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Abstract

Mate choice may be exercised by either sex; however, females are generally choosier than males because they invest more in their
gametes. Female choice is often based on direct benefits, such as better reproductive output, whereas male choice appears to be based
on differences in female fecundity. However, when gamete production is limited, sexual selection theories predict that mate choice will be
decisive for reproductive success in both sexes. Here, we investigate how mating advantage is achieved in Drosophila bifurca, a giant
sperm species in which both sexes produce only a few gametes. Our initial expectations were as follows: (1) females would discriminate
against sperm-depleted males to avoid fertility cost; and (2) males would discriminate against inseminated females to reduce sperm
competition and increase the assurance of paternity of individual gametes. Differences in courtship behaviors were analyzed with regard
to the sexual maturity, which is reached after 22 days in males at 21°C, and the reproductive history of both sexes (inseminated versus
virgin for females, and sperm-depleted versus sperm-loaded for males). Our results show that: (1) sexual immaturity precludes mating in
both sexes; (2) virgin females do not discriminate between sperm-loaded and sperm-depleted males, and (3) males mate preferentially
with virgin females, because inseminated females fend off the male, which tended to bring male courtship to an end. Female remating
was limited, but increased significantly when the first male was sperm-depleted. Contrary to our initial expectations, these findings
suggest that male sperm depletion does not affect female mating preference, whereas the success of male courtship is driven by female
behavior. The possibility that female remating was only promoted in response to low sperm transfer is discussed in relation to the gametic
system of this species.
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Introduction

Sexual selection is differential reproduction owing variation
in the ability to obtain mates and fertilized oocytes. A few
experimental studies have shown that the optimum strategy for males
is often to mate with as many females as possible, whereas the
optimum strategy for females is likely to select the most attractive
male (Gwynne 1984; Pizzari 2003; Wedell and Ritchie 2004). Mate
choice by females has been demonstrated in many species
(Andersson 1994; Jennions and Petrie 1997), and the most important
signals used in mating recognition are based on an assessment of
visual, acoustic or chemical characteristics of the male phenotype.
However, in some other species complete role reversal has been
observed, with choosy males and competitive females (Bonduriansky
2001).

The characteristics that should enhance sexual attractiveness
could include those associated with reproductive effectiveness, such
as the quantity and quality of the sperm (Trivers 1972; Sheldon and
Ellegren 1999). Despite current interest in these processes (Jennions
and Petrie 1997; Kokko et al. 2003; Rudolfsen et al. 2005) few
studies have clearly attributed the success of males to sperm cues

(Wishart 1984; Blount et al. 2001; Wedekind et al. 2001; Evans et
al. 2003). At the postcopulatory level, a number of theoretical and
empirical studies of sexual selection have mainly focused on patterns
of mating arising from sperm competition (Parker 1998; Simmons
2001; Singh et al. 2002), but there has been little attempt to determine
male mating success within populations (Tregenza and Wedell 2000;
Carson 2002), especially according to the quantity or quality of the
sperm. If males have evolved mechanisms that allow limited numbers
of sperm to optimize their lifetime reproductive success (Wedell et
al. 2002), it can be expected that females would be choosier in
sperm-limited species in order to prevent sub-fertile mating. In the
present study, we tested this hypothesis in Drosophila bifurca, a
sperm-limited species (Méry and Joly 2002). Male and female
preferences for partners having various quantities of sperm are
analyzed. Sexual maturity, reproductive status, and female remating
depending both on her sperm reserves and the number of sperm
transferred by the males, were investigated.

Previous studies have shown that the reproduction of D.
bifurca is cyclic, with alternating periods of copulation and egg
laying (Méry and Joly 2002). Female egg laying occurs briefly,
over a couple of hours, and the number of eggs corresponds to the
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number of ovarioles. Once oviposition has been completed, sperm
within the female storage organs has been totally exhausted.
Consequently, females would then be expected to mate again in
order to maximize production of fertile eggs. However, when females
mate with twice-mated males, the number of sperm transferred is
smaller than the number of oocytes available to be fertilized. As a
result, females that have mated with twice-mated males suffer a
loss of progeny. To optimize their reproductive output, such females
should either increase the remating frequency when sperm transfer
is low, or discriminate between males before copulation in terms of
the respective sperm supply. These phenomena could occur
simultaneously or separately.

Materials and Methods

Flies and rearing
The D. bifurca strain used was obtained from the National

Drosophila Species Resource Center, Bowling Green, Ohio (stock
n°1508561621.0). The flies were reared on standard cornmeal-agar-
molasses food, at a sex ratio of approximately 1:1. Virgin flies were
collected as they emerged, anaesthetized using CO

2
, and sexed.

