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Interactions between sperm and the female reproductive tract (FRT) are critical to
reproductive success and yet are poorly understood. Because sperm complete their func-
tional maturation within the FRT, the life history of sperm is likely to include a molec-
ular “hand-off” from males to females. Although such intersexual molecular continuity
is likely to be widespread among all internally fertilizing species, the identity and extent
of female contributions are largely unknown. We combined semiquantitative proteo-
mics with sex-specific isotopic labeling to catalog the posttesticular life history of the
sperm proteome and determine the extent of molecular continuity between male and
FRTs. We show that the Drosophila melanogaster sperm proteome undergoes substan-
tial compositional changes after being transferred to the FRT. Multiple seminal fluid
proteins initially associate with sperm, but most become undetectable after sperm are
stored. Female-derived proteins also begin to associate with sperm immediately after
mating, and they comprise nearly 20% of the postmating sperm proteome following
4 d of storage in the FRT. Female-derived proteins that associate with sperm are
enriched for processes associated with energy metabolism, suggesting that female contri-
butions support sperm viability during the prolonged period between copulation and
fertilization. Our research provides a comprehensive characterization of sperm prote-
ome dynamics and expands our understanding of the critical process of sperm—FRT
interactions.
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In 1951, Colin Russel Austin and Min Chue Chang independently reported that mam-
malian sperm must spend a minimum period of time within the female reproductive tract
(FRT) to achieve the capacity to fertilize oocytes, thus unequivocally demonstrating the
importance of sperm—FRT interactions for reproductive success (1, 2). We now know
that such interactions are widespread across animal taxa (3) and that they influence sperm
migration and storage, help maintain sperm viability, coordinate the physiological and
molecular modifications to sperm needed for fertilization (3-9), and critically impact
competitive fertilization success (10—13). Nevertheless, the molecular components of the
FRT that interact with sperm are still poorly understood (3).

Sperm cells are unique in that they spend the most critical part of their life history
in a foreign environment (i.e., the FRT in the case of internal fertilizers). During their
transit through the male and female reproductive tracts, sperm encounter different
extracellular environments that alter their molecular composition. For example, in
mammals, extracellular vesicles of the epididymis and oviduct fuse with the sperm
membrane, enabling the transfer of important cargo including glycosylphosphatidylino-
sitol-anchored proteins, heat shock proteins, oviductins, apolipoproteins, and proteins
related to energy metabolism (7, 14-17). In Drosophila melanogaster, the composition
of sperm in the male and FRTs also changes due to contributions from seminal fluid.
For example, the seminal fluid protein (SFP) “Sex Peptide” binds to sperm, which
enhances its stability and facilitates the peptide’s movement into storage with sperm
(18). Subsequent proteolytic cleavage releases the active region of Sex Peptide from
sperm so that it can bind to its female receptor and, in turn, induce long-term postmat-
ing changes in female behavior and physiology (19-21). At least eight additional SFPs
act transiently in this “long-term response network” to facilitate Sex Peptide—sperm
binding (18, 22, 23), perhaps by modifying the sperm surface (24). However, the asso-
ciation of seminal proteins with sperm has not yet been globally examined, and the
existence and nature of any female contributions to sperm have yet to be characterized.

Sperm are streamlined cells with a limited capacity for transcription, so their survival
and fertilization success depend on support and protection during the period between
ejaculation and fertilization (25). This is particularly important in species with long
periods of sperm storage in the FRT, as occurs in diverse invertebrate and vertebrate
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taxa (8, 25, 26). Carbohydrates and proteins from seminal fluid
support energy production and enhance viability during ejacu-
lation and immediately after sperm transfer (27-29), but most
seminal components do not persist throughout the duration of
sperm storage (25). Consequently, meeting the physiological
requirements of sperm may necessitate a molecular “hand-off”
from males to females (4, 8, 9, 30, 31). Even in species with rela-
tively short durations of female sperm storage (e.g., most mam-
mals), molecular contributions from females are necessary for
sperm motility, metabolism, and capacitation (3, 6, 7). For exam-
ple, in humans female-derived pyruvate enhances hyperactivated
sperm motility and promotes capacitation (32), and female-
derived chaperone proteins from the FRT bind to sperm and facil-
itate the acquisition of fertilization competence (6, 33). Molecular
continuity between the sexes is likely widespread among all inter-
nally fertilizing species (3) and may offer a unifying framework for
understanding the unique biology of sperm in the FRT.

Although previous studies have identified individual proteins
that bind to sperm (e.g., refs. 6, 7, 14, 15, 17, and 20) and
secreted proteins that are present or produced in the reproduc-
tive tracts of D. melanogaster females (34-38) and males
(reviewed in ref. 39), there has been no comprehensive determi-
nation, in any organism, of the number, nature, and source of
proteins that associate with sperm in the FRT. To provide such a
global view, we used whole-cell semiquantitative proteomics and
sex-specific isotopic labeling to track the composition of the D.
melanogaster sperm proteome across the major “stages” of posttes-
ticular maturation (Fig. 1), namely, from storage in the male sem-
inal vesicle, through ejaculation (when spermatozoa are mixed
with SFPs), and following prolonged storage in females. In addi-
tion to identifying additional SFPs that transiently associate with
sperm in the FRT, we made the intriguing discovery that numer-
ous female proteins become associated with sperm, beginning
immediately after mating, indicating substantial intersexual molec-
ular continuity during the functional maturation of sperm. Our
results provide a systematic and quantitative evaluation of sperm
proteome dynamics and demonstrate the prevalence of female-
mediated, postejaculatory modifications to sperm (3).

