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Drosophila female reproductive glands
contribute to mating plug composition
and the timing of sperm ejection

Caitlin E. McDonough-Goldstein†, Scott Pitnick and Steve Dorus

Center for Reproductive Evolution, Biology Department, Syracuse University, Syracuse, NY 13244, USA

CEM-G, 0000-0001-8949-7479

Reproductive traits that influence female remating and competitive fertiliza-
tion rapidly evolve in response to sexual selection and sexual conflict. One
such trait, observed across diverse animal taxa, is the formation of a struc-
tural plug inside the female reproductive tract (FRT), either during or
shortly after mating. In Drosophila melanogaster, male seminal fluid forms a
mating plug inside the female bursa, which has been demonstrated to influ-
ence sperm entry into storage and latency of female remating. Processing of
the plug, including its eventual ejection from the female’s reproductive tract,
influences the competitive fertilization success of her mates and is mediated
by female ×male genotypic interactions. However, female contributions to
plug formation and processing have received limited attention. Using devel-
opmental mutants that lack glandular FRT tissues, we reveal that these
tissues are essential for mating plug ejection. We further use proteomics to
demonstrate that female glandular proteins, and especially proteolytic
enzymes, contribute to mating plug composition and have a widespread
impact on plug formation and composition. Together, these phenotypic
and molecular data identify female contributions to intersexual interactions
that are a potential mechanism of post-copulatory sexual selection.
1. Introduction
Functional interactions between male and female reproductive traits are
intrinsic to most major theoretical models of sexual selection addressing
intersexual choice (e.g. good genes, runaway selection, sensory exploitation,
sexually antagonistic coevolution, genetic incompatibility; [1–6]. These
interactions are credited with the widespread pattern of rapid evolutionary
co-diversification of interacting sex-specific traits [7–9]. However, our knowl-
edge of the mechanisms of intersexual interaction that are required to fully
understand variation in fitness remains limited.

Resolving precise mechanisms of intersexual interaction is likely to be more
attainable for postcopulatory sexual selection, occurring whenever females
remate within a reproductive cycle [10,11], as the relevant male traits (e.g. gen-
italic morphology, sperm form, seminal fluid composition) interact directly with
the female reproductive tract (FRT) [9,11–14]. Moreover, recent theoretical and
empirical contributions suggest that postcopulatory intrasexual competition
(i.e. sperm competition) and intersexual choice (i.e. cryptic female choice) are
a false dichotomy [15–18]. Hence, virtually all reproductive processes contribut-
ing to variation in competitive fertilization success are likely to involve some
female ×male interactions (e.g. [19–26]). Postcopulatory sexual selection
theory has thus been transitioning over the past few decades away from the his-
torical male bias in traits of interest and the presumption of exclusive male
agency, and moving towards a theoretical framework that recognizes the critical
contribution of both females and males to interactions that influence the
expression of complex traits and reproductive outcomes [27–29].
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A prime example of a taxonomically widespread trait that
has historically been viewed as strictly male-mediated is the
formation of structured ejaculates, such as spermatophores
and mating plugs [30,31]. This long-held presumption, how-
ever, was recently disproved in an investigation of the
cabbage white butterfly, Pieris rapae, which revealed that
newly formed spermatophores contain large quantities of
female-derived proteases [32]. Moreover, isotopic labelling
and proteomics identified six candidate female-derived pro-
teins in the mating plugs of the house mouse, Mus
domesticus [33]. These examples suggest a potentially wide-
spread, active role of female contribution to these structures.

Mating plugs have independently evolved numerous
times in diverse taxa [31] and have been shown to prevent
remating or limit the transfer and/or transport of sperm by
future mates of the female (e.g. [34–36]). The formation of a
large mating plug in the FRT is a critical component of repro-
duction in the fruit fly Drosophila melanogaster [37] in which
its principal selective functions appear to be facilitating effi-
cient sperm storage [38] and mediating postcopulatory
sexual selection through the timing of sperm ejection
[17,37,39–42]. Specifically, longer retention of the plug pro-
vides more time for sperm from the recent mate to reach
the sperm-storage organs and displace any resident sperm
from the previous mate(s) [17,37,40–42]. The timing of
mating plug ejection is thus among the best known mechan-
isms of postcopulatory sexual selection in D. melanogaster and
an intrinsic source of sexual conflict between a female and
each of her mates over paternity [1,8]. Recent investigations
using isogenic lines of D. melanogaster have demonstrated
significant additive genetic variation for plug ejection
time [41,42] and significant female × male genotypic and
phenotypic interactions on plug ejection time [42].

To test the prediction that the FRT contributes to molecu-
lar female ×male interactions underlying the formation of
the mating plug of D. melanogaster and the timing of its ejec-
tion, we used a historical Lozenge mutant that impacts
development of the exocrine glands of the FRT (i.e. the sper-
mathecae and parovaria) [43] and quantitative proteomics to
examine integration of secreted FRT glandular proteins into
the mating plug. The extensive characterization of male semi-
nal fluid [44] and sperm [45,46] proteomes along with recent
investigations of the FRT transcriptome [47] and proteome
[48] allowed us to identify female contributions to molecular
female ×male interactions underlying a known target of
intense sexual selection and a source of sexual conflict.
2. Methods
(a) Fly strains and maintenance
Three lines of D. melanogaster with different Lozenge mutations
were used (provided by the Bloomington Drosophila Stock
Center; BDSC): lz1 (lz1/FM3; BDSC #63), lz3 (lz3/C1DX,y1f1;
BDSC #64) and lzs (C1DX,y1f1/ln(1)dl-49,w1lzs; BDSC #4040).
With these strains, we generated flies with three different FRT
phenotypes: (i) ‘wild-type’ sibling control females (possess
both glands, parovaria and spermathecae; lz1/+ and lzs/+), (ii)
‘parovaria-less’ females (lack only parovaria; lz3/+), and (iii)
‘gland-less’ females (lack both spermathecae and parovaria;
lz1/ lz1, lz1/ lz3 and lz1/ lzs) (figure 1a-c). Lozenge expression
has previously been shown to be restricted, in the genital disc
and FRT, to the glandular cells and their precursors [49]; how-
ever, we cannot eliminate the possibility that these mutations
influence other FRT tissues indirectly. We additionally used stan-
dard wild-type strain (LHM) females as a second control and
LHM males for approximately half of the matings. The other
half of matings were with males that had green fluorescent
protein (GFP) tagged protamine B making individual sperm
heads distinguishable and readily quantifiable [37]. All flies
were maintained on a standard cornmeal-molasses media sup-
plemented with live yeast at approximately 22°C and 12 L :
12 D cycle). Experimental females were collected within 12–
14 h of eclosion and housed in single-sex vials of approximately
10 flies with media and live yeast for 3–5 days prior to exper-
iments. Vials were checked for larvae to ensure that only
unmated females were used for experiments.
(b) Ejection timing and sperm counts
Females of all genotypes were mated individually in vials with
media to either standard LHM or GFP-sperm males over four
experimental trials and the duration of copulation was recorded.
Within 1 h postmating, each female was transferred to a respect-
ive 6.5 mm-deep well in a glass plate beneath a glass coverslip.
Each well contained a drop of 5% apple juice-agar (with black
food colouring), which prevented desiccation of females and
enhanced visibility of ejected plugs. Wells were examined for
an ejected plug at 15 min intervals for a period of at least 6 h
postmating, by which time sperm ejection typically occurs in
D. melanogaster [37,41,42]. For females not observed to have
ejected the plug during that time (or if plug identification was
ambiguous), wells were further examined at 9, 12 and 24 h post-
mating. Females were frozen at −80°C shortly after plug ejection,
or at 24 h postmating if no ejection was observed.

