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Abstract

Varied and fascinating interactions occur between males and females to lead to the production of progeny. Interactions
between the sexes continue even after the act of mating—but at the molecular and cellular level instead of between
individual animals. Molecules transferred from males to females during mating (via the seminal fluid) exert potent effects on
females’ physiology and (at least in some animals) on behavior. Taking advantage of genetic, genomic, and biochemical tools
for Drosophila, we investigate molecular interactions that undetlie this form of chemical communication. Recent data show
that molecules and cells from both sexes participate in this “ballet,” facilitating the mutually beneficial outcome of increased
progeny production. Examples to be presented include the storage and utilization of sperm in the mated female, and
a proteolytic pathway that begins in the male but ends in the female and involves both male and female contributions.
Despite the joint benefit of increased progeny production, the “interests” of the mating male can differ from those of his
mate. Over evolutionary time this disconnect can, in theory, precipitate a “battle” between the sexes, potentially leading to
the rapid sequence changes that have been observed for some seminal proteins across species.

Key words: mating behavior, proteolysis, rapid evolution, seminal proteins, sequence conservation

Mating occurs after members of the reproductive pair of the couple usually separate physically and, depending on
recognize one another and interact through premating the species, can go their separate ways. But their physiology
phenomena such as courtship. After mating, the members and, in some species, overt behaviors are profoundly
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changed by the encounter. What causes these fascinating
effects? Tinbergen (1963) proposed that the underpinnings
of behaviors can be viewed from several perspectives:
causation, development, evolution, and function. Among
causations are the neural networks underlying a given
behavior and the molecular, social, and environmental cues
that lead to the behavior. This article will discuss a group of
molecular cues for Drosophila postmating behaviors, as well
as some evolutionary and functional petspectives on them.
It will describe how, rather than a one-time effect, molecules
provided by one member of a mating pair interact with
molecules and cells of the other, in a back-and-forth
dialogue. Some of these interactions appear to synergize, as
in the moves of a couple dancing a ballet, but some appear
to have antagonistic effects, suggesting a “battle” between
male- and female-derived molecules. Even from an
evolutionary perspective, signs of a similar dichotomy
emerge. Some molecules that mediate reproductive behav-
iors show evolutionary characteristics of having been driven
by conflicts, or battles, between the interests of animals
engaged in reproduction. Yet others that must work
together in a pathway must have been evolutionarily
constrained by the mechanistic “ballet.” Thus, there is
a complexity and nuance to the cues for these reproductive
behaviors, integrating both ballet and battle.

Mated females, on which this article focuses, show
a variety of changes relative to their unmated counterparts.
They store sperm from the mating (Neubaum and Wolfner
1999b; Bloch Qazi et al. 2003) for times that can range from
hours to days (most mammals [Suarez 2008]), to weeks
(insects such as Drosophila [Kaufmann and Demerec 1942])
to years (Hymenoptera, e.g., [Baer and Boomsma 2006; den
Boer et al. 2008] and some reptiles, e.g., [Magnusson 1979)).
Storage of sperm is important in reproduction as it allows
extended progeny production from a single (or clustered)
mating; in some animals, it allows females to produce
progeny for yeats after these encounters. Another important
aspect of sperm storage arises in species whose females
mate with multiple males. The sperm/ejaculates of these
different males can compete within the female for
fertilization opportunities (Parker 1970), or the female can
exert preference (e.g., cryptic female choice) over which
male’s sperm fertilize her eggs (Eberhard 1996). Sperm
competition and cryptic female choice can have powerful
evolutionary consequences. Another set of changes seen in
mated females is physiological. For example, uterine muscles
contract postmating in many mammals (thought to facilitate
the movement of sperm to storage or fertilization sites, e.g.,
[Langendijk et al. 2005]), and ovulation is triggered by
mating in camelids (Chen et al. 1985). In insects, egg
production (and egg laying behaviors) is triggered or
stimulated by mating (reviewed in [Wolfner et al. 2005]).
A third type of change is in the immune system of females.
Mated females induce genes of the immune response
(Lawniczak and Begun 2004; McGraw et al. 2004; Peng et al.
2005b; Mack et al. 2000), perhaps to protect their
reproductive tracts or gametes/embryos from microbial
attack, for example, by microbes introduced during mating.
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Finally, in arthropods at least, mating causes changes in
overt behaviors, such as receptivity to remating and/or
feeding (e.g., in Drosophila, reviewed in [Kubli 2003;
Woltner et al. 2005]; see also [Carvalho et al. 2006]). For
example, mated lepidopteran females cease their production
of pheromones that attract mates to them (e.g., Raina et al.
1994), and mated Drosophila females show a rejection
response (kicking, extruding their ovipositor [Manning
1967]) if males attempt to mate with them. Feeding
behaviors also change: mated Drosophila females eat more
than unmated females (Carvalho et al. 2006), and mating
stimulates female ticks to take blood meals (Weiss and
Kaufman 2004). What sorts of molecules trigger these
varied and fascinating changes, and how do they work with
the female’s molecules and physiology to accomplish this?
How do molecules made in one animal (the male) that affect
another (the female) evolve? The answers to these questions
can impact not only our understanding of reproduction,
chemical communication, and evolution but also potentially,
practical applications in the regulation of reproduction.