Results and Discussion

This study paints a detailed picture of the life history of the
Drosophila melanogaster sperm proteome. To catalog composi-
tional changes to the sperm proteome as sperm move through
the male and FRTs, we purified sperm samples from the semi-
nal vesicles and the following four spatiotemporal points within
the FRT: the bursa (uterus) 30 min after mating, the seminal
receptacle 2 h after mating, the seminal receptacle 4 d after
mating, and the spermathecae 4 d after mating. Our proteomic
analysis of sperm composition across multiple reproductive tis-
sues and multiple postmating timepoints provides a compre-
hensive inventory of the compositional changes to sperm over
time within the FRT and of the male- and female-derived pro-
teins that closely associate with them.

Multiple SFPs Are Associated with Sperm within the Female.
As a first step in characterizing the proteins that associate with
sperm after mating, we compared tissue- and sex-biased expression
for all proteins identified in sperm dissected from the bursa 30
min after mating using expression data from FlyAdas (ref. 40;
Materials and Methods for details). Sperm samples were composed
of three protein categories, as follows: 1) canonical sperm proteins,
2) SEPs, and 3) female-derived proteins. We define canonical

sperm proteins as those present in postspermatogenic sperm cells
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Fig. 1. During mating in Drosophila, sperm leave the male's seminal vesicles
and descend through the ejaculatory duct, where they mix with SFPs from the
accessory glands, ejaculatory duct, and ejaculatory bulb. This mixing continues
after insemination within the female's bursa, where sperm also mix with FRT-
derived proteins. Sperm are then stored in the seminal receptacle or paired
spermathecae or they are ejected from the female along with the mating
plug. Sperm therefore encounter many environments during their movement
through the male and FRTs. Reproductive organs highlighted in bold indicate
where sperm samples in this study were collected to characterize the sperm
proteome across the major stages of posttesticular maturation, namely, the 1)
seminal vesicles, 2) bursa, and 3) sperm-storage organs. Image credit: illustra-
tion by Siyuan Cong (Syracuse University, Syracuse, NY) and Ben Woolsey
(B+Artworks, Philadelphia, PA).

in the seminal vesicles, where they are stored before mixing with
SEPs to form the ¢jaculate (41, 42). SFPs are defined as the non-
spermatozoal proteins in the ejaculate that are transferred to
females during mating (39). Female-derived proteins are defined
as those produced by females, identified via our sex-specific isoto-
pic labeling (see below), that associate with sperm after mating,
Our analyses were primarily aimed at characterizing the composi-
ton of SFPs and female-derived proteins that associate with
sperm after mating. We collectively refer to sperm samples dis-
sected from the FRT (regardless of postmating timepoint) as the
“postmating sperm proteome.” For clarity, we specifically refer to
the sperm samples dissected at 30 min after mating as the
“transferred sperm proteome” and samples dissected at 2 h or 4 d
after mating as the “stored sperm proteome.”

Our analysis of the transferred sperm proteome identified
1,212 canonical sperm proteins and 182 SFPs (Fig. 2A),
including all 8 SFPs in the long-term response network (18,
22, 23). Identification of these network proteins provided an
internal control, validating our approach. We also identified 22
previously uncharacterized SFPs based on their enriched expres-
sion in the male accessory glands (Materials and Methods for
criteria), thus further expanding the seminal fluid proteome
(Dataset S1). Because sperm samples were washed prior to pro-
teomic analysis, SFPs that are transferred during mating but do
not physically associate with sperm should have either been
absent or at low abundance. Consistent with this prediction,
numerous SFPs that are highly expressed in the male accessory
glands were not identified in our full dataset (S Appendix, Fig.
S1), indicating that our protocol was effective in excluding
nonassociated proteins or those with nonspecific associations.
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Fig. 2. Multiple SFPs are associated with sperm in the FRT. (A) Tissue-biased expression versus sex-biased expression for all 1,969 proteins identified in
sperm dissected from the bursa at 30 min after mating. Canonical sperm proteins (n = 1,152) are plotted in dark blue, SFPs (n = 122) in light blue (including
previously uncharacerized SFPs as squares), testis/RG-proteins (n = 60) in pink, and unannotated proteins (n = 635) in gray. Tissue- and sex-biased expres-
sion are based on data from FlyAtlas2 (40). (B) Violin plot comparing the distributions among sperm and testis/RG-proteins in their abundance in the canoni-
cal sperm proteome. Letters denote distributions that are significantly different from each other (Kruskal-Wallis and post hoc Dunn’s tests, P < 0.05). (C) Cor-
relations between testis expression (data from 40) and abundance in the canonical sperm proteome (this study) are not significantly different between
testis/RG-proteins (pink; Pearson’s r = 0.37) and canonical sperm proteins (gray; Pearson’s r = 0.51; F=1.91, P = 0.15).

Proteins that directly interact with one another, or are parts
of larger multiprotein complexes or networks, often exhibit cor-
related evolutionary rates. We compared the evolutionary rates
of the sperm-associated SFPs identified here with those of non-
associated SFPs to determine the degree to which they exhibit a
pattern of correlated molecular evolution with canonical sperm
proteins (43). This analysis revealed that sperm-associated
SEPs, but not nonassociated SFPs, exhibit enhanced evolution-
ary rate covariation with sperm proteins relative to background
genome-wide expectations (P < 0.0001), consistent with the
occurrence of molecular interactions between sperm and the
sperm-associated SFPs.

