
Sperm storage within females is a critical component of
reproduction in many animals and is a nearly ubiquitous
phenomenon among insects (reviewed in Gillott, 1988;
Neubaum and Wolfner, 1999a). As a physiological process,
sperm storage consists of several stages, including sperm
accumulation, maintenance/retention in and exit from female
sperm storage organs (SSOs; Bloch Qazi et al., 2003). The
mechanisms involved in these stages are, however, not well
understood. Mechanical influences such as female muscular
contractions, ejaculate deposition near to or within the site of
sperm storage, and sperm motility can influence female sperm
storage (reviewed in Bloch Qazi et al., 1998; Neubaum and
Wolfner, 1999a; Simmons, 2001; Bloch Qazi et al., 2003).
Furthermore, while chemical substances are known to affect
sperm storage (Rhodnius prolixus, Davey, 1958; Drosophila
melanogaster, reviewed in Neubaum and Wolfner, 1999a;
Bloch Qazi et al., 2003), the nature of their action is largely a
mystery. D. melanogaster provides a unique opportunity to
study the molecular mechanisms of female sperm storage
because a male seminal fluid protein, Acp36DE, has been
identified as a major player in this process (Bertram et al.,
1996; Neubaum and Wolfner, 1999b).

In D. melanogaster, female sperm storage is important for
fitness because a female can fertilize eggs for up to 2·weeks
using sperm stored from a single mating (Gilbert, 1981).
Several thousand sperm are deposited into the uterus within the
first half of the ~20·min copulation, and sperm storage begins
before copulation ends (Lefevre and Jonsson, 1962; Tram and
Wolfner, 1999; Gilchrist and Partridge, 2000). The SSOs, a
pair of spermathecae and the single seminal receptacle, are
located at the anterior end of the uterus. By 6·h after mating,
sperm storage has leveled off at up to 1000 sperm (Gilbert,
1981; Neubaum and Wolfner, 1999b; Tram and Wolfner,
1999). Both evolutionary and quantitative studies indicate that
the seminal receptacle is the primary sperm storage organ
(Gilbert, 1981; Neubaum and Wolfner, 1999b; Pitnick et al.,
1999). 

Normal female sperm storage in D. melanogasterrequires
the transfer both of sperm from the male’s seminal vesicles
and of proteins (Acps) secreted from the male’s accessory
glands (Tram and Wolfner, 1999). Females that mated with
males expressing very low levels of Acps (~1% wild-type
levels) have few sperm in storage despite receiving normal
quantities of sperm (Kalb et al., 1993; Tram and Wolfner,
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Female sperm storage is an essential component of
reproduction in many animals. In insects, female sperm
storage affects fecundity, sperm competition/preference
and receptivity to re-mating. Female sperm storage
consists of several stages, including sperm entry into the
sperm storage organs (SSOs), maintenance within the
SSOs and exit from the SSOs. The Drosophila
melanogastermale seminal protein Acp36DE is essential
for female sperm storage. Acp36DE associates with sperm
and localizes to specific regions of the female reproductive
tract, including the SSOs. We determined the stage of
sperm storage at which Acp36DE acts by comparing the
timing of initial sperm entry into storage as well as the
rates of sperm accumulation and release from the SSOs
in the presence or absence of Acp36DE. Acp36DE

accelerates sperm accumulation into storage but does not
mediate the entry of the first sperm into storage. This
finding also demonstrates that the initial stage of sperm
storage consists of multiple steps. Acp36DE enters the
SSOs before sperm, and its residence within the SSOs does
not require sperm. We propose that once sperm storage
has initiated, Acp36DE acts as a guidance factor helping
subsequent sperm move into storage, a corral
concentrating sperm around the SSO entrances and/or a
trigger for responses within the female that accelerate
storage of sperm. 
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1999), indicating that Acps are indeed needed for sperm
storage. In experiments with repeated matings, Acps were
required for both sperm maintenance within females and
subsequent use of sperm for fertilization (Hihara, 1981; Xue
and Noll, 2000).

One Acp in particular, Acp36DE (Bertram et al., 1996), is
necessary for normal sperm storage (Neubaum and Wolfner,
1999b). Females mated to males lacking Acp36DE have
significantly fewer sperm in storage 6·h after mating than
females mated to wild-type males (Neubaum and Wolfner,
1999b). Males transferring Acp36DE have higher sperm
precedence than do males who do not transfer Acp36DE,
presumably as an indirect consequence of Acp36DE’s
mediating storage of more sperm (Chapman et al., 2000).
Some alleles of Acp36DE correlate with the outcome of
sperm competition (Clark et al., 1995); allelic variation could
alter either the abundance of Acp36DE or the efficacy of
Acp36DE’s sperm storage function, thereby affecting
sperm precedence patterns. However, Acp36DE does not
affect sperm viability in storage (Neubaum and Wolfner,
1999b).