Twenty individuals of each sex were maintained with food in 8 ml
vials until used. The mean life span of this species in the laboratory
is about 9 months (Méry and Joly 2002). The females take 10 days
to reach sexual maturity, and their reproductive potential was
determined as described in the following section. In males, sexual
maturity was determined after checking the age at which the number
of sperm found in the seminal vesicles reaches a plateau, because
sexually immature males do copulate when they are singly placed
with virgin females in non-competitive trials. Under our laboratory
conditions (21 °C), males reached sexual maturity at 22 days in this
species (Méry and Joly 2002).

Experiments were done at room temperature, and 25
repetitions at least were performed for each type of cross unless
otherwise specified in the figure legends.

Effect of sexual maturity on mating
This first experiment was designed to investigate the effect

of sexual maturity on mate preference. Female maturity was
investigated after introducing a young (7 day old) and an old (15
day old) virgin female with a virgin (30 day old) male in a mating
chamber (standard Drosophila 8 ml vials containing corn meal
medium). The first copulating partner was registered. Inversely, a
young (15 day old) and an old (30 day old) virgin male were kept
into vials with a virgin (15 day old) female. Each test lasted 2 hours
and was performed in the morning. In order to discriminate between
individuals of the same sex, but with differing reproductive status,
we marked flies of each type by means of a small hole in the distal
part of the wing. This was done 4 days before the experiment, and
performed under a binocular microscope with very thin needles
after lightly anaesthetizing the flies. This procedure did not bias
mate choice for young males (χ2 = 0.727, df = 1, P = 0.393), old
males (χ2 = 0.040, df = 1, P = 0.841), or old females (χ2 = 0.333,
df = 1, P = 0.563). While the mating pair was copulating, the non-
mated sexual partner was removed by aspiration and identified.
During the course of the experiment, the vials were checked every
minute and the latency time to copulation, defined as the interval

between the onset of copulation and the time the observer placed
the last partner in the mating chamber, and duration of copulation
were recorded.

Effect of reproductive status on mating
The effect of female insemination on mating success was

investigated by placing a virgin female and a previously mated
female (mated 24 h earlier with a twice-mated male) with a virgin
male. Conversely, a virgin male and a twice-mated male were placed
with a virgin female. The twice-mated males had been mated
consecutively with two virgin females just before the experimental
mating. These males were used for the experimental mating (their
third one), and were expected to transfer fewer sperm than the
number of eggs females usually lay in a clutch. The flies used were
1 month of age, to allow for the prolonged phase of sexual
immaturity of males in this species. The tests were carried out in
the morning and lasted 2 hours. The mating chamber was a standard
Drosophila 8 ml vial containing corn meal medium. For each trial,
the latency time before mating and the duration of copulation were
recorded. During copulation, the non-mated sexual partner was
removed by aspiration and identified on the basis of the marking
procedure described in the previous experiment. We also checked
that the marking procedure did not bias mate choice with regard to
the mated males (χ2 = 0.040, df = 1, P = 0.841), or the mated
females (χ2 = 0.310, df = 1, P = 0.577).

Courtship behavior
In order to detect male or female behavior patterns that

could influence the choice of mating partner, we investigated the
courtship behavior of D. bifurca. Courtship behavior was recorded
under artificial light, using a video camera attached to a television
and a video tape recorder. Two groups of flies were used for this
experiment. First, we recorded the courtship between virgin couples
of sexually mature males and females until copulation (n = 25).
Then, we recorded the courtship between virgin males and
inseminated females (mated 24 h previously with a twice-mated
male, n = 25). All pairs of flies were observed in the courtship cells
of Plexiglas dishes (2.5 cm in diameter and 5 mm depth) containing
corn meal medium and covered by a cover glass (30 × 40 mm).
The flies were manipulated by aspiration. Courtship was observed
for 1 hour, or until the flies had mated. The flies were 1 month of
age. The video records were then analyzed following the method of
Brown (1964, 1965) noting the succession and duration of various
types of behavior. Our experimental equipment did not allow us to
record courtship songs.

Female remating
Females were first mated with a virgin or a two-time to

four-time-mated male. A virgin male was then enclosed with this
female every day for 2 hours in the morning on several consecutive
days until remating occurred. Only females that did not lay eggs
between the two matings were taken into account in this experiment
because females had exhausted their sperm after the egg laying
(Luck 2001). Mating was always performed in standard, 8 ml vials
containing corn meal medium, and was visually confirmed. The
interval between first and second matings (in days), the latency
time before copulation (in minutes, scored when both sexes were

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 24 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



3Luck N, Joly D.  2005.  Sexual selection and mating advantages in the giant sperm species, Drosophila bifurca.  8pp.  Journal of Insect Science, 5:10,
Available online: insectscience.org/5.10

introduced into the vial) and the duration of copulation were
recorded.