Cues for postmating behaviors are particularly amenable
to study in the fruit fly Drosogphila melanogaster (In this article,
“Drosophila” refers to . melanogaster, unless otherwise
noted). There is a wealth of genetic and molecular tools for
this animal, including collections of available mutants, and
methods to easily manipulate the expression of any desired
gene (e.g., see http://flybase.org/). Recently, the complete
genomic sequence of 12 species spanning the genus was
released (Clark et al. 2007). Fruit flies are easy to grow in the
laboratory. Drosophila mating behaviors are rapid and occur
in a reproducible sequence (Hall 1994). This makes it easy
for researchers to detect any perturbation caused by the
genetic or other manipulations they have catried out with
the flies. Drosophila is also a proved excellent model for
discovery and analysis of genes of biomedical relevance.
Drosophila is also a model insect, and thus, its analysis may
inform methods to curtail the reproduction of insects that
transmit diseases or are agricultural pests or, alternatively, to
protect the reproductive capacity of beneficial insects.

In principle, postmating changes in female Drosophila
could be caused by nonmating interactions with males such
as during courtship, by physical effects of the act of mating
itself, or by molecules (in the seminal fluid or contact
pheromones) or cells (e.g., sperm) transferred from the male
to the female during mating. A variety of studies have been
performed to identify the causes of the postmating changes
in females. These include exposing females to males in the
absence of mating or allowing females to mate with males
that cannot provide sperm or, alternatively, components of
seminal fluid made in the male fly’s reproductive glands
(such as the “Acp” proteins made in his accessory glands).
These studies have shown that Acps from males are
essential to trigger several postmating changes in the female
(reviewed in Wolfner 1997; Chapman 2001; Kubli 2003;
Wolfner et al. 2005). Specifically, Acps induce females to
reject further mating attempts, to eat more, to increase egg
production/laying, and to undertake the storage, retention,
and release of sperm (“sperm management”; Figure 1).
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Figure I. Acps and the postmating responses they regulate.
At left ate listed the protein categories into which many of the
112 Acps can be assigned; numbers in parentheses are the
number of Acps in that category. At right are listed
postmating responses that have been shown to be induced by
Acps. [The “?” at “Fight microbial infection” refers to the fact
that although some Acps have antimicrobial activity in vitro,
and Acps can induce expression of antimicrobial peptides in
mated females, systemic immunity did not seem to be affected
by mating (ability to fight microbes locally in the reproductive
tract was not been tested)]. Please see text for references.

To understand how the Acp group of seminal proteins
cause postmating behavioral changes in females, we need to
know what those proteins are. Acps have been identified by
several means. Differential cDNA hybridization, expressed
sequence tag screens, and microatrays have identified genes
expressed at high levels, or exclusively, in the male accessory
gland (Schifer 1986; DiBenedetto et al. 1987; Swanson et al.
2001; Chintapalli et al. 2007). Those predicted (or known) to
encode secreted proteins, which can thus constitute part of
the seminal fluid, are considered Acp genes. Proteomic
screens have identified additional proteins made in male
accessory glands or proteins transferred by males to females
(Walker et al. 2000; Findlay et al. 2008). Together, these
studies have identified 138 seminal proteins, including 112
predicted Acps (Ravi Ram and Wolfner 2007a), although
this is likely an underestimate, since low-abundance tran-
scripts/proteins could have been missed. BLAST searches,
3D-homology modeling, and threading of sequences to
known protein structures give clues as to the biochemical
function of Acps (Mueller et al. 2004), which have been
verified biochemically in test cases. For example, the amino
acid sequence of AcpG62F threads to that of a secreted
protease inhibitor. This threading predicts Acp62F’s active
site residue as typical of a trypsin inhibitor; in vitro studies
have confirmed that Acp62F can inhibit trypsin (Lung et al.
2002). The results of sequence comparisons and structural
predictions have shown that Acps fall into a number of
protein classes (Figure 1). Most of these classes are found in
seminal proteins across animals. Forty percent of Acps
appear to be peptide hormones or prohormones (precursors
of peptide hormones), likely to be triggers of physiological

Wolfner « Acp Action and Evolution in Drosophila

mutate the Acp gene
or make an RNAi knockdown
(in male)

D

& mate

PsS=

|

Does the female lack a post-
mating response?

ectopically express
an Acp
in an unmated female

Does the female show post-
mating behavior?

Figure 2. Genetic tests to determine biological functions of
Acps. The functions of Acps can be determined by knocking
out their production in males (by RNAi or mutation) and then
determining which postmating responses in those males’ mates
are lacking. Alternatively, unmated females can be engineered
to express individual Acps. If those females show responses like
those of mated females, it suggests, though does not prove, that
the ectopically expressed Acp may induce that response in

a mating.

or behavioral changes in females. A quarter of Acps are
proteolysis regulators, and several Acps are proteins in
families predicted to bind to sperm based on studies in
mammals (lectins, CRISPs; e.g., Ignotz et al. 2001; Busso
et al. 2003; Gwathmey et al. 2006; Cohen et al. 2008; Da Ros
et al. 2008). Additional Acps are in protein classes expected
to exert protective effects on females’ reproductive tracts or
the gametes and zygotes within them. Proteins in this class
include predicted antimicrobial peptides and antioxidants
(Lung et al. 2001; Mueller et al. 2004; Mueller et al. 2007).
Additional seminal proteins include members of the
odorant-binding protein class (Findlay et al. 2008). Antibody
and protein-labeling studies have confirmed transfer of 52%
of predicted Acps to females during mating (Monsma and
Wolfner 1988; Heifetz et al. 2000; Ottiger et al. 2000; Ravi
Ram et al. 2005; Findlay et al. 2008). Lack of evidence for
transfer of the others may be due to sensitivity of detection
and/or lack of antibody reagents.