Each frozen female was thawed and the lower FRT (i.e. intact
FRT excluding the lateral oviducts and ovaries) was dissected
intact in a drop of phosphate-buffered saline (PBS). Presence/
absence of spermathecae and parovaria was recorded as well
as whether auto fluorescent mating plug material was visible
in the bursa. If the presence of the plug was inconsistent with
ejection observations, the observation of the plug superseded
the record of observed ejection time, which was less precise (59
discrepancies/393 samples across phenotypes). Inconsistent
data were excluded from analyses of ejection timing but included
in analysis of whether the plug was ejected by 24 h. For females
mated to GFP-sperm males, the number of sperm stored in the
seminal receptacle and spermathecae, if present, were quantified
at 400× on an Olympus BX60 microscope with a GFP filter (Sem-
rock, Rochester NY). However, sperm was not sufficiently visible
to count in the spermathecae for all samples, thereby reducing
sample sizes for those analyses. Phenotypic data can be found
in the electronic supplementary material, table S1.
(c) Mating plug sample preparation and mass
spectrometry

Vials of 10–15 wild-type or gland-less females were combined
with an excess of LHM males. Approximately 1 h after the
majority of females were observed in copula, females were
removed and stored at −80°C. The lower FRT of females was
then dissected and the mating plug isolated as previously
described [38]. The anterior region of the plug, which primarily
contained sperm, was separated and discarded, and the posterior
two-thirds of each plug were rinsed and transferred to a 1.5 ml
Eppendorf tube with PBS. Approximately 50 plugs were col-
lected for each sample, which were then washed three times
with PBS, combined with 50 µl detergent (1 M HEPES with 2%
SDS and 5% β-mercaptoethanol), and solubilized through alter-
nate rounds of heating at 95°C and mechanical disruption with
a pellet pestle homogenizer.
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Figure 1. Mutant Lozenge alleles result in abnormal FRT gland development, reduced sperm storage and retention of the mating plug. (a) Schematic of the wild-
type female FRT. (b) Parovaria-less females had spermathecae and seminal receptacle that did not appear to differ from wild-type. Star indicates the base of the
spermathecae ducts where there is no evidence of the corresponding parovaria ducts. (c) Gland-less females had a seminal receptacle that appeared like wild-type
but there was no evidence of spermathecae or parovaria ducts on the ventral side (marked with a star). (d ) Number of sperm stored in the seminal receptacle was
significantly reduced in gland-less females but not in females without parovaria. (e) There was no significant difference in the number of sperm stored in the
spermathecae of FRTs without parovaria. ( f ) Representative wild-type female approximately 24 h after mating. (g) Representative gland-less female approximately
24 h after mating. The mating plug can be seen in the FRT, the anterior portion (AMP) is predominantly sperm and the ejaculate protein dense posterior portion
(PMP) was used in the proteomic analysis. (h) Gland-less females had a significantly higher proportion of females that did not eject the plug within 24 h postmating
(i) Wild-type and parovaira-less females ejected the mating plug within 3 h. The few gland-less females which did eject the plug took on average twice as long,
although the time was highly variable. Abbreviations: anterior mating plug (AMP), parovaria (PO), posterior mating plug (PMP), seminal receptacle (SR), spermathe-
cae (ST) and vagina (V). (Online version in colour.)
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Liquid chromatography tandemmass spectrometry (LC-MS/
MS) was conducted by Cambridge Proteomics following stan-
dard protocols (see [50]). In brief, approximately 30 µg of each
sample was reduced, alkylated, trypsin digested and labelled
with 6-plex tandem mass tags (TMT, Thermo Scientific). Plugs
from wild-type females were labelled with 126, 127, 128 tags
and plugs from gland-less females were labelled with 129, 130,
131 tags. Labelled peptides were combined, cleaned and separ-
ated for 60 min by high pH reverse-phase chromatography on
a C18 column (Acquity UPLC) and combined into 15 fractions.
Peptides within fractions were separated by liquid chromato-
graphy on a Dionex Ultimate 3000 rapid separation nanoUPLC
system (Thermo Scientific) with an Acclaim 100 C18 pre-
column (PepMap) and reverse-phase nano EASY-spray column
(PepMap) and then sprayed into the Lumos Orbitrap mass
spectrometer. Raw spectral files are available from the
PRIDE ProteomeXchange Consortium [51] with the identifier
PXD028524.
(d) Protein identification and quantification
Raw spectral data was analysed with PROTEOME DISCOVERER v.2.3
(Thermo Fisher Scientific) and MASCOT v.2.6 with reference to a
database of the longest isoform of the D. melanogaster genome
(r6.21) [52], excluding common contaminant proteins (cRAP v
1.0; thegpm.org), and allowing for a MS tolerance of ±10 ppm,
MS/MS tolerance of ±0.8 Da, and up to two missed tryptic
cleavages. Search parameters accounted for fixed protein modifi-
cation of carbamidomethylation (cysteine) and allowed for
variable modifications of oxidation (methionine) and deamida-
tion (glutamine and arginine). Proteins were quantified for
each sample as the sum of the centroid TMT tag receptor ions
(± 2 millimass unit window) correcting for isotopic label purity.

The proteome had a total of 657 832MS/MS spectrawhich cor-
responded to 20 962 peptide spectral matches (PSMs) and the
identification of 1508 high-confidence proteins (false discovery
rate ≤ 0.01, two unique peptides, and present in every sample).
Protein intensities for each sample were log transformed and
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median normalized in MSnbase [53] and significant differential
abundance was calculated with empirical Bayes moderated t-tests
(Benjamini-Hochburg correction for multiple comparisons) using
LIMMA [54]. Normalized proteomic data can be found in
the electronic supplementary material, table S2. Departures from
parity in the number of differentially abundant proteins between
mating plugs from FRTs with and without glands were calculated
with a weighted binomial test. A non-parametric Kruskal-Wallis
test was used to compare differences in mean protein abundance
or changes in protein abundance between categories of proteins.
Gene ontology (GO) enrichments of differentially abundant pro-
teins were analysed with DAVID using the entire plug proteome
as a background [55]. GOs were considered significantly enriched
if the Bonferonni adjusted p-valuewas less than 0.05. All significant
GO categories from analyses can be found in the electronic
supplementary material, table S3.

Proteins were categorized as seminal fluid proteins (SFPs) if
theywere present in the recent catalogue of curated high confidence
or candidate SFPs [44] or if they had both significantly male-biased
reproductive tract expression (adjusted p < 0.05 and log2 fold
change (FC) > 2) relative to the FRT and significantly male repro-
ductive tract biased expression (adjusted p < 0.05 and log2 FC> 2)
relative to whole male body (read counts from [56] for w118 and
Oregon-R strains analysedwithDEseq2 [57]; electronic supplemen-
tarymaterial, tables S2 andS4). Identification of spermproteinswas
based on presence in the sperm proteome [45,46]. Proteins curated
as both SFPs and sperm proteins were categorized only as SFPs.
Proteins were considered female-derived if they were identified in
the FRT transcriptome or proteome characterized in LHM females
[47,48]. Patterns of gene expression in FRT tissues were visualized
with a heatmap using log2 normalized counts per million (CPM)
and tissue-specificitywasdeterminedas described in [47]. All exter-
nal data sources used in these analyses are listed in the electronic
supplementary material, table S5. We note that gene expression
may vary across strains used in other studies.