Statistics
Data were tested for normality. As the data were usually

not normally distributed (except for those on the fending behavior),
non-parametric analyses were performed. χ2 tests were used to
compare mating frequencies between the different categories of
flies. The statistical probabilities of the remating frequency were
obtained using permutation tests (calculated with statXact). The
latency time before copulation and the durations of copulation were
assessed by Mann-Whitney or Kruskal-Wallis tests depending on
the number of categories that were compared (Statistica). Means
reported in the text are given ± standard errors (SE).

Results

Effect of sexual maturity on mating
Virgin males and virgin females mated exclusively with old

flies of the opposite sex (χ2= 46.08; df = 1; P < 0.001; n = 50; and,
χ2= 48.07; df = 1, P < 0.001; n = 52; respectively, Figure 1). There
was only one example of a young female and a young male
copulating. We concluded that young females (7 days) and young
males (15 days) are less attractive than old ones, and they can be
considered to be sexually immature. The latency time before
copulation was 10.90 ± 2.17 min for old females, and 11.57 ± 2.14
min for old males, whereas it was 23.93 min for the young female
that mated and 2.50 min for the young male that mated. The values
for old flies were not statistically different (Mann-Whitney test, Z =
1.034, df = 1, P = 0.301, n = 100). The duration of copulation was

4.77 ± 0.31 min for old females and 4.31 ± 0.24 min for old males,
whereas it was 2.86 min for the young mated female and 8.25 min
for the young mated male. The values for old flies are not statistically
different (Mann-Whitney test, Z = –1.447, df = 1, P = 0,147, n =
100).

Effect of reproductive status on mating
Mature virgin males mated preferentially with virgin rather

than inseminated females (χ2= 24.00, df = 1, P = 10–9, n = 55,
Figure 2).  However, the values of the mating parameters were not
significantly different (the latency time before copulation was 18.57
± 2.97 min for the virgin females and 16.95 ± 6.87 min for the
inseminated females, Mann-Whitney test, Z = 0.091, df = 1, P =
0.927, n = 55, and the copulation duration was 3.50 ± 0.29 min for
the virgin females and 2.95 ± 0.61 min for the inseminated females,
Mann-Whitney test, Z = 0.751, df = 1, P = 0.452, n =55).

In contrast, mature virgin females did not discriminate
between the virgin and mated males (χ2= 1.92, df = 1, P = 0.1655,
n = 53; Figure 2). However, the values of the mating parameters
were not significantly different in these two groups of males (the
latency time before copulation was 12.86 ± 3.88 min for the virgin
males, and 844.22 ± 3.03 min for the mated males, Mann-Whitney
test, Z = 0.116, df = 1, P = 0.907, n = 53, and the copulation
duration was 5.10 ± 0.41 min for the virgin males, and 4.74 ± 0.31
min for the mated males, Mann-Whitney test, Z = 0.916, df = 1, P
= 0.359, n = 53).

Courtship behavior
The ethogram of the courtship between virgin flies is shown

in Figure 3. Courtship is very short and no more than five sequential

Figure 1. Effect of sexual maturity on mate preference in Drosophila bifurca.
The bars indicate the percentages of mating by female (F) and male (M) partners
that were young (F7 and M15) or old (F15 and M30) when paired with a
sexually mature partner of the opposite sex. The number of flies mated is
indicated in the bars. *** = P < 0.001.

Figure 2. Effect of sperm supply on mate preference in Drosophila bifurca.
The bars indicate the percentages of mating by previously mated (m) or virgin
(v) females (F) or males (M). Virgin males mated preferentially with virgin
females (P < 0.001), whereas virgin females mated equally often with mated or
virgin males (P > 0.05). The number of flies mated is indicated in the bars.
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elements of behavior were identified. D. bifurca flies are
characterized by cyclic mating activity, with intense periods of
courtship followed by periods of total immobility. Once the adult
flies were placed in the mating chamber, the flies recovered from
the aspiration and explored the vials (Cl = 2.30 ± 0.50 min). The
males then oriented themselves (O) towards the female’s body. At
this stage, the male stopped and turned to face the female over a
distance of a leg-length. This behavior was followed by circling
(C) if the female ran away. Circling involved the male moving around
the female, accompanied by extremely brief wing scissoring, i.e.
the male opened and closed his wings rapidly. Because scissoring is
exhibited exclusively during the circling phase in this species, we
have included it in the circling behavior. After circling, or if the
female did not run away, the male extended (E) the wing that was
nearer the female’s head. If the female was willing to copulate, she
extended her wings, allowing the male to mount and then to copulate
(Co). Courtship lasted on average 5.50 ± 0.33 min (n = 25) from