Although such sequence-based studies can predict bio-
chemical functions for many Acps, to understand their true
biological functions, one needs to use a genetic approach.
Two complementary approaches are used (Figure 2). First,
males can be generated that lack a given Acp. This can be
done either by generating a mutation in the Acp gene or by
RNA interference (RNAI). In the latter approach, transgenic
males are generated that transcribe both strands of the Acp
gene or express a hairpin RNA double stranded for the Acp
gene. This can “knock down” the Acp protein’s expression
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by ~97% (Ravi Ram et al. 2006; Dietzl et al. 2007). Females
are mated to males that lack individual Acps (or all Acps)
and tested for postmating behaviors. Any behavior not
shown by these females must have required the Acp(s) that
was removed (Herndon and Wolfner 1995; Neubaum and
Wolfner 1999a; Chapman et al. 2003; Liu and Kubli 2003;
Wigby and Chapman 2005; Carvalho et al. 2006; Ravi Ram
et al. 2006; Ravi Ram and Wolfner 2007b; Mueller et al.
2008; Wong et al. 2008a). In a converse approach, unmated
females can be engineered to express a single Acp (ot, in
a nongenetic approach, injected with the pure Acp). If these
females show any behaviors that are normally only seen
postmating, it suggests that the tested Acp might play a role
in inducing such behaviors in a normal mating (Chen et al.
1988; Aigaki et al. 1991; Lung et al. 2002; Carvalho et al.
2006; Mueller et al. 2007). However, caution must be
exercised in interpreting results of ectopic expression.
Phenotypes can reflect effects of the presence of higher
levels, or unusual placement, of the Acp relative to those
after a mating, and lack of phenotype could simply reflect
the need for the Acp to be transferred with other male
contributions during mating.

Approximately 40 Acps have been tested by these
methods, and additional Acps have been tested for allelic
associations with sperm competition parameters (Clark et al.
1995; Fiumera et al. 2005, 2007). As desctibed below,
functions have been found for many of these Acps. In
particular, one Acp (the sex peptide [SP]) causes both the
increased feeding and decreased mating-receptivity behav-
iors. The SP and 2 other Acps induce aspects of egg-laying
behavior. At least 6 Acps are involved in the storage,
retention, and regulated release of sperm (sperm manage-
ment). Other Acps affect nonbehavioral phenomena in
mated females including proteolysis (2 Acps) and longevity/
toxicity (4 Acps, including the SP). Several Acps induce the
production of antimicrobial peptides (McGraw et al. 2004;
Peng et al. 2005b; Mack et al. 2006), although studies of
systemic immunity do not find a change in the ability of
females to fight off infection by injected bacteria (local
immunity in the reproductive tract has not been tested)
(Fedorka et al. 2007; Wigby et al. 2008). An additional 3
Acps on their own can fight systemic infection on ectopic
expression (Mueller et al. 2007), although whether this
relates to an ability to guard against microbial infection after
mating (e.g., in the reproductive tract) is unknown. Several
additional Acps have been suggested, from association
studies, to play roles in sperm competition.

Mutational, RNAi, ectopic expression, and injection
experiments have shown that the 36-amino acid SP
(Acp70A) induces mated females to feed, to reject mating
attempts by subsequent males, and to increase their oogenic
rate; it also decreases their longevity (Chen et al. 1988;
Aigaki et al. 1991; Chapman et al. 2003; Liu and Kubli 2003;
Wigby and Chapman 2005; Carvalho et al. 2006). Its mode
of action is not yet known, but it is known to enter the
circulatory system of the mated female (Pilpel et al. 2008) (as
do about two-thirds of the Acps tested; they cross a special
part of the reproductive tract wall to do this) (Monsma et al.
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1990; Lung and Wolfner 1999; Ravi Ram et al. 2005). From
the circulatory system, the SP has access to the neural—
endocrine system and could thus exert its effects on
behavior via any of those targets. In fact, it has been shown
to increase synthesis of juvenile hormone B3 (in in vitro
experiments) (Moshitzky et al. 1996) and to bind to multiple
targets in the nervous system (Ottiger et al. 2000). Recently,
a G-protein—coupled receptor for SP has been reported
(Yapici et al. 2008). This receptor, SPR, is detected in the
sperm storage organs and also in the nervous system. Genetic
experiments have shown that SPR’s function is needed in
particular neurons (those that express the sex-determining
protein Fruitless) in order for the SP to affect behavior. This
is the first receptor for any Acp, and its future study will be
important in determining how the SP causes its effects. SP’s
action has one additional feature. Peng et al. (2005a) have
shown that the SP binds to sperm stored within the mated
female; this association allows the SP to persist within the
mated female for longer than most Acps. The stored SP is
gradually cleaved from the sperm, releasing the SP, and
allowing it to enter the circulatory system. This storage and
release of SP allows postmating behavioral changes to persist
for many days after mating,.

