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ABSTRACT

In Drosophila, seminal fluid proteins (SFPs) are key components of the male ejaculate
and are essential determiners of reproductive fitness. SFPs are required for inducing a range of
post-mating physiological responses in females. To date nearly 300 SFPs have been identified,
however the vast majority of these remain uncharacterized and their role in reproduction and/or
postcopulatory sexual selection is not clear. SFPs are functionally diverse and contain proteins
from a variety of biochemical processes, most notably proteases and protease inhibitors that are
thought to be critically important in biochemical interactions with female proteins. Another class
of proteins that is enriched among SFPs are carbohydrate bonding proteins, presumably involved
in glycolytic reactions within the accessory glands and in mated females. However, the
molecular mechanisms and fertility roles of these ejaculate glycolysis modulators have yet to be
explored. One of these uncharacterized glycolysis SFPs is the highly conserved beta-
glucoronidase (CG15117), which catalyzes the breakdown of complex carbohydrates.
CG15117—which I will refer to as BGLUC—is (1) predominately expressed in the male
accessory gland—but maintains low level expression in other tissues, (2) is transferred to the
female during mating, and (3) is one of the most conserved SFPs in Drosophila. To identify
BGLUC’s role in reproduction, we created a CRISPR/Cas-9 knockout mutant by ablating 5 bp
from the coding sequence and introducing a premature stop codon. We found that BGLUC is
required for male fertility: females that are mated to knockout males do not produce progeny, fail
to store sperm and will readily remate, suggesting that an ensemble of key post-maing processes
is disrupted. To further examine the molecular basis of this male sterility we performed label-
free quantitative proteomic analysis and bulk RNA sequencing on mutant males as well as

females mated to mutant and control males and find systematic abnormal abundance of several



proteins—including proteins of ACP36DE and ACP62F— in the accessory glands as well as
ACP36DE and other proteins in the transferred male ejaculate. ACP36DE and ACP62F have
major roles in modulating sperm storage in the female and their reduced abundances in mutant
male accessory glands likely contributes to sperm storage defects observed in females mated by
mutant males. Together, our results show that the often-ignored carbohydrate metabolism

proteins that are part of the seminal plasma are essential for fertility in Drosophila.
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Introduction
Chapter 1.1Background

Drosophila melanogaster is an excellent model for studying the evolution of sexual
reproduction. Female Drosophila, like many other insects, can mate with multiple males
(polyandry) and store sperm for extended periods of time, resulting in an overlap of ejaculates
from several males in the female reproductive tract. The overlap of ejaculates creates the
potential for post-copulatory sexual selection (PCSS) because sperm from different males can
compete for fertilization (Parker, 1970). In addition to sperm competition, females can engage in
cryptic female choice, where females can bias sperm usage from the stored set from different
males following mating, thus selecting for ejaculate traits favored by the female (Eberhard,
1996). This intense selection can result in the rapid diversification and/or optimization of traits
that aid in sperm competition and ultimately lead to higher male reproductive fitness. The bulk of
PCSS research has focused on sperm traits and sperm competition. However, the non-sperm
component of the ejaculate, seminal fluid proteins (SFPs), also play a prominent role in
molecular reproductive interactions and fertilization success.

SFPs are products of the male reproductive tract secretory tissues, particularly the
accessory glands, but also include components that are derived from the seminal vesicles,
ejaculatory duct, ejaculatory bulb and testes, and are transferred to female as part of the ejaculate
during mating (Avila et al., 2011, Wigby et al., 2020). SFPs are a highly diverse set of proteins
composed of various functional classes. The prominent functional classes among SFPs include
proteases, protease inhibitors, redox-related proteins, immunity-related proteins, and lipid

metabolism-related proteins (Findlay et al., 2008a; Walker et al., 2006).



SFPs are critical in providing sperm the support required for successful fertilization
through complex interactions within the female reproductive tract, so much so that the absence
of SFPs results in adverse effects in reproductive success for both sexes (Avila et al., 2011;
Hopkins et al., 2017; Sirot & Woltner, 2015). Critically, SFPs provide the signals for females to
regulate the storage and release of sperm and are key drivers of the stimulus for ovulation and
egg production following mating (reviewed in Wigby et al., 2020). These processes are at the
core of reproductive success, and thus understanding the molecular functions of SFPs and their
role in fertilization success is essential for understanding the evolutionary consequences of PCSS
postcopulatory sexual selection on reproductive protein evolution. In this chapter I will review
some of the known functions of SFPs and our current understanding of their molecular function.

