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the Drosophila melanogaster female reproductive tract, obtained  pnas.1505797112).

by micro-computed tomography scanning,” by Alexandra L. The authors note that Fig. 1 and its corresponding legend ap-
Mattei, Mark L. Riccio, Frank W. Avila, and Mariana F. Wolfner, = peared incorrectly. The corrected figure and its corrected legend
which appeared in issue 27, July 7, 2015, of Proc Natl Acad Sci  appear below. This error does not affect the conclusions of the article.
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Fig. 1. Micro-CT scans of copulating Drosophila visualized in three dimensions. (A) Abdomen of a virgin female, showing details of RT anatomy. A mid-
longitudinal slice of a Canton S female is shown; ovaries, spermathecae, and parovaria are lateral to this slice and not visible in this section (Fig. S1).
(B) Copulating pair at 10 min ASM. (Inset) Close-up view of the reproductive anatomy at a voxel size of 597 nm. Flies are virtually sliced midlongitudinally to
reveal their internal organs. (C) Copulating flies scanned at 10 min ASM show male claspers (“c”) interdigitate with the female vaginal teeth (bracket and
arrows) at the top of the RT opening (Upper) and apparent copulatory damage to the female intima (arrows) caused by the male’s aedeagus (Lower). Arrow
in Lower panel of C points to the puncture of the female by the dorsal branch of the aedeagus. The insets in this panel show the same place in two slightly
different focal planes centered on the tip of the dorsal branch of the aedeagus. A, aedeagal apodeme; Ae, aedeagus; E, ejaculate, EB, ejaculatory bulb; M,
muscle fiber; U, uterus, HG, hindgut. Delineation of the aedeagal apodeme is shown in Fig. S2; in that figure, “E" designates aedeagus. Yellow indicates the
highest density, and red indicates the lowest density. Scale bars: A, 0.25 mm; B, 0.5 mm; C and B (Inset), 0.1 mm.
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Physiological changes in females during and after mating are
triggered by seminal fluid components in conjunction with female-
derived molecules. In insects, these changes include increased egg
production, storage of sperm, and changes in muscle contraction
within the reproductive tract (RT). Such postmating changes have
been studied in dissected RT tissues, but understanding their
coordination in vivo requires a holistic view of the tissues and their
interrelationships. Here, we used high-resolution, multiscale micro-
computed tomography (CT) scans to visualize and measure post-
mating changes in situ in the Drosophila female RT before, during,
and after mating. These studies reveal previously unidentified dy-
namic changes in the conformation of the female RT that occur after
mating. Our results also reveal how the reproductive organs tem-
porally shift in concert within the confines of the abdomen. For
example, we observed chiral loops in the uterus and in the upper
common oviduct that relax and constrict throughout sperm storage
and egg movement. We found that specific seminal fluid proteins
or female secretions mediate some of the postmating changes in
morphology. The morphological movements, in turn, can cause fur-
ther changes due to the connections among organs. In addition,
we observed apparent copulatory damage to the female intima,
suggesting a mechanism for entry of seminal proteins, or other
exogenous components, into the female’s circulatory system. The
3D reconstructions provided by high-resolution micro-CT scans re-
veal how male and female molecules and anatomy interface to
carry out and coordinate mating-dependent changes in the female’s
reproductive physiology.

reproduction | micro-CT scans | uterus | seminal proteins | oviduct

ating induces physiological changes in females that en-

hance fertility. Many of these changes result from the
transfer of seminal fluid, a complex chemical mixture containing
sperm, male-derived molecules, and membranous vesicles (1-6),
acting in the context of, and in conjunction with, female mole-
cules and physiology. In insects and mammals, examples include
seminal components that induce contraction of the female re-
productive tract (RT) musculature (7-10), stimulate ovulation
(11-13), regulate semen coagulation (14, 15), aid sperm move-
ment and storage in the female RT (16, 17), and modulate fe-
male immune responses postmating (18, 19).