Other Acps are needed to increase the production and
ovulation of eggs by the female and the transit and storage of
sperm in the mated female’s reproductive tract (Neubaum
and Wolfner 1999a; Heifetz et al. 2000; Ravi Ram and
Wolfner 2007b). As the actions of these Acps are becoming
understood, it is increasingly clear that these actions occur
in a sequence of events that involves a molecular or
physiological cross-talk (or ballet) between male and female
molecules and cells. This ballet, in which one partner takes
a step, then the other, then the first, etc. toward a shared goal,
will be discussed in the next sections.

Ballet

Crosstalk occurs between female and male during sperm
management. Like other behaviors, sperm management
involves a series of sequential steps (Figure 3) (Bloch Qazi
et al. 2003). Sperm must reach and enter storage, they must
be retained there but also be released at a rate appropriate to
fertilize eggs, and they must be maintained as viable while in
storage. Drosophila females store sperm in 2 types of sperm
storage organ (the coiled seminal receptacle and a pair of
spermathecae). They store ~1000 sperm (approximately
a quarter of what they receive from their mate) for up to ~2
weeks (Kaufmann and Demerec 1942; Gilbert 1981). Sperm
are used very efficiently in . melanogaster; approximately half
of the sperm that are stored eventually fertilize eggs.

The reproductive tract of an unmated Drosophila female
presents batriers to the storage of sperm. The tract is tightly
closed and contains a flap of tissue that covers the openings
to the sperm-storage organs (Adams and Wolfner 2007).
Both of these situations, particularly in light of the large size
of Drosophila sperm (e.g., Pitnick et al. 1995), could in
principle make it impossible for sperm to reach and/or
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enter storage. Mating causes conformational changes in the
female’s reproductive tract that appear likely to facilitate the
entry of sperm into storage (Adams and Wolfner 2007).
Specifically, the lumen of the reproductive tract opens, and
the flap that covers the opening to the sperm storage organs
is pulled aside by the conformational change. As with other
aspects of reproductive behavior, these conformational
changes occur in a reproducible sequence, in this case
composed of 10 sequential and distinct stages.

The conformational changes must be the consequences
of changes in the contraction and relaxation of the
reproductive tract musculature. Two types of data suggest
that these mating-induced changes occur by modulating
molecules that already preexist in females; in other words,
that the female reproductive tract is “poised” to respond to
Acps. First, transcriptome studies of whole females and of
the lower reproductive tract show only small-magnitude
changes during the time that the conformational changes
are occurring (McGraw et al. 2004; Mack et al. 2000).
Second, the reproductive tract is innetvated, and vesicles can
be seen along its length in mature but unmated female
Drosophila (Heifetz and Wolfner 2004). These vesicles
contain a variety of neuromodulators whose release, in
theory, could prompt changes in muscle contractile state.
Mating causes regulated release and reuptake of the contents
of these vesicles, and Acps mediate some of the vesicle
release. The lower reproductive tract (the part that under-
goes the conformational changes just described) shows
increased vesicle release at 2090 min postmating, during
the time when this region is undergoing the shape changes.
Future studies are needed to identify which molecules are
released and whether and how they prompt the muscle
contractions/relaxations.

Acps are necessaty for the conformational changes in the
lower reproductive tract and for release of some vesicle
contents (Heifetz and Wolfner 2004; Adams and Wolfner
2007). If a female is mated to a male lacking Acps, her
reproductive tract fails to proceed through the conforma-
tional stages,
(Interestingly, sperm themselves are not required to prompt
the conformational changes that accompany their storage; in
the absence of sperm, the reproductive tract proceeds
through its normal sequence of stages, at the normal rate.)
Acps also regulate the release of some of the vesicles along
the reproductive tract, including in the lower reproductive
tract, in this case. It is tempting to hypothesize that they
regulate the muscle contraction this way.

As noted above, 6 Acps thus far have been discovered to be
essential for aspects of sperm management (Neubaum and
Wolfner 1999a; Ravi Ram and Wolfner 2007b; Wong et al.
2008a). Of the 6 Acps, only the glycoprotein Acp36DE is
necessary for the first step (sperm entry into storage); the other
5 Acps control the later steps of sperm retention or release.
Consistent with the model that the conformational changes
noted above facilitate or allow sperm storage, Acp36DE is
necessary for progression of the conformational changes (Avila
FW and Wolfner MF, submitted). Future studies will address
whether Acp36DE exerts its function on sperm storage by
regulating vesicle release in the lower reproductive tract.