(e) Statistical analysis and data availability
We analysed the influence of FRT phenotypes on postmating traits
usingmixed effects generalized linear models with FRT phenotype
as a fixed effect and random effects of female genotype nested in
female phenotype, male genotype (excluding analyses of sperm
number) and trial [58]. Inclusion of random effects was determined
by stepwise comparison of models with single term deletions that
had the lowest variance with a Pearson χ2 test. Final models for
analyseswere (i) copulationduration: copulation timemin∼pheno-
type + (1|trial), Gaussian family (ii) number of sperm stored in
the seminal receptacle: sperm in seminal receptacle∼ phenotype +
(1|phenotype/female genotype) + (1|trial), Gaussian family,
(iii) number of sperm stored in spermathecae: sperm in spermathe-
cae∼ phenotype, Gaussian family, and (iv) mating plug ejection:
plug ejected∼ phenotype + (1 |trial), binomial model. Compari-
sons between parovaria-less or gland-less females to sibling
controls were corrected for multiple comparisons with the Dunn-
Bonferroni correction. For all analyses, the wild-type sibling and
LHM femaleswere found to be statistically identical for all variables
(p > 0.05, data not shown), supporting that the Lozenge sibling con-
trols have functionally normal parovaria and spermathecae. Data
were analysed with R, version 6.3 [59] and visualized with
ggplot2 [60]. Data summaries are presented as mean ± 1 s.e.
3. Results
(a) Female reproductive tract glands are necessary for

sperm storage
We generated allelic combinations of Lozenge mutants which,
consistent with their initial description [43], resulted in the
absence of either the parovaria or both FRT glands (i.e. the
parovaria and spermathecae). No Lozenge mutants affected
development of only the spermathecae. In both the gland-
less and parovaria-less phenotypes all the glandular tissue,
including the ducts, were consistently absent (figure 1a–c).
Using these phenotypes, we investigated the effect of FRT
gland loss on copulation duration, sperm storage, and
mating plug ejection. In contrast to the original characteriz-
ation of these mutants [43], FRT phenotype was not
significantly correlated with variation in copulation duration
( p = 0.34; electronic supplementary material, figure S1). We
did, however, confirm the ascribed role of FRT glands in
sperm storage [43], with significant effect of FRT phenotype
on number of sperm in the seminal receptacle ( p = 0.015)
but not the spermatheca ( p = 0.08). In particular, significantly
fewer sperm were stored in the seminal receptacle of gland-
less females (88.6 ± 10.3 sperm, n = 78; p = 0.04) compared to
wild-type females (327.6 ± 13.3 sperm, n = 63; figure 1d ).
Parovaria-less females did not differ significantly from the
wild-type with respect to sperm storage in the seminal recep-
tacle (377.1 ± 16.8 sperm, n = 29; p = 0.7) or spermatheca (72.2
± 4.6 sperm, n = 25 parovaria-less females and 88.2 ± 5.1
sperm, n = 44 wild-type females; p = 0.54; figure 1e). These
results indicate that FRT glands, but not the parovaria
alone, influence the number of sperm stored in the seminal
receptacle. This is consistent with previous studies which
demonstrate that FRT glands are necessary for proper
sperm storage maintenance and female fertility [43,61–63].

(b) Female reproductive tract glands influence mating
plug ejection

While characterizing mutant phenotypes, we observed that
sperm storage differences were associated with retention of
the mating plug and sperm presence in the bursa (figure 1f,g).
To quantify the effect of FRT glands on mating plug ejection,
we tracked the occurrence of mating plug ejection within a
24 h period and observed a significant effect of FRT pheno-
type on plug ejection ( p < 0.001). Whereas the majority of
wild-type females (92.2%, n = 128) and parovaria-less
females (95.5%, n = 66) ejected the mating plug within 24 h,
most gland-less females retained the plug for 24 h (10.6%
eject, n = 180; p < 0.001; figure 1h). Moreover, for those
gland-less females that did eject the plug, the mean ejection
time (311.9 ± 55.5 min, n = 13) was highly variable and, on
average, approximately twice that observed for wild-type
females (163.1 ± 6.3 min, n = 107) or parovaria-less females
(172.0 ± 9.3 min, n = 55; figure 1i). We therefore conclude
that lack of FRT glands, and most likely the spermathecae
specifically, plays a functional role in mating plug ejection and
sperm storage. However, the parovaria and spermatheca may
have redundant functionality and we therefore cannot formally
rule out parovaria contributions given the mutant phenotypes
available for analysis. We also cannot eliminate the possibility
that Lozenge mutations (or the absence of glands throughout
development) have an indirect effect on other FRT tissues
which contributes to the observed phenotypes.

(c) Mating plug proteome composition
To evaluate whether the absence of glandular tissues
influenced mating plug composition, we conducted high
throughput mass spectrometry proteomic analyses on
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mating plugs from wild-type and gland-less females. We
robustly identified 1508 proteins (electronic supplementary
material, table S2) with high levels of reproducibility between
biological replicates (r > 0.95; electronic supplementary
material, figure S2). Wild-type mating plug protein identifi-
cation was consistent with a previous proteomic char-
acterization, including 78.5% of the 65 mating plug proteins
previously identified [38]. We also identified 172 of the 292
(58.9%) curated SFPs and 108 of 309 (35.0%) candidate SFPs
[44] (electronic supplementary material, figure S3A). In
addition, we identified 37 putative novel SFPs (see Methods
for identification criteria; electronic supplementary material,
table S4). These 317 SFPs were significantly higher in abun-
dance than the remainder of plug proteins in both the wild-
type and gland-less female (wild-type: Kruskal–Wallis χ2 =
196.2, p < 0.001; gland-less: Kruskal–Wallis χ2 = 101.1, p <
0.001; electronic supplementary material, figure S3B) and
comprised 64.6% of the total protein in the wild-type mating
plug proteome (electronic supplementary material, figure
S3C). Among the most abundant SFPs were Acp36DE, Ebp,
EbpII, Acp53C14a and Acp53c14b, all of which have been
identified as predominant plug components that influence
sperm storage and/or female re-mating [38,64–68].

Although SFPs constituted the majority of the mating
plug contents, they represented only 21% of the identified
proteins (electronic supplementary material, figure S3D).
We also identified 582 non-SFP sperm proteins [45,46].
Unexpectedly, the majority of mating plug proteins (1120 pro-
teins, 74.3% of total identified proteins) were potentially
female-derived, based on identification in recent analyses of
the FRT transcriptome [47] and proteome [48]. These
female-derived proteins tended to be lower in abundance in
the mating plug than ejaculate proteins (electronic sup-
plementary material, figure S3B). Notably, these categories
are not mutually exclusive and sex-of-origin cannot be defini-
tively ascribed in many cases as putative SFPs or sperm
proteins also exhibit evidence of expression in the FRT (elec-
tronic supplementary material, figure S3C,D). Thus, the
composition of the mating plug indicates that it is a complex
combination of male- and female-derived proteins.

(d) Female reproductive tract glands contribute proteins
to the mating plug

We next analysed mating plug proteomic differences between
wild-type and gland-less females and identified 111 differen-
tially abundant proteins (7.3% of the plug proteome; adj. p <
0.05 and log2FC > 2; figure 2a). There were significantly fewer
proteins with greater abundance in the wild-type female plug
(33.4%, 36/111 differentially abundant proteins; cumulative
binomial p < 0.001). However, these 36 proteins exhibited a
substantially greater magnitude of change, with a log2FC
greater than 4 in one third (12 out of 36 proteins) of proteins
(compared to 1 out of 75 with a log2FC > 4 in the gland-less
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female mating plug; cumulative binomial p < 0.001). Proteins
with greater abundance in the wild-type female plug were
enriched for having a secretion signal (UP Keyword Signal
p = 0.0004) and serine-type endopeptidase activity (GO:
0004252, p = 0.01; electronic supplementary material, table
S3). Among these proteins were the serine proteases send1
and CG9897, which have been shown to influence female
remating rate [69]. We examined the FRT gene expression
profiles of these proteins to evaluate if they are representative
of glandular secretions and found that 72.2% (26 out of 36
proteins), including all 12 of the proteins with log2FC > 4,
were expressed in FRT tissues [47]. Moreover, 50% (13 out
of 26 genes with greater abundance in the wild-type female
mating plug) had tissue-specific expression in either the sper-
mathecae or parovaria, consistent with expected expression
profile of glandular secretions (figure 2b). Three of these pro-
teins, CG43090, CG43074, CG42807, appear to be exclusively
female-derived and were probably previously mischaracter-
ized as SFPs [38,44,47]. Thus, FRT glands appear to
contribute proteins to the mating plug, including numerous
proteolytic enzymes, and this may be mechanistically related
to proper plug ejection.