Drosophila melanogaster is a powerful system with which to
dissect how male-derived molecules interact with female phys-
iology to cause the cascade of postmating responses required
for fertility. Drosophila males transfer >200 different seminal
fluid proteins (SFPs) to females during mating (19-21). Within
the female RT, SFPs induce a series of conformational changes
of the uterus (16, 22). Specific SFPs increase ovulation and
oviposition rates (12, 13, 23), promote sperm storage (16, 24, 25),
increase feeding (26), decrease intestinal transit rates (27, 28),
and increase synaptic development at female RT neuromus-
cular junctions (10). Although much is known about the mole-
cules and interactions that mediate these female postmating
responses, next to nothing is known about the physical mechanics
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of the postmating changes and their response to male and fe-
male molecules.

The physical act of mating, SFPs, and sperm receipt each mod-
ulate the release of signaling molecules in the Drosophila female
RT (29). The Drosophila female RT is a complex system whose
subregions differ in function and in the release and reuptake of
signaling molecules; each region has a characteristic temporal
and spatial identity postmating. Thus, postmating physiological
changes are not simply a sequence of independent events but
rather a coordinated process required for optimal fertility. Pre-
vious studies carried out on dissected tissues or specimens did not
allow observation of the interactions and coordination among RT
organs in situ within mating, or mated, flies.

To visualize spatially the coordinated and concurrent organ re-
arrangements within the confines of the female abdomen during
insemination through to egg laying, we used high-resolution, mul-
tiscale micro-computed tomography (CT) scans. These scans give
a holistic 3D view of the interrelationship among reproductive
organs in situ, as females respond to mating and its chemical com-
ponents. With views ranging from 400-nm to 4-pm voxel sizes of
the interior of female flies before, during, and at several times
after mating, we observed looping, opening/closing, and reposi-
tioning of RT organs within the female. These data allow us to
revisit, and newly define, effects of male and female molecules
on female postmating physiology.

Significance

Our high-resolution, multiscale micro-computed tomography
scans of Drosophila provide the first 3D view, to our knowl-
edge, of the in situ morphological changes that occur in a fe-
male insect’s reproductive tract (RT) during and after mating.
By means of this holistic analysis, we determined how the
postmating reproductive events of ovulation, egg movement,
sperm storage, sperm release, and fertilization are coordinated.
We observed and quantified phenomena not detected in prior
studies of dissected materials. These phenomena included co-
ordinated looping and unlooping of the uterus and oviducts,
and a potential mating-induced trauma in the female RT. This
new perspective allowed us to revisit experimentally, and newly
define, the effects of male- and female-secreted molecules on
female postmating physiology.
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Results and Discussion

A brief outline of the progression of events initiated by mating is
necessary before we present, in the following sections, how the
female’s RT changes with time after copulation.

During a typical D. melanogaster mating, SFPs are transferred
to females beginning at 3 min after the start of mating (ASM)
(30, 31). SFPs from the male ejaculatory bulb coagulate into a
hardened mass [the posterior mating plug (MP)] at 5 min ASM,
whereas SFPs primarily from the male accessory gland condense
into an anterior MP at 20 min ASM (30, 32). Sperm are trans-
ferred between these events at 8§ min ASM (33, 34), and their
storage in the female begins at ~25 min ASM (34). We examined
female RT tissues in situ during copulation (10 min ASM) at
time points immediately after mating [35-90 min ASM (during
sperm storage and the start of ovulation, respectively)], as well as
later, when females are actively laying eggs and sperm storage is
complete (3-8 h ASM). We then examined effects of specific
male or female components on the tissues’ behaviors.

