Lo L

P

1\

o LN A D

Mating induces an immune response and
developmental switch in the Drosophila oviduct
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Mating triggers physiological and behavioral changes in females.
To understand how females effect these changes, we used mi-
croarray, proteomic, and comparative analyses to characterize
gene expression in oviducts of mated and unmated Drosophila
females. The transition from non-egg laying to egg laying elicits a
distinct molecular profile in the oviduct. Immune-related tran-
scripts and proteins involved in muscle and polarized epithelial
function increase, whereas cell growth and differentiation-related
genes are down-regulated. Our combined results indicate that
mating triggers molecular and biochemical changes that mediate
progression from a “poised” state to a mature, functional stage.
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S uccessful fertilization is the culmination of concerted inter-
actions between oocyte and sperm. For many animals, the
microenvironment of the female reproductive tract (RT) plays
an important role in mediating the interaction between gametes
(1). The oviducts secrete a variety of molecules that generate the
correct osmolarity for supporting the production, maintenance,
and modification of gametes and that protect the oviduct and the
gametes/fetus from microbial infection and other stressors (2). In
mammals, the oviducts secrete glycoproteins, thought to en-
hance sperm binding to the zona pellucida of oocytes and
decrease polyspermy; protease inhibitors, which regulate pro-
teolytic activity to protect the integrity of the zona pellucida,
blastomeres, and oviductal tissues; and growth factors, which
may enhance embryonic development (2).

The microenvironment of the female RT may also influence
fertility in insects. Female insects store sperm in specialized
organs called the spermatheca and seminal receptacle, which
allows the female to fertilize eggs for days after mating. In
Drosophila melanogaster, the spermathecal ducts secrete glucose
dehydrogenase, which influences sperm motility as well as sperm
storage and release (3). Secretory glands in the spermatheca
produce lipoproteins, phospholipids, carbohydrates, and pro-
teins that may help maintain sperm viability and maximal
fertilization potential.

In Drosophila, mating may induce molecular and biochemical
changes in the female RT that allow it to support a high rate of
ovulation, fertilization, and oviposition (4). Shortly after mating,
females begin ovulating (5). Mature oocytes become activated in
the oviduct (5) in transit from the ovary to the uterus (Fig. 14),
where sperm released from the sperm storage organs enter the
egg through an aperture in the eggshell called the micropyle (6).
Mating induces specific physiological changes in the oviduct. In
nonlaying, unmated females, a hydrated matrix is detected
between the intima and the microvillar surface of the oviduct;
after egg laying begins, the intima lies close to the oviduct
epithelium, suggesting changes in epithelial cell activity (7). This
might affect the osmolarity of the extracellular fluid in the
oviduct, which is necessary to support high ovulation and egg
laying rates. Major changes also occur in the peptidergic nerve
termini innervating different parts of the RT, including distinct
domains within the lateral and common oviducts (4). These
observations suggest that the oviducts are not “passive” con-

13912-13917 | PNAS | September 16,2008 | vol. 105 | no.37

duits, and that each domain in the female RT (ovary, sperm
storage organs, female accessory glands, and uterus) may be
regulated locally and possibly in synchrony with other domains.

Heifetz and Wolfner (4) hypothesized that, before mating, the
female RT of Drosophila does not possess maximal biosynthetic
capacity and secretory activity but is “poised” and waiting for a
signal provided by mating to continue development. Molecular
profiling of female whole-body and lower RT (soma that store
sperm) suggests that mating does induce physiological changes
(8, 9). To further understand how the female reproductive
system achieves maximal functionality to support a high fertility
rate, we examined the effect of mating on the oviduct (soma in
which eggs are activated). We hypothesize that mating directly or
indirectly induces transcriptional and translational changes,
transforming the oviduct from a resting state to a physiological
state that can sustain a high rate of ovulation of properly
activated fertilizable eggs. Here, we provide molecular evidence
for such a developmental switch within the oviduct.

