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ABSTRACT Finding a willing and suitable mate is critical
for sexual reproduction. Visual, auditory, and chemical cues
aid in locating and/or attracting partners. After mating,
females from many insect species become less attractive. This
is caused by changes in the quantity and/or quality of
pheromones synthesized by the female and to changes in the
female’s behavior. For example, female insects may stop
releasing pheromones, assume a mate refusal posture, or move
less in response to males. Many postmating changes in female
insects are triggered by seminal fluid proteins from the male’s
accessory gland proteins (Acps) and by sperm. To determine
the role of seminal fluid components in mediating changes in
attractiveness, we measured the attractiveness of Drosophila
melanogaster females that had been mated to genetically
altered males that lack sperm and/or Acps. We found that the
drop in female attractiveness occurs in two phases. A short-
term drop in attractiveness is triggered independent of the
receipt of sperm and Acps. Maintenance of lowered attrac-
tiveness is dependent upon sperm.

Sexual reproduction involves conflicts that arise from compe-
tition for access to eggs or sperm. Typically females are the
limiting resource. Males that gain the opportunity to copulate
can maximize the probability that their sperm is used by
preventing females from remating immediately. Males do this
either by physically guarding females after mating or by
inducing, via chemical or cellular cues, females to reject or to
not attract other males (1). By using chemical methods, males
are enabled to leave females after mating, giving those males
the opportunity to increase their reproductive success by
locating and inseminating additional females.

In many insect species, seminal fluid received from males
during mating mediates postmating behavioral and physiolog-
ical changes in females (reviewed in ref. 2 for Drosophila
melanogaster). Seminal fluid is composed of sperm and the
secreted products of the male’s accessory glands, ejaculatory
duct, and ejaculatory bulb (3). Assays using mutant or trans-
genic D. melanogaster strains have shown that accessory gland
proteins (Acps) trigger a rapid and transient increase in
egglaying rate and decrease in sexual receptivity by the female
(4), as well as aiding in sperm storage (4) and competition (5),
and shortening the female’s life span (6). Persistence of
elevated egglaying and depressed receptivity for up to 11 days
postmating requires the presence of sperm in the female’s
sperm storage organs (2).

Mating also causes female insects to become less attractive
to male insects. In D. melanogaster, males are sexually stimu-
lated by attractive female pheromones (7-9) and by the
female’s movements (10, 11). The amount of courtship a
female elicits from males is used as a measure of her attrac-
tiveness (12). Virgin females are vigorously courted by males
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whereas mated females elicit less courtship (13). After mating,
the amount of attractive female pheromone (7,11-heptacosa-
diene) decreases and the activity level of the female diminishes
(7,9, 11). These changes cause the mated female to be a less
stimulating visual and chemical cue to males. Mated females
remain less attractive to males for 5-9 days after mating (7).
Mating for only 3 of the normal 20 min is sufficient to cause
females to be less attractive, but only for up to 4 h (7). During
those first 3 min of mating, the male has transferred cuticular
pheromones (predominantly 23-carbon tricosenes) onto his
mate (8). On a female, these pheromones act as antiaphrodi-
siacs, lowering her level of attractiveness (8). The male-derived
tricosenes, however, are rapidly lost from the female’s cuticle
over the next few hours (8), suggesting that their effect is only
transient. Thus, other stimuli from mating are necessary for the
change in attractiveness to persist. These stimuli may act to
regulate pheromone production by the mated female or to
decrease the female’s activity level.

What triggers the drop in attractiveness is not known.
Postmating regulation of pheromone production in female
moths has been reported to be induced by either an accessory
gland or testis-derived factor received from males during
mating (14-17). We were interested in determining the rela-
tive contribution of Acps and sperm in regulating female
attractiveness. To do this, we compared the attractiveness of
females that had been mated to genetically altered D. mela-
nogaster males that do not transfer sperm and/or Acps during
mating (Fig. 1).

MATERIALS AND METHODS

Drosophila Strains. Males lacking sperm only are the prog-
eny of bw sp tud' females mated to Canton S (CS) males (18).
These spermless males produce and transfer normal quantities
of Acps (19). Males lacking sperm and accessory gland main
cell secretions (DTA) are transgenic animals. They were
generated by directed cell ablation with the intracellular toxin
diphtheria toxin subunit A driven by an accessory gland
protein gene promoter (4). Because these males are sterile, the
line is maintained by crossing transgenic females to nontrans-
genic ry°% (in CS background) males. As a result of this stock
maintenance scheme, both DTA (ry*) and ry males result. ry
males are used as the control in these experiments. Females
used were from the CS stock.