Mating Flies Couple Precisely, with the Female's Vaginal Teeth
Interdigitating with the Male’s Claspers. We flash-froze virgin fe-
males, mating pairs in copula at 10 min ASM (Fig. 1 and Movie
S1), and mated females at 35 min, 90 min, 3 h, 5 h, and 8 h ASM,
and then examined them by ultra-high-resolution CT scans (400-nm
and 597-nm voxel sizes). An overview CT scan of the internal
virgin female reproductive anatomy is shown in Fig. 14. A region
of high density in the lumen of the posterior uterus is seen only in
mated females (“E” in Fig. 1B, Inset). Scans of females mated to
males depleted for particular ejaculate components (Table S1
and below) suggest that this high-density region corresponds to
ejaculatory bulb secretions that form the posterior MP. At the
site of male/female genital contact in the pair of flies in copula, our
scans revealed directly, and for the first time to our knowledge,
that the female’s vaginal teeth interlock with the male’s claspers.
This interdigitation could keep the animals tightly and correctly
coupled during mating. There is also the possibility that it could
act as a stimulatory signal on the female [Fig. 1 B (Inset) and C].
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Fig. 1.

Male's Intromittent Organ Pierces the Female Fly's Vagina. Our scans
of fly pairs in copula revealed that the tip of the aedeagus, the
male’s intromittent organ, appeared to extend through the dorsal
posterior vaginal wall (Fig. 1C), causing copulatory damage in
the region. Such wounding could occur when the muscle that
attaches to the curved posterior end of the aedeagus contracts
[Fig. 1 B (Inset) and C]. We see a single penetration of the
female intima, consistent with a phallotreme structure for
D. melanogaster analogous to the structure seen for Drosophila
eugracilis, another species that shows copulatory wounding (35).
The purpose or effect of such copulatory wounding is not clear.
One possibility is that it provides a means for male seminal com-
ponents to enter the female’s circulatory system. Some SFPs enter
the circulatory system in the first few minutes of mating (31, 36).
D. melanogaster males also transfer membrane-bound vesicles
(5), and likely transfer RNAs as was reported for Drosophila
mojavensis males (37); such male constituents could also potentially
gain access to the female’s circulation through the copulatory
wound. Damage or entry of exogenous substances into the fe-
male might also contribute to the induction of antimicrobial gene
expression that occurs after mating (38—40), or might serve as an
entry route for pathogens (41).

We next examined how the female’s RT changes with time
after copulation. We discuss this by following the path of oocyte
transit from ovary, through lateral and common oviducts, to uterus.

Mating Triggers a Clutch-Like Wave of Egg Production. We examined
ovarian morphology before, during, and after mating (Fig. 2 and
Fig. S3). Ovaries of virgin and mated females at 10, 15, 35, and
90 min ASM are full of both immature and mature oocytes (Fig. 24,
b—e). Ovaries of females at 3 and 5 h ASM, when egg production is
high, have expanded to fill the majority of the abdomen (Fig. 24,
fand g). Of the six females scanned at 8 h ASM, the ovaries of two
contained mature oocytes and many immature oocytes (Fig. 24, &
and 7). Three had ovaries devoid of mature oocytes (Fig. 24, j-),
and one had a mature oocyte in only one ovary. Ovaries lacking
mature oocytes were noticeably smaller than the ovaries of virgins.

Micro-CT scans of copulating Drosophila visualized in three dimensions. (A) Abdomen of a virgin female, showing details of RT anatomy. A mid-

longitudinal slice of a Canton S female is shown; ovaries, spermathecae, and parovaria are lateral to this slice and not visible in this section (Fig. S1).
(B) Copulating pair at 10 min ASM. (/nset) Close-up view of the reproductive anatomy at a voxel size of 597 nm. Flies are virtually sliced midlongitudinally to
reveal their internal organs. (C) Copulating flies scanned at 10 min ASM show male claspers (“c”) interdigitate with the female vaginal teeth (bracket and
arrows) at the top of the RT opening (Upper) and apparent copulatory damage to the female intima (arrow) caused by the male’s aedeagus (Lower). De-
lineation of the aedeagus is shown in Fig. S2. Yellow indicates the highest density, and red indicates the lowest density. A, aedeagus; E, ejaculate; EB,
ejaculatory bulb; M, muscle fiber; U, uterus. (Scale bars: A, 0.25 mm; B, 0.5 mm; C and B (Inset), 0.1 mm.)