Studies of Acp action in sperm management have begun
to uncover an interdependent pathway of interactions
between females and males. This ballet begins when male
molecules (Acps) regulate the release of vesicles in the
female’s reproductive tract (Heifetz and Wolfner 2004). The
female reproductive tract presumably responds by muscle
contractions/relaxations that cause conformational changes
that expose the openings to the sperm storage organs

arresting at a very early conformation.
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(Adams and Wolfner 2007). This in turn allows the male’s
sperm to enter storage. Later, once sperm are in storage,
contributions from the female (likely, secretions of the
spermathecae and parovaria [Anderson 1945; Allen and
Spradling 2008; Prokupek et al. 2008]) are required for
sperm to fertilize eggs (it is as yet not known whether those
molecules act to keep stored sperm alive and capable of
fertilizing eggs or whether they modulate the release or
retention of sperm). Male-derived Acps are also necessaty at
this stage, including the Acps needed to release sperm from
storage (CG17575, CG9997, CG1652, CG1656 [Ravi Ram
and Wolfner 2007b]) and Acp29AB, which is required for
retention of sperm in storage (Wong et al. 2008a).
Preliminary studies suggest that the 4 sperm-release Acps
function within a single interdependent pathway, controlling
each other’s transfer to or stability in females, or ability to
associate with sperm (Ravi Ram K and Wolfner MF, sub-
mitted). Future studies are required to characterize this path-
way and how it interfaces with the female factors needed for
the maintenance and release/retention of stored sperm.
Another example of a molecular ballet between females
and males occurs in the regulation of egg-laying behavior in
mated female Drosophila. As with sperm management, egg-
laying behavior involves a sequence of distinct steps (Figure 3)
(Heifetz et al. 2000; Bloch Qazi et al. 2003): eggs ate made in
the ovary, ovulated, moved through the oviducts to the uterus
where they will be fertilized, and then deposited onto the
substratum. Analogous to sperm management behaviors,
female-detived and male-detived molecules regulate steps in
this behavioral sequence, although how they interact with one
another is not yet known; it is an area of active investigation.
A partial list of female-derived molecules that participate in this
sequence is: receptors for Acps (to date, only one, the SP
receptor mentioned above, has been reported [Yapici et al.
2008]), juvenile hormone (a hormone that is needed for
oogenesis [Riddiford 1993]), octopamine (which is needed for
ovulation [Han et al. 1998; Monastirioti 2003; Cole et al. 2005]),
logjam (a vesicle transport proteins in the p24 family that is
required for movement of eggs down the reproductive tract
[Carney and Taylor 2003]), and insulin-like peptides (which are
part of the sensing system by which a female chooses egg-
deposition sites) (Yang et al. 2008). Male-derived molecules
include 2 Acps that have been shown to regulate particular
steps in the pathway (Herndon and Wolfner 1995; Heifetz
et al. 2000; Chapman et al. 2003; Liu and Kubli 2003) and
a third Acp, a peptide, whose specific action is not yet known
(Ravi Ram and Wolfner 2007b). The SP increases the rate of
oogenesis (Soller et al. 1997, 1999). Because SP can clevate
levels of the juvenile hormone B3 in Drosophila tissues in
vitro, it is tempting to speculate that at least some of SP’s
stimulation of oogenesis derives from this effect (Moshitzky
et al. 1996). The prohormone ovulin regulates the ovulation
step (release of eggs from the ovary) (Monsma and Wolfner
1988; Heifetz et al. 2000). It is not yet known how it does so.
After mating, ovulin targets to the base of the ovary (Heifetz
et al. 2000), where it could potentially act directly to promote
ovulation, perhaps by relaxing the musculature in this region to
allow the large egg to move out of the ovary. Ovulin also enters
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the circulatory system of the female (Monsma et al. 1990), so it
could also (or instead) act indirectly via neural or endocrine
targets outside of the reproductive tract. Determining ovulin’s
site and nature of action is another important area of ongoing
investigation.

Molecular studies of ovulin have uncovered another
ballet. This ovulation-stimulating Acp is made in the male as
a glycoprotein that is transferred intact to the female during
mating (Monsma et al. 1990). Once inside the female,
however, ovulin is cleaved in a sequential series of steps in
a manner consistent with liberating bioactive peptides from
a prohormonal precursor. Ectopic expression of ovulin’s
cleavage products in unmated females showed that each of
the 2 final cleavage products can, on its own, stimulate
ovulation (Heifetz et al. 2005). However, since full-length
ovulin also can stimulate ovulation (Heifetz et al. 2005), at
present we do not know whether the biological function of
the cleavage is to liberate bioactive products from a pre-
cursor (as we believe, given the cleavage’s site-specificity) or
to control the stability of ovulin within the female’s
reproductive tract. In either case, the nature of the cleavage
pathway is important, and thus we investigated it further.

In theory, a simple way to restrict ovulin cleavage to the
mated female fly would be if the female’s reproductive tract
were the location for the entire proteolytic pathway that
cleaves ovulin. If this were the case, then ectopic expression
of ovulin within the reproductive tract of an unmated female
should result in the protein’s cleavage. However, it does not
(Park and Wolfner 1995). Therefore, male contributions are
also required for this cleavage, suggesting that there may
again a crosstalk between males and females, this time at the
molecular level, revolving around ovulin. Experiments in
which ovulin cleavage was assessed in females that received
normal or decreased levels of Acps showed that the male
contribution was likely an Acp: cleavage was poor in females
that received low levels of Acps (Heifetz et al. 2005).
Therefore, to identify male contributions to ovulin cleavage,
individual Acps were tested for roles in this process.