Identifying SFPs in Drosophila is a challenging task and has been subject to debate
among researchers (Hurtado et al., 2021). Transfer from males to females must be demonstrated,
which is experimentally challenging due to SFP modification and degradation in the female
shortly following mating. Early identification efforts of SFPs focused on mRNA’s
predominately expressed in male accessory glands and that possessed a predicted signal secretion
sequence (K. B. Chapman & Wolfner, 1988; Monsma & Wolfner, 1988; Ravi Ram & Wolfner,
2007; Swanson et al., 2001; Walker et al., 2006; Wolfner et al., 1997). Following these studies
higher throughput proteomic studies were performed. Proteomic analysis was performed on
female reproductive tracts following mating to isotopically labeled spermless males (Findlay et
al., 2008a, 2009; McCullough et al., 2022). This method identified transferred seminal proteins
while excluding sperm proteins and proteins native to the female reproductive tract. In a similar

experiment, quantitative proteomics was performed on male accessory glands, and female



reproductive tracts post mating to identify proteins that are depleted in the male and increased in
the female (Sepil et al., 2019) which result in the identification of additional SFPs.

The most utilized list of D. melanogaster SFPs comes from a combination of past studies
on the seminal proteome, with 292 proteins being considered 'high-confidence' based on
proteomic and transcriptomic analysis (Wigby et al., 2020). In addition to the high-confidence
SFP list, a second 'candidate' list of 321 proteins was generated. The candidate list was
established with the criteria that they (1) are likely SFPs based on expression data, but fail to find
evidence of transfer to the female, (2) are included in predicted intracellular housekeeping
functions, (3) were first defined as SFPs, but are also included in the sperm proteome (Wigby et
al., 2020). More recently, a full set of SFPs was identified using a combination of
semiquantitative proteomics and sex-specific isotopic labeling to identify sperm proteins and
SFPs at the major stages following posttesticular maturation (McCullough et al., 2022). This
approach demonstrated significant compositional changes of both sperm proteins and SFPs as
they move through the male reproductive tract into the FRT where they interact with female-
derived proteins. Together this approach generated the most complete set of SFPs having
empirical evidence for classification as a SFP.

Many methods are available to characterize SFPs' functional roles in D.
melanogaster. D. melanogaster has a complete and well-annotated genome with a wealth of
genetic and molecular tools available. These tools include collections of mutants with knock-
downs, knock-outs, and overexpression for specific genes (Zirin et al., 2020). If the desired
mutant collection is not available, there are several methods one can utilize to manipulate gene
expression to create a mutant collection (Bassett & Liu, 2014; Gratz et al., 2015; Heigwer et al.,

2018; Prelich, 2012). A particular SFP’s function can be characterized by mating males with



altered SFP expression to wild type females and observing for deviations in the typical female
post-mating behavior and reproductive output. Drosophila reproductive processes are
observable and well characterized (Hall, 1994), therefore observed deviations in the reproductive
prosses suggests that the male's altered SFP expression is responsible for producing the
deviation. Another way SFPs have been functionally characterized by being injected with a
purified SFP (Cirera & Aguadé¢, 1997; Yamane et al., 2008). If the female displays a behavior(s)
typically seen in mating, then this SFP likely has a role in this behavior.

A SFP's role in competitive paternity can also be determined in the laboratory.
Competitive paternity success can be assayed in Drosophila by mating a female to multiple
males that differ in genotype and/or carry a visible marker (Gilbert & Richmond, 1981; Prout &
Bundgaard, 1977). Setting up reciprocal matings allow for the determination of sperm 'defense’
(P1) and sperm 'offense' (P2) (Clark et al., 1995). P1 measures the first male's paternity success
rate, while P2 measures the second male's paternity success rate. After mating, the number of
progeny produced from the singular female is counted, and paternity is assigned by the visible
marker(s). Lastly, direct quantification of rival males' sperm storage and utilization in the female
reproductive tract can be observed using RFP and/or GFP-labeled sperm (Laturney et al., 2018;
Manier et al., 2010). Applying this method to males having either a knockdown or knockout for
an SFP of interest allows for the identification of a SFP’s role in competitive paternity. Using a
wild type male as the rival male, lower P1 and or P2 for the mutant male compared to the wild
type male can be attributed to the SFP mutation. Thus, suggesting the SFP of interest has a role
in competitive paternity.