8476 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1505797112 Mattei et al.

www.manaraa.com


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1505797112/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1505797112/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1505797112

|

Fig. 2. Progression of morphological changes of ovaries during and after
mating. (A) Ovaries of a virgin female (¥) are full of immature and maturing
eggs, and maintain a similar size during mating (10 and 15 min ASM). More
eggs begin to mature soon after mating (35 min ASM); they fill the ovaries,
which increase in size (90 min and 3 h ASM). Females begin actively laying eggs
by 5-8 h ASM. By 8 h ASM, some ovaries still contain mature eggs (h and i),
whereas others are completely devoid of mature eggs (j-/). (B) Ovaries of
eggless (DOT) females are severely reduced in size and lack oocytes at 90 min
ASM; the space these ovaries normally occupy is filled with fat body. At 90 min
ASM, the ovaries of SSC~ females or of normal females mated to Ov™ males
show accumulation of excess (unovulated) mature oocytes. (Scale bar: 0.25 mm.)

Considered together, the progression of D. melanogaster ovarian
morphologies from virgin females through mated females at 8 h
ASM, as well as the overall paucity of mature oocytes in the ovaries
of females at 8 h ASM, suggests some clutch-like characteristics
to (at least) the initial postmating bout of egg production/laying.
Our data also show that a certain number of oocytes mature in
the ovaries of virgin females before the onset of postmating egg
laying and are ovulated before the next set of oocytes matures;
this pattern is consistent with predictions for how SFPs stimu-
late oogenesis (42, 43). Synchronized or clutch-like egg produc-
tion has not previously been reported for D. melanogaster. In-
triguingly however, synchronized egg production occurs in some
other insects. For example, females of some Drosophila repleta
species mature their eggs in batches, and female Drosophila
pseudoobscura also do so to some extent (44), and synchronized
egg production triggered by mating results in female mosquitoes
laying a clutch of eggs (45). It will be fascinating to compare
effects of mating on the dynamics and synchronicity of oogen-
esis and egg maturation across insect species, including the
genus Drosophila. 1t will also be interesting to examine whether
D. melanogaster egg production continues to display cyclicity and
batch-like characteristics after the initial postmating cycle, per-
haps to allow coordination with circadian cues or feeding cycles.

Male and Female Secretions Prevent Overfilling of Ovaries with Eggs.
Seminal proteins like ovulin, and female spermathecal secretory
cell (SSC) secretions regulate postmating ovulation levels in
Drosophila (10, 12, 46-48). Given the stimulation of oogenesis by
mating, one might expect that in the absence of male or female

Mattei et al.

molecules that stimulate ovulation, the ovaries might overfill
with mature oocytes. Our micro-CT scan datasets provide evi-
dence for such an effect. In females whose SSCs were disabled
(SSC7) or in normal females mated to ovulin-deficient males
(Ov™), the ovaries were abnormally full of mature oocytes (Fig.
2B, SSC™ and Ov"), stacked on top of each other. This was never
observed in WT matings.

overfilling of Ovaries with Eggs Does Not Alter the Conformation of
the Uterus and Oviducts. As will be described below, the oviducts
and uterus, through which oocytes pass, undergo conformational
changes after mating. Interestingly, despite the engorgement of
the ovaries in the absence of ovulin or SSC secretions, the re-
mainder of these females’ RTs showed normal conformations
(Figs. 3 and 4). This suggested that the germ cell contents of the
ovary do not exert major effects on the other RT tissues. To test
this hypothesis, we examined ovarian, uterine, and oviduct con-
formation in mated females without oocytes [daughters of tudor
(DOT) (49)] (Figs. 2—4 and Table S1). These females showed
normal uterine (Fig. 4, DOT) and oviductal (Fig. 3B, DOT)
morphology at 90 min ASM, even though their ovaries, lacking
oocytes, were much smaller than normal (Fig. 2B, DOT). Thus, the
presence or absence of mature oocytes does not impact oviductal
and uterine conformations or position postmating.