Experimental Design. Flies were raised on standard yeast-
glucose food at 24°C on a 12/12-h light/dark cycle. Adults
were collected within 4 h of eclosion, and males were separated
from females under CO, anaesthesia. Females were stored in
vials of three to five individuals on yeasted medium. Males
were stored individually. All flies were 4 days old when they
were mated for the experiments. After mating, females were
held individually in fresh food vials for 8, 10, or 24 h, at which

Abbreviation: Acps, accessory gland proteins.
*To whom reprint requests should be addressed. e-mail: mfwS@
cornell.edu.
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Fi1G. 1. Experimental design. Transgenic males lacking sperm and
Acps, and mutant males lacking sperm were used to assess the role of
these seminal fluid components in regulating female attractiveness.
Virgin females were mated to DTA males (transfer neither Acps nor
sperm), spermless males (transfer Acps only), or control males (trans-
fer both). At 8, 10, or 24 h after the end of mating, the attractiveness
of these mated females and that of age-matched virgin females were
measured.

time their attractiveness was measured. Each female was
observed only once.

Female attractiveness was measured by aspirating, without
anaesthesia, one female and one control male into a 0.2-cm?
Plexiglass observation chamber (7). Behavior was videotaped
for 11-15 min. Total male courtship behavior (wing extension
and vibration, attempted copulation) was recorded over 10
min, the observation period beginning once the two flies came
into focus. In tests in which matings occurred, the courtship
index was calculated as the percentage of time the male had
spent courting before copulation began. All males used in the
measurement of courtship indices received no prior exposure
to mated or virgin females. The number of females examined
was 36-57 per treatment group at each time point. Data were
analyzed by one-way ANOVA followed by Fisher’s Protected
Least Significant Difference on STATVIEW version 4.1.

RESULTS AND DISCUSSION

Initial Changes in Female Attractiveness. Because Acps
exert their effects on behavior during the first 24 h postmating
(3), we assessed the roles of Acps and sperm in regulating
changes in female attractiveness only on the first day postmat-
ing. Morever, because male-derived antiaphrodisiacs are re-
ported to influence female attractiveness for up to 6 h post-
mating (8), we confined our studies to after that time, so as to
avoid interference from male-derived hydrocarbons. Accord-
ingly, we measured and compared courtship indices at 8 and
10 h after mating, of females mated to DTA, spermless, or
control males and of virgin females (Fig. 2 A and B). At both
time points, all the mated females’ responses were similar. All
mated females, whether or not they received Acps and/or
sperm, were courted approximately half as vigorously as virgin
females were. This demonstrates that Acps do not influence
female attractiveness 8—10 h postmating, which is a time at
which Acps have been demonstrated to mediate transitions in
other postmating behaviors in the female (4). Our observa-
tions also indicate that the receipt of sperm does not influence
female attractiveness at 8 and 10 h postmating, consistent with
the report of Scott and Richmond (20).

What aspect(s) of mating then trigger the initial drop in
female attractiveness? Possible candidates include the receipt
of seminal fluid products from the ejaculatory duct or the
ejaculatory bulb. No fly strains exist that eliminate all products
from these tissues, but the two products tested (esterase 6 from
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FiG. 2. The effect of seminal fluid components on female attrac-
tiveness. Female attractiveness is indicated by a courtship index (C.1.),
which is the percentage of a 10-min observation period that a naive
control male spends courting the female (12). Mated females were
tested at 8 (4), 10 (B), or 24 (C) h following a single mating. Virgin
females for each time point tested were of the same age as the mated
females. (4) At 8 h postmating, all mated females are significantly less
attractive than virgin females (P < 0.0001). (B) At 10 h postmating, all
mated females are still significantly less attractive than virgin females
(P < 0.0001). (C) At 24 h postmating, only control mated females are
significantly less attractive than virgin females (P < 0.0030). The
attractiveness of females mated to DTA or to spermless males are not
significantly different from that of virgin females (P = 0.41 and P =
0.65, respectively).

the ejaculatory duct, and cis-vaccenyl acetate from the ejac-
ulatory bulb) do not individually cause the drop in female
attractiveness (20, 21). Another suggested candidate is the
male tricosenes that are transferred onto females during
mating. Scott (8) has proposed that the passive transfer of male
cuticular pheromones onto the cuticle of his mate causes the
drop in attractiveness after the pair separates. However, the
decrease in female attractiveness does not begin until approx-
imately 20 min after the end of mating (22), which suggests that
the transferred male pheromone alone is insufficient to cause
a decrease in female attractiveness. Consistent with this, when
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we analyzed cuticular pheromones (as in ref. 23, in collabo-
ration with L. Jackson) at 8 h postmating, we found that
females mated to control males did not possess higher levels of
7-tricosene on their cuticles (P = 0.68) though they were
significantly less attractive than virgin females. Females mated
to control males also did not possess lower levels of 7,11-
heptacosadiene than virgin females (P = 0.69).