SFP levels in the male reproductive tract are not limitless. SFPs are energetically

demanding to make, biologically constrained and resource limited (Perry et al., 2013). Males



that mate and remate in quick succession are depleted of SFPs and although they are transferring
sperm, the SFP depletion may result in reduced fertility (Findlay et al., 2008). With SFP
production being limited in males, males can specifically tailor their SFP abundances present in
their ejaculate transferred during mating based on perceived competition from rival males.
Quantitative proteomic analysis has shown that SFP production and transfer peaks in the
presence of rival males (Hopkins et al., 2019). In addition to elevating production and transfer of
SFPs in the presence of rival males, males can regulate abundances of specific SFPs transferred
during mating based on if the female has recently mated with a rival male. If a SFP has a lasting
effect in females, the second male can transfer less of this SFP and “piggyback” off the
reproductive response initiated by the first male, thus saving SFP stores for future matings
(Hodgson & Hosken, 2006; Sirot et al., 2011). SFPs that persist in the FRT and produce long
lasting postmating responses in females have a reduced benefit to paternity success of males
mating to females that have recently mated. Therefore, it is energetically more efficient to
transfer less of these SFPs in their ejaculate while allocating more energy to the production and

transfer of SFPs that persist for a shorter time period in the FRT.



Chapter 1.2 SFP Function

Drosophila SFPs are extremely diverse in their functional roles. Drosophila mating
creates an opportunity for microbes to enter the female reproductive tract. During copulation
males can physically damage the genitalia of the female, which can result in transfer of
pathogens. SFPs have been implicated in upregulating antimicrobial genes in the female post-
mating (McGraw et al., 2004). The SFP Sex Peptide (SP) is a primary factor driving
transcription of antimicrobial genes such as metchikowin; their stimulation may act as a
preventative step in preventing the infection pathogens following mating (Peng, Zipperlen, et al.,
2005). In addition to invoking the upregulation of immune genes, there is evidence that SFPs
have antimicrobial effects themselves. Females ectopically expressing SFPs CG6168, CG9334,
or CG10284 could resist bacterial infection significantly better than their control counterparts
(Mueller et al., 2007). These findings suggest that SFPs may have protective roles within the
female reproductive tract, and their transfer may, directly or indirectly, aid in the female’s ability
to clear microbes that could lead to infection.

Drosophila SFPs also function in forming mating plugs in females. In D. melanogaster, a
mating plug forms shortly after mating begins at the posterior end of the bursa. The mating plug
is thought to decrease receptivity to remating by blocking subsequent copulations and
maintaining sperm in the bursa. The composition of the mating plug consists of a posterior
region containing ejaculatory bulb proteins PEBme, PEB-II, and PEB-III (Bretman et al., 2010;
Lung & Wolfner, 2001) and an anterior region containing a collection of SFPs (Lung & Wolfner,
2001). PEB-II is an essential component of the mating plug, for PEB-II knockdown males form
smaller mating plugs in the uterus of their mates. Consequently, females mated to these

knockdown males are more receptive to remating in the first four hours after mating (Bretman et



al., 2010). The smaller mating plug does not function as well in physically blocking competitor
males from inseminating the female. This study supports the idea that the mating plug functions
to reduce the occurrence of female remating in the short-term before SFPs that mediate long-
term reductions in mating receptivity take effect. In a similar study, knocking

down PEBme expression by 25% failed to produce a mating plug and greatly affected female
fertility (Avila et al., 2015). Females mated to PEBme knockdown males have coagulation
failure at the posterior end of the mating plug, thus resulting in the inability of females to retain
the ejaculate after mating. In these matings, as the male and female separated following
copulation, the ejaculate was often pulled out of the female reproductive tract (Avila et al.,
2015). Together, these studies show that SFPs have an essential role in mating plug formation
and function in females, and that the mating plug is required for short-term reductions in female
remating.

In Drosophila, SFPs play essential roles in mated females, including sperm viability,
initiating and maintaining sperm storage, and mediating sperm release during fertilization. In
D. melanogaster, there is evidence that SFPs aid in sperm survival in females following mating.
Analysis of sperm within the reproductive tract of singularly mated (monogamy) and doubly
mated (polyandry) females showed that the receipt of SFPs not only improved the survival of
sperm from the same male but rival males too (Holman, 2009). This occurrence contrasts with
other insects, such as honeybees and ants (den Boer, Baer, et al., 2009; den Boer, Boomsma, et
al., 2009). In these insects, there are differences in the effects of SFPs on sperm viability
between monogamous and polyandrous species. In polyandrous species, SFP secretions are
detrimental to rival males’ sperm, while in monogamous species SFPs aid in the survival of rival

males’ sperm and their own (den Boer et al., 2010).