Results

Mating Induces Up-Regulation of Immune-Related Transcripts in the
Female Oviduct. Mating in Drosophila triggers profound changes
in female behavior and physiology (5). Females begin to oviposit
3 h after mating, suggesting that the female oviduct undergoes
significant physiological changes during this period to prepare
for supporting massive egg activation and movement. To identify
genes whose expression changes after mating, we analyzed RNA
extracted from the oviduct (Fig. 14) of unmated and mated
females at 3 h after mating. The expression profile of unmated
oviducts revealed 5,011 transcripts as “present” [Fig. 1B; see
supporting information (SI) Methods]. This set is enriched for
genes involved in structural constituents of the ribosome, nu-
cleotide binding, protein binding, transporter activity, transla-
tion regulator activity, and actin binding (for P values see Table
S1).

We next examined differences between unmated and mated
female oviducts. From the mated group, 5,411 transcripts were
present. Of all transcripts in either group (5,615 in total), 0.95%
(53/5,615) were detected only in the oviduct of unmated females
(Figs. 1B and S1A4). These transcripts showed overrepresenta-
tion of genes involved in serine-type, endopeptidase activity
(Table S1), whose down-regulation may eliminate enzymatic
activity that could interfere with oviduct maturation or seminal
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Fig. 1. Mating induces changes in oviduct transcript expression level. (A)
Schematicrepresentation of Drosophila female RT. The oviduct is composed of
the lateral oviducts (LO) and common oviduct (CO). Other organs: ovary (OV),
accessory gland (AG), sperm storage organs (SSO), and uterus (UT). (B) Iden-
tification of mating-responsive transcripts. Venn diagram of transcripts from
unmated or mated oviducts at 3 h after mating: Of the 5,615 total transcripts
present in either sample, 53 were present only in unmated oviduct, and 198
were present only in mated oviduct. A total of 432 transcripts were signifi-
cantly differentially expressed (P < 0.05); of these, 33 were down-regulated
and 122 were up-regulated by =1.5-fold. (C—E) Clusters of genes differentially
expressed (fold change =1.5; P < 0.05) in oviducts of unmated and mated
females at 3 h after mating. Expression ratios range from —1.8 (purple) to +1.8
(yellow). (C) Genes up-regulated in mated female; most immune-related
genes (red) were higher in mated oviduct. (D) Genes down-regulated in mated
female; transcription factors are highlighted (blue). (E) Genes differentially
expressed in oviduct and whole-body assay (8); genes from cluster shown in C
are highlighted in bold labels, with immune-related genes in red labels.
Schematic in A adapted from FlyBase image FBim6932540. See also Fig. S1.

fluid activity after mating. We also detected 3.5% of the
transcripts (198/5,615) only in the mated oviduct (Fig. 1B). These
transcripts were enriched for genes involved in helicase activity,
nucleic acid binding, and ATP-dependent helicase activity (Ta-
ble S1). A total of 432 transcripts showed significantly different
expression levels in unmated vs. mated oviduct (P < 0.05), of
which 122 (28%) increased and 33 (7.6%) decreased by 1.5-fold
or more after mating (Figs. 1B and S1A4 and Table S2). Thus,
mating promotes the appearance of many new transcripts as the
oviduct shifts to sustained egg laying, and differentially ex-
pressed transcripts tend to be up-regulated. Because 3 h after
mating is the beginning of the highly active oviduct phase (5),
these changes are likely to be essential to achieve a highly
functional oviduct.

To compare expression profiles of these 432 transcripts, we
clustered genes based on similarities in expression (Fig. S1 B and
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C). The cluster exhibiting the largest increase after mating (Fig.
1C) was enriched for immune response genes (red labels in Fig.
1C; Table S1). The cationic peptides cecropin A1 and A2 (cecAl,
12-fold) and glycine-rich peptides attacin A and B (att A; 4-fold)
are active in the humoral immune response and belong to a
family of peptides primarily targeting Gram-negative bacteria
(10). CG9080 encodes a small peptide that is strongly induced in
response to immune challenge mediated by relish and spaetzle
(11). Also in this cluster is juvenile hormone acid methyltrans-
ferase (Jhamt), a juvenile hormone (JH) biosynthesis enzyme
(12), whereas several genes involved in JH catabolism were
down-regulated, suggesting that mating induces changes in hor-
monal activity in the oviduct.