Although SFPs have been defined as nonsperm components
of the ejaculate that are produced by male reproductive glands
(34, 39), some SFPs have also been previously identified as
components of the canonical sperm proteome (42). Our analy-
sis of the transferred sperm proteome similarly identified 60
proteins that have been categorized as both secreted SFPs and
canonical sperm proteins (Fig. 24). To explore this observation
further, we conducted additional mass spectrometry analyses on
sperm dissected from the seminal vesicles (S/ Appendix,
Supplemental Methods) to expand upon the previous characteri-
zation of the canonical sperm proteome (41, 42). In total, we
identified 67 proteins in the updated canonical sperm proteome
that are also reported to be SFPs (Dataset S2). These SFPs are
expressed at high levels in male reproductive glands (87
Appendix, Fig. S2), the defining characteristic of SFPs, but are
also expressed in the testes (SI Appendix, Fig. S2), are abundant
in the canonical sperm proteome (Fig. 2B), and appear to be
incorporated into sperm in a manner indistinguishable (based
on our proteomic analysis) from canonical sperm proteins (Fig.
2C). Additionally, 65.7% of these SFPs exhibit evidence of tes-
tis expression compared to only 38.0% among the remaining
SEPs (y* = 15.2, P < 0.0001) based on single-cell testis tran-
scriptomic data from the Fly Cell Adas Consortium (44).
Given multiple lines of evidence that this subset of SFPs is pro-
duced in both the testes and the reproductive glands and were
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identified both as canonical sperm proteins and as secreted
SEPs, we refer to them as testis/reproductive gland proteins
(testis/RG-proteins). We highlight that Acp36DE is one of
these testis/RG-proteins and hypothesize that the synthesis of
Acp36DE in the testes explains its tight association with sperm
(45) and high abundance in the canonical sperm proteome
(Fig. 2B). Collectively, our results indicate molecular continuity
between male reproductive tissues, as proteins produced in the
testis during spermatogenesis and those derived from the repro-
ductive glands are not entirely distinct.

Female Molecules Contribute to the Postmating Sperm
Proteome. Although most proteins detected in our sperm sam-
ples dissected from the bursa 30 min after mating exhibited the
expected pattern of high male-biased expression, we also identi-
fied numerous proteins with female-biased expression (Fig. 3A4),
based on expression data from FlyAdas2 (40). As FRT proteins
are known to closely interact with sperm in mammals (7, 9,
46-48), we hypothesized that these female-biased proteins are
produced by females and associate with sperm. Although no
such female-derived proteins have been characterized in Dro-
sophila (but see refs. 21, 49, and 50), interactions between
sperm and female proteins are expected to be extensive given
the protracted duration of sperm storage. Fertilizing sperm are
typically stored for ~6 h to 4 d but are capable of surviving in
the FRT for up to 14 d (4, 51).

To identify female-derived proteins that interact with sperm,
we used sex-specific isotopic labeling (heavy lysine and arginine;
Materials and Methods) to determine the sex of origin for pro-
teins in the postmating sperm proteome. Results from this
experiment confirmed that many of the proteins with high
female-biased expression were derived from females (Fig. 3A).
In total, we identified 328 female-derived proteins (Dataset
S3). We note that high proteomic coverage of female-derived
proteins was challenging because most of the samples were
comprised of male-derived sperm proteins. We therefore
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Fig. 3. Female molecules contribute to the postmating sperm proteome. (A) Tissue-biased expression versus sex-biased expression for all female-derived
proteins associated with sperm at 30 min after mating. Dual-derived sperm proteins are plotted in green, uniquely female-derived proteins in orange, and
unannotated proteins in gray. Exclusively male-derived sperm proteins and SFPs are not shown. Tissue- and sex-biased expression are based on data from
FlyAtlas2 (40). (B) Heat map plotting the gene expression of female-derived sperm-associated proteins in each FRT tissue based on data from McDonough-
Goldstein et al. (37). Hierarchical clustering of tissues (columns) and proteins (rows) is based on Euclidean distance. Each protein is categorized as dual-
derived sperm (green) or uniquely female-derived (orange). Shading corresponds to relative expression levels for each protein (black = high expression,
white = low expression). (C, D) Violin plots comparing the distributions among dual-derived sperm and uniquely female-derived proteins in absolute expres-
sion in the reproductive fat body (37) (C) and protein abundance in the FRT fluid using data from McDonough-Goldstein et al. (38) (D). The remaining pro-
teins in the fluid or FRT are plotted in gray for comparison. Letters above the violin plots denote distributions that are significantly different from each other

(Kruskal-Wallis and post hoc Dunn’s tests, P < 0.05).

anticipate that the extent of female contributions is likely even
more extensive than currently estimated from our labeling results.
Most of the female-derived proteins that were found to asso-
ciate with sperm were also previously identified as male-derived
components of the canonical sperm proteome. Of the 328
female-derived proteins identified in our sperm samples, 245
are canonical sperm proteins, which is a significantly greater
degree of overlap (75%) than expected by chance (Z = 30.2, P
< 0.0001). Because of the evidence that these overlapping pro-
teins are produced by both males and females, we refer to them
s “dual-derived” sperm proteins and the remaining female-
derived proteins as “uniquely female.” This evidence for molec-
ular continuity between the sexes in the production of sperm
and sperm-associated proteins is unlikely to be unique to Dro-
sophila. In cattle, over one-third of the proteins in the oviductal
fluid that associate with sperm are also known to be canonical
sperm proteins (47), and in honey bees, 8% of the proteins in
the spermathecal fluid are also canonical sperm proteins (30).
We predict that such intersexual molecular continuity is proba-
bly widespread (perhaps even universal) among internally fertil-
izing species, given the need for some degree of male-female
cooperation in maintaining sperm viability during the period
between ejaculation and fertilization. An example of such coop-
eration, although not involving sperm-association per se, is seen
with glucose dehydrogenase (GLD), an enzyme needed for
sperm  storage/utilization in mated D. melanogaster females
(52). GLD is synthesized in and secreted by the male ejacula-
tory duct and the female spermathecal ducts. The absence of
GLD from both the male and female results in a much stronger
phenotype than occurs when only the female or only the male
lacks GLD. Thus, both sexes must contribute this dual-derived
molecule for optimal fertility.