Maintenance of Lowered Female Attractiveness. The drop
in female attractiveness is normally maintained for 5-9 days
following mating (7). To determine whether Acps or sperm
mediate the persistence of decreased female attractiveness, we
compared the attractiveness of females mated to DTA, sperm-
less, or control males at 24 h postmating. At 24 h after mating
(Fig. 2C), only females mated to control males remained
significantly less attractive than virgin females. The attractive-
ness of females mated to spermless or DTA males was not
significantly different from one another or from virgin females.
These results indicate that sperm is required for the persis-
tence of lowered female attractiveness beyond the first 24 h
postmating because only females receiving sperm (mates of
control males) remained less attractive than virgin females.
Our results also indicate that Acps do not regulate long-term
female attractiveness because females receiving or not receiv-
ing Acps (mates of spermless or DTA males, respectively) are
as attractive as virgin females.

By linking the presence of sperm in storage to her level of
attractiveness, the female maximizes both her and her mate’s
reproductive success (24, 25). For example, it protects the
mated female from unwanted courters while she is fertile and
laying eggs. Having to ward off courting males could be costly;
it diverts the female from laying fertilized eggs and may even
cause her to abandon a good oviposition site. Linkage of sperm
to decreased female attractiveness is also advantageous for
males. Female receptivity to male courtship is also dependent
upon the female’s supply of stored sperm (26). Thus, males are
prevented from courting mated females that are unreceptive
toward their overtures. This is especially important because
performing courtship behavior is sufficient to reduce male
longevity (27).

How sperm regulates female attractiveness in D. melano-
gaster females is not known. We compared the pheromonal
profile of virgin and mated females at 24 h postmating to
determine whether sperm causes females to be less attractive
by lowering the amount of 7,11-heptacosadiene the female
exhibits or whether sperm stimulates females to biosynthesize
more 7-tricosene. We found no differences in the amounts of
either pheromone between virgin and mated females (P = 0.24
for 7-tricosene, and P = 0.2 for 7,11-heptacosadiene) at 24 h
postmating. Possibly, the critical change that causes mated
females to become less attractive is in her activity level in
response to males. Mated females are less active in the
presence of males (11). Males court moving females more
vigorously than they do immobile females (10).

That changes in attractiveness are not correlative solely with
pheromone levels in D. melanogaster differs from what has
been demonstrated in moths (see ref. 28). In moths, the main
determinant of female attractiveness is pheromone titer. Vir-
gin females biosynthesize pheromones and release them to
attract males. After mating, they cease synthesizing and re-
leasing pheromones. Pheromone biosynthesis in female moths
is stimulated by a brain factor called pheromone biosynthesis
activating neuropeptide (PBAN) (reviewed in ref. 29). Male
accessory gland and testis-derived factor(s) have been dem-
onstrated to cause a depression in pheromone production by
females. In the corn earworm Helicoverpa zea, a peptide (called
pheromonostatic peptide) has been isolated from male acces-
sory gland/duplex that, when injected into virgin females,
causes the depletion of pheromones (17). In the tobacco
budworm Heliothis virescens, injection of extracts of testes, but
not of accessory glands, causes a significant decrease in
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pheromone production (14). How male seminal fluid compo-
nents interact with PBAN to regulate pheromone production
postmating is not known.

Conclusions. Our results demonstrate that the change in
female attractiveness in D. melanogaster occurs in two phases.
Copulation, but not the receipt of Acps or sperm, is sufficient
to initiate the transition from virgin to mated female level of
attractiveness. The maintenance of decreased attractiveness
requires sperm. The physiological basis of lowered attractive-
ness at 8 and 24 h postmating is not decreased quantities of
attractive pheromone or increased levels of antiaphrodisiac.
The critical change may be in the female’s behavior.

The importance of sperm in regulating female sexual at-
tractiveness in insects appears to depend on the period of time
that the female remains less attractive. Species whose females
lose their attractiveness permanently or for extended periods
of time utilize sperm to regulate their attractiveness, whereas
species whose females become temporarily unattractive only
do not. D. melanogaster females, which rely on sperm to
regulate long-term attractiveness, are less attractive for up to
9 days after each mating, a substantial portion of their 5-6
week life span (6). Gypsy moth Lymantria dispar and brown-
banded cockroach Supella longipalpa females, which also rely
on sperm to regulate attractiveness, stop releasing pheromones
permanently after mating (15, 30). In contrast, the female H.
zea ceases to release pheromones for only one night after
mating (31). This process is regulated by accessory gland
products (16) that make up the spermatophore, and not by
sperm.

The mechanism by which sperm exerts its effect is not
known. Sperm may act by triggering receptors in the sperm
storage organs; by interacting with female tissues to release a
chemical that acts through the female’s circulatory system; or
by secreting a substance itself (32, 33). In insects larger than
Drosophila, it has been demonstrated, via surgical manipula-
tion, that a sperm-mediated signal could act via the ventral
nerve cord (15, 34). With Drosophila it will be possible to
dissect in molecular terms, with the available genetics tools,
how sperm exerts its effect on mated female behavior and

physiology.
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