Mating and Seminal Proteins Cause Coordinated Looping and
Straightening of the Oviducts. In the upper common oviduct of
virgin females, we observed a chiral counterclockwise loop (Fig.
34, a). This conformation is maintained in mated females at 10,
15, and 35 min ASM (Fig. 34, b—d). However, by 90 min ASM,
the time at which postmating ovulation initiates (10, 12), the
loop has uncoiled (Fig. 34, ¢). The oviduct remains straight at
3 h ASM (Fig. 34, f), but by 5 h ASM (Fig. 34, g), and continuing
at 8 h ASM (Fig. 34, j and k), the oviduct appeared to have
recoiled partially to an intermediate conformation (Fig. 34). At
8 h ASM, we observed female-to-female variation: Of the four
females with an egg in the uterus at 8 h ASM, the oviduct was in
a chiral loop in two (e.g., Fig. 34, I), in an intermediate con-
formation in one (Fig. 34, k), and straight in one (Fig. 34, 7). In
the two females without an egg in their uterus at 8 h ASM, the
oviduct was in the intermediate conformation in one and straight
in the other (Fig. 34, j and A, respectively).

Ovulation is stimulated by the SFP ovulin, which relaxes ovi-
duct muscles via increased octopaminergic signaling (10, 12, 13,
48). To test whether ovulin’s action causes the straightening of
the oviduct observed at 90 min ASM, we examined oviducts of
females mated to ovulin-deficient males. Oviducts in females
that did not receive ovulin retained their loops at 90 min ASM,
in contrast to controls (Fig. 3B, Ov™). The failure of the oviduct
to straighten in the absence of ovulin was not due to the accu-
mulation of unovulated oocytes, because the oviducts of SSC™
females, which also accumulate unovulated oocytes, straighten
normally (Fig. 3B, SSC™). Thus, our data show that uncoiling of the
oviductal loop is a result of ovulin’s effect on muscle contraction.

Mating Causes Changes in Uterine Volume, Shape, and Positioning.
Uteri of unmated females were reported previously, based on
dissected materials, to be “closed” and “S-shaped” (22). Our 3D
examination showed that the closed uterus actually loops in the
horizontal x-y plane, rather than being a flat S-shape in the
vertical y—z plane (Figs. 14 and 4 and Fig. S44). Earlier studies
on dissected materials also reported that after mating, the uterus
undergoes a series of morphological changes that “open” its
lumen (22). We observed this progression in micro-CT scans
taken at 10, 15, 35 and 90 min ASM (internal structures are la-
beled in Fig. 14). Consistent with prior observations (22), uterine
expansion did not require receipt of sperm by the female [Fig. 4;
females mated to spermless, sons of tudor (SOT) males].
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Fig. 3. Morphology of the upper common oviduct (arrows) at the indicated
times ASM. (A) Upper common oviducts show a chiral loop (arrows) at 0, 10,
15, and 35 min ASM (a—d). (e) At 90 min ASM, the oviducts start to relax and
show no loop. Likewise, the oviduct is relaxed at 3 h ASM (f) and at 8 h ASM
when an egg is positioned in the lateral oviduct (h) or when it has descended
into the uterus (/). (/) Loop reforms during egg laying, as seen at 8 h ASM
when an egg is in the uterus. A state intermediate between looped and
relaxed is seen at 5 (g9) and 8 (j and k) h ASM. (B) Upper common oviduct
(arrows) is straight at 35 min ASM in mates of Acp36DE™ males and males
lacking all Acps (Acp™), but has a loop in females mated to males that pro-
duce Acps but not sperm (SOT). Mates of pEBme knockdown males (MP™)
show partial relaxation in the oviduct at 35 min ASM. At 90 min ASM, mates
of males lacking sex peptide (SP7) show normal oviduct relaxation, mates
of Ov™ males show no relaxation in the oviduct, an eggless female (DOT)
shows no relaxation in the oviduct, and SSC™ females have relaxed ovi-
ducts. (Scale bar: 0.25 mm.)