Once sperm enters storage, its viability must be maintained for extended periods for
fertilization. Based on association studies, it has been hypothesized that Acp29AB in D.
melanogaster affects sperm competitive ability (Fiumera et al., 2005) and the Acp29AB locus is
undergoing positive selection (Zurovcova et al., 2006). In addition, functional analysis was
performed on Acp29AB loss-of-function males: males without Acp29AB in their ejaculate were
able to induce sperm to enter female sperm storage organs following mating. However, the
sperm viability declined in the storage organs over time (Wong et al., 2008). This observed
sperm retention defect suggests that Acp29AB plays a role in mediating sperm retention in
female sperm storage organs. The retention of sperm in the female sperm storage organs
provides a competitive paternity benefit while also maintaining a supply of sperm to be utilized
for fertilization.

Some SFPs mediate sperm storage and the subsequent release from storage required for
fertilization. As previously mentioned, Acp36DE aids in the conformational changes in the
bursa that are required for sperm storage (Avila & Wolfner, 2009). Sperm stored in the female
in the absence of several SFPs fails to be utilized in the fertilization of eggs. Knockdown of five
SFPs present in the male ejaculate leads to sperm retention in sperm storage organs without
fertilization (Ram & Wolfner, 2007). Four of these SFPs (CG9997, CG1652, CG1656,
and CG17575) are required for the localization of the SFP SP to sperm tails. These SFPs work
together in a functional pathway that transports SP through physically binding SP to sperm, thus
maintaining its presence in the female reproductive tract for as long as sperm is present (Peng,
Chen, et al., 2005). While being bound to sperm tails, the female post-mating response is
maintained; however, only after SP being cleaved from sperm tails can sperm be utilized for

fertilization (Peng, Chen, et al., 2005). The binding of SP to sperm tails ensures SP’s stability in



the female reproductive tract, and may protect it from premature degradation by proteases in the
hemolymph (Peng, Chen, et al., 2005). SP also benefits the paternity of the first male in a
competitive mating environment through decreasing mating receptivity of the female,
maintaining sperm in storage, and only allowing for fertilization as SP it is gradually cleaved

from sperm tails (Liu & Kubli, 2003; Misra & Wolfner, 2020; Peng, Zipperlen, et al., 2005)



Chapter 1.3 SFP Female Interactions

The reproductive tract of an unmated female Drosophila is an obstacle that must be
overcome for successful sperm storage and fertilization. The reproductive tract of unmated
females is tightly closed with flaps of tissue covering the openings to sperm storage organs
(Adams & Wolfner, 2007). The ejaculatory components of the male initiate the conformational
changes required for sperm storage and fertilization. SFPs, rather than sperm, are the molecules
that mediate uterine conformational changes (Adams & Wolfner, 2007). Females mated to
males with a full complement of SFPs but lacking sperm experience the uteri conformational
changes required for sperm storage (Adams & Wolfner, 2007). Conversely, females mated to
males lacking SFPs but having sperm only experience the first few stages of uterine
conformational changes and store a reduced amount of sperm (Adams & Wolfner, 2007).
Together, these data show that conformational changes in the female reproductive tract mediated
by SFPs are essential for proper sperm storage.

The full complement of SFPs required for mediating conformational changes in the
female reproductive tract is unknown. However, Acp36DE is a prerequisite for the progression
of conformational changes required for sperm storage. D. melanogaster males Acp36DE knock-
down males cannot initiate the progression of female reproductive tract conformational changes
during mating experiments (Avila & Wolfner, 2009, 2017; Chapman et al., 2000). Knockdown
of Acp36DE in males results in sperm lagging in the mid-bursa instead of forming dense masses
near the sperm storage organ entrances (Adams & Wolfner, 2007). In females mated to
Acp36DE knock-down males, the uterus fails to expand fully, thus inhibiting sperm movement
toward the openings of sperm storage organs. Additionally, Acp36DE protein localizes to the

anterior mating plug and the common oviduct in mated females (Bertram et al., 1996). Together,

10



these data suggest Acp36DE functions in mediating conformational changes in the female
reproductive tract that orient sperm near the openings of sperm storage organs where it can
subsequently be stored.

Reductions in sexual receptivity after mating occur in Drosophila and various other
insects. In D.melanogaster, actively rejecting rival male suitors is a component of the induced
post-mating behaviors. These behaviors benefit the first male in a competitive mating
environment. Without a rival male(s) sperm in the female reproductive tract, the first male's
paternity share is more significant and can fertilize more eggs before the female remates. Males
with traits capable of producing substantial, long-lasting reductions in mating receptivity in
females sire more offspring possessing these traits. Therefore, these traits are selected for over
time.