the initial orientation to copulation, with half of the time devoted to
grooming. Copulation lasted 4.40 ± 0.25 min (n = 25). The small
size of the experimental apparatus limited the movements of the
flies, but did not seem to affect their behavior, since the mating
parameters were very similar to those obtained in previous
experiments. Unlike the species of the D. melanogaster subgroup,
D. bifurca males do not approach females from behind or extend
their proboscis to touch the females’ genitalia. The time spent in
wing extensions was extremely short, but appeared to determine
whether the females would allow the males to mount or not (Figure
3). If mounting for copulation failed, the males returned to the
orientation or circling phase.

Fending behavior by the female systematically terminated
male courtship. Female fending consisted of extending one or two
legs, generally the middle one, on the side of the body nearest to the
male that is being pushed away. This behavior was not included in
the male ethogram because it was a solely female response. Female

Figure 3. Ethogram of the male courtship between sexually mature virgin Drosophila bifurca. The letters indicate the five behaviors observed, and the numbers
below each letter correspond to the relative percentages of the behaviors observed during the courtship. The size of the circles is proportionate to the value of
the percentages. The arrows indicate the transition between the different behaviors, and their respective widths are proportionate. The numbers along the arrows
indicate the relative percentages of the transitions between the different behaviors. Cl = Cleaning; O = orientation; C = circling; E = wing extension; Co =
copulation.
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fending is commonly used in other Drosophila species to preserve
living space between individual flies (Cobb et al. 1985). However,
under our laboratory conditions, fending was exhibited by D. bifurca
in the context of reproduction and was so powerful that males
abandoned courtship until the end of the experiment. In most cases,
fending occurred after the orientation phase. Females that did not
fend off the males were always successfully courted.

In order to disentangle the roles of males and females in
successful courtships, we investigated the receptivity of inseminated
females to remating with virgin males. Inseminated females fended
off males significantly more often than the virgin females did (84%
of behaviors instead of 9%, t test, t = –6.726 and P < 0.001, n1 =
25 and n2 = 25). After being fended off by a female a few times, the
males stopped courting. When this occurred, both sexes continued
to move around the vial without interacting. Only one of the 25
inseminated females did not exhibit fending behavior, giving rise to
a courtship and copulation pattern that was very similar to that
observed between virgin partners.

Female remating
Remating occurred more often in females that had first

been mated with three- or four-time-mated males than in females
first mated with a virgin or a twice-mated male (permutation test, P
< 0.01, Figure 4). However, there was no significant difference
between females mated with virgin or twice-mated males
(permutation test, P = 0.6368, Figure 4) or between females mated
with three- or four time-mated males (permutation test P = 1, Figure
4).

The interval between first and second mating (Figure 5)
revealed no significant difference in the latency time before copulation
between virgin and twice mated males (Mann-Whitney test, Z =

0.476, df = 1, P = 0.634, n = 52) or between three- and four-time-
mated males (Mann-Whitney test, Z = –0.472, df = 1, P = 0.637, n
= 43). However latency times between these two groups were
significantly different (Mann-Whitney test, Z = –2.280, df = 1, P =
0.025, n = 95). Latency time before copulation and the duration of
copulation were not statistically different in the four groups of males
(Kruskal-Wallis test, H = 4.170, df = 3, P = 0.243, and, H = 1.431,
df = 3, P = 0.698, n = 95 respectively, Table 1).

Discussion

Females of the sperm-limited species, D. bifurca, mate
indiscriminately with males irrespective of their mating history. This
contrasts to what has been found in D. melanogaster (Markow et
al. 1978). The mating parameters were similar irrespective of the
male and female mating status, and the ability of first-mated males
to copulate was not compromised. Although the progeny production
potentials of these males are in fact different, the females did not
perceive any stimulus that could enable them to select a sexual
partner according to his sperm load. However, the females did
remate more frequently when the first male had been mated
previously. Unlike other species (Singh and Singh 2004), the duration
of copulation seemed to be extremely stable, regardless of the
reproductive status of the male and female partners involved. In
Drosophila, the female remating frequency depends on previous
sexual experience (Schwartz 1991; Koref-Santibáñez 2001) and the
amount of sperm stored which decreases fairly rapidly with the
number of eggs laid (Manning 1962; Gromko et al. 1984; Gromko
and Markow 1993). However in the present study we confirmed
the absence of egg laying between the two matings, and this excluded
sperm use as a factor increasing female receptivity to remating.
The number of oocytes the D. bifurca females could fertilize in one
clutch should therefore only have depended on the number of sperm

Figure 4. Percentage of Drosophila bifurca females remating depending on
the number of times the first male had previously mated. Virgin = males which
had not previously mated; 2x-, 3x-, 4x- = the first male had previously mated
two, three, or four times. The number of flies mated is indicated in the bars. **
= P < 0.05; NS = Not statistically significant.