The 3D information gained from our scans allowed us to
calculate the magnitude of the change in uterine volume during
its expansion (SI Materials and Methods, Fig. S5, and Table S2).
Interestingly, the uterus reaches its largest size at 90 min ASM,
before egg entry into the uterus; uterine volume at this time is
greater than the uterine volume of a uterus holding an egg. We
suggest that the uterus balloons to accept the egg and sub-
sequently contracts to hold the egg in place for fertilization. An
egg within the uterus is thus held snugly, with its dorsal ap-
pendages sticking into the oviduct. The egg’s micropyle is posi-
tioned near the entrances to the sperm storage organs, presumably
facilitating fertilization. Uterine ballooning before egg entry also
facilitates opening the entryways to the sperm storage organs to
store sperm efficiently (22). It is also possible that this ballooning
prepares the RT for later events, by stretching the epithelia and
muscles to accommodate more easily eggs that will descend when
egg laying begins ~3 h ASM.

After eggs have begun to move through the RT (12) and to be
laid (3, 5, and 8 h ASM), the lumen of the uterus contracts back
to resemble the uterine lumen of a virgin female (except when it
contains an egg; Fig. 4 and Fig. S4). Interestingly, after the MP

8478 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1505797112

was expelled, uterine volume was smaller than the uterine vol-
ume of a virgin female (51% smaller at 5 h, 60.5% smaller at
3 h). We propose that uterine contraction could have any or all
of the following purposes: (i) expelling the MP, (i) tilting the
uterus to make room for the ovulating egg and to affect the
coiling of the oviduct (see below), and (iii) pushing the fertilized
egg out of the uterus.

Analysis of 3D views from micro-CT scans of multiple samples
also revealed postmating shifts in uterine position. By 5 h ASM,
the anterior uterus has tilted dorsally and lies perpendicular to
the anterior-posterior axis (Fig. 4). This tilt was also seen in one
of the two females that lacked an egg in their uterus at 8 h ASM
(Fig. 34). Four other females scanned at 8 h ASM had an egg in
their uterus (Fig. 4); these uteri were not tilted.

Seminal Proteins Modulate the Female’s Uterine 3D Shape and Volume.
Changes in uterine conformation are triggered by Acps (accessory
gland proteins), the subclass of SFPs made by the male’s accessory
glands (22). To visualize effects of Acps on the uterus in situ, we
mated females to males lacking Acps (50) (Table S1). In females
mated to Acp-deficient males at 35 min ASM, the lumen of the
anterior uterus remained tightly shut (Fig. 4, Acp™). The posterior
uterine lumen is filled with a compact ball of high density, rep-
resenting the sperm mass and ejaculatory bulb proteins (Fig. 4,
Acp). Previous studies using dissected tissues showed that one
particular Acp, Acp36DE, necessary for sperm entry into storage
and a component of the anterior MP (24, 25, 32), is also required
to release a miduterine constriction (16). In contrast, another Acp,
the “sex peptide,” does not affect sperm entry into storage or
uterine conformation (51). Our 3D views confirmed these results
for both Acps (Fig. 4 and Fig. S3). For example, uteri of females
whose mates lacked Acp36DE exhibited an hourglass shape at
35 min ASM, due to retention of a miduterine constriction (Fig. 4,
Acp36DE"). In these females, the bulk of the ejaculate remained

Fig. 4. Morphology of the uterus at the indicated times postmating. The
uterus (arrows) progresses through stereotypic morphological changes
triggered by SFP receipt. The 8-h time point shows an egg in the uterus. The
lower eight panels show uterine morphology in the presence or absence of
specific reproductive molecules or components (labels are as in Fig. 3; de-
tailed definitions are provided in Table S1). (Scale bar: 0.25 mm.)
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as a high-density mass in the posterior uterus. Given these
confirmations, we then examined the role of another seminal
protein, a product of the ejaculatory bulb that forms the poste-
rior MP. Preventing MP formation (in mates of protein of the
ejaculatory bulb (pEBme) knockdown males), the uterus took
on a “swollen” appearance at 35 min ASM, with a distinct
constriction in the anterior uterus (Fig. 4, MP™). Thus, the MP
also plays a role in the mating-induced uterine shape changes.

