juice/agar-lids with yeast paste. Females were replaced normally by virgin 

females on each of the following two days and apple juice/agar-lids with yeast 

paste were replaced on a daily basis for both non-mated and mated animals. 

Non-mated and mated animals were treated exactly the same way and always 

dissected in parallel at the same time of the day. Unless otherwise noted, 

females from the stock X⌃X, y, w, f / Y / shits were used as virgins. When raised 

at 29°C, only females hatch from this stock. For fertility tests, OR virgins were 

used. Note that 10-20% of the mated males died during the experiment while 

only 5% of the non-mated males died. 

 

Immuno-fluorescence and microscopy 

Animals were placed on ice to immobilize them. Gonads were dissected in 

Tissue Isolation Buffer (TIB) and collected in a 1.5 ml tube with TIB buffer on ice 

for no more than 30 minutes. Gonads were then fixed, followed by immuno-

fluorescence staining and imaging as previously described (Parrott et al., 2012). 

The mouse anti-FasciclinIII (FasIII) antibody (1:10) developed by C. Goodman 

was obtained from the Developmental Studies Hybridoma Bank, created by the 

NICHD of the NIH and maintained at The University of Iowa, Department of 

Biology, Iowa City, IA 52242. Goat anti-Vasa antibody (1:50 to 1:300) was 

obtained from Santa Cruz Biotechnology Inc. (sc26877), rabbit anti-

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 2, 2018. ; https://doi.org/10.1101/433623doi: bioRxiv preprint 

https://doi.org/10.1101/433623


	
   40	
  

phosphorylated Histone H3 (pHH3) antibodies (1:100 to 1:1000) were obtained 

from Fisher (PA5-17869), Milllipore (06-570), and Santa Cruz Biotechnology Inc. 

(sc8656-R). Guinea pig-anti-Tj antibody (1:5000) was a gift from Dorothea Godt. 

Secondary Alexa 488-, 568-, and 647-coupled antibodies (1:1000) and Slow 

Fade Gold embedding medium with DAPI were obtained from Life Technologies. 

Images were taken with a Zeiss Axiophot, equipped with a digital camera, an 

apotome, and Axiovision Rel. software. Bar graphs were produced in Adobe 

Photoshop, and plots and FDGs were produced in Graphpad Prism. 

 

EdU-labeling experiments 

The EdU-labeling kit was obtained from Invitrogen and the procedure performed 

following manufacturer’s instructions. For EdU-pulse labeling experiments, 

animals were mated as described above, and the dissected testes incubated with 

10mM EdU in PBS for 30 minutes at room temperature prior to fixation. For EdU-

feeding experiments, sets of 100 OR non-mated and mated males were fed 10 

µM EdU in liquid yeast provided on paper towels. These animals were kept at 

room temperature (21°C) because the paper towels easily dried out at higher 

temperatures, causing the flies to dehydrate and die.  

 

5-HT- and OA-feeding experiments 

OR males were collected at one week of age and kept separate from females for 

at least three days. Subsequently, groups of 100 males were exposed to yeast 

supplemented with varying concentration of 5-HT (Arcos Organics, #215025000) 
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or OA (Sigma, #O0250) on apple-juice/agar-plates at 29°C. The plates were 

replaced after 24 and 48 hours and males were dissected after a total of 72 

hours.  

 

 

Tables and Legends 

 
Genotype  BL # Male fertility 
OR N/A 72% 
CS N/A 62% 
w1118   N/A 81% 
w1 679 70% 
5-HT1A-i/NG4-1 33885 75% 
5-HT1B-i/NG4-1 33418 61% 
5-HT7-i/NG4-2 27273 91% 
Octβ2R-i/NG4-1 50580 89% 
5HT-1AΔ5kb/5HT-1AΔ5kb 27640 15% 
5HT-1BΔIII-V/5HT-1BΔIII-V 55846 30% 

 
Table 1. Fertility assay of select genotypes. 

Male fertility based on the % of females that produced offspring after mating with 

males of the indicated genotype. BL#: Bloomington stock number. 

  

 

Figure legends 

 

Figure 1. Mating increased GSC division frequency. 

A) Cartoon depicting the stages of Drosophila spermatogenesis. Note that every 

GSC division produces exactly 64 spermatids. GB: gonialblast, SG: 

spermatogonia, SC: spermatocytes, SP: spermatids.  
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A’) The apical tip of an OR testis. The FasIII-positive hub (asterix) is surrounded 

by Vasa-positive GSCs (arrows), one of which is in mitosis based on anti-pHH3-

staining (arrowhead). Scale bar: 10µm. 

B-F) Blue: non-mated condition, red: mated condition, ***: P-value < 0.001, 

number of GSCs as indicated. 

B) Box plot showing the variability in MIGSC of non-mated and mated OR males. 

C) FDG showing MIGSC across a population of males on the X-axis and the 

percentage of testes with each MIGSC on the Y-axis, numbers of testes (n=) as 

indicated. 

D) Bar graph showing MIGSC after different mating conditions, as indicated. F: 

female virgins, hrs: hours, numbers of GSCs notated in bars. 

E) Bar graph showing SIGSC of OR males, numbers of GSCs notated in bars. 

F) Graph showing the percentage of EdU-marked OR GSCs on the Y-axis and 

hours of feeding and mating on the X-axis.  

 

Figure 2. Mating increase the MI of all mitotically active cells of the male 

gonad. 

A) The apical region of an OR testis showing Vasa-positive GSCs and EGCs in 

red, and the hub and pHH3-positive cells in green. Arrow points to the hub, scale 

bars: 30µm. 

A’) Same testis tip as in (A) showing germline cells only,  

B-E) Blue: non-mated conditions, red: mated condition, ***: P-value < 0.001. 
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B) Bar graph showing the numbers of GSCs and EGCs in OR testes, numbers of 

testes (n=) as indicated. 