A second distinct cluster consisted of the most strongly
down-regulated transcripts in mated females (Fig. 1D), including
three encoding putative transcription factors (Fig. 1D, blue).
CG18619 has a basic-leucine, zipper domain and high conser-
vation of human cAMP-responsive, element-binding, protein-
like 2 (13). CG6770 is homologous to mammalian P8 transcrip-
tional regulator, which is implicated in pancreatic growth and
regeneration (14). Absent, small, or homeotic discs 2 (Ash2), a
member of the trithorax group, is a positive regulator of ho-
meotic genes whose targets include cell cycle, cell proliferation,
and cell adhesion genes (15). This cluster also includes thor, a
homolog of mammalian PhasI/4E-BP. Thor plays a role in
immune response and regulation of cell size and can act as a
translational inhibitor by binding to elF-4E and other factors
(16). Down-regulation of genes in this cluster might be required
to control cell growth and to complete differentiation of the
oviduct tissues after mating, thus allowing efficient egg activa-
tion and fertilization. Two cytochrome P450 genes (cyp4e2 and
cyp4ac3) are also down-regulated. CYPs catalyze enzymatic
reactions in detoxification and/or biosynthetic pathways, and
some CYPs are involved in JH biosynthesis in other insects (17);
it is possible, therefore, that these changes reflect hormonal
changes in the oviduct related to egg laying.

Previous female whole-body assays have shown that 160 mating-
responsive genes were regulated by Acps, 548 by sperm, and 1,072
by other mating components (8). To determine which mating
components regulate gene expression changes in the oviduct, we
compared the whole-body data (8) with our oviduct data (Table
S2). We found 66 mating-responsive genes that were differentially
expressed in both whole-body (4%; 66/1,780) and oviduct (15%;
66/432) assays. Of these 66 genes, 11 were mediated by Acps, 28 by
sperm, and 27 by other mating components. This suggests that only
a small portion of the whole-body mating response reflects the
response in the oviduct, and that changes in transcript level in the
oviduct are mainly mediated by sperm and by non-Acp/nonsperm
factors as seen in whole-body (8) and lower RT assays (9). Several
mating-responsive genes showed more extreme changes in the
oviduct than in whole-body assays (e.g., cecA1; Fig. 1E, red labels;
Fig. S1D) or exhibited a change only in the oviduct (e.g., CG14527,
Fig. 1FE, bold labels). This suggests either that the signal in whole-
body assays represents a dilution of the oviduct signal with RNA
from other body parts, as shown in ref. 18, or, more intriguingly, a
mating-induced shift in the focus of the immune response from
whole-body to the RT, as has also been suggested in ref. 19.

Mating Induces Increase of Cytoskeletal-Associated Proteins. We
used multidimensional protein identification technology (Mud-
PIT) and peptide counting as a semiquantitative measure (see S/
Methods) to characterize the oviduct proteome and to determine
how the proteome changes in oviducts at 3 h after mating relative
to unmated oviducts. We identified a total of 187 proteins, 89 of
which were reproducibly detected in the oviduct of both unmated
and mated females (SI Methods). Eighteen percent (16/89) of
these proteins increased (= 2-fold) and 1% (1/89) decreased (=
0.5-fold) in abundance in the oviduct after mating (S Methods;
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Table S3 A and B). Gene Ontology (GO) terms related to
cytoskeleton, developmental process, and muscle contraction
were significantly overrepresented in the set of 89 expressed
proteins. Structural/cytoskeletal functions were specifically en-
riched in the set of 16 increased proteins (Table S1); the majority
of these could be classified as either muscle-specific or involved
in epithelial cell morphogenesis, which may indicate regulatory
changes affecting epithelial and muscle activity and/or structural
properties that would lead to functional changes in the oviduct
environment after mating. Western blot analysis of a subset of
these oviduct mating-responsive proteins [e.g., muscle LIM
protein at 84B (Mlp84B), adducin-like protein (HTS-R1), neu-
roglian (Nrg), or coracle (Cora)] confirmed that their abundance
increased after mating (Table S3C).