In D. melanogaster, the receipt of SFPs plays a crucial role in inducing reductions in
mating receptivity in females (T. Chapman et al., 2003; Hasemeyer et al., 2009; Liu & Kubli,
2003; Ram & Wolfner, 2009; Yang et al., 2009; Yapici et al., 2008). Males that transfer sperm
but not SFPs induce a short-term reduction in mating receptivity (approximately one day) in
females. In contrast, males that transfer sperm and SFPs induced a ~1 week reduction in
females’ mating receptivity. Males with reduced expression of sex-peptide (SP) induce a weak
reduction in short-term mating receptivity and no long-term reduction compared to females
mated to wild-type males (Liu & Kubli, 2003). Since SP binds to the tails of sperm (Peng, Chen,
et al., 2005), the binding of SP to sperm is presumably required to induce more substantial short-
term reductions in mating receptivity and sustained long-term reductions in mating receptivity.
Regarding reducing mating receptivity in females post-mating, sperm likely serves only as a

carrier for SP and has little to no effect on mating receptivity itself.
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SFPs also have major influences on ovulation and oviposition in females. Ovulation is the
process by which a mature egg is released from the ovary, where it can be fertilized, and
oviposition, the egg-laying process, are key indicators of reproductive fitness in females.
Following mating, ovulation and oviposition are increased. For females, ovulation and
oviposition are energetically costly. Activation of ovulation and oviposition following mating
ensures that these processes are activated when sperm is available for fertilization. Activation of
ovulation and oviposition in females following mating benefits the first male in a competitive
mating environment. Activation of these processes ensures that the first male’s sperm fertilizes
the maximum number of eggs before the female remates.

In Drosophila, SFPs are the components of the male ejaculate that have been shown to
stimulate the activation of ovulation and oviposition in females following mating (Gillott, 2003;
Heifetz et al., 2000; Ravi Ram & Wolfner, 2007). In D. melanogaster, following mating SP and
the four SFPs that localize it to sperm tails (Peng, Chen, et al., 2005; Ram & Woltner, 2007,
2009) contribute to the long-term activation of ovulation and oviposition in the female as long as
sperm is present in the reproductive tract. SP does not only benefit the male that produced it; SP
received from one male can bind to the sperm of another male in the female sperm storage
organs, thus stimulating the usage of this stored sperm for fertilization (Misra & Wolfner, 2020).
Given that males can specifically tailor their SFP composition in their ejaculate (Hodgson &
Hosken, 2006; Sirot et al., 2011), SP likely has complex interactions in a competitive mating
environment where the activation of ovulation and oviposition may be from one or more males.

The SFP Acp26Aa has been shown to stimulate an initial increase in oviposition in
females following mating (Herndon & Wolfner, 1995). Acp26Aa was first identified for its role

in oviposition through genetic analysis and it has been shown that females mated to Acp26Aa
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knockout males lay fewer eggs than females mated to wild-type males (Herndon & Wolfner,
1995). Another SFP, ovulin, has been shown to stimulate an increase in ovulation in females
following mating (Heifetz et al., 2000, 2005). The ectopic expression of ovulin or either of its
cleaved products could stimulate ovulation in unmated females (Heifetz et al., 2005). The exact
methods of ovulin's interactions in the female reproductive tract to upregulate ovulation are
unknown. However, they likely involve interactions with neuromuscular targets in the female
reproductive tract's lateral oviduct or indirectly through altering the neuroendocrine system's
activity (Heifetz et al., 2000; Heifetz & Wolfner, 2004). In the reproductive tract of mated
females, ovulin is proteolytically broken down step-by-step in a process that depends on

SFP CG11864 and possibly others (Ravi Ram et al., 2006). The proteolytic cleavage of ovulin
following mating could serve as a way to increase the number of available molecules that can
interact with their neuromuscular targets, thus resulting in increased ovulation.

The female molecules that interact with SFPs have been relatively unexplored.
Currently, one molecule has been identified in D. melanogaster: the Sex peptide receptor
(SPR)—which localizes in female sperm storage organs as well as the nervous system—interacts
with SP in addition to in addition to the SFP DUP99B (Rexhepaj et al., 2003; Yapici et al.,
2008). Through genetic experiments, it was shown that SPR’s function is required in specific
neurons for SP to stimulate post-mating responses in the female (Wolfner, 2009). SPR serves as
a prime example of a female molecule that interacts with SFPs of the male ejaculate. Going
forward, there is a need to further identify additional female molecules involved in the
reproductive process to better understand the mechanisms females use to process and modify