Although our data are snapshots into the postmated female
RT, viewing them as a sequence of events over time leads to a
model of uterine and oviduct positions and conformations that
occur after a typical mating. In this light, our data suggest that
the tilting and shape changes of the uterus can pull the oviduct,
straightening the latter to allow egg movement, or can release
tension, allowing the oviduct loop to reform, potentially im-
peding egg entry into the oviduct (see below). Consistent with
this view, manipulations that alter uterine position and confor-
mation often affected the oviduct’s torsion or chirality. For ex-
ample, in conjunction with the abnormal uterine conformation at
35 min ASM in the absence of all Acps or of Acp36DE, females
showed no loop in the upper common oviduct (Fig. 3B, Acp™ and
Acp36DE"). Further, mates of pEBme knockdown males showed
only partial looping of their oviduct (Fig. 3B, MP"™). In contrast,
oviduct looping was normal in females mated to sperm-deficient
males (SOT), as was uterine conformation, at 35 min ASM (Figs.
3B and 4, SOT). An exception to this correlation was that al-
though removal of sex peptide from the ejaculate did not visibly
affect uterine conformation, one mate of a sex peptide-null male
had a nearly straight oviduct at 90 min ASM (Fig. 3B, SP7),
whereas the other showed the loop at this time.

Concurrent changes in the amount and release of neuro-
modulators in different regions of the female RT at different
times postmating have been proposed to determine and co-
ordinate RT functions (29). It is possible that these neuro-
modulatory changes cause the changes in conformation, volume,
and position of the RT organs observed in our micro-CT scans.

Integrated Changes in the Female's Reproductive Tract Could
Regulate Egg Transit. Normal female RTs rarely contain
more than one transiting oocyte, and almost never more than
two (12), suggesting that mechanisms coordinate the rate of egg
release with the readiness of the uterus to accept an egg and
allow its fertilization. We propose that the time course of con-
formational and positional changes that we observed could
physically coordinate egg entry and movement through the RT,
limiting the number of oocytes passing through the female RT.

The virgin fly’s uterus is in the collapsed S-shape with a
clockwise loop, and the upper common oviduct is looped coun-
terclockwise (Fig. S64). After mating, the uterus balloons to its
largest size and, in conjunction, the oviduct loop relaxes (Fig.
S6B; 90 min). After MP ejection, the uterus contracts, returning
to the virgin conformation (Fig. S6C). The anterior end of the
uterus tilts backward, pulling on the relaxed oviduct and elon-
gating it (Fig. S6D). This elongation could make room for the
next egg to ovulate into the lateral oviduct (Fig. S6E), co-
ordinating egg release with the availability of a uterus ready to
accept the egg. Next, the egg enters the relaxed uterus in position
to be fertilized (Fig. S6F). The oviduct loop reforms (Fig. S6G),
potentially blocking the next oocyte from prematurely entering the
oviduct. When the egg is ready to be laid, the uterus contracts
again to push the egg out (Fig. S6 C and H). This contraction tilts
the uterus, again pulling on the oviduct and straightening it, fa-
cilitating entry of the next mature oocyte (Fig. S6 D and E). The
cycle can then repeat, allowing continued coordination of oocyte
release with uterine availability.

Initially, the movements occur in response to mating and are
triggered by male-derived molecules, such as Acps and pEBme.
However, the changes continue after|3 h ASM, by which time
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almost all SFPs have been expelled or degraded, suggesting that
the female fly then assumes control of her RT conformations.
Interestingly, our scans of females mated to males lacking all
Acps revealed that Acps, but not sperm, are involved in main-
taining the appropriate timing of relaxation of the oviduct loop.
In addition, SFPs with known roles in ovulation (ovulin) and
those SFPs with roles in processes unrelated to ovulation (i.e.,
sperm storage; Acp36DE and pEBme) affected the conforma-
tion of the oviduct. The oviduct loop may be what causes the
lumen of the upper common oviduct to be closed off in unmated
flies (52). A constriction occurs between the common and lateral
oviducts, the region in which we observed the oviduct loop in our
scans. Future experiments are needed to determine whether
there is a sphincter present in the oviduct or if the loop we have
identified is sufficient to close the lumen of the oviduct.