The oviduct muscles are visceral muscles that are supercon-
tractile, meaning they have Z-bands with perforations that
enlarge during contraction (20). With mating, muscle proteins
that increased in abundance in the oviduct include a-actinin
(Actn), Bent (Bt), Paramyosin (Prm), and Mlp84B. Actn is
specific to the perforated Z-band of supercontractile muscle,
where it cross-links actin filaments from adjacent sarcomeres
(21). Btlocalizes to A-bands in all muscles, interacts with myosin
heavy chain, and contributes to muscle stiffness, a property
needed for generating optimum power (22). Prm, which func-
tions in the formation and assembly of fibers into myofibrils, is
required for producing optimal force and power transduction.
MIp84B localizes to the z-line/I-band interface where it interacts
with Actn and in the nucleus where it promotes muscle-specific
gene expression. MIp84B might also have a role in monitoring
the integrity of contractile activity (23).

Mating increased abundance of proteins associated with ep-
ithelial morphogenesis including «a- and B-spectrin (Spec), Cora,
HTS-R1, and Nrg. Different Spec isoforms localize to different
domains of the epithelial cell plasma membrane: a3-Spec resides
at the basolateral surface, whereas afy-Spec is restricted to the
apical domain (24). a3-Spec contributes to polarized membrane
organization by binding membrane proteins at the cell surface.
Cora and Nrg localize to septate junctions, which regulate solute
flow between adjacent cells (25). This polarized organization of
epithelial cells is essential for their function, including transport
of ions and other molecules through the epithelial layer.

To examine whether changes in protein abundance correlated
to changes in transcript level, we compared the list of 89 oviduct
proteins detected in the unmated and/or mated group with the
list of 5,615 transcripts that were present in either group. We
found that the abundance of 19% (17/89) of the oviduct-
expressed proteins cannot be explained by transcript abundance
(Fig. 2 and Table S3 A and B), similar to observations on yeast
transcriptional and translational regulation by Lu et al. (26).
Interestingly, these 17 proteins are the mating-responsive, ovi-
duct proteins (Table S34). Transcripts for most of them (13/17)
were present, but none changed significantly in expression level
(Fig. 2). This suggests that the oviduct response after mating
includes a posttranscriptional component, as observed in the
lower female RT (9). Thus, the proteome analysis identified 17
additional mating-responsive genes and insights about the ovi-
duct response to mating.

Although we have not identified the complete proteome
present in the oviduct, our analysis detected proteins that were
reproducibly expressed in the oviduct of unmated and mated
females and proteins with the most abundant changes in the
oviduct after mating. Together, transcriptional and proteomic
profiling revealed that transcription factors involved in cell
growth and differentiation are down-regulated, whereas proteins
involved in muscle contractile activity and polarized epithelial
function are increased in the oviduct after mating.
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Fig. 2. Expression of RNA transcripts does not mirror level of mating-
responsive proteins. Relative abundance of protein expression (gray dia-
monds) and fold-changes in transcript level (black squares) at 3 h after mating.
Shown are proteins that increased or decreased by at least 2-fold and whose
corresponding transcripts were detected as present on at least two arrays of
either unmated or mated groups. See also Table S3.