SFPs after mating.
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A component of the post-mating response in Drosophila females induced by SFPs is an
increase in the amount of nutrients they consume. This increase in feeding behavior is likely in
response to the energetic demand resulting from the activation of ovulation that occurs in
females following mating. Sex peptide (SP) has been shown to have a role in stimulating
ovulation and oviposition in females following mating (Gillott, 2003; Heifetz et al., 2000; Ravi
Ram & Wolfner, 2007). SP has also been associated with post-copulatory feeding in D.
melanogaster females. Supporting this, males lacking SP in their ejaculate fail to stimulate an
increase in post-copulatory feeding in their mates, and unmated females with ectopic expression
of SP experience an increase in feeding behavior (Carvalho et al., 2006). However, there is no
evidence that SP directly influences an increase in female post-copulatory feeding. Sterile
females do not display increased feeding behavior following mating (Barnes et al., 2008). This
suggests that the increase in female post-copulatory feeding behavior observed in Drosophila is a

product of increased ovulation and oviposition rather than SP directly causing the behavior.
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Chapter 1.4 Longevity of females and sexual conflict

SFPs benefit male reproduction by increasing sperm competitive ability, stimulating their
mates to move sperm into storage, and upregulating ovulation and oviposition. Together, these
processes aid in or are required for the production of offspring. Despite SFPs benefits, some
SFPs have been implicated in reducing a female's lifespan and fitness (T. Chapman et al., 1995;
Fricke et al., 2010, 2013; Lung et al., 2002; Mueller et al., 2007; Smith et al., 2017; Wigby &
Chapman, 2005). One SFP that significantly contributes to SFP-mediated mating costs in
females is sex peptide (SP). Compared to control females, females consistently exposed to SP-
deficient males—who do not produce any detectable SP—had much higher fitness and lifetime
reproductive success (Wigby & Chapman, 2005). SP reduces female remating receptivity and
increases ovulation and oviposition in the initial matings of unmated females. The reduction in
lifespan and fitness experienced by mated females is likely due in part to the SP-mediated
upregulation of ovulation and oviposition.

Additionally, Drosophila females go through a sleep-like state known as "siesta" after
mating. SP mediates siesta: when receiving it, there is a 70% reduction in siesta and an increase
in feeding and egg-laying behavior (Isaac et al., 2010). The combination of reduced sleep,
increased feeding behavior, and the upregulation of ovulation aids in producing progeny yet
harms the female over time. Due to these fitness-reducing side effects that some SFPs have on
females, females are expected to evolve resistance to SFPs that harm them. Therefore, this
provides the potential for an evolutionary arms race between the sexes (Wigby et al., 2020). For
instance, if females develop resistance to an SFP as a result of the of the SFP causing them harm,
the males no longer receives fitness benefits from that SFP. If the SFP provides a reproductive

fitness benefit to the male (such as paternity share) the males may be selected for higher levels of
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this SFP over time to overcome female resistance, thus resulting in increased harm to females
(Edward et al., 2015). Without female resistance to SFPs that harm them yet provide
reproductive fitness benefits to males, it is expected that selection for these SFPs would be

driven only by male-male competition.
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Chapter 1.5 Rapid molecular evolution of SFPs

Drosophila SFPs are among the most evolutionarily divergent proteins between species,
with many displaying rapid sequence changes. In Drosophila, SFPs’ rapid evolution and
turnover may be attributable to the combination of sperm competition, cryptic female choice
(CFC), and the continuous arms race between the sexes (Haerty et al., 2007; Ramm, 2020;
Swanson & Vacquier, 2002). As a result of these highly selective forces SFPs may be
experiencing rapid sequence change as new sequence combinations provide a selective
advantage. In contrast, the rapid change of SFP genetic sequences may not be due to rapid
evolution of SFPs but, rather nonadaptive forces such as relaxed selection. Relaxed selection
may be occurring in the absence of purifying selection on these genetic sequence allowing for
changes to occur without functional consequences A comparison of SFP genetic sequence
information within D. melanogaster (intraspecific) and within the D. melanogaster species group
(interspecific), approximately 50-57% had signatures of relaxed selection, 35-37% showed
signatures of being selectively constrained, while only 7-12% had signatures of positive selection
(Patlar et al., 2021). Given SFPs’ roles in PCSS, the prevalence of SFP genetic sequences
having signatures of relaxed selection is counterintuitive. The prevalence of SFP genetic
sequences having signatures of relaxed selection suggests that the rapid sequence change
observed in SFP genes is not due to PCSS but rather by weakened selection in maintaining
genetic sequence identity. The minority of SFP genes, the genetic sequences displaying
signatures of positive selection, may still be rapidly changing sequences because of selective
pressures from PCSS. However, the precise mechanisms responsible for this selection need to be
better understood at the functional level. The second most prevalent SFP genetic signature was

the signature of being selectively constrained. 35-37% of SFP genes displayed signatures of
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being selectively constrained (Patlar et al., 2021). These SFP genes likely maintain sequence
identity intra- and interspecifically, due to these genes’ essential and conserved roles in
reproduction.