By contrast, proteins exhibiting greater abundance in the
mating plug from the gland-less female exhibited more
modest levels of change. The majority of these proteins
were identified as female-derived (70 out of 75 proteins
with greater abundance in the gland-less female mating
plug). However, only 18.5% (12 out of 75 proteins) of these
proteins had FRT tissue-specific gene expression profiles,
including six with bursa-specific expression and four seminal
receptacle-specific expression. The lack of tissue-specific
expression suggests that secretions from other FRT tissues
have a greater relative representation in the plug composition
in the absence of glandular proteins. Proteins more abundant
in the gland-less female mating plug were enriched for mem-
brane components (GO:0016021, p = 0.004) and constituents
of the cuticle (GO:0042302, p = 0.04; electronic supplementary
material, table S3), which is consistent with holocrine or apoc-
rine secretion of intracellular and structural proteins into the
FRT lumen [48]. However, we cannot distinguish whether
these proteins are the result of non-specific associations of
the mating plug with FRT luminal fluid or whether they
may represent female responses, perhaps immunological, to
prolonged presence of the mating plug.

(e) Female reproductive tract glandular tissues
influence male-derived mating plug composition

To further delineate between male and female contributions
to the mating plug, we examined abundance differences
with respect to sex-biased gene expression in the reproduc-
tive tract (figure 3a) [56]. We found no significant difference
in the abundance of proteins encoded by genes with
female-biased expression (mean log2FC =−0.27; Kruskal–
Wallis χ2 = 0.77, p = 0.40). However, for proteins with male-
biased expression protein (abundance was significantly
higher in wild-type female mating plugs (mean log2FC =
−1.09; Kruskal–Wallis χ2 = 27.26, p < 0.001). A direct compari-
son of male-derived (i.e. no FRT tissue expression [47]) SFPs
and sperm proteins revealed that these proteins had signifi-
cantly greater abundance in plugs from wild-type than
from gland-less females (SFP: Kruskal–Wallis χ2 = 22.68, p <
0.001; figure 3b; sperm: Kruskal–Wallis χ2 = 30.4, p < 0.001;
figure 3c). The greater abundance of putative ejaculate pro-
teins in a wild-type FRT environment predicted to have
higher proteolytic activity that could degrade ejaculate pro-
teins, leads us to hypothesize that glandular tissues, and
most likely their secreted protein products, regulate processes
governing mating plug formation.
4. Discussion
The mating plug is an essential element of many mating sys-
tems and has independently arisen in diverse taxa, including
nematodes, acathocephalan worms, insects, arachnids, rep-
tiles and mammals [31]. Plug formation and persistence are
expected to be targets of intense sexual selection (including
sexual conflict) [31]. Indeed, the rate of evolutionary diversi-
fication of male genes critical to plug formation has been
shown to correspond with variation in the intensity of postco-
pulatory sexual selection among primate species [70].
Furthermore, the timing of plug ejection by D. melanogaster
females significantly contributes to variation in competitive
fertilization success [37,40–42] and reproductive isolation
between sister species [40]. The initial proteomic analysis of
the D. melanogaster mating plug focused exclusively on
male-derived SFPs within the plug [38]. Hence, little is
known about the molecular basis for female contributions
to the genotypic and phenotypic female ×male interactions
that influence plug ejection [41,42], although the female
neurological system has been implicated in this process
[71]. Our examination of the D. melanogaster mating plug
demonstrates that the absence of FRT glands is associated
with changes in the composition of the mating plug and
the timing of ejection. We thus hypothesize that FRT glandu-
lar secretions contribute to processes responsible for mating
plug dynamics.

In comparing the mating plug between wild-type and
gland-less females, we identified candidate FRT glandular
secretions that may influence plug function. FRT secretions
have previously been hypothesized to contribute to the diges-
tion and/or ejection of the mating plug and other ejaculate
structures. Specifically, the expression of female-derived pro-
teolytic enzymes and inhibitors in the mating plug have been
hypothesized to represent a molecular mechanism of sexual
conflict over the timing of plug degradation [31]. Proteolytic
activity in the FRT has been enzymatically demonstrated in
the cabbage white butterfly, P. rapae [72], and in two Droso-
phila species (Drosophila arizonae and Drosophila mojavensis)
[73], where it has been associated with breakdown of the
spermatophore and the ejaculate-induced ‘insemination reac-
tion’, respectively. In addition, glandular secretion of
peptidases in the mouse are involved in the digestion of eja-
culate proteins as part of the process of semen liquefaction, an
event critical for enabling sperm to move through the FRT
[74]. Here, we present molecular data that expands the
scope of female involvement in interactions that influence
mating plug dynamics. We demonstrate that FRT glands
have a widespread impact on the proteomic composition of
the mating plug as a potential mechanism through which
the female may influence the processes responsible for for-
mation and ejection of the plug. Future experiments to
confirm the role of female glandular secretions in mating
plug dynamics, and the specific contributions of the sper-
matheca or parovaria, could include rescue experiments
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through the induction of specific glandular protein
expression, tissue-specific knockdowns of candidate female
mating plug proteins, and visualization of tagged female pro-
teins to assess spatio-temporal mating plug associations.

The influence of FRT glandular proteins on plug for-
mation and ejection may occur through three non-mutually
exclusive mechanisms. First, female secretions may be pre-
sent during plug formation and become integral plug
components, as has been shown to occur with the spermato-
phore of the butterfly, P. rapae [32]. Second, female secretions
may interact with seminal fluid constituents and regulate the
formation and composition of male-derived proteins in the
plug. Third, female secretions may interact with the fully-
formed plug and contribute to its processing or degradation.
Our proteomic analyses of the plug, supported by our recent
transcriptomic [47] and proteomic [48] investigations of the
D. melanogaster FRT, provide empirical support for the first
hypothesis. Specifically, we found numerous abundant plug
components with expression profiles in a wild-type strain
indicative of female glandular secretions, suggesting that
female proteins are incorporated into the plug during
formation. With respect to the greater abundance of puta-
tively male-derived plug components in wild-type females,
we cannot formally distinguish between the second and
third mechanisms of formation and degradation based on
our analysis of a single timepoint. However, the observed
pattern is not consistent with a simple model of FRT
secretions contributing to plug degradation at one-hour post-
mating because the mating plug in a wild-type female has a
greater abundance of female-derived proteases. As such, the
second mechanism, in which the absence of female-derived
proteins in the gland-less female results in the dysregulation
of plug formation and a widespread, significant reduction of
male-derived SFPs and sperm incorporated into the mating
plug, is more parsimonious. Proteomic analyses of the
mating plug across multiple timepoints would be required
to characterize the processes of plug formation and degra-
dation to distinguish between these alternatives. We also
note, that we cannot rule out the possibility that the absence
of female glandular tissues somehow influences male ejacu-
late tailoring [75–77]. Finally, as we demonstrate that FRT
glands are necessary for sperm ejection, we predict that the
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plug composition changes in the gland-less female, are ulti-
mately associated with a disruption in the processes of plug
degradation that result in ejection.