Molecular Interactions Reveal Functional Cohesion Among Mating-
Responsive Proteins and Link Polarized Epithelial Cell Functions with
Actin-Based Cytoskeletal Processes. To further characterize poten-
tial functional themes among oviduct gene products, we analyzed
them in the context of a composite Drosophila protein interac-
tion network from high-throughput interactome mapping
projects (see SI Methods and Table S4 for details). We examined
two topological properties in the interaction network that cor-
relate with functional relatedness: proximity (how many inter-
vening interactions separate two gene products) and neighbor-
hood cohesiveness (how often gene products interact with shared
partners). Briefly, we calculated the characteristic path length
(CPL, or average shortest distance) and mutual clustering co-
efficient (C,,, a measure of neighborhood cohesiveness) for all
possible pairs in each oviduct gene set (proteins or transcripts,
either expressed or up-regulated in the oviduct) compared with
sets of the same size selected at random from the interactome
map (SI Methods). We found that proteins, but not transcripts,
showed significant connectivity in the Drosophila network by
both measures (low CPL and high C,,,) (Table S5 and Fig. S2. 4
and B). This suggests that the posttranscriptional response to
mating tends to involve functionally related molecules, whereas
the transcriptional response spans a range of different functional
themes, consistent with the GO term analysis. Networks includ-
ing interologs (inferred protein—protein interactions) from hu-
man, worm, and yeast (S Methods) showed similar results (Table
S5 and Fig. S2 4 and B).

To gain a better understanding of the molecular context in
which these proteins function, we inspected the “nearest neigh-
bor networks” (NNNs) of oviduct gene products in the interac-
tome map (SI Methods, Fig. S2 C and D, and SI File 1). These
NNNs contain all direct protein—protein interactions between
oviduct gene products and all of their interaction partners and
reveal subnetworks with putative functional interdependencies
within them. For example, epithelial polarity relies on polarized
delivery of proteins and lipids to distinct membrane domains
(27). The exocyst is a tethering complex that mediates vesicle
transport to various compartments and is involved in transcytosis
and polarized exocytosis in epithelial cells (28). In Drosophila,
the exocyst helps maintain epithelial cell polarity by delivering
the cell adhesion molecule E-cadherin to the lateral membrane
(29). The subnetwork in Fig. 3 reveals interactions that link
exocyst components (Sec5, Sec6, Exo70, and CG6095) with
cytoskeletal proteins involved in establishing epithelial cell

Kapelnikov et al.
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Fig. 3.  Drosophila oviduct-related subnetwork of molecular interactions be-
tween exocyst and actin cytoskeletal components. A subnetwork from Fig. S2C
(NNN of up-regulated oviduct proteins) showing all direct links between mem-
bers of the exocyst complex (orange borders) and actin-related cytoskeletal
proteins (aqua borders). Indirect links through other interaction partners of these
proteins are also shown. Some known interactions between exocyst subunits are
absent because the interactome map is incomplete. See also Fig. S2D and S/ File
1. The full interactome network is provided in Table S4 and can be browsed
interactively online by using N-Browse (37) (www.gnetbrowse.org).

polarity (e.g., B-Spec and Actn) and molecules that regulate
proliferation [Tumor suppressor protein 101 (TSG101) and
Cubitus interruptus (ci)]. Additional cytoskeletal proteins in this
subnetwork not identified here by MudPIT may also function in
the oviduct muscle; because the composite interaction data are
not specific to this tissue type, further work will be needed to
delineate those subnetworks most relevant to the oviduct. The
combined data suggest testable hypotheses to determine whether
and how regulation of proliferation, transcytosis, and polariza-
tion of the epithelial cytoskeleton may be causally linked. Our
results support the idea that active tissue remodeling takes place
in the oviduct epithelium and musculature in response to mating,
consistent with observed physiological changes in the epithelium
(7) and known roles of muscle-specific proteins in muscle
architecture and function (discussed above).

Mating Elicits a Unique Reproductive Signature in the Female Oviduct.
Because the oviduct is composed of secretory epithelia and
visceral circular muscle fibers, which are tissue types also present
in other somatic organs, we asked whether the expression profile
we observed after mating is unique to the oviduct. We compared
mating-responsive genes from the oviduct with expression pro-
files of other reproductive soma, including ovary and testis (30),
lower RT (9), and mouse oviduct (31); the expression profile of
a nonreproductive somatic tissue, the Malpighian tubule (32);
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and with UniGene ESTs of head, fat body, hemocytes, and
salivary gland. Of the 449 mating-responsive transcripts and
proteins, 80 (18%) were detected only in the oviduct. Notably,
over half of these (46/80) represent genes of unknown function.
Thus, 369 transcripts (82%) were present or enriched in other
datasets and could be used for further comparisons. Strikingly,
83% (307/369) of these were expressed in the head, which may
reflect common themes and regulatory mechanisms.