Female-Derived Sperm-Associated Proteins Originate from
the FRT Fluid. We hypothesized that female-derived proteins
that associate with sperm originate from the luminal fluid of
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the FRT, such that they are present in the extracellular environ-
ment and poised to interact with sperm upon receipt of the
ejaculate. To explore the origin of female-derived sperm-associ-
ated proteins (i.e., both dual-derived sperm proteins and
uniquely female proteins), we compared their gene expression
patterns across FRT tissues (37) and protein abundances in
FRT fluid (38). We found that female-derived sperm-associated
proteins are expressed broadly across all FRT tissues (Fig. 3B)
and 25% (83/328 proteins) are expressed at significantly higher
levels in every FRT tissue compared to the whole fly (37). Hier-
archical clustering analysis of their expression identified two
distinct clades (Fig. 3B)—one comprised the epithelial tissues
(i.e., bursa, oviduct, and seminal receptacle) that exhibit partic-
ularly high expression in the bursa, and the other comprised
the glandular tissues (i.e., spermatheca and parovaria). These
patterns are consistent with a scenario in which proteins from
the spermatheca and parovaria contribute to the extracellular
environment of the FRT fluid, and proteins from the bursa are
poised to interact with sperm immediately after ejaculate transfer
(see below). Female-derived sperm-associated proteins also exhib-
ited high expression in the reproductive fat body surrounding the
parovaria and spermatheca (Fig. 3C). The reproductive fat body
was recently identified as the primary contributor of proteins in
the FRT fluid (38), so these results provide further evidence that
female-derived sperm-associated proteins originate from the
FRT fluid.

Because proteins in the FRT fluid are more likely to be
involved in dynamic sperm—FRT interactions than are intracel-
lular proteins in FRT tissues (38), we hypothesized that female-
derived sperm-associated proteins would be enriched among
the contents of the FRT fluid. In support of this hypothesis, we
found that 75% of female-derived sperm-associated proteins
were also identified in the FRT fluid, and female-derived
sperm-associated proteins exhibited a significantly greater over-
lap with the FRT fluid (247/756 fluid proteins [33%]) than
proteins restricted to FRT tissues (76/1,084 tissue proteins
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[7%]; Fisher’s exact test, P < 0.001). Female-derived sperm-
associated proteins were also significantly more abundant in the
FRT fluid than the remaining FRT fluid proteins (Student’s #
test: t = —18.2; P < 0.001; Fig. 3D), which provides further
evidence that the FRT is poised to interact with sperm upon
receipt of the ejaculate and suggests that a primary function of
FRT fluid is to contribute to the postmating sperm proteome.
Lastly, female-derived sperm-associated proteins exhibit a sig-
nificantly greater overlap with canonical sperm proteins than
the protein constituents of FRT fluid (75% versus 34%, respec-
tively; Fisher's exact test, P < 0.001). This indicates that
female-derived sperm-associated proteins are a nonrandom,
highly specific subset of the proteins in FRT fluid, as observed
in mammals (46, 47).

Female-derived sperm-associated proteins are significantly
enriched for biological processes associated with energy metabo-
lism (SI Appendix, Fig. S3), including organic acid metabolic
process, generation of precursor metabolites and energy, carbo-
hydrate metabolic process, and adenosine triphosphate meta-
bolic process. These functional enrichments suggest that
females actively contribute metabolic proteins to the postmat-
ing sperm proteome, which may support energy production
and sperm viability over prolonged periods of storage. Extracel-
lular vesicles within mammalian oviducts are enriched in pro-
teins related to energy metabolism and improve sperm motility
and fertilization capacity by binding to sperm membranes (17).
In honeybees, glycolytic enzymes are enriched in the females’
spermathecal fluid, which may provide stored sperm with
energy to support their long-term survival (30, 53, 54). Thus,
the molecular life history of sperm may involve metabolic pro-
visioning by females, perhaps via fusion of extracellular vesicles
(17), to meet essential physiological requirements during stor-
age (30, 38).

Female-derived sperm-associated proteins also included a sig-
nificant overrepresentation of molecular chaperones (Gene
Ontology, protein folding; adjusted P < 0.001). This observa-
tion is intriguing because molecular chaperones have been iden-
tified in FRT fluid across diverse taxa (30, 33, 46, 47, 55, 56)
and are known to coordinate the final stages of sperm matura-
tion within the FRT in mammals (6). In total, we identified 18
female-derived molecular chaperones in our sperm samples
(Dataset S3), many of which belong to molecular chaperone
families involved in sperm surface remodeling critical for
sperm—oocyte recognition. These included the chaperonin-
containing TCP1 complex (57), heat shock proteins (58), and
protein disulfide isomerases (59). Notably, all the chaperonin-
containing TCP1 complex proteins were derived solely from
females and constitute a primary hub within a highly connected
and significant protein network observed among uniquely
female sperm proteins (3.9-fold enrichment in edges;
protein—protein interaction enrichment P = 7.74e-14; S/
Appendix, Fig. S4). Additionally, female-derived proteins exhib-
ited significantly enhanced evolutionary rate covariation (P =
0.012) relative to the background genome-wide null distribu-
tion, an observation that further supports molecular interac-
tions among this group of proteins (43). We hypothesize that
molecular chaperones in the FRT fluid mediate remodeling of
the sperm surface, as they do in mammals (6), which may facil-
itate the final maturation steps prior to interacting with and fer-
tilizing the oocyte.

Compositional Changes to the Postmating Sperm Proteome.
To evaluate compositional changes to the postmating sperm
proteome as it moves through and is stored in the FRT, we
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compared the number and relative abundance of canonical
sperm proteins, SFPs, and female-derived proteins in sperm
samples dissected from the FRT at 30 min, 2 h, and 4 d after
mating (Fig. 4). Relative protein abundances were calculated
from the summed normalized spectral abundance factors
(NSAFs; ref. 60) for each protein category at a given time
point. These analyses were conducted on a conservative dataset
to ensure robust quantitative results (Materials and Methods for
inclusion criteria). Below, we highlight the two key composi-
tional changes observed across the life history of the postmating
sperm proteome.