In conclusion, we demonstrate a novel function of the
spermathecae and parovaria in the timing of sperm ejection
and characterize an important molecular mechanism through
which females may influence mating plug composition and
the timing of sperm ejection. The influence of female glandu-
lar tissues not only on putative female secretions but also
ejaculate components of the plug is indicative of how sex-
specific changes can influence male × female interactions to
impact female fitness and differential male reproductive suc-
cess [37,41,42]. We hypothesize that regulation of the
extracellular FRT environment by glandular tissues rep-
resents an important and widespread molecular mechanism
of postcopulatory sexual selection in diverse animal taxa.
This hypothesis is supported by recent studies demonstrating
variation in Drosophila FRT gene or protein expression
between species or in response to the intensity of sexual selec-
tion [50,78–80]. However, characterization and functional
analyses of female glandular secretions have not been
widely pursued (but see in insects [81–83]). Investigations
of FRT secretions, coupled with studies that characterize
intraspecific variation in FRT and the interactive conse-
quences for male and female fitness, will greatly advance
our understanding of sexual selection, including sexual
conflict.
Data accessibility. Phenotypic data are available in the electronic
supplementary material, table S1 [84]. Proteomic data are
available as raw spectral reads on the ProteomeXchange
(PXD028524) and protein abundance and quantitation in
the electronic supplementary material, table S2. Code used to analyse
data can be accessed at https://github.com/CEMcDonoughGold-
stein/FRTglandMatingPlug.

Authors’ contributions. C.E.M.-G.: conceptualization, formal analysis,
funding acquisition, investigation, methodology, visualization,
writing—original draft, writing—review and editing; S.P.:
conceptualization, investigation, methodology, writing—original
draft, writing—review and editing; S.D.: conceptualization,
writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. We declare we have no competing interests.
Funding. This research was supported by a National Science Foun-
dation Graduate Research Fellowship and a Scholar Award from
the Philanthropic Educational Organization (to C.E.M.-G.), grants
from the Eunice Shriver National Institute for Child Health and
Human Development (R21-HD088910 to S.D. and S.P.), the National
Science Foundation (DEB-1655840 and DEB-1811805 to S.D. and S.P.)
and a generous gift by Mike and Jane Weeden to Syracuse University.

Acknowledgements. The authors thank Huda Al Fahdawe, Sharleen Buel,
Micah Neidorfler and Jane Pascar for their help in experimental set
up and/or preliminary data collection. We also thank Yagnesh Umra-
nia, Renata Feret and Mike Deery at Cambridge Proteomics for their
contributions to proteome data acquisition and analysis. John Belote
provided helpful feedback on the genetic backgrounds of fly strains.
Zeeshan Syed, Erin McCullough and Martin Garlovsky provided
feedback on statistical analysis and interpretation.
References
1. Parker GA. 1979 Sexual selection and sexual conflict.
Sexual selection and reproductive competition in
insects. New York, NY: Academic Press.

2. Hamilton WD, Zuk M. 1982 Heritable true fitness
and bright birds: a role for parasites? Science 218,
384–387. (doi:10.1126/science.7123238)

3. Ryan MJ, Fox JH, Wilczynski W, Rand AS. 1990
Sexual selection for sensory exploitation in the frog
Physalaemus pustulosus. Nature 343, 66–67.
(doi:10.1038/343066a0)

4. Jennions MD. 1997 Female promiscuity and genetic
incompatibility. Trends Ecol. Evol. 12, 251–253.
(doi:10.1016/S0169-5347(97)01128-2)

5. Holland B, Rice WR. 1998 Perspective: chase-away
sexual selection: antagonistic seduction versus
resistance. Evolution 52, 1–7. (doi:10.1111/j.1558-
5646.1998.tb05132.x)

6. Pomiankowski A, Iwasa Y. 1998 Runaway ornament
diversity caused by Fisherian sexual selection. Proc.
Natl Acad. Sci. USA 95, 5106–5111. (doi:10.1073/
pnas.95.9.5106)

7. Andersson MB. 1994 Sexual selection. Princeton, NJ:
Princeton University Press.

8. Arnqvist G, Rowe L. 2005 Sexual conflict. Princeton,
NJ: Princeton University Press.

9. Pitnick S, Wolfner MF, Suarez SS. 2009 Ejaculate-
female and sperm-female interactions. In Sperm
biology: an evolutionary perspective (eds TR
Birkhead, DJ Hosken, S Pitnick), pp. 247–304.
London, UK: Academic Press.
10. Parker GA. 1970 Sperm competition and its
evolutionary consequences in the insects. Biol. Rev.
45, 525–567. (doi:10.1111/j.1469-185X.1970.
tb01176.x)

11. Eberhard WG. 1996 Female control: sexual selection
by cryptic female choice. Princeton, NJ: Princeton
University Press.

12. Keller L, Reeve HK. 1995 Why do females mate
with multiple males? The sexually selected
sperm hypothesis. In Advances in the study of
behavior (eds P Slater, J Rosenblatt, C
Snowdon, M Milinski), pp. 291–316. Cambridge,
MA: Academic Press.

13. Pitnick S, Wolfner MF, Dorus S. 2020 Post-
ejaculatory modifications to sperm (PEMS). Biol.
Rev. Camb. Phil. Soc. 95, 365–392. (doi:10.1111/
brv.12569)

14. Ryan MJ, Cummings ME. 2013 Perceptual biases
and mate choice. Annu. Rev. Ecol. Evol. Syst. 44,
437–459. (doi:10.1146/annurev-ecolsys-110512-
135901)

15. Eberhard WG. 2000 Criteria for demonstrating
postcopulatory female choice. Evolution 54,
1047–1050. (doi:10.1111/j.0014-3820.2000.
tb00105.x)

16. Pattarini JM, Starmer WT, Bjork A, Pitnick S. 2006
Mechanisms underlying the sperm quality
advantage in Drosophila melanogaster. Evolution 60,
2064–2080. (doi:10.1111/j.0014-3820.2006.
tb01844.x)
17. Lüpold S, Manier MK, Puniamoorthy N, Schoff C,
Starmer WT, Luepold SHB, Belote JM, Pitnick S.
2016 How sexual selection can drive the evolution
of costly sperm ornamentation. Nature 533,
535–538. (doi:10.1038/nature18005)

18. Lüpold S, Pitnick S. 2018 Sperm form and function:
what do we know about the role of sexual
selection? Reproduction 155, R229–R243. (doi:10.
1530/REP-17-0536)

19. Lewis SM, Austad SN. 1990 Sources of intraspecific
variation in sperm precedence in red flour beetles.
Am. Nat. 135, 351–359. (doi:10.1086/285050)

20. Wilson N, Tubman SC, Eady PE, Robertson GW. 1997
Female genotype affects male success in sperm
competition. Proc. R. Soc. Lond. B 264, 1491–1495.
(doi:10.1098/rspb.1997.0206)

21. Clark AG, Begun DJ, Prout T. 1999 Female×male
interactions in Drosophila sperm competition.
Science 389, 217–220. (doi:10.1126/science.283.
5399.217)

22. Miller GT, Pitnick S. 2002 Sperm-female coevolution
in Drosophila. Science 298, 1230–1233. (doi:10.
1126/science.1076968)

23. Nilsson T, Fricke C, Arnqvist G. 2003 The effects of
male and female genotype on variance in male
fertilization success in the red flour beetle
(Tribolium castaneum). Behav. Ecol. Sociobiol. 53,
227–233. (doi:10.1007/s00265-002-0565-0)