The drivers of SFP genetic sequence evolution warrant further examination. Studying
what drives SFP genetic sequence evolution allows for (1) an understanding of how lineage
specific SFPs may be involved in reproductive isolation. (2) An understanding of how rapid
sequence changes of SFP genes between closely related species may provide a selective
advantage. And lastly, (3) how highly conserved SFP genes may be essential for reproduction.
Going forward, I will focus on the third point by functionally characterizing one of the most

conserved Drosophila SFP genes in D. melanogaster.
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Chapter 2
Chapter 2.1 Introduction

Drosophila SFPs are among the most evolutionarily divergent class of proteins, however
the functional consequence of their rapid divergence remains unclear. Many characterized SFPs
have known roles in reproductive success of males, and are thought to be targets of PCSS. Yet,
relaxed constraints could also be causing their rapid divergence. Examining the molecular
evolution of approximately 300 SFP genes, it was found that more genes are evolving under
relaxed selection or were selectively constrained than genes that showed evidence of positive
selection (Patlar et al., 2021). Based on this molecular evolutionary data, it is unclear if SFPs are
rapidly evolving because of PCSS, as there is a large proportion of genes displaying signatures of
nonadaptive forces. To better understand what forces may predominantly be shaping SFPs rapid
divergence we need to achieve a better understanding of the functional roles uncharacterized SFP
genes have that fall into the categories of positive selection, relaxed selection, and selectively
constrained. By developing an understanding of functional roles or lack thereof in genes in each
of these three categories, we will be able to make a better connection between a gene’s
functional role and its molecular evolutionary pattern. Additionally, there is a lack of knowledge
of the precise molecular functions of SFP’s. By characterizing uncharacterized SFPs functional
roles we will add to the short list of characterized SFPs.

Genes with molecular signatures of positive selection indicate that these genes are recent
advantageous genetic variants that swept the population. PCSS can result from forms of
directional forms of selection such as positive selection giving some SFP variants advantages in
ejaculate function, or forms of sexual conflict that contribute to an escalating coevolutionary

chase between sexes (Rowe et al., 2020; Sirot & Wolfner, 2015; Wigby et al., 2020). Therefor I
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hypothesize that uncharacterized SFP genes that display signatures of positive selection will
mainly have roles in reproduction that affect male paternity and progeny output in females.
Genes with molecular signatures of relaxed selection indicate that these genes under weakened
selective strength. SFP gene expression is male-limited, which means that selection is limited to
males (Ellegren & Parsch, 2007; Ranz et al., 2003). SFP gene copies in males, which are
approximately half of all copies for an autosomal diploid gene, experience no selection each
generation (Dapper & Wade, 2020). Thus, the selective coefficient acting on SFP genes in males
must be twice as strong as that acting on genes expressed in both sexes to experience positive
selection. SFP genes that exhibit signatures of relaxed selection are not experiencing strong
enough selection in males to overcome their sex-limited expression. Therefore, I hypothesize
that uncharacterized SFP genes that display signatures of relaxed selection will mainly have no
observable functional roles in reproduction. Genes with molecular signatures of being
selectively constrained may have once been adaptive variants, but recently are limited in the
production of new variants. Constrained SFPs genes are overrepresented in older genes, present
in ancestors to the genus Drosophila and may be essential for housekeeping maintenance of
reproduction (Patlar et al., 2021). I hypothesize that uncharacterized SFP genes that display
signatures of being selectively constrained will mainly have roles that are essential to
reproduction. Moving forward, I will start by characterizing a selectively constrained SFP gene
and hope to characterize additional genes in the future.

One of the most evolutionarily conserved SFP genes is CG15117. CG15117 is an
uncharacterized D. melanogaster SFP that is predicted to enable beta-glucuronidase activity and
carbohydrate-binding activity (Baycin-Hizal et al., 2011; Findlay et al., 2008b; Wigby et al.,

2020) Because of this, I will refer to CG15117 as BGLUC. BGLUC is highly conserved, with
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orthologs present in Homo sapiens, Mus muscus, D. obscura, and D. yakuba to name a few
(Supplementary Table 2).