Conclusions

In his 1493 anatomical sketch of the cross-section of a copulating
man and woman entitled “The Copulation,” Leonardo da Vinci
studied human reproductive anatomy to understand better how
human reproduction is coordinated. Following the same thought
process, we performed high-resolution micro-CT scans of female
Drosophila abdomens before, during, and after mating (Figs. 1-4
and Table S1) to visualize reproductive anatomy in situ to un-
derstand better how Drosophila reproduction is coordinated. We
demonstrate that noninvasive 3D micro-CT scans provide a
valuable tool with which to view the interrelationship between
reproductive organs as female flies respond to mating and its
chemical components. With this powerful 3D perspective, we ob-
served (7) changes in the looping, opening/closing, and positioning
of female RT organs during and after mating, and (i) evidence for
female RT wounding by the male aedeagus. Our data lead to a
model for how successive tilting and relaxing/contracting of organs
within the RT could lead to coordinated and optimal release and
movement of oocytes through the tract, as well as expulsion of the
MP. In addition, we defined roles for specific components of the
ejaculate, and of female secretions and physiology, in modulating
these movements. Future studies will uncover the detailed basis
and regulation of these movements and contractions.

Materials and Methods

Flies. Canton-S (CS) males were used for the time course experiments, and
CS females were used in all experiments except those involving the eggless
(DOT) and SSC™ females (Table S1). Flies were collected as virgins and aged
for 3-5 d before analysis. Details of generation of flies lacking specific male or
female secretions or cells are provided in the S/ Materials and Methods.

Sample Preparation, Fixation, and lodine Staining. Samples were flash-frozen
in liquid nitrogen at the indicated times. A slipknot made in a strand of human
hair was tied around the neck of each fly and fed through a pipette tip, allow-
ing the fly to be submerged in 4% (wt/vol) paraformaldehyde in 1x PBS over-
night. Samples were then dehydrated through 20%, 50%, 75%, 90% (wt/vol),
and 100% ethanol washes for 4-6 h each, and then stained in 3% (wt/vol)
iodine (KI/I; at 2:1) in 100% ethanol for 24 h (53). Unless noted, all flies for a
given time or treatment showed the same organ positioning and morphology.
n = 2 for all times and treatments except the 8-h time point (n = 6).

Micro-CT Scans. Scans were performed at the Cornell University Biotechnology
Resource Center Imaging Facility using a Zeiss Xradia 520 Versa X-ray in-
strument. For each dataset, 3,600 X-ray projections were digitized at 0.1° in-
tervals over 360° using 80 kV and 7 W with a 2,000-ms exposure time.
Reconstructions used a modified Feldkamp filtered back-projection algorithm
yielding 1.8 pm x-y—z voxels (unless otherwise noted). The copulating pair was
scanned at multiple scales using 400-nm, 700-nm, 1.4-um, and 2.8-um voxel
sizes to capture small features and obtain larger contextual information.

Reconstruction and Visualization. The micro-CT data were analyzed with 2D
and 3D techniques using the software program OsiriX (64-bit, version 5.8.5).
All data presented, except for the uterine volume measurements and re-
constructions, were analyzed using the “3D Volume Rendering” tool. This

PNAS | July7,2015 | vol. 112 | no.27 | 8479

www.manaraa.com

g
=
H
[
H
=
o
v}
1]
o
wv

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505797112/-/DCSupplemental/pnas.201505797SI.pdf?targetid=nameddest=STXT

method produces a digital reproduction of the sample with color and
opacity based on tissue density that can be virtually rotated and dissected
(i.e., sliced/cropped) from any arbitrary angle. Each sample was optimized
for the contrast, color, and shading yielding the highest quality visualization
of tissues. Tissue or the material surrounding the tract could be specifically
enhanced or eliminated from view by adjusting the opacity of its density.
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