The localization and persistence of Acp36DE provides
information about its role in female sperm storage. Acp36DE
is detected in the female as early as 5·min, but not more than
6·h, after the start of mating, corresponding with the time
course of sperm accumulation within storage (Gilbert, 1981;
Bertram et al., 1996; Neubaum and Wolfner, 1999b; Tram and
Wolfner, 1999). Acp36DE localizes to the ventral side of the
oviduct wall just anterior to the openings of the SSOs
(Bertram et al., 1996) and is also found at the anterior edge of
the mating plug (Lung and Wolfner, 2001). Acp36DE
associates with sperm in the region of the uterus closest to the
SSO openings, and this association withstands in vitro
manipulation (Bertram et al., 1996; Neubaum and Wolfner,
1999b). Finally, Acp36DE was detected in the female SSOs
at 2·h after mating, when sperm storage is largely complete
(Gilbert, 1981; Neubaum and Wolfner, 1999b; Tram and
Wolfner, 1999).

There are several, not mutually exclusive, ways in which
Acp36DE could mediate sperm storage. These include
facilitating the movement of sperm into storage, organizing
sperm either outside or inside the SSOs, marking the entrance
to sperm storage, causing retention of sperm in storage and/or
inducing or modulating female response(s) to sperm. Here, we
explored the mechanism of Acp36DE’s effects on sperm
storage by examining the timing of these effects as well as the
requirements for Acp36DE localization to the SSOs. Our
results demonstrate that sperm entrance into storage and their
accumulation within storage are separately controlled steps and
that Acp36DE plays a role in sperm accumulation only.
Furthermore, the early and sperm-independent localization of
Acp36DE in the SSOs suggests that Acp36DE might function
from within the female SSOs. We therefore suggest that
Acp36DE could act as a sperm guidance factor, as a corralling
substance and/or to stimulate the female to store sperm
efficiently. 

Materials and methods
Fly strains

Flies (Drosophila melanogasterMeig) were raised on
standard yeast–glucose media at 25°C and a 12·h:12·h L:D
cycle. Female flies were collected within 6·h of eclosion to
ensure virginity. Males were collected 24–48·h after eclosion.
All experiments were conducted on flies that were 3–6 days
post eclosion. Males from three genotypes (Neubaum and
Wolfner, 1999b) were used to test the effects of Acp36DE
on sperm storage: (1) Acp36DE1/Df(2L)H20 males, which
transfer normal quantities of sperm and seminal fluids but
no Acp36DE, (2) Acp36DE1/CyO control males and (3)
Acp36DE+/Df(2L)H20control males. Two different lines were
used as controls for the genetic background of the Acp36DE-
deficient males: Acp36DE1/CyOcontrolled for the background
of the mutagenized line, and Acp36DE+/Df(2L)H20controlled
for the background of the deficiency line as well as for effects
of loci other than Acp36DE uncovered by the deficiency (see
Neubaum and Wolfner, 1999b for additional details).
Spermless males (sons of Canton S males × bw sp tud1 females;
Boswell and Mahowald, 1985) were produced as in Bertram et
al. (1996). A transgene possessing the coding sequences for
green fluorescent protein (GFP) driven by the sperm-specific
don juan(dj) promoter (Santel et al., 1997) inserted on the X
chromosome (strain provided by B. Wakimoto) was crossed
into the Df(2L)H20/CyOstrain. This allowed us to generate
Acp36DE-deficient or control males, as above, whose GFP-
labeled sperm could be visualized within the female
reproductive tract. When crossed into the Acp36DE1 or
Acp36DE+ background, males produced GFP-labeled sperm
and were either deficient or wild-type, respectively, for
Acp36DE. Wild-type females were either Oregon R or Canton
S, as stated. We saw no significant difference between the two
types of females in the number of sperm stored 6·h after mating
(t16=0.53, P=0.61). Because these females have a similar
sperm storage pattern, using them in separate experiments
should not affect the observed trends.

Timing of sperm storage in females

Effects of Acp36DE on sperm storage were examined
by counting sperm stored within female SSOs (seminal
receptacles and spermathecae) at various times after the start
of mating. Virgin Oregon R females were individually paired
with an Acp36DE1/Df(2L)H20 or Acp36DE1/CyO male in a
vial containing food. At 0.3, 0.5, 0.7, 1, 2, 6, 10, 24, 48 or 72·h
after the beginning of mating, the female was removed and
processed for sperm counts as described in Neubaum and
Wolfner (1999b). Blindly coded slides of individual female
SSOs were examined for the presence of orcein-stained sperm
at 100× magnification using a compound microscope with
transmitted light (Zeiss Axioskop). Each sample was counted
twice. Variation among repeated counts of the same sample
was, on average, 8% of the sample mean, indicating
consistency among individual sample counts (N=241 samples).

In separate experiments designed to compare the initial
timing of Acp36DE entry with sperm entry into the SSOs,
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matings between Canton S females and males (N=23) were
interrupted 10·min after the start of copulation, and sperm
storage was quantified as described above. 