D. melanogaster BGLUC was identified as a high-confidence SFP (Wigby et al., 2020).
BGLUC is transferred as a component of the male ejaculate to the female during mating (Findlay
et al., 2008a, 2009; McCullough et al., 2022). BGLUC also has expression bias towards the
male accessory gland, is moderately expressed in the testes and has reduced expression in other
tissues (Li et al., 2022). Single-cell data from (Li et al., 2022) of the male reproductive tract
shows BGLUC expression is predominant in male accessory gland main cells, male accessory
gland secondary cells, anterior ejaculatory duct, seminal vesicle, and the secretory cells of the
male reproductive tract. Expression in the testes is limited to gonadal associated epithelium.
Thus, BGLUC is a bona fide D. melanogaster SFP.

BGLUC is predicted to enable beta-glucuronidase and carbohydrate-binding activity
(Baycin-Hizal et al., 2011). Beta-glucuronidases are members of the glycosidase family of
enzymes that function in the catalytic breakdown of complex carbohydrates (Comprehensive
Biological Catalysis. 4, 1998). In humans beta-glucuronidase is a lysosomal enzyme that
catalyzes the hydrolysis of beta-glucuronide residues as part of a sequential degradation of
glycosaminoglycans and several sulfates (Morel & Levin, 2008). The autosomal recessive
disorder known as Sly syndrome is due to a deficiency of beta-glucuronidase which leads to
accumulation of incomplete degraded glycosaminoglycans in secondary lysosomes in many
tissues (Morel & Levin, 2008). There is a knowledge gap in how beta-glucuronidase proteins are
involved in sexual reproduction. Currently there are no available studies on beta-glucuronidase
activity in sexual reproduction in insects, and the studies that do exist are based on its activity in

bull seminal plasma and reproductive organs (Jauhiainen & Vanha-Perttula, 1986). Therefore,
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functionally characterizing beta-glucuronidase in D. melanogaster reproduction will provide
insight into its role in insect reproduction and other organisms due to its evolutionary
conservation.

In an effort to functionally characterize the role of BGLUC in D. melanogaster
reproduction, I generated a CRISPR knockout mutation for this gene. By generating a knockout
mutation of this gene and analyzing the consequences on reproduction deviations from wild-type
reproductive behavior were characterized. A line containing sgRNA for the coding sequence of
BGLUC was obtained to generate this mutation (Zirin et al., 2020). Using an sgRNA-
expressing strain allows many flies to be mated with a line expressing Cas9 and then screened
for the knockout mutation. This method of generating CRISPR knockout mutations has a higher
throughput than methods where gRNAs are microinjected into fly embryos expressing Cas9 and
then screened for the mutation. Additionally, in my experience, using lines already expressing a
sgRNA was more effective at generating knockout mutations. Here I analyze D. melanogaster
BGLUC mutants to identify phenotypes, and thus elucidate the genes’ role in sexual

reproduction.
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Chapter 2.2 Methods

Fly stocks and husbandry

Flies were kept at consistent population densities and maintained at a constant
temperature of 24° in a ~12-hour day/night cycle on standard cornmeal medium. I collected flies
to be utilized for all experiments every six hours using CO2 anesthesia to ensure they were
unmated. Collected flies were sexed, divided based on phenotype and placed into standard
cornmeal vials, and aged for five days. Twenty-four hours before planned mating experiments I
placed male flies into their own individual fresh vial. Additionally, 24 hours before all planned
mating experiments, I placed females in groups of ten female flies into fresh vials with a dried
yeast mixture (4g yeast/7 ml H20) to increase mating receptivity in females.

The following lines were used in this study: BL#77081 y[1] sc[*] v[1] sev[21];
P{y[+t7.7] v[+t1.8]=TKO.GS00872}attP40, BL#3628 y[1] w[*]; nub[2] b[1] sna[Sco] pr[1]
cn[1]/CyO, BL#54591 y[1] M{w[+mC]=nanos-Cas9.P}ZH-2A w[*], BL#25211 Oregon-R-
modENCODE, and pBac{Ub nls-EGFP, ProtamineB-EGFP} (J. Belote, personal

communication).

BGLUC null stock generation

To generate CRISPR knockouts for BGLUC, I utilized a TRiP-KO line that expresses an
sgRNA targeting the coding sequence of BGLUC. First, I mated TRiP-KO females with males
carrying a germline source of Cas9 (nos-Cas9) to induce a double-strand break in the coding
sequence of BGLUC. (Non-homologous end-join