C) Bar graph showing MIGSC and MIEGC in OR testes, numbers of GSCs are 

notated in bars. 

D) Bar graph showing the MI of CySCs of OR males, numbers of CySCs notated 

in bars. 

E) FDG showing MICySC across a population of OR males, numbers of testes (n=) 

as indicated. 

 

Figure 3. Expression of RNAi against four GPCRs blocked the increase in 

MIGSC in response to mating. 

A-C) Bar graphs showing MIGSC. Blue: non-mated condition, red: mated condition, 

numbers of GSCs notated in bars, genotypes as indicated, ***: P-value < 0.001. 

Each bar represents the MIGSC obtained from at least three independent 

experiments. 

A) Control males have significantly higher MIGSC than their non-mated siblings.  

B, C) Mated GPCR-i/NG4-1 (B) and GPCR-i/NG4-2 (C) did not have significantly 

higher MIGSC compared to their non-mated siblings. 

 

Figure 4. Signal transducers downstream of GPCRs were required for the 

increase in MIGSC in response to mating. 

A) Cartoon depicting the activation of G-proteins upon GPCR stimulation by 

ligand. 1: G-protein association before GPCR stimulation, 2: G-protein 
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distribution after GPCR stimulation, 3: potential signaling molecules modified by 

G-proteins. 

B-D) Bar graphs. Blue: non-mated condition, red: mated condition, ***: P-value < 

0.001, numbers of GSCs notated in bars, genotypes as indicated.  

B) Control animals increased their MIGSC when mated. 

C) Males expressing Gαi-i or dnGγ1 in the germline did not increase MIGSC upon 

mating. 

D) Bar graph showing MIGSC upon reduction of PKC98E. 

 

Figure 5: 5-HT was sufficient to increase MIGSC. 

A-C) Bar graphs. Brown: MIGSC from control males, green: MIGSC from 

experimental males, ***: P-value < 0.001, **: P-value < 0.05, numbers of GSCs 

notated in bars.  

A) MIGSC from control males and males with hyper-stimulated 5-HT neurons, 

genotypes as indicated. 

B, C) Drug concentrations as indicated. 

B) MIGSC in 5-HT-fed males. Note that the significant bars represent at least two 

independent experiments. 

C) MIGSC in OA-fed males. 

 

Figure 6. Mating and 5-HT-feeding had opposite effects on the sperm pool. 
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A-C’) Class I and II testes from Dj-GFP males. The DNA-stain, 4',6-Diamino-2-

Phenylindole (DAPI), outlines the gonads. A, B, C) DAPI and GFP, arrows point 

to seminal vesicles, scale bars: 30µm. A', B', C') GFP only. 

D) Bar graph showing the distribution of class I (light green) and class II (dark 

green) testes in 1) non-mated (n-m) and mated (m) DJ-GFP males, 2) yeast-fed 

DJ-GFP/wt males at 0, 24, and 48 hours after mating, and 3) 5-HT-fed DJ-

GFP/wt males at 0, 24, and 48 hours after mating. Numbers of testes (n=) as 

indicated, ***: P-value < 0.001, hrs: hours. 

E-F’) Female uteri with attached reproductive structures outlines by DAPI. E, F) 

DAPI and GFP, arrows point to spermathecae, arrowheads point to seminal 

receptacles, scale bars: 30µm. E', F') GFP only.  

G) Bar graph showing the distribution of female reproductive tracts containing no 

GFP (light green) and GFP-positive sperm (mid green). Numbers of reproductive 

tracts (n=) as indicated, ***: P-value < 0.001. 

 

Supplemental figure legends 

 

Figure S1. Mating did not increase GSC numbers. 

A) A mating chamber made from a box of 1ml tips. The ends of the tips were cut 

and a net glued onto them. The tips were then glued tight into the box. The lids 

were filled with apple juice/agar and covered with a layer of yeast paste. 

B-G) Blue: non-mated condition, red: mated condition, numbers of testes (n=) as 

indicated, genotypes as indicated. 
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B-F) Bar graphs showing numbers of GSCs in males from different genetic 

backgrounds on the X-axis and the percentage of testes containing these 

numbers of GSCs on the Y-axis.  

G) FDGs showing MIGSC across a population of CS males on the X-axis and the 

percentage of testes with each MIGSC on the Y-axis, 

 

Figure S2. Expression of RNAi against amine GPCRs blocked the increase 

in MIGSC in response to mating. 

A-U) FDGs showing MIGSC across a population of males on the X-axis and the 

percentage of testes with each MIGSC on the Y-axis, numbers of testes (n=) as 

indicated, blue: non-mated condition, red: mated condition, genotypes as 

indicated. 

A-D) GPCR-i/wt males. 

E-H) GPCR-i/NG4-1 males. 

I-L) GPCR-i/NG4-2 males. 

 

Figure S3. G-proteins were required for the increase in MIGSC in response to 

mating. 

A-H) FDGs showing MIGSC across a population of males on the X-axis and the 

percentage of testes with each MIGSC on the Y-axis, numbers of testes (n=) as 

indicated, blue: mated condition, red: mated condition, genotypes as indicated. 

A-D) Control males. 

E-H) Males that express Gαi-i or dnGγ1 in the germline. 
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Figure S4: 5-HT was sufficient to increase MIGSC. 

A-F) FDGs showing MIGSC across a population of males on the X-axis and the 

percentage of testes with each MIGSC on the Y-axis. Brown: MIGSC from control 

males, green: MIGSC from experimental males, number of testes (n=) as indicated, 

drug concentrations as indicated. 

A-D) 5-HT-fed males. 

E, F) OA-fed males. 
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