24. Birkhead TR, Chaline N, Biggins JD, Burke T, Pizzari
T. 2004 Nontransitivity of paternity in a bird.

https://github.com/CEMcDonoughGoldstein/FRTglandMatingPlug
https://github.com/CEMcDonoughGoldstein/FRTglandMatingPlug
https://github.com/CEMcDonoughGoldstein/FRTglandMatingPlug
http://dx.doi.org/10.1126/science.7123238
http://dx.doi.org/10.1038/343066a0
http://dx.doi.org/10.1016/S0169-5347(97)01128-2
http://dx.doi.org/10.1111/j.1558-5646.1998.tb05132.x
http://dx.doi.org/10.1111/j.1558-5646.1998.tb05132.x
http://dx.doi.org/10.1073/pnas.95.9.5106
http://dx.doi.org/10.1073/pnas.95.9.5106
http://dx.doi.org/10.1111/j.1469-185X.1970.tb01176.x
http://dx.doi.org/10.1111/j.1469-185X.1970.tb01176.x
http://dx.doi.org/10.1111/brv.12569
http://dx.doi.org/10.1111/brv.12569
http://dx.doi.org/10.1146/annurev-ecolsys-110512-135901
http://dx.doi.org/10.1146/annurev-ecolsys-110512-135901
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00105.x
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00105.x
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01844.x
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01844.x
http://dx.doi.org/10.1038/nature18005
http://dx.doi.org/10.1530/REP-17-0536
http://dx.doi.org/10.1530/REP-17-0536
http://dx.doi.org/10.1086/285050
http://dx.doi.org/10.1098/rspb.1997.0206
http://dx.doi.org/10.1126/science.283.5399.217
http://dx.doi.org/10.1126/science.283.5399.217
http://dx.doi.org/10.1126/science.1076968
http://dx.doi.org/10.1126/science.1076968
http://dx.doi.org/10.1007/s00265-002-0565-0


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212213

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

03
 F

eb
ru

ar
y 

20
22

 

Evolution 58, 416–420. (doi:10.1111/j.0014-3820.
2004.tb01656.x)

25. Chow CY, Wolfner MF, Clark AG. 2010 The genetic
basis for male × female interactions underlying
variation in reproductive phenotypes of Drosophila.
Genetics 186, 1355–1365. (doi:10.1534/genetics.
110.123174)

26. Delbare SYN, Chow CY, Wolfner MF, Clark AG. 2017
Roles of female and male genotype in post-mating
responses in Drosophila melanogaster. J. Hered. 108,
740–753. (doi:10.1093/jhered/esx081)

27. Martin E. 1991 The egg and the sperm: how science
has constructed a romance based on stereotypical
male-female roles. Signs 16, 485–501. (doi:10.
1086/494680)

28. Ah-King M, Barron AB, Herberstein ME. 2014
Genital evolution: why are females still
understudied? PLoS Biol. 12, e1001851. (doi:10.
1371/journal.pbio.1001851)

29. Orr TJ, Hayssen V. 2020 The female snark is still a
boojum: looking towards the future of studying
female reproductive biology. Integr. Comp. Biol. 60,
782–795.

30. Mann T. 1984 Spermatophores: development,
structure, biochemical attributes and role in the
transfer of spermatozoa. Berlin, Germany: Springer.

31. Schneider MR, Mangels R, Dean MD. 2016 The
molecular basis and reproductive function(s) of
copulatory plugs. Mol. Reprod. Dev. 83, 755–767.
(doi:10.1002/mrd.22689)

32. Meslin C, Cherwin TS, Plakke MS, Hill J, Small BS,
Goetz BJ, Wheat CW, Morehouse NI, Clark NL. 2017
Structural complexity and molecular heterogeneity
of a butterfly ejaculate reflect a complex history of
selection. Proc. Natl Acad. Sci. USA 114,
E5406–E5413. (doi:10.1073/pnas.1707680114)

33. Dean MD, Findlay GD, Hoopmann MR, Wu CC,
MacCoss MJ, Swanson WJ. 2011 Identification of
ejaculated proteins in the house mouse (Mus
domesticus) via isotopic labeling. BMC Genomics 12,
1–3. (doi:10.1186/1471-2164-12-306)

34. Dickinson JL, Rutowski RL. 1989 The function of the
mating plug in the chalcedon checkerspot butterfly.
Anim. Behav. 38, 154–162. (doi:10.1016/S0003-
3472(89)80074-0)

35. Friesen CR, Shine R, Krohmer RW, Mason RT. 2013
Not just a chastity belt: the functional significance
of mating plugs in garter snakes, revisited: mating
plugs in snakes. Biol. J. Linn. Soc. Lond. 109,
893–907. (doi:10.1111/bij.12089)

36. Stockley P, Franco C, Claydon AJ, Davidson A,
Hammond DE, Brownridge PJ, Hurst JL, Beynon RJ.
2020 Revealing mechanisms of mating plug
function under sexual selection. Proc. Natl Acad. Sci.
USA 117, 27 465–27 473. (doi:10.1073/pnas.
1920526117)

37. Manier MK, Belote JM, Berben KS, Novikov D, Stuart
WT, Pitnick S. 2010 Resolving mechanisms of
competitive fertilization success in Drosophila
melanogaster. Science 328, 354–357. (doi:10.1126/
science.1187096)

38. Avila FW, Cohen AB, Ameerudeen FS, Duneau D,
Suresh S, Mattei AL, Wolfner MF. 2015 Retention of
ejaculate by Drosophila melanogaster females
requires the male-derived mating plug protein
PEBme. Genetics 200, 1171–1179. (doi:10.1534/
genetics.115.176669)

39. Snook RR, Hosken DJ. 2004 Sperm death and
dumping in Drosophila. Nature 428, 939–941.
(doi:10.1038/nature02455)

40. Manier MK, Lüpold S, Belote JM, Starmer WT,
Berben KS, Ala-Honkola O. 2013 Postcopulatory
sexual selection generates speciation phenotypes in
Drosophila. Curr. Biol. 23, 1853–1862. (doi:10.1016/
j.cub.2013.07.086)

41. Lüpold S, Pitnick S, Berben KS, Blengini CS, Belote
JM, Manier MK. 2013 Female mediation of
competitive fertilization success in Drosophila
melanogaster. Proc. Natl Acad. Sci. USA 110,
10 693–10 698. (doi:10.1073/pnas.1300954110)

42. Lüpold S, Reil JB, Manier MK, Zeender V, Belote JM,
Pitnick S. 2020 How female × male and male ×
male interactions influence competitive fertilization
in Drosophila melanogaster. Evol. Lett. 4, 416–429.
(doi:10.1002/evl3.193)

43. Anderson RC. 1945 A study of the factors affecting
fertility of lozenge females of Drosophila
melanogaster. Genetics 30, 280–296. (doi:10.1093/
genetics/30.3.280)

44. Wigby S, Brown NC, Allen SE, Misra S, Sitnik JL,
Sepil I, Clark AG, Wolfner MF. 2020 The Drosophila
seminal proteome and its role in postcopulatory
sexual selection. Phil. Trans. R. Soc. B 375,
20200072. (doi:10.1098/rstb.2020.0072)

45. Dorus S, Busby SA, Gerike U, Shabanowitz J, Hunt
DF, Karr TL. 2006 Genomic and functional evolution
of the Drosophila melanogaster sperm proteome.
Nat. Genet. 38, 1440–1445. (doi:10.1038/ng1915)

46. Wasbrough ER, Dorus S, Hester S, Howard-Murkin
J, Lilley K, Wilkin E. 2010 The Drosophila
melanogaster sperm proteome-II (DmSP-II).
J. Proteomics 73, 2171–2185. (doi:10.1016/j.jprot.
2010.09.002)