The first major compositional change was a decrease in the
number and abundance of SFPs over time. SFPs are expected
to be rapidly cleaved or degraded after being transferred to the
FRT (22, 61, 62), and our results confirm a decrease in the
number of SFPs that associate with sperm in the FRT. Specifi-
cally, we identified 61 SFPs from our conservative dataset that
are associated with sperm in the bursa at 30 min after mating,
7 in the seminal receptacle at 2 h after mating, and only 1 in
the seminal receptacle at 4 d after mating (Fig. 4D). We note
that Sex Peptide was also associated with sperm in the seminal
receptacle at 4 d after mating (Dataset $4), although it did not
meet the strictest criteria for inclusion in our conservative data-
set. These results indicate that numerous SFPs are transferred
to females and associate with sperm, but only a few accompany
sperm into storage. The high representation of previously
known sperm-bound proteins (the network proteins) among
stored SFPs suggests that SFPs can only enter storage if they are
physically bound to sperm.

Previously identified sperm-bound SFPs are Sex Peptide,
which binds to sperm long term, and several SFPs in the long-
term response network, which bind to sperm more transiently
and facilitate the binding of Sex Peptide to sperm (18, 22-24).
We detected several network proteins in our samples of stored
sperm. Specifically, of the seven SFPs that were identified on
sperm 2 h after mating, three are part of the long-term response
network, namely, Aqrs, CG9997, and lectin-46Cb (formerly
CG1652). The detection of network proteins in our datasets
validates our approach and suggests that other SFPs detected
here as being sperm associated might play important roles in
fertility. This possibility can be tested by future genetic studies.

In contrast to the decrease observed for SFPs, the spatiotem-
poral decline in testis/RG-proteins was much less substantial
(Fig. 4D). Testis/RG-proteins were associated with sperm in
the sperm-storage organs and persisted in the FRT for longer
periods than the majority of SFPs (Fisher’s exact test, P <
0.001). This pattern of retention is consistent with a scenario
in which some of each testis/RG-protein is derived from the
testis and thus is integrated into sperm and more refractory to
degradation.

In addition to identifying testis/RG-proteins as a subset of
proteins that are derived from both the testes and the male
reproductive glands, we identified six proteins (Gp93, Hsc70-3,
Pdi, regucalcin, Swim, and Tsf1) in the postmating sperm pro-
teome that are derived from the testes, the male reproductive
glands, and the FRT. Unlike SFPs and testis/RG-proteins
described above, we detected virtually no decrease in the num-
ber of these proteins (Fig. 4D), and they increased in abun-
dance over time (Fig. 4E). Thus, contributions by females to
the production of these proteins alters their collective fate
within the FRT, with testis/RG/female-proteins being signifi-
cantly more spatiotemporally stable than the sperm-associated
proteins derived exclusively from males. We note that one SFP
(Est-6) and two testis/RG-proteins (Idgf4 and OstDelta) were
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Fig. 4. Compositional changes to the postmating sperm proteome. (A and B) Venn diagrams indicating the overlap and number of canonical sperm pro-
teins, SFPs, and female-derived proteins in the transferred sperm proteome (bursa 30 min after mating) (A) and stored sperm proteome (seminal receptacle
[SR] 2 h after mating) (B). (C) Relative abundance of the nonoverlapping protein categories at each collection point. Relative abundances were calculated
from the summed NSAFs for each protein category at the respective collection point. (D) Number of reproductive gland proteins identified at 30 min, 2 h,
and 4 d after mating. (E) Abundance comparisons of reproductive gland proteins at 30 min and 2 h after mating. (F) Correlation between female contribution
and the change in abundance after storage among dual-derived sperm proteins (Pearson’s r = 0.71; P = 0.001).

similarly observed to increase in abundance after storage (Fig.
4E). All three of these proteins have moderate-to-high enrich-
ment in the spermathecae (40), which indicates that they are
also produced by females but simply not detected in our label-
ing experiment.

The second major compositional change we observed was an
increase in the number and abundance of female-derived
sperm-associated proteins. At just 30 min after mating, there
were over 40 uniquely female proteins associated with sperm
(Fig. 44), and they comprised 1.2% of the total protein in our
sperm sample (Fig. 40). To explore whether this might be
mediated by direct molecular interactions, we evaluated the
extent of evolutionary rate covariation between canonical sperm
and uniquely female-derived proteins and observed a significant
enhancement (P < 0.0001). These results indicate that female
contributions begin to influence the composition of the sperm
proteome soon after ejaculate transfer to the bursa, potentially
through direct interaction with canonical sperm proteins,
which is consistent with the high levels of bursa expression of
many female-derived sperm-associated proteins (Fig. 3B).

We estimate that 19.1% of the proteins in long-term stored
sperm (4 d after mating) are derived from females (based on
summed signal intensities of heavy-labeled peptides from our
isotopic labeling experiment; Materials and Methods). We also
estimated the extent of female contribution among dual-
derived sperm proteins on a protein-by-protein basis, revealing
a positive correlation between the degree of female contribution
and the increase in protein abundance between the transferred
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and long-term stored samples (Pearson’s » = 0.50, P < 0.001).
This relationship was even stronger, as might be expected,
when the analysis compared protein abundances between the
canonical and long-term-stored sperm proteomes (Pearson’s
r=0.71, P < 0.001; Fig. 4F). Because female-derived sperm-
associated proteins increase in abundance over time and are
enriched for biological processes associated with energy metabo-
lism (SI Appendix, Fig. S4), our findings suggest that females
contribute to metabolic requirements of sperm throughout
extended periods of storage. We suggest this previously unrec-
ognized phenomenon of females adding (and potentially replac-
ing) sperm proteins to be a biological equivalent of the “Ship of
Theseus,” a thought experiment on the metaphysics of identity
that was recorded by the Greek philosopher Plutarch (63).
Many biologists have an ingrained perception of spermatozoa
as intrinsically and unequivocally male cells. Our data, along
with other advances in the understanding of ejaculate—female
interactions (reviewed in ref. 3), are revealing this view to be
inaccurate and perhaps an impediment to our understanding of
fundamental reproductive processes and of postcopulatory sex-
ual selection. For many species with internal fertilization, sperm
spend the majority of their lifespan within the FRT, and as the
present study demonstrates, they become the products of this
environment as well as that of the male reproductive tract. The
genetic tools available for D. melanogaster will facilitate future
studies to visualize the nature of the association of these female-
derived proteins with sperm, determine their role in fertility, and
discern their contribution to postcopulatory sexual selection.