Approximately 25% of Acps are predicted proteolysis
regulators (Mueller et al. 2004; Ravi Ram and Wolfner
2007a), and all those that have been tested are transferred to
females during mating (Lung and Wolfner 1999; Ravi Ram
et al. 2005; Findlay et al. 2008). Thus, these were candidates
for the male contribution to ovulin cleavage. To test
genetically whether any of the male-encoded proteolysis
regulators were required for ovulin cleavage within mated
females, males that had been knocked down (or knocked
out) for a given proteolysis regulator were mated to females,
and ovulin cleavage was assessed in those females. If ovulin
cleavage required the presence of a particular Acp, the
cleavage should be blocked or its rate should be changed in
mates of males knocked down for that Acp. Of 12
proteolysis regulators tested, 2 affected ovulin cleavage:
the predicted protease CG11864 was necessary for ovulin
cleavage within females (Ravi Ram et al. 2006), and the
trypsin  inhibitor Acp62F controls the rate of ovulin
proteolysis inside mated females (Mueller et al. 2008).
CG11864 is a member of the astacin family of
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Figure 4. The pathway for ovulin proteolysis begins in the
male and ends in the female.

metalloproteases. Astacin family members are made as
inactive zymogens (pro-proteases). They become active
when a short pro-peptide sequence is cleaved from them
(Bode et al. 1992). CG11864 contains a predicted pro-
peptide. In the male accessory gland, where CG11864 and
ovulin are both made, CG11864 appears to be in the pro-
protein form. While in transit through the male reproductive
tract, en route to the female, the molecular weight of
CG11864 drops, consistent with removal of an inhibitory
prosequence (Ravi Ram et al. 2000).

Despite the possible activation of CG11864 while in the
mating male, no cleavage of ovulin is observed in the male.
This suggests that some condition, cofactor, or contributing
protease present in the female might be essential for
cleavage of ovulin. To test if a female proteolysis regulator is
necessary for, or modulates, ovulin cleavage, we generated
females knocked down individually for proteases or protease
inhibitors that are expressed in the female reproductive
tract. To date, no female protease has been shown to
contribute to ovulin cleavage, but at least one proteolysis
regulator made by females controls the rate of ovulin
cleavage within females (Sirot LK, Wong A, and Wolfner
MF, unpublished data).

Thus, these studies have identified a proteolytic pathway
that starts in one organism (the male) and ends in another
(the female) and involves contributions by both organisms
(Figure 4). Specifically, a target protein (i.e., ovulin) is made
in the male’s accessory gland, along with an inactive form of
a protease needed for its cleavage (CG11864) and a protease
inhibitor that controls the rate of cleavage (Acp62F). During
transit to the females, CG11864 is cleaved, presumably to
activate this astacin family protease; but cleavage of ovulin
only occurs once CG11864 and ovulin have entered the
female. The female environment (including potentially other
proteases) enables ovulin cleavage, and a female proteolysis
regulator (along with the male derived Acp62F) controls its
rate. This joint pathway thus either controls the production
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of bioactive cleavage products of ovulin or regulates the
stability and availability of ovulin within the female. Future
research will fully flesh out the cleavage pathway, including
the roles of female and male players (and targets) within it.

Taken together, the studies described above indicate
a nuanced ballet operating between female and male
molecules and cells in Drosophila reproduction. For sperm
storage, conformational changes in the female’s reproductive
tract ate induced by male-derived Acps, likely by controlling
release of preexisting female-derived neuromodulators. The
subsequent retention, release, or viability of sperm requires
female-derived spermathecal factors and several Acps. In the
egg-production process, although the female makes the eggs,
an Acp from the male is thought to raise her juvenile
hormone levels, which would increase her oogenic rate.
Ovulation of those eggs requires octopamine made by
females and is stimulated by the male-derived Acp ovulin.
Owulin itself is cleaved in a pathway that requires at least one
male-derived protease in the context of the female re-
productive tract. The impression one is left with is that male
and female components work together to facilitate the
changes in the female that will ultimately promote re-
production by the mated pair.

The balletic interactions desctibed above indicate that at
the mechanistic level, male and female molecules and/or
cells can work synergistically. And yet, that this occurs
between 2 animals with differing “interests” at stake (despite
the shared goal of reproduction) leads to the possibility of
a conflict, or battle, at a different—evolutionary—Ievel.
Perhaps this can explain some otherwise perplexing findings
that appeared as the mechanistic ballet has been dissected.
For example, although the female is requited for cleavage of
ovulin, recent studies show that she contains at least one
molecule that slows this cleavage rather than facilitating it.
In another, hypothetical, example, the conformational
changes that correlate with and may facilitate the storage
of sperm might be sensitive to allelic forms of their
triggering Acps, allowing choice by the female in terms of
efficiency of storage of her mate’s sperm. Indeed, as the
evolutionary characteristics of Acps were examined (below),
their results suggested that the view of a purely synergistic
interaction between the sexes, although seen in several cases
at the mechanistic level, is far too simple.