47. McDonough-Goldstein CE, Borziak K, Pitnick S,
Dorus S. 2021 Drosophila female reproductive tract
gene expression reveals coordinated mating
responses and rapidly evolving tissue-specific genes.
G3 11, jkab020. (doi:10.1093/g3journal/jkab020)

48. McDonough-Goldstein CE, Whittington E,
McCullough EL, Buel SM, Erdman S, Pitnick S, Dorus
S. 2021 Pronounced postmating response in the
Drosophila female reproductive tract fluid proteome.
Mol. Cell. Proteomics 20, 100156. (doi:10.1016/j.
mcpro.2021.100156)

49. Sun J, Spradling AC. 2012 NR5A nuclear receptor
Hr39 controls three-cell secretory unit formation in
Drosophila female reproductive glands. Curr. Biol.
22, 862–871. (doi:10.1016/j.cub.2012.03.059)

50. McCullough EL, McDonough CE, Pitnick S, Dorus S.
2020 Quantitative proteomics reveals rapid
divergence in the postmating response of female
reproductive tracts among sibling species.
Proc. R. Soc. B 287, 20201030. (doi:10.1098/rspb.
2020.1030)

51. Deutsch EW et al. 2020 The ProteomeXchange
consortium in 2020: enabling ‘big data’ approaches
in proteomics. Nucleic Acids Res. 48, D1145–D1152.
(doi:10.1093/nar/gkz984)

52. Thurmond J et al. 2019 FlyBase 2.0: the next
generation. Nucleic Acids Res. 47, D759–D765.
(doi:10.1093/nar/gky1003)

53. Gatto L, Lilley KS. 2012 MSnbase-an R/Bioconductor
package for isobaric tagged mass spectrometry data
visualization, processing and quantitation.
Bioinformatics 28, 288–289. (doi:10.1093/
bioinformatics/btr645)

54. Smyth GK. 2005 limma: linear models for
microarray data. In Bioinformatics and
computational biology solutions using R and
bioconductor (eds R Gentleman, VJ Carey, W Huber,
RA Irizarry, S Dudoit), pp. 397–420. New York, NY:
Springer.

55. Huang DW, Sherman BT, Lempicki RA. 2009
Systematic and integrative analysis of large gene
lists using DAVID bioinformatics resources. Nat.
Protoc. 4, 44–57. (doi:10.1038/nprot.2008.211)

56. Yang H, Jaime M, Polihronakis M, Kanegawa K,
Markow T, Kaneshiro K, Oliver B. 2018 Re-
annotation of eight Drosophila genomes. Life Sci.
Alliance 1, e201800156. (doi:10.26508/lsa.
201800156)

57. Love MI, Huber W, Anders S. 2014 Moderated
estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biol. 15, 550.
(doi:10.1186/s13059-014-0550-8)

58. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting
linear mixed-effects models using lme4. J. Stat.
Soft. 67, 1–48. (doi:10.18637/jss.v067.i01)

59. R Core Team. 2019 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See https://
www.R-project.org/.

60. Wickham H. 2016 ggplot2: elegant graphics for data
analysis. See https://ggplot2.tidyverse.org.

61. Allen AK, Spradling AC. 2007 The Sf1-related nuclear
hormone receptor Hr39 regulates Drosophila female
reproductive tract development and function.
Development 135, 311–321. (doi:10.1242/dev.
015156)

62. Schnakenberg SL, Matias WR, Siegal ML. 2011
Sperm-storage defects and live birth in Drosophila
females lacking spermathecal secretory cells. PLoS
Biol. 9, e1001192. (doi:10.1371/journal.pbio.
1001192)

63. Sun J, Spradling AC. 2013 Ovulation in Drosophila is
controlled by secretory cells of the female
reproductive tract. eLife 2, e00415. (doi:10.7554/
eLife.00415)

64. Ludwig MZ, Uspensky II, Ivanov AI, Kopantseva MR,
Dianov CM, Tamarina NA, Korochkin LI. 1991
Genetic control and expression of the major
ejaculatory bulb protein (PEB-me) in Drosophila
melanogaster. Biochem. Genet. 29, 215–239.
(doi:10.1007/BF00590103)

65. Neubaum DM, Wolfner MF. 1999 Mated Drosophila
melanogaster females require a seminal fluid
protein, Acp36DE, to store sperm efficiently.
Genetics 153, 845–857. (doi:10.1093/genetics/153.
2.845)

http://dx.doi.org/10.1111/j.0014-3820.2004.tb01656.x
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01656.x
http://dx.doi.org/10.1534/genetics.110.123174
http://dx.doi.org/10.1534/genetics.110.123174
http://dx.doi.org/10.1093/jhered/esx081
http://dx.doi.org/10.1086/494680
http://dx.doi.org/10.1086/494680
http://dx.doi.org/10.1371/journal.pbio.1001851
http://dx.doi.org/10.1371/journal.pbio.1001851
http://dx.doi.org/10.1002/mrd.22689
http://dx.doi.org/10.1073/pnas.1707680114
http://dx.doi.org/10.1186/1471-2164-12-306
http://dx.doi.org/10.1016/S0003-3472(89)80074-0
http://dx.doi.org/10.1016/S0003-3472(89)80074-0
http://dx.doi.org/10.1111/bij.12089
http://dx.doi.org/10.1073/pnas.1920526117
http://dx.doi.org/10.1073/pnas.1920526117
http://dx.doi.org/10.1126/science.1187096
http://dx.doi.org/10.1126/science.1187096
http://dx.doi.org/10.1534/genetics.115.176669
http://dx.doi.org/10.1534/genetics.115.176669
http://dx.doi.org/10.1038/nature02455
http://dx.doi.org/10.1016/j.cub.2013.07.086
http://dx.doi.org/10.1016/j.cub.2013.07.086
http://dx.doi.org/10.1073/pnas.1300954110
http://dx.doi.org/10.1002/evl3.193
http://dx.doi.org/10.1093/genetics/30.3.280
http://dx.doi.org/10.1093/genetics/30.3.280
http://dx.doi.org/10.1098/rstb.2020.0072
http://dx.doi.org/10.1038/ng1915
http://dx.doi.org/10.1016/j.jprot.2010.09.002
http://dx.doi.org/10.1016/j.jprot.2010.09.002
http://dx.doi.org/10.1093/g3journal/jkab020
http://dx.doi.org/10.1016/j.mcpro.2021.100156
http://dx.doi.org/10.1016/j.mcpro.2021.100156
http://dx.doi.org/10.1016/j.cub.2012.03.059
http://dx.doi.org/10.1098/rspb.2020.1030
http://dx.doi.org/10.1098/rspb.2020.1030
http://dx.doi.org/10.1093/nar/gkz984
http://dx.doi.org/10.1093/nar/gky1003
http://dx.doi.org/10.1093/bioinformatics/btr645
http://dx.doi.org/10.1093/bioinformatics/btr645
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.26508/lsa.201800156
http://dx.doi.org/10.26508/lsa.201800156
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.18637/jss.v067.i01
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
http://dx.doi.org/10.1242/dev.015156
http://dx.doi.org/10.1242/dev.015156
http://dx.doi.org/10.1371/journal.pbio.1001192
http://dx.doi.org/10.1371/journal.pbio.1001192
http://dx.doi.org/10.7554/eLife.00415
http://dx.doi.org/10.7554/eLife.00415
http://dx.doi.org/10.1007/BF00590103
http://dx.doi.org/10.1093/genetics/153.2.845
http://dx.doi.org/10.1093/genetics/153.2.845


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212213

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

03
 F

eb
ru

ar
y 

20
22

 