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119899119/-/DCSupplemental

Downloaded from https://www.pnas.org by SYRACUSE UNIVERSITY on July 25, 2022 from IP address 128.230.199.23.

Conclusions

Ever since Austin’s and Chang’s independent discoveries that
mammalian sperm must spend a minimum amount of time in
the FRT to acquire their fertilizing capacity (1, 2),
sperm—female interactions have been recognized as essential to
fertility. A robust understanding of the in vivo molecular biol-
ogy of sperm therefore has important biomedical implications
for advancing assisted reproductive technologies in humans as
well as endangered species, as defective male—female interac-
tions are important contributors of idiopathic infertility (64,
65). To this end, our study provides a comprehensive, quantita-
tive analysis of the molecular life history of the D. melanogaster
sperm proteome. We demonstrate that the postmating sperm
proteome undergoes substantial compositional changes as it
moves through the male and FRTs, with male-derived sperm-
associated proteins progressively lost and female-derived sperm-
associated proteins progressively gained throughout prolonged
storage in the FRT (Fig. 5). Most proteins contributed to
sperm by females overlap with male-derived canonical sperm
proteins, with female-derived proteins primarily being involved
in processes associated with energy metabolism. Our results
therefore support the hypothesis that molecular continuity
exists between male and FRTs, with females providing proteins
to replace those transferred by males in the ejaculate but not
retained in the FRT. This female provisioning is presumed to
maintain sperm viability and provide a supportive environment
during the prolonged period between copulation and fertiliza-
tion. We also note that the sperm-associated proteins identified
here as part of the postmating sperm proteome are likely to
include proteins that affect female physiology and/or sperm
function. Indeed, genetic analyses have already confirmed an
important role in fertility for eight of the sperm-associated pro-
teins identified in this study, namely, Sex Peptide, Aqrs, Antr,
Sems, CG9997, CG17575, lectin-46Ca, and lectin-46Cb (18,
19, 23, 24). Functional analyses of additional sperm-associated
proteins are expected to uncover other important contributors
of reproductive outcomes.

We propose that the complementary concepts of the life his-
tory of the sperm proteome and intersexual molecular continu-
ity offer a unifying and predictive framework for studying the

diversity in reproductive biology across taxa. For example, vari-
ation in the duration of sperm storage by females is predicted
to be correlated with the extent of sperm—female interactions
and patterns of sex-biased gene expression. As the life history of
sperm in the FRT evolutionarily expands, genes contributing to
spermiogenesis, sperm modification, and/or the maintenance of
sperm metabolism are expected to shift from exclusively male-
biased to increasingly shared between the sexes (3, 66-68).
Intersexual molecular continuity also provides a conceptual
framework for understanding postmating sexual selection and
reproductive isolation. As postulated by Pitnick et al. (3), the
selective failure by females to modify the sperm of some males
but not others, including both the addition of uniquely female
proteins and the potential replacement of canonical sperm pro-
teins by female-derived proteins, may represent a general and
widespread mechanism by which females could bias fertilization
against less-preferred males (3, 69) and may contribute to
reproductive isolation after matings between different species
(3, 70-72). Future investigations are necessary to resolve the
adaptive value of the molecular continuity mechanisms identi-
fied here. We note, however, that this process may be the target
of selection for sexual cooperation and/or conflict (73, 74).
Lastly, although our proteomics approach is an important first
step in understanding the molecular bases of sperm-FRT inter-
actions, intersexual molecular continuity is expected to be a
multifaceted phenomenon involving not only proteins, but also
carbohydrates, metabolites, other small molecules, and vesicles.
By studying the intimate ways in which sperm interact with the
FRT during the final stages of functional maturation, our
research advances understanding of animal fertility and the con-
tributions of each sex to reproductive success.

Materials and Methods

sample Collection and Preparation. A Drosophila melanogaster wild-type
LHy stock (75) was maintained at ambient light and room temperature in half-
pint milk bottles on standard commeal or yeast-glucose media supplemented
with live yeast grains. Flies were collected within 12 h of eclosion and main-
tained as virgins in vials for 4 to 5 d before being used in experiments.

Sperm were purified from the following four distinct spatiotemporal condi-
tions within the FRT: the bursa 30 min after mating, the seminal receptacle 2 h
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Fig. 5. Schematic of the life history of the sperm proteome. Each circle depicts a representative protein. The circle’s size indicates that protein’s abundance
and its color represent protein origin. The sperm proteome transitions through the following three major stages during its posttesticular maturation: the
canonical, transferred, and stored sperm proteomes. After spermatogenesis, male-derived sperm proteins and testis/RG-proteins are stored in the seminal
vesicles and comprise the canonical sperm proteome. Upon mating, the canonical sperm proteome mixes with contents from the male reproductive glands,
and the resulting ejaculate immediately interacts with the FRT. The transferred sperm proteome is transiently stored in the bursa and contains male-
derived sperm proteins, testis/RG-proteins, and SFPs, as well as female contributions to the dual-derived sperm proteins and a small amount of uniquely
female proteins. Finally, the transferred sperm proteome is transported to the female’s sperm-storage organs (seminal receptacle and spermathecae). SFPs
are progressively lost and/or degraded, and female-derived proteins are progressively gained as sperm continue to interact with the FRT. The stored sperm
proteome therefore contains fewer SFPs and testis/RG-proteins, greater female contributions to the dual-derived sperm proteins, and higher abundances of

uniquely female proteins.