Figure 5. Interval between first and second mating (mean ± SE) of Drosophila
bifurca depending on the number of times the first male had previously mated.
Virgin = males which had not previously mated; 2x-, 3x-, 4x- = the first male
had previously mated two, three, or four times. The number of flies mated is
indicated in the bars. * = P < 0.05, NS = Not statistically significant.
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received at copulation. It was previously shown that the number of
sperm transferred by the males decreases significantly with the
number of previous matings in D. bifurca (Méry and Joly 2002),
and apparently does so more rapidly than in other drosophilid species
(Bundgaard and Barker 2000, and references therein). While these
previously mated males can therefore be considered to have been
sperm depleted, their future mating success was not impaired.

Female remating is limited in this species, but increases
significantly when the first male has been sperm-depleted. A
significant difference was found between the second and the third
mating groups (Figure 4). However, we would have expected to
find a positive relationship with the number of previous mates a
male had had. This observation suggests the existence of a threshold
above which female receptivity to remating increases dramatically.
This leads us to suspect that the ratio between the number of sperm
available and the number of oocytes present at the reproductive
cycle would influence the female receptivity. The match between
sperm and oocyte numbers is crucial for maintaining high progeny
production, and anything that would allow females to perceive it
would confer a selective advantage. In this case, female receptivity
would significantly increase in the context of a low gamete ratio.
The detailed analysis of female remating and the number of resident
sperm requires further investigation.

Interestingly, the latency time before the second mating
increased significantly between the second and the third mating
groups, although we would have expected the opposite trend with
regard to the percentage of female remating. The results with three-
and four-time-mated males are understandable if these males were
sperm-depleted and ejaculated less sperm than the female had oocytes
to fertilize. Females mated with these types of males needed to
remate to complement their sperm stock. However, the data for
virgin and twice-mated males are more unexpected, because females
mated with these two groups of males could normally be supposed
to have received sufficient sperm to fertilize the entire clutch. In
the light of the data for female receptivity, and the percentage of
rematings after a standard copulation, we surmise that the females
which were first mated with virgin or twice-mated males had totally
lost the sperm received, and that could explain why they remated
sooner than the previous group. The possibility of sperm loss was

checked after dissecting females just at the beginning of remating,
prior to the transfer of sperm from the second male. The storage
organs of up to 60% of these females (which had first been mated
with virgin males) contained no sperm. In this respect, the rapid
remating pattern of D. bifurca females seems to be very similar to
that reported in D. melanogaster when females remate within 6
hours (Scott and Richmond 1990; Scott and Williams 1993) despite
the great difference of the sperm sizes between these species. Also
recent findings from D. melanogaster (Snook and Hosken 2004)
show that females can release stored sperm from the reproductive
tract after copulation with a second male. This process does not
depend on the receipt of either sperm or accessory glands proteins
from the second male. Then it is assumed that the female mediated
processes to discard resident sperm seem to be more frequent than
previously thought and appear to concern a wide range of species.
The exact role of the second male on the sperm rejection from
female tracts in D. bifurca needs to be carefully determined in order
to highlight the influence of the mating history on female remating.

The one day interval before female remating could be
interpreted as a short-term effect of the male accessory gland
proteins as it was displayed by the D. melanogaster males (Kalb et
al. 1993; Wolfner 1997). However, the presence of sperm is
indispensable for this refractory period to be extended beyond the
first day (Chapman et al. 2003; Liu and Kubli 2003). The contrasting
patterns of behavior in virgin and inseminated females from the
above experiments, and the very low percentage of inseminated
females that remate suggest that a similar physiological mechanism
can operate in D. bifurca. We can then hypothesize that sperm
from the first virgin or twice-mated male partners was lost,
preventing accessory gland proteins from inducing the long-term
effect of the refractory period, and therefore allowing the females
to remate. In the case of a female mated with a three- and four
time-mated male, a number of spermatozoa were probably stored
in the ventral receptacle, thus allowing accessory gland proteins to
induce a longer refractory period.