Only seven genes show enriched expression in all reproductive
soma (oviduct, ovary, lower RT, and testis), most of which are
cytoskeleton-related (Fig. S34, bold and italicized labels). Com-
paring oviduct with other female reproductive tissues, only 12%
(44/369) of mating-responsive, oviduct genes found in other
somatic tissues are overrepresented in lower RT (5.7%; 21/369)
or ovary soma (9.2%; 34/369) (Fig. S34, red). The latter are
involved in ATP binding, mRNA binding, and regulation of
transcription, potentially indicating common regulatory themes
between soma that support egg development (ovary) and egg
activation (oviduct). More oviduct mating-responsive genes are
expressed in testis soma (12.7%; 47/369) than in ovary soma or
lower RT (with ATP binding, metabolism, and immune-related
function highly represented), possibly reflecting the tubular
structure of these organs. Alternatively, cross-talk between the
RT soma and sperm might lead to sperm-induced, somatic gene
expression that is essential for processes contributing to the
special environment in the testis and oviduct.

Only two mating-responsive genes in the oviduct were ex-
pressed in Malpighian tubules, ducts with nonreproductive func-
tions (Fig. S34, italics). The cytochrome cyp4e2 is found only in
these two tissues, whereas a-esterase-3 (a-est3; a carboxylester-
ase) is also expressed in head and salivary gland (Fig. S3 4 and
B). Thus, although both tissues energize fluid secretion, the
oviduct epithelia express a unique combination of transporters
and ion channels, likely reflecting different mechanisms of
transport or secretory regulation (e.g., neural, humoral, and
local control) essential for maintaining osmolarity.

To determine whether mating and immune challenge elicit an
immune response via common or distinct mechanisms, we also
looked at genes induced on immune challenge (11). We found
that 10% (35/369) of mating-responsive, oviduct genes enriched
or present in other somatic tissues are also enriched in response
to immune challenge and vice versa (35/400; Fig. S3 4 and B).
This suggests that regulatory pathways mediating mating-
dependent and immune responses after infection largely differ
but may share some common components.

Although limited by the few available datasets, our compar-
ative analysis revealed a set of mating-responsive genes unique
to the oviduct, as well as transcripts enriched in other repro-
ductive but not nonreproductive soma. Mating-responsive genes
in the oviduct thus define a reproductive signature that differ-
entiates the oviduct “domain” from other RT “domains” and
likely specifies a developmental program that sets the final
establishment of its positional and functional identity.

CecHas a Unique Expression Pattern Within the RT and Is Up-Regulated
After Mating in the Lower Common Oviduct. Polarization of oviduct
epithelial cells is important for maintaining optimal osmolarity
for supporting activation of released eggs and for secretion of
membrane active peptides, such as antimicrobial peptides
(AMPs) that are produced mainly on the epithelial surface.
CecAI mRNA was strongly induced (12-fold) at 3 h after mating
(Fig. 1C). To better understand the function of oviduct epithelial
cells, we examined the spatial distribution of cecc mRNA and Cec
protein and asked whether a change in transcript level is
paralleled by an increase in protein level. In situ hybridization to
frozen sections of unmated females revealed cec mRNA expres-
sion throughout the oviduct epithelia (Fig. 44). After mating, the
spatial range of cec mRNA was unaltered, but the level of cec
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Fig. 4. The expression level of cec is significantly increased after mating in
the lower part of the common oviduct. (A and B) Digoxigenin-labeled anti-
sense RNA probe for cecAT hybridized to longitudinal cryosection through the
female body (see Fig. S4 for control and schematic): (A) Unmated female. (B)
Female mated to WT male at 3 h after mating. Note that cec is transcribed
throughout the unmated female oviduct (A), but is strongly up-regulated in
the lower part of the common oviduct (CO) at 3 h after mating (B, asterisk).
Inset in A and B show high magnification of cec expression in a region of the
lower CO marked by asterisk. (Scale bar, 20 um); n = 15 females for each
treatment; (Inset scale bar, 10 um); UT, uterus; SR, seminal receptacle.

mRNA increased significantly in the lower common oviduct (P <
0.0002; Fig. 4B).