PNAS 2022 Vol.119 No.11 2119899119

https://doi.org/10.1073/pnas.2119899119 7 of 10



Downloaded from https://www.pnas.org by SYRACUSE UNIVERSITY on July 25, 2022 from IP address 128.230.199.23.

after mating, the seminal receptacle 4 d after mating, and the spermathecae 4 d
after mating. Our collections span the major transitions in female postmating
responses (76) and allow us to characterize compositional changes in the sperm
proteome after prolonged periods of storage. Note that in D. melanogaster, the
seminal receptacle has been shown to be the primary source of sperm for fertili-
zation, with the spermathecae postulated to function in longer-term sperm stor-
age. Although there is no direct evidence for sperm moving between storage
organs, it has been postulated that sperm migrate from the spermathecae to the
seminal receptacle, but not vice versa (51, 77).

To collect the bursa samples, we aspirated males and females into individual
food vials and flash froze the females in liquid nitrogen 30 min after mating.
The lower reproductive tracts of ~180 females were dissected in phosphate-
buffered saline (PBS), and the sperm mass in the bursa (excluding the mating
plug) was isolated and pooled in PBS per replicate. To collect the seminal recep-
tacle and spermathecae samples, we paired 20 males with 10 females in food
vials for 90 min, transferred the females to clean food vials, and flash froze the
females in liquid nitrogen 2 h or 4 d after mating. The lower reproductive tract
of ~480 females (2-h samples) or 600 females (4-d samples) were dissected in
PBS, and the sperm in the seminal receptacle or spermatheca were isolated and
pooled in PBS per replicate. Sperm samples were washed in PBS and pelleted
by centrifugation. Two replicates were collected for each spatiotemporal condi-
tion for a total of 8 purified sperm samples isolated from over 3,700 FRT
dissections.

To ensure robust results, replicate sperm samples were isolated and purified
in two different laboratories (Syracuse and Comell). Sample preparation was
standardized across the two laboratories except that samples were subjected to a
different number of PBS washes (three at Syracuse versus two at Cornell) to
determine if additional washing minimized nonspecific protein interactions.
The extra wash did not reduce the number or abundance of identified of
sperm-associated (i.e., SFP or female-derived) proteins. We cannot rule out the
possibility that washing samples reduced our ability to detect low affinity, but
biologically meaningful, interactions.

Heavy Isotope Labeling. To identify female-derived proteins, we heavy
labeled whole flies using a modified version of the stable isotope labeling by
amino acids in culture method (78, 79). Male and female flies were raised from
embryos on media containing lysine/arginine double auxotropic, labeled yeast,
which was cultured on heavy lysine/arginine (*3C, "N, L-lysine and "C, "N, L-
arginine) media (see 38 for details). This approach ensured that all tryptic pepti-
des were heavy labeled. The labeling efficiency of whole males and females was
estimated to be >90% (38). We conducted a reciprocal cross in which heavy-
labeled males were mated to unlabeled females and heavy-labeled females
were mated to unlabeled males. Heavy-labeled flies were collected and main-
tained as virgins in vials containing heavy yeast media for 4 to 5 d prior to
experiments. Sperm samples were collected 4 d after mating from the seminal
receptacle as described above, except that heavy-labeled and unlabeled females
were maintained on their respective media throughout the experiment.

Liquid Chromatography-Mass Spectrometry (LC-MS/MS) Analysis.
Washed sperm samples were solubilized in 2x Laemmli buffer. Solubilized sam-
ples were separated by 1D sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis, digested with trypsin, and analyzed by LC-MS/MS (SI' Appendix,
Supplemental Methods for details). Raw spectral data were searched against the
D. melanogaster protein database (dmel-all-translation-r6.32; www.FlyBase.org)
and appended with the cRAP v1.0 contaminant database (www.thegpm.org),
using the standard workflow in PEAKS X+ (de novo + PEAKS DB + PEAKS PTM
+ SPIDER; Bioinformatics Solutions Inc.).

Spectral data from all eight unlabeled samples were run together in a com-
bined analysis using the following search parameters: mass tolerance of 15 ppm
for parent ions and 0.5 Da for fragment ions; carbamidomethylation (C) as a
fixed modification, oxidation (M), deamidation (NQ), acetylation (K), phosphory-
lation (STY), and ubiquitination (GG and LRGG) as variable modifications; and up
to three missed tryptic cleavages. Peptide identifications were filtered to a false
discovery rate (FDR) of <1% based on the decoy-fusion approach (80). Protein
identifications were filtered to a —10IgP score of >20, at least 2 unique
peptide-spectrum matches (PSMs), and 1 identification per protein group. Our
analysis identified 354,532 PSMs and 2,339 proteins (Dataset S4).
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Spectral data from the reciprocal heavy-labeled crosses were analyzed sepa-
rately in PEAKS X+ as described above, except that the mass error was set at 20
ppm for parent ions and 0.1 Da for fragment ions. For the heavy-labeled female
cross, heavy lysine ("3C, "°N,: 8.01), heavy arginine ("3C, "°N,: 10.01), and the
metabolic conversion of arginine to proline (R to P: 6.01) were added as variable
modifications to identify heavy-labeled female proteins. Heavy labeling of both
lysine and arginine ensured that all tryptic peptides were labeled, but we also
applied a stringent peptide filter of —10IgP score of >35 (equivalent to FDR of
<0.01%) to minimize false-positive identifications. Protein identifications were
filtered further to a —10IgP score of >20 and at least 2 unique PSMs.