Battle

One might expect that molecules critical for reproductive
success and that function in such highly tuned synergistic
pathways would be constrained from during
evolution. Yet in contrast, many Acps show signs of having
evolved rapidly, with positive selection having driven rapid
change in regions of their amino acid sequence (reviewed in
Civetta and Singh 1998; Swanson and Vacquier 2002; Clark
et al. 2006; Panhuis et al. 2006; Ravi Ram and Wolfner
2007a). Rapidly evolving Acps include ones with known
important functions, such as ovulin (one of the fastest-
evolving genes in Drosophila [Aguadé et al. 1992; Tsaur and
Wu 1997; Tsaur et al. 1998]) and CG9997 (Wong et al

change
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2008b), one of the 4 genes noted above that regulate sperm
release from storage. Rapid evolution of the molecular was
initially detected by amino acid comparisons between closely
related species. Such studies between sibling species indicated
that ~20% of Acps have evolved rapidly (Swanson et al
2001; Mueller et al. 2005), and the effect was evident also
across the entire welanogaster subgroup (Haerty et al. 2007).

Such rapid amino acid change could conceivably change
whole suites of Acps as species diverge. One can test this by
taking advantage of the availability of complete genomic
sequence for 12 species of Drosophila that span the genus
(Clark et al. 2007). Using a reciprocal BLAST approach, we
searched for orthologs of the known D. melanogaster Acps
across the genus Drosophila. For D. melanogaster genes in
aggregate (and even for genes expressed in their female
reproductive tracts), it is easy to find orthologs in the other
Drosophila species (~90% of the D. melanogaster genes have
detectable homologues in the other 11 species). In stark
contrast, the number of welanogaster Acps for which
a ortholog can be detected falls rapidly as one examines
Drosophila species at increasing evolutionary distance from
D. melanogaster. In comparison to Hawaiian or cactophilic
Drosophila (40 million years of separation), only 21% of
melanogaster Acps have detectable orthologs (Haerty et al.
2007). The simplest explanation is that each species or
species group has a characteristic set of Acps, but the
specific Acps differ among species or species groups.
Support from this comes from studies of Acp genes in
cactophilic Drosophila (Wagstaff and Begun 2005) and in
the noncactophilic sibling species D. melanogaster and
Drosophila simulans: even between close relatives that can
mate and produce progeny (sizulans and melanogaster), Acp
genes specific to one species ot the other have been found
(Kern et al. 2004; Mueller et al. 2005).

Several hypotheses have been proposed to explain the
rapid sequence evolution and appatent gene loss/gain seen
for Drosophila Acps. These models are not mutually
exclusive. First, the “interests” of female and male Drosophila
may differ, especially in situations in which females mate with
multiple males. Although the reproductive success of the
mating pair benefits both of its members, the way in which
that success is achieved may be more advantageous (or
disadvantageous) to one sex than the other (Rice 1996;
reviewed in Swanson and Vacquier 2002; Panhuis et al. 20006).
For example, consider the stimulation by male-derived Acps
of egg production in female Drosophila. Because egg
production is energetically demanding, it would seem
advantageous for females to have evolved to couple an
increase egg production to mating, so that they only make
large numbers of eggs when they contain stored sperm with
which to fertilize those eggs. Viewed from this perspective,
female flies could be seen to be using males as a hormone-
delivery system, so that egg production only increases under
the appropriate condition (i.e., after mating). Although it is
also cleatly to the benefit of males to increase females’ egg
production above the basal premating level, one could
imagine that it could be advantageous to males to increase
their mates’ production beyond a level that was optimal for
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females, leading to more progeny in the short term, at a cost
to female survival (causing females to expend too much of
their resources on egg production, for example). The interests
of females might be at odds with such high egg production
that survival was impaired, since longer life would give them
the opportunity to remate with a second male who might be
better than the first male. In such a scenatio, a male that
produces a high-stimulating egg-inducing Acp might initially
have higher than normal reproductive success, as would his
male progeny that inherited this trait; but over time, selection
could produce females that had become resistant to the
male’s excessive stimulation of egg production. At that point,
the advantage of that original Acp mutation would be lost,
but if a new Acp mutation arose that again stimulated
increased egg production in females, that would be selected
for as advantageous to males—until, again, females evolved
resistance. This sort of conflict scenario could drive the rapid
sequence evolution of Acps and theoretically the appearance
of nonorthologous Acps that can accomplish the same
function (or the presence of different Acps with redundant
function). There is some evidence for such scenatios. For
example, D. melanogaster females that have mated multiply die
sooner than those that have not mated (Fowler and Partridge
1989), and a significant contributor to this cost-of-mating is
Acps: females that do not receive Acps from their mates live
longer than females mated to normal males (Chapman et al.
1995). The SP is one agent of this cost of mating (Wigby and
Chapman 2005), although how it mediates this effect is
unknown. SP and 3 other Acps have separately been shown
to be toxic to Drosophila when expressed (ectopically) at high
levels (Lung et al. 2002; Mueller et al. 2007), suggesting that
they have a toxicity that could contribute to the premature
death of the mated female. The existence of the cost of
mating is suggestive of a “battle” between the sexes, in which
Acps participate. Two other types of conflict that have also
been suggested to drive rapid change in sequence or spectrum
of Acps stem from the storage of sperm by mated Drosophila
females and the fact that these females still do remate (even
though Acps decrease the frequency of remating). That
remated females can contain sperm/ejaculates from more
than one male provides opportunities for sperm/ejaculates
of different males to compete for fertilization opportuni-
ties (sperm competition [Parker 1970]) or for the female to
exert preference (cryptic female choice [Eberhard 1996]) as
to which sperm are being stored or utilized. Any of these
types of conflict could result in rapid evolution of molecules,
such as Acps, that are involved in these postmating responses.