Using transgenic flies expressing GFP under the control of
cecAl promoter (33), we compared Cec-GFP fluorescence in-
tensity in unmated and mated females. Tzou et al. (33) reported
that the expression of cec-GFP mRNA and Cec-GFP protein,
verified by Northern and Western blot analysis, was similar in
kinetics of induction to that of the endogenous gene products.
We detected Cec-GFP in the oviduct epithelia (Fig. S5), but it
was excluded from the middle part of the oviduct (Fig. S5 C-E).
It seems likely that the difference we see between Cec-GFP and
cec mRNA expression patterns reflects the expression of cec42
mRNA, which is also present in the female oviduct and can be
detected with the cec in situ probe we used. Like cec transcript,
the spatial range of Cec-GFP fluorescence within the RT was
unaltered after mating (Fig. S5). However, in the lower common
oviduct, quantification showed that mating induced a significant
increase in fluorescence intensity (P < 0.001; Fig. S5D), con-
sistent with the in situ data for ccc mRNA. An observed increase
in lateral oviducts (Fig. S5B) was not statistically significant.

The expression pattern of cec, along with the increase in cec
transcript and Cec protein levels after mating, demonstrate that
polarized epithelial cells along the oviduct are fully functional.
To determine whether the spatial localization of cec is unique,
we examined other AMPs detected in our microarray in the
oviduct (attacin, defensin, diptericin, drosocin, and drosomycin)
and lower RT (metchnikowin) (9). We found that each AMP is
expressed in a spatially defined subpopulation of epithelial cells
in multiple regions of the RT (Fig. S6). Although each AMP has
its own unique spatial pattern, they partially overlap, and within
each region of the RT, functionally distinct domains express a
different combination of AMPs (Fig. S6C). Human oviduct and
uterus also secrete AMPs, accompanied by mucus and a variety
of peptide mediators, such as chemokines and cytokines, which
regulate the traffic and activity of immune cells (34). The
localization of AMPs in distinct domains in the RT and the large
quantities of cec observed after mating provide evidence that in
Drosophila, as in human (34), epithelial cells play an important
role in maintaining a microbe-free environment in the oviduct
and contribute to physiological homeostasis of the oviduct
microenvironment.

13916 | www.pnas.org/cgi/doi/10.1073/pnas.0710997105

Discussion

Through combined transcriptional and proteomic profiling, we
have shown that mating induces transcriptional and translational
changes in the epithelium and musculature of the oviduct that
advance their maturation state. Mating promotes changes in
actin-based cytoskeletal organization and induces immune-
related transcripts such as AMPs that likely contribute to
creating the optimal environment for successful fertilization.
Examination of one immune-related transcript, the AMP cec,
revealed a highly ordered spatial expression pattern within the
RT that is distinct from other AMPs examined. This pattern is
suggestive of a “plug” that protects the entrances to the oviduct
and ovaries from foreign matter, although cec and other peptides
may have additional, unknown roles. We hypothesize that the
epithelial cells and musculature of the unmated female oviduct
are poised for rapid response to an extrinsic cue (mating), and
that this cue triggers tissue remodeling and functional changes
(e.g., contractile muscle activity and polarized secretion from the
epithelium of components such as lubricants, solutes and AMPs)
that are essential for proper oviduct function, including egg
activation and transport. Anatomical analysis reveals that mor-
phological changes in innervation, muscle, and epithelium are
distinguishable as early as 6 h after mating (Kalpenikov, Rivlin,
Hoy, and Heifetz, unpublished data), thus the oviduct appears to
be poised at both a molecular and structural level. We propose
that these changes represent the last stage of muscle and
epithelial development that prepare the oviduct for reproductive
function. One advantage of poised oviduct development may be
to conserve metabolic energy until sperm are available.