Courtship behavior in D. bifurca is short and involves fewer
components than that of other Drosophila species (Spieth 1952;
Cobb et al. 1989; O’Dell 2003 and references therein). The female
reproductive status seems to determine male mating success in this
species, since fending behavior by the female ended the male
courtship bout. Mated females performed fending at higher rates
than virgin ones, so that males copulated preferentially with the
latter. Fending is known to occur in a non-sexual as well as a sexual
context in D. melanogaster subgroup species, and is expressed in
response to the proximity of a male (Cobb et al. 1985). It is usually
associated with extrusion, abdomen raising, abdomen extension,
and abdomen bob behavior to prevent copulation. However, none
of these rejecting behavior patterns were observed under our
experimental conditions. The use of fending seems to be the major
inhibitor of courtship in D. bifurca. The effectiveness of rejection
behavior suggests that the females influence the timing of remating
(Gromko and Markow 1993), and indeed it significantly decreases
sexual harassment by the males. Further investigation is required to
find out whether this behavior is displayed in the wild.

The advantage of sexually mature flies over immature ones
is not unusual in insect species, since a correlation between male
mating success and fertility has been identified in a number of species

Latency time before 
copulation

Duration of 
copulation 

N

virgin 32.54 ± 5.12 6.26 ± 1.30 26

2x 37.02 ± 7.43 5.15 ± 0.43 26

3x 22.01 ± 4.38 5.36 ± 0.40 26

4x 38.53 ± 7.35 4.67 ± 0.41 17

Table 1. Latency time before copulation and duration of copulation (in minutes)
for female Drosophila bifurca remating depending on the number of times the
first male had previously mated. virgin = males which have not previously
mated; 2x-, 3x-, 4x- = the first male has previously mated two, three, or four
times. N = number of flies tested.
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(Prakash 1967; Markow et al. 1978; Kosuda 1985, but see Brockett
et al. 1996). The fecundity of males is known to be related to the
number of sperm available and also to a closely correlated parameter,
the amount of accessory gland secretions in storage (Spieth and
Ringo 1983). We know that the accessory glands of D. bifurca are
about 10 times larger in mature than immature males (Méry and
Joly 2002). Not only the quantity, but also the quality of the seminal
substances can vary with age, and the composition of seminal
substances is significantly different in mature and immature males
in this species (Rohmer C. and Joly D., unpublished data). The
composition of cuticular hydrocarbons, which remains to be
investigated, could also be involved in the recognition of matures
flies, as has already been shown in D. melanogaster (Péchiné et al.
1988). In no-choice conditions, immature D. bifurca males are able
to copulate, whereas they cannot copulate when they are in
competition with older ones. Then, the resulting copulation may be
due to male-male competition rather than female choice. This
suggests that copulation is not exclusively determined by mate choice
but is mainly driven by the combination of male and female driven
mechanisms. A number of hypotheses have already been proposed
to explain such mating traits (Méry and Joly 2002), and the
reproductive success of these young males needs to be compared
to that young mated males of the same age in order to estimate the
potential direct benefit, as has been shown in the Caribbean fruit fly
(Teal et al. 2000).

In conclusion, the mating behavior of D. bifurca has been
shown to be subject to female-driven mechanisms that are potential
causes of sexual selection. The mating characteristics of fresh wild
flies (kindly obtained from W.J. Etges, unpublished data) show
similar patterns to those obtained with the old laboratory strain used
here, which suggests that it is a natural phenomenon in this species.
Male rejection during courtship is the predominant response of
inseminated females. Female remating is limited and likely elicited
either by sperm loss or sperm replenishment. It could be that the
females, like damselflies (Andrés and Cordero Riva 2000), can
estimate the amount of sperm that has been transferred, and handle
it according to its quantity or quality. The active role of females in
biasing paternity is illustrated by the fact that all copulations in D.
bifurca lead to sperm transfer, whereas most of the remating females
no longer contained any sperm from the first male. We are currently
investigating how long after copulation the sperm is exhausted (prior
to or after storage). Post-copulatory processes of sperm selection
in D. bifurca may therefore have a greater impact than pre-
copulatory mate choice, even though male sperm competition is
not significantly promoted in this species.

Acknowledgements

The authors wish to thank Béatrice Dejonghe for rearing
the flies. We are extremely grateful to Eric Kubli and Williams J.
Etges, who greatly improved the manuscript. Cécile Cade kindly
revised the English text.

References

Andersson M. 1994. Sexual selection, Princeton: Princeton
University Press.