66. Lung O, Wolfner MF. 2001 Identification and
characterization of the major Drosophila
melanogaster mating plug protein. Insect. Biochem.
Mol. Biol. 31, 543–551. (doi:10.1016/S0965-
1748(00)00154-5)

67. Avila FW, Wolfner MF. 2009 Acp36DE is required
for uterine conformational changes in mated
Drosophila females. Proc. Natl Acad. Sci. USA
106, 15 796–15 800. (doi:10.1073/pnas.
0904029106)

68. Bretman A, Lawniczak MKN, Boone J, Chapman T.
2010 A mating plug protein reduces early female
remating in Drosophila melanogaster. J. Insect.
Physiol. 56, 107–113. (doi:10.1016/j.jinsphys.2009.
09.010)

69. Sirot LK, Findlay GD, Sitnik JL, Frasheri D,
Avila FW, Wolfner MF. 2014 Molecular characterization
and evolution of a gene family encoding both female-
and male-specific reproductive proteins in Drosophila.
Mol. Biol. Evol. 31, 1554–1567. (doi:10.1093/molbev/
msu114)

70. Dorus S, Evans PD, Wyckoff GJ, Choi SS, Lahn BT.
2004 Rate of molecular evolution of the seminal
protein gene SEMG2 correlates with levels of female
promiscuity. Nat. Genet. 36, 1326–1329. (doi:10.
1038/ng1471)

71. Lee K-M, Daubnerová I, Isaac RE, Zhang C, Choi S,
Chung J. 2015 A neuronal pathway that controls
sperm ejection and storage in female Drosophila.
Curr. Biol. 25, 790–797. (doi:10.1016/j.cub.2015.
01.050)
72. Plakke MS, Deutsch AB, Meslin C, Clark NL,
Morehouse NI. 2015 Dynamic digestive physiology
of a female reproductive organ in a polyandrous
butterfly. J. Exp. Biol. 218, 1548–1555. (doi:10.
1242/jeb.118323)

73. Kelleher ES, Pennington JE. 2009 Protease gene
duplication and proteolytic activity in Drosophila
female reproductive tracts. Mol. Biol. Evol. 26,
2125–2134. (doi:10.1093/molbev/msp121)

74. Li S, Garcia M, Gewiss RL, Winuthayanon W. 2017
Crucial role of estrogen for the mammalian female
in regulating semen coagulation and liquefaction in
vivo. PLoS Genet. 13, e1006743. (doi:10.1371/
journal.pgen.1006743)

75. Wedell N, Gage MJG, Parker GA. 2002 Sperm
competition, male prudence and sperm-limited
females. Trends Ecol. Evol. 17, 313–320. (doi:10.
1016/S0169-5347(02)02533-8)

76. Lüpold S, Manier MK, Ala-Honkola O, Belote JM,
Pitnick S. 2011 Male Drosophila melanogaster adjust
ejaculate size based on female mating status,
fecundity, and age. Behav. Ecol. 22, 184–191.
(doi:10.1093/beheco/arq193)

77. Sirot LK, Wolfner MF, Wigby S. 2011 Protein-specific
manipulation of ejaculate composition in response
to female mating status in Drosophila melanogaster.
Proc. Natl Acad. Sci. USA 108, 9922–9926. (doi:10.
1073/pnas.1100905108)

78. Bono JM, Matzkin LM, Kelleher ES, Markow TA. 2011
Postmating transcriptional changes in reproductive
tracts of con- and heterospecifically mated Drosophila
mojavensis females. Proc. Natl Acad. Sci. USA 108,
7878–7883. (doi:10.1073/pnas.1100388108)

79. Ahmed-Braimah YH, Wolfner MF, Clark AG. 2021
Differences in postmating transcriptional responses
between conspecific and heterospecific matings in
Drosophila. Mol. Biol. Evol. 38, 986–999. (doi:10.
1093/molbev/msaa264)

80. Veltsos P, Porcelli D, Fang Y, Cossins AR, Ritchie MG,
Snook RR. 2021 Experimental sexual selection
reveals rapid divergence in male and female
reproductive transcriptomes and their interactions.
BioRxiv. (doi:10.1101/2021.01.29.428831).

81. Baer B, Eubel H, Taylor NL, O’Toole N, Millar AH.
2009 Insights into female sperm storage from the
spermathecal fluid proteome of the honeybee Apis
mellifera. Genome Biol. 10, R67. (doi:10.1186/gb-
2009-10-6-r67)

82. Dosselli R, Grassl J, den Boer SPA, Kratz M, Moran
JM, Boomsma JJ, Baer B. 2019 Protein-level
interactions as mediators of sexual conflict in ants.
Mol. Cell. Proteomics 18, 34–45. (doi:10.1074/mcp.
RA118.000941)

83. McAfee A, Chapman A, Pettis JS, Foster LJ, Tarpy
DR. 2021 Trade-offs between sperm viability and
immune protein expression in honey bee queens
(Apis mellifera). Commun. Biol. 4, 48. (doi:10.1038/
s42003-020-01586-w)

84. McDonough-Goldstein CE, Pitnick S, Dorus S. 2022
Drosophila female reproductive glands contribute to
mating plug composition and the timing of sperm
ejection. Figshare.

http://dx.doi.org/10.1016/S0965-1748(00)00154-5
http://dx.doi.org/10.1016/S0965-1748(00)00154-5
http://dx.doi.org/10.1073/pnas.0904029106
http://dx.doi.org/10.1073/pnas.0904029106
http://dx.doi.org/10.1016/j.jinsphys.2009.09.010
http://dx.doi.org/10.1016/j.jinsphys.2009.09.010
https://doi.org/10.1093/molbev/msu114
https://doi.org/10.1093/molbev/msu114
http://dx.doi.org/10.1038/ng1471
http://dx.doi.org/10.1038/ng1471
http://dx.doi.org/10.1016/j.cub.2015.01.050
http://dx.doi.org/10.1016/j.cub.2015.01.050
http://dx.doi.org/10.1242/jeb.118323
http://dx.doi.org/10.1242/jeb.118323
https://doi.org/10.1093/molbev/msp121
http://dx.doi.org/10.1371/journal.pgen.1006743
http://dx.doi.org/10.1371/journal.pgen.1006743
http://dx.doi.org/10.1016/S0169-5347(02)02533-8
http://dx.doi.org/10.1016/S0169-5347(02)02533-8
http://dx.doi.org/10.1093/beheco/arq193
http://dx.doi.org/10.1073/pnas.1100905108
http://dx.doi.org/10.1073/pnas.1100905108
https://doi.org/10.1073/pnas.1100388108
http://dx.doi.org/10.1093/molbev/msaa264
http://dx.doi.org/10.1093/molbev/msaa264
http://dx.doi.org/10.1101/2021.01.29.428831
http://dx.doi.org/10.1186/gb-2009-10-6-r67
http://dx.doi.org/10.1186/gb-2009-10-6-r67
http://dx.doi.org/10.1074/mcp.RA118.000941
http://dx.doi.org/10.1074/mcp.RA118.000941
http://dx.doi.org/10.1038/s42003-020-01586-w
http://dx.doi.org/10.1038/s42003-020-01586-w

	Drosophila female reproductive glands contribute to mating plug composition and the timing of sperm ejection
	Introduction
	Methods
	Fly strains and maintenance
	Ejection timing and sperm counts
	Mating plug sample preparation and mass spectrometry
	Protein identification and quantification
	Statistical analysis and data availability

	Results
	Female reproductive tract glands are necessary for sperm storage
	Female reproductive tract glands influence mating plug ejection
	Mating plug proteome composition
	Female reproductive tract glands contribute proteins to the mating plug
	Female reproductive tract glandular tissues influence male-derived mating plug composition

	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