Commonality, in the Face of Battle

The presence of this rapid evolution, and the consequent
suggestion of a battle, is intriguing in light of another feature
of Acps. Despite the rapid sequence evolution and the
apparent use of different suites of Acps, the molecular
classes represented among Acps are consetved in seminal
secretions across animals (Figure 5) (Mueller et al. 2004,
reviewed in Poiani 2006). For example, proteolysis regu-
lators are present in seminal fluid of mammals (e.g., He et al.
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Figure 5.
proteins that fall into common consetrved classes. References:
He et al. (1999); Malm et al. (2000); Mueller et al. (2004, 2008);
O’Rand et al. (20006); Poiani (2006); Da Ros et al. (2007, 2008);
Ravi Ram and Wolfner (2007a); Wong et al. (2008a).

Functions of Acps and mammalian seminal

1999; Malm et al. 2000; Murer et al. 2001) as well as
Drosophila and have been shown to play important roles in
each. For example, in primates, the protease PSA is involved
in liquefaction of semen (suggested to play a role in sperm
storage or sperm competition, Kise et al. 1996; Peter et al.
1998; Robert and Gagnon 1999; Jensen-Seaman and Li
2003), and in Drosophila, the predicted serine protease
CG9997 is one of the Acps that regulates release of stored
sperm in mated females (Ravi Ram and Wolfner 2007b).
Protective molecules in the same classes (antimicrobial,
antiredox damage), lectins, and CRISPs are among other
conserved classes. Thus, it appears that functions carried out
by seminal proteins are needed across internally fertilizing
animals, but different gene products have been co-opted to
carry out those functions in different lineages. An intriguing
future direction will be to determine how similar/dissimilar
these molecules are in terms of their exact molecular and
physiological functions and the evolutionary forces that
maintained similar classes of molecules while selecting for
different members of these classes in different lineages.
The conservation of overall classes, and of some
particular members of those classes, suggests that despite
the rapid evolution of some individual Acps or of suites of
Acps, Drosophila Acps could nevertheless provide in-
formation for various practical applications. In mammals,
including humans, for example, studies have shown that
seminal proteins exert important enhancing effects on
fertility (reviewed in Robertson et al. 2003). Physiological,
biochemical, or behavioral functions dissected in Drosoph-
ila by virtue of its genetic tools can provide a framework and
suggested pathways to test for action of seminal proteins in
mammals and other animals. Flies could, in principle, be
used as a sort of genetic test tube to determine some of the
biochemical functions of the non-Drosophila seminal
proteins by determining the effects of ectopic expression
of those proteins in D. melanogaster. Another form of
practical application is to use Drosophila Acps as a guide for

Wolfner « Acp Action and Evolution in Drosophila

the identity and function of important reproductive proteins
in other insects. Knowledge of the identity and function of
these proteins can be important in designing ways to
promote the reproduction of beneficial insects and to
control the reproduction of insect vectors of disease or of
agricultural pests. Toward these ends, seminal proteins have
been identified in several insects, including honeybees
(which falls in to the beneficial class) (Collins et al. 20006),
Anapheles  gambiae, and Aedes aegypti mosquitoes (which
transmit malaria and dengue and yellow fevers, respectively)
(Dottorini et al. 2007; Sirot et al. 2008), medflies (an
agricultural pest) (Davies and Chapman 20006), crickets
(Andres et al. 2000; Braswell et al. 2006), and also in other
arthropods, such as ticks (Weiss and Kaufman 2004). Again,
Drosophila as a model, or assay system, can provide
information on how Acps and other seminal proteins act and
methods and paradigms useful for discovering the functions of
the seminal proteins in these other important insects.

In conclusion, the class of Drosophila seminal proteins
known as Acps has allowed discovery of a molecular
interplay between male and female that continues even after
the act of mating has completed. A dialogue of synergistic
interactions occurs between male-derived seminal proteins,
on the one hand, and molecules and tissues within the
female who received them, on the other. This ballet is
evident during sperm the
conformational changes by male molecules in a female
reproductive tract that is poised to respond to those
molecules. Retention/release of stored sperm also requires
male and female contributions. Ballets occur in egg
production as well, both in provision by the male of
peptides and prohormones that stimulate oogenesis (likely
through the female’s neuro-endocrine system) and in the
proteolytic cascade, initiated in males and completed only in
the female environment, that cleaves an ovulation regulator.
Future studies of these ballets will provide information
about how molecules and mechanisms interact, including
between individuals, to facilitate reproduction. These
studies, in turn, are expected to provide information useful
in consideration of the reproduction of insects of bio-
medical or agricultural importance. Yet, superimposed on
this proximate ballet is a battle on an evolutionary timescale
between the differing “interests” of males and of females
and also occasioned by sperm competition and cryptic
female choice that may have resulted in the very rapid
change seen in the sequences and suites of seminal proteins
even among closely related insects. Future studies can use
Acp seminal proteins as a model to probe, on the one hand,
the forces that can result in these rapid changes and, on the

storage, in induction of

other, the mechanisms of gene loss/gain that result in
conservation of seminal protein classes in the background of
this rapid sequence evolution.
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