Andrés JA, Cordero Rivera A. 2000. Copulation duration and
fertilization success in a damselfly: an example of cryptic
female choice? Animal Behaviour 59:695–703.

Blount JD, Møller AP, Houston DC. 2001. Antioxidants, showy males
and sperm quality. Ecology Letters 4:393–396.

Bonduriansky R. 2001. The evolution of male mate choice in insects:
a synthesis of ideas and evidence. Biological Reviews
76:305–339.

Brockett MM, Alavi H, Anderson WW. 1996. Relative effects of
female fecundity and male mating success on fertility
selection in Drosophila pseudoobscura. Proceedings of
National Academy of Science USA 93:3080–3082.

Brown RGB. 1964. Courtship behaviour in the Drosophila obscura
group I. D. pseudoobscura. Behaviour 23:61–106.

Brown RGB. 1965. Courtship behaviour in the Drosophila obscura
group. Part II. Comparative studies. Behaviour 25:281–
323.

Bundgaard J, Barker JSF. 2000. Remating, sperm transfer, and
sperm displacement in the cactophilic species Drosophila
buzzatii Patterson & Wheeler (Diptera: Drosophilidae).
Biological Journal of the Linnean Society 71:145–164.

Carson HL. 2002. Female choice in Drosophila: evidence from Hawaii
and implications for evolutionary biology. In: Etges WJ,
Noor MAF, editors. Genetics of Mate Choice: From Sexual
Selection to Sexual Isolation (special issue of Genetica)
116:383–393. New York: Kluwer.

Chapman T, Bangham J, Vinti G, Seifried B, Lung O, Wolfner MF,
Smith HK, Partridge L. 2003. The sex peptide of Drosophila
melanogaster: female post-mating responses analyzed by
using RNA interference. Proceedings of National Academy
of Science USA 100: 9923–9928.

Cobb M, Burnet B, Blizard R, Jallon JM. 1989. Courtship in
Drosophila sechellia: its structure, functional aspects, and
relationship to those of other members of the Drosophila
melanogaster species subgroup. Journal of Insect Behavior
2:63–89.

Cobb M, Connolly K, Burnet B. 1985. Courtship behaviour in the
melanogaster species sub-group of Drosophila. Behaviour
95:203–231.

Evans JP, Zane L, Franscescato S, Pilastro A. 2003. Directional
postcopulatory sexual selection revealed by artificial
insemination. Nature 421:360–363.

Gromko MH, Gilbert DG, Richmond RC. 1984. Sperm transfer and
use in the multiple mating system of Drosophila. In: Smith
RL, editor. Sperm Competition and the Evolution of Animal
Mating Systems, 371–426. New York: Academic Press.

Gromko MH, Markow TA. 1993. Courtship and remating in field
populations of Drosophila. Animal Behaviour 45:253–262.

Gwynne, DT. 1984. Courtship feeding increases female
reproductive success in bushcrikets. Nature 307:361–363.

Jennions MD, Petrie M. 1997. Variation in mate choice and mating
preferences: a review of causes and consequences.
Biological Reviews of the Cambridge Philosophical Society
72:283–327.

Kalb JM, DiBenedetto AJ, Wolfner MF. 1993. Probing the function
of Drosophila melanogaster accessory glands by directed
cell ablation. Proceeding of the Royal Society of London B

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 24 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



8Luck N, Joly D.  2005.  Sexual selection and mating advantages in the giant sperm species, Drosophila bifurca.  8pp.  Journal of Insect Science, 5:10,
Available online: insectscience.org/5.10

90:8093–8097.
Kokko H, Brooks R, Jennions MD, Morley J. 2003. The evolution

of mate choice and mating biases. Proceeding of the Royal
Society of London B 270:653–664.

Koref-Santibáñez S. 2001. Effects of age and experience on mating
activity in the sibling species Drosophila pavani and
Drosophila gaucha. Behavior Genetics 31:287–297.

Kosuda K. 1985. The aging effect on male mating activity in
Drosophila melanogaster. Behavior. Genetics. 15:297–303.

Liu H, Kubli E. 2003. Sex-peptide is the molecular basis of the
sperm effect in Drosophila melanogaster. Proceedings of
National Academy  of Science USA 100:9929–9933.

Luck N. 2001. Système de reproduction chez une espèce à
spermatozoïdes géants, Drosophila bifurca (Diptère,
Drosophilidae). DEA, Université Paris-Nord.

Manning A. 1962. Selection for mating speed in  Drosophila
melanogaster based on the behaviour of one sex. Animal
Behaviour 11:116–120.