The final identification of female-derived proteins was based solely on the
search for unlabeled proteins from the heavy male dataset because MS resolu-
tion is highest for unlabeled peptides (61). To be conservative, we also excluded
17 proteins (5%) for which FRT expression has yet to be confirmed (37) to
remove any potentially spurious identifications. Our final list contains 328
female-derived proteins (Dataset S3).

Protein Annotations. To compare compositional changes to the postmating
sperm proteome, we categorized proteins as canonical sperm proteins, female-
derived proteins, and/or SFPs. Canonical sperm proteins were identified based
on previous annotation to the D. melanogaster sperm proteome (41, 42) or to
an expanded canonical sperm proteome based on newly analyzed seminal vesi-
cle samples as part of this study (SI Appendix, Supplemental Methods and
Dataset S2 for details). Female-derived proteins were based upon unlabeled pro-
teins identified in the heavy-labeled male cross that also exhibit expression in
the FRT (Dataset S3). SFPs were identified from a revised version of the list of
"high confidence” SFPs by Wigby et al. (39). Our list also includes 22 previously
uncharacterized SFPs that were classified as SFPs because they 1) are not canoni-
cal sperm proteins or female-derived proteins, 2) were identified in our com-
bined analysis of sperm samples purified from the FRT, and 3) exhibited expres-
sion patterns that are characteristic of most SFPs, namely, they have high
expression in male accessory glands (i.e., loga(accessory gland fragments per
kilobase per million mapped reads [FPKM]+1/male whole body FPKM+1) > 1),
low expression in testes (i.e., log, (testis FPKM-+1/male whole body FPKM-++1)
< —1), and higher expression in male accessory glands than other male tissues
in FlyAtlas2 (40). Our revised list includes 309 SFPs (Dataset S1).

Protein Quantitation. To compare compositional changes in the postmating
sperm proteome, we filtered our dataset to exclude proteins that were not confi-
dently identified as present in at least one spatiotemporal condition (i.e., at least
1 PSM in each replicate and at least 10 PSMs across both replicates). All quanti-
tative analyses were conducted using this filtered dataset of 1,116 proteins. Of
these high-confidence identifications, 877 (79%) were canonical sperm proteins,
109 (10%) were SFPs, and 297 (27%) were female-derived proteins. In total, we
were able to classify 90% of the high-confidence proteins into one of these three
categories. Protein abundances were quantified as NSAF, which are the number
of spectral counts per protein corrected for protein length and normalized for the
sum of all protein abundances in the sample (60). NSAFs were calculated using
the average spectral count for a given protein across replicates. For comparisons,
we also calculated NSAFs of sperm proteins stored in the seminal vesicles (based
on data from our newly analyzed seminal vesicle samples; SI' Appendix,
Supplemental Methods) and female proteins in virgin FRT fluid (based on data
from 38).

We also estimated the abundance of female-derived proteins relative to
male-derived proteins after long-term sperm storage by comparing the summed
signal intensities of heavy-labeled peptides to total peptides in the heavy-
labeled female cross (78). This estimate was based on the heavy-labeled female
cross to provide a conservative estimate due to the potential impact of incom-
plete labeling. This analysis was also done on a protein-by-protein basis by com-
paring the signal intensities of heavy-labeled peptides to total peptides for each
protein. Female contribution ranged from 0 to 1, with 0 indicating the protein of
interest is produced exclusively by males and 1 indicating the protein is pro-
duced exclusively by females. Estimates of female contribution are based on a fil-
tered heavy female dataset that excluded proteins with fewer than five PSMs.

Gene Expression and GO Analyses. Sex-biased and tissue-biased expression
pattems were based on FPKM values from FlyAtlas2 (40). Sex-biased expression
was calculated as logy(male whole body FPKM+1/female whole body FPKM+1).
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Tissue-biased expression was calculated as log,(male accessory glands FPKM-+1/
testis FPKM+1). Absolute expression in the accessory glands and testis was
calculated as log,(tissue FPKM-++1). We analyzed the expression patterns of
female-derived proteins in each FRT tissue (i.e., bursa, oviduct, seminal recepta-
cle, spermathecae, parovaria, and the reproductive fat body surrounding the
spermathecae and parovaria) using log,-scaled, normalized counts per million
values of unmated females from McDonough-Goldstein et al. (37).

Functional enrichment was examined using clusterProfiler version 4.0 (81).
Functional coherence of female-derived proteins in the FRT fluid was assessed
using GO enrichment analysis with the FRT transcriptome (37) as the background
dataset. GO terms were considered significantly enriched if the Benjamini-
Hochberg-adjusted P value was <0.01.

We used FlyMine (82) to identify the GO annotations for female-derived pro-
teins. Protein network analysis was conducted using STRING version 11.5 (83)
using default parameters with the exception of requiring the highest confidence
interaction scores (0.90). Evolutionary rate covariation among female-derived
proteins was assessed using a group analysis as implemented by Clark et al.
(43). Evolutionary rate covariation between 1) female-derived and canonical
sperm proteins and 2) sperm-associated and non-sperm-associated SFPs and
canonical sperm proteins was calculated using the data of Findlay et al. (23) and
statistically assessed using a permutation-based approach using background,
genome-wide evolutionary rate covariation as the null distribution (10,000
iterations).

statistical Analyses. To evaluate the extent of overlap between female-
derived proteins and canonical sperm proteins, we used the normal approxima-
tion to calculate the probability of observing the sample proportion given a pop-
ulation proportion of 15% (2,105 sperm proteins out of 13,963 total proteins,
after excluding multiple isoforms). We examined the effect of protein category
(SFP or testis/RG-protein) on the relationship between testis expression (data
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