The significance of differences in mean number of sperm
stored both at different times and between females mated to
males with or without Acp36DE was tested using a two-factor
analysis of variance (ANOVA). Linear contrasts were
performed as planned comparisons to examine increases in
sperm storage within 6·h of the start of mating for each type
of male (Neter et al., 1996). A least-square means contrast
tested the null hypothesis that a linear combination of group
parameters (corresponding to each time point examined) was
equal to zero. The means and S.E.M.s used were calculated from
the time effect in the ANOVA analysis. t-tests were used to
determine at which times mean female sperm storage differed
depending on the presence of Acp36DE. The depletion of
sperm from female storage for each type of male (time points
after 6·h) was modeled using regression analysis, and a t-test
of the slope coefficients (b) tested whether the slopes were
homogeneous. All sperm counts were transformed [√(value +
1)] to meet the assumptions of parametric statistical tests, but
untransformed data are used in figures. Statistical analysis was
performed using StatView software or JMP (both SAS Inc.,
Cary, NC, USA).

Acp36DE presence and persistence in the SSOs

Wild-type (Canton S) females were mated to wild-type
(Canton S) or spermless (tudor-progeny; see Materials and
methods) males. Pairs were then separated to prevent re-
mating. At 0.17, 0.33, 1, 10 and 48·h after the start of mating,
females were dissected in Yamamoto’s saline (Stewart et al.,
1994). Triplicate samples of 30 seminal receptacles and
spermathecae per treatment and time point were placed
separately into 10·µl of protease-inhibiting buffer (Monsma
and Wolfner, 1988), homogenized, processed and analyzed by
western blotting as in Bertram et al. (1996). 

Visualizing sperm storage in real time

Effects of Acp36DE on sperm entry into the seminal
receptacle and their motility therein were examined by
visualizing GFP-labeled sperm stored within females that had
mated to males with or without Acp36DE. Copulations were
interrupted at either 0.25·h or 0.33·h after the start of mating,
and females were immediately placed on ice. A female’s entire

reproductive tract was removed as a unit and mounted in 4%
methyl cellulose (Sigma, St Louis, MO, USA) in Yamamoto’s
saline. Optical sections of reproductive tracts were imaged at
40× (Zeiss Axiovert 10) then reassembled for analysis (BioRad
MRC 600). Only those samples in which sperm were observed
in the uterus (indicating sperm transfer) were included in the
analysis. The presence and orientation of sperm within the
seminal receptacle was observed and the association between
sperm presence in the seminal receptacle and male genotype
was tested using a χ2 test of independence (Sokal and Rohlf,
1995).

Results
Initial sperm entry into the seminal receptacle is not

facilitated by Acp36DE

The previously demonstrated positive effect of Acp36DE on
the number of sperm stored by 6·h after mating (Neubaum and
Wolfner, 1999b) could be due to Acp36DE’s effects on the
timing of initial sperm entry into storage, on the speed of sperm
accumulation within storage once storage has begun and/or
on prevention of premature sperm release from storage. If
Acp36DE affects the timing of initial entry of sperm into
storage, then sperm storage should begin earlier when females
receive Acp36DE than when they do not. We examined the
timing of initial sperm entry into the seminal receptacle using
dj-GFP males that made or lacked Acp36DE. Although dj-
GFP males transfer and store fewer sperm than wild-type
males (Price, 1999), those sperm do get stored and their GFP
fluorescence allowed us to detect even very low numbers of
sperm as well as to directly observe their orientation and
movements within the SSOs in vivo. At 0.25·h post-mating,
sperm are already visible within storage in some females, but
sperm presence or absence did not correlate with the presence
or absence of Acp36DE (Table·1). Although an effect of male
genotype on frequency of stored sperm was detected at this
time (χ22=14.90, P<0.001), this effect was correlated with
male strain background rather than with Acp36DE status.
Sperm were seen more frequently in the seminal receptacles of
females mated to Acp36DE1/CyOmales than in mates of either
Acp36DE1/Df(2L)H20or Acp36DE+/Df(2L)H20males. When
the analysis was repeated between Acp36DE1/Df(2L)H20
and Acp36DE+/Df(2L)H20 males only, no difference in the
frequency of stored sperm was detected (χ21=1.12, P=0.29;

Table 1. Observations of sperm presence within female seminal receptacles at 0.25·h and 0.33·h after the start of mating

Time after the Acp36DE Sperm present Sperm absent % cases of 
start of mating Male genotype present? (N) (N) sperm storage

0.25·h Acp36DE1/CyO + 12 2 85.7
Acp36DE1/Df(2L)H20 – 3 10 23.1
Acp36DE+/Df(2L)H20 + 0 4 0

0.33 h Acp36DE1/CyO + 13 1 92.9
Acp36DE1/Df(2L)H20 – 9 3 75.0
Acp36DE+/Df(2L)H20 + 4 3 57.1
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Table·1). The apparent effect of background might be due to
the effects of hemizygosity for loci uncovered by Df(2L)H20
or to dominant effects from loci on the CyO balancer. By
0.33·h after the start of mating, sperm presence in the seminal
receptacles did not differ among male genotypes (χ22=3.72,
P=0.155; Table 1), and 79% of all seminal receptacles (N=33)
contained sperm. These results indicate that Acp36DE does not
determine the timing of entry of the first sperm into storage.

Presence or absence of Acp36DE also did not have a
noticeable effect on sperm orientation or motility. When few
sperm are in storage, they often appeared