Markow TA, Quaid M, Kerr S. 1978. Male mating experience and
competitive courtship success in Drosophila melanogaster.
Nature 276:821–822.

Méry F, Joly D. 2002. Multiple mating, sperm transfer and
oviposition pattern in the giant sperm species, Drosophila
bifurca. Journal of Evolutionary Biology 15:49–56.

O’Dell KMC. 2003. The voyeurs’ guide to Drosophila melanogaster
courtship. Behavioural Process 64:211–223.

Parker GA. 1998. Sperm competition and the evolution of ejaculates:
towards a theory base. In: Birkhead TR, Møller AP, editors.
Sperm Competition and Sexual Selection, 3–54. San Diego:
Academic Press.

Péchiné JM, Antony C, Jallon JM. 1988. Precise characterization
of cuticular compound in young Drosophila melanogaster
by mass spectrometry. Journal of Chemical Ecology
14:1071–1085.

Pizzari T. 2003. Food, vigilance, and sperm: the role of male direct
benefits in the evolution of female preference in a
polygamous bird. Behavioral Ecology 14:593–601.

Prakash S. 1967. Association between mating speed and fertility in
Drosophila robusta. Genetics 57:655–663.

Rudolfsen, G, Figenschou L, Folstad I, Nordeide JT, Søreng E.
2005. Potential fitness benefits from mate selection in the
Atlantic cod (Gadus morhua). Journal of Evolutionary
Biology 18:172-179.

Schwartz JM. 1991. Effect of sexual experience on male mating
success in Drosophila silvestris. Animal Behaviour 42:
1017–1019.

Scott D, Williams E. 1993. Sperm displacement after remating in
Drosophila melanogaster. Journal of Insect Physiology
39:201–206.

Scott R, Richmond RR. 1990. Sperm loss by remating Drosophila
melanogaster females. Journal of Insect Physiology 36:451–
456.

Sheldon BC, Ellegren H. 1999. Sexual selection resulting from
extrapair paternity in collared flycatchers. Animal Behavior
57:285–298.

Simmons LW. 2001. Sperm competition and its evolutionary
consequences in the insects, Princeton and Oxford:

Princeton University Press.
Singh SR, Singh BN. 2004. Female remating in Drosophila:

Comparison of duration of copulation between first and
second matings in six species. Current Science 86:465–
470.

Singh SR, Singh BN, Hoenigsberg HF. 2002. Female remating, sperm
competition and sexual selection in Drosophila. Genetics
and Molecular Research 1:178–215.

Snook RR, Hosken DJ. 2004. Sperm death and dumping in
Drosophila. Nature 428:939–941.

Spieth HT. 1952. Mating behaviour within the genus Drosophila
(Diptera). Bulletin American Museum National History
99:395–474.

Spieth HT, Ringo JM. 1983. Mating behavior and sexual isolation in
Drosophila. In: Ashburner M, Carson HL, Thompson JN,
editors. The Genetics and Biology of Drosophila, 3d:223–
284. London; New York; Orlando: Academic Press.

Teal PEA, Gomez-Simuta Y, Proveaux AT. 2000. Mating experience
and juvenile hormone enhance sexual signaling and mating
in male Caribbean fruit flies. Proceedings of National
Academy of Science USA 97:3708–3712.

Tregenza T, Wedell N. 2000. Genetic compatibility, mate choice
and patterns of parentage: invited review. Molecular
Ecology 9:1013–1027.

Trivers, RL. 1972. Parental investment and sexual selection. In:
Campbell B, editor. Sexual Selection and the Descent of
Man, 1871–1971, 136–179. Chicago: Aldine.

Wedell N, Gage MJG, Parker GA. 2002. Sperm competition, male
prudence and sperm-limited females. Trends in Ecology
and Evolution 17:313–320.

Wedell N, Ritchie MG. 2004. Male age, mating status and nuptial
gift quality in a bushcricket. Animal Behaviour 67:1059–
1065.

Wedekind C, Müller R, Spicher H. 2001. Potential genetic benefits
of mate selection in whitefish. Journal of Evolutionary
Biology 14:980–986.

Wishart GJ. 1984. Effects of lipid peroxide formation in fowl semen
on sperm motility, ATP content and fertilizing ability. Journal
of Reproduction and Fertility 71:113–118.

Wolfner MF. 1997. Tokens of love: functions and regulation of
Drosophila male accessory gland products. Insect
Biochemistry and Molecular Biology 27:179–192.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 24 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 350
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF0054006f0020006200650020007500730065006400200066006f00720020007000720069006e007400610062006c0065002000660069006c006500730020006f006e002000620069006f006f006e0065002e006f00720067000d>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