We do not yet understand how these changes are triggered, but
they could be mediated by a few key regulators. In some insects,
maturation of the female RT is mediated by JH after eclosion.
In locusts, JH mediates morphological and functional changes in
the ovipositor muscle fibers, inducing changes in the structural
organization and contractile activity of myofibrils, as well as a
massive change in their mitochondria and sarcoplasmic reticu-
lum (35). JH also mediates changes in the secretory epithelium
of the oviduct that stimulate secretion (36). Whether JH or other
hormones are directly or indirectly involved in mediating the
changes we observed in the oviduct tissues in Drosophila remains
to be determined.

Comparison with other reproductive and nonreproductive
tissues sheds light on the oviduct’s specialized function. After
mating, the oviduct bears transcripts not found in other tissues
examined and differs from other nonreproductive tubular se-
cretory epithelia, such as Malpighian tubules, as well as other
reproductive tissues, such as the ovary and lower RT. Thus, each
region of the reproductive soma appears to bear a unique
molecular signature that specifies its specialized function. Com-
bining expression and network analysis provides an opportunity
to begin probing, at a systems level, the functional modules
underlying the maturation of oviduct tissues and their interde-
pendencies. We conclude that the oviduct signature after mating
evidences unique properties that enable the complex coordina-
tion of nerve, muscle, and epithelial cells to support the release
of fertilizable eggs.

Materials and Methods
See S/ Methods for detailed descriptions of all procedures.

Flies. WT flies were Canton S. Transgenic flies expressing GFP under the control
of each AMP promoter (Pepx-GFP) (33) were provided by Jean-Luc Imler
(Centre National de la Recherche Scientifique). All flies were kept in a 12-h
light/dark cycle at 23 + 2°C. On eclosion, females and males were collected on
ice and held separately for 3 d.

Sample Preparation. Unmated females and males were placed together and
timed from the initiation of mating. At the end of copulation, females were
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removed, held singly for 3 h, and then placed on ice. The upper female RT
tissues (Fig. 1A) were dissected on ice, collected into TRIzol (Invitrogen), and
placed at —80°C until processing of RNA and protein. To minimize variation,
the same flies were used to prepare RNA and protein. Three independent
biological samples, each consisting of pooled tissues from 400 to 500 females,
were created for each treatment.

Microarray Assays. Total RNA was extracted and processed for hybridization (9).
Each sample was hybridized to oligonucleotide Drosophila Genome (GeneChip)
DrosGenome1 arrays (Affymetrix). Labeling and hybridization were performed
by the Department of Biological Services, Weizmann Institute.

Network Analysis. A composite Drosophila protein—protein interaction map with
7,736 links among 5,400 proteins was created from the union of three published
interaction maps. An augmented map including human, worm, and yeast inter-
ologs (inferred interactions from orthologous interacting protein pairs) con-
tained a total of 10,230 links among 6,022 proteins. Topological parameters were
calculated for each oviduct subnetwork by using only the subset of proteins
present in the Drosophila interactome network (*interologs).

Proteomic Assays. Proteins were isolated from the phenol-ethanol superna-
tant obtained after precipitation of DNA from TRIzol according to the man-
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ufacturer’s protocol. Protein analysis and identification were carried out at
the Smoler Proteomics Center (Technion, Haifa, Israel).

Proteomic Analysis. To determine the direction (increase or decrease) of
changesin protein abundance, we performed semiquantitative proteomics by
using the “peptide count” technique (the total number of peptides identified
from a protein in a given LC/LC-MS/MS analysis). We compared the relative
abundance of each protein in our dataset (89 proteins) in mated vs. unmated
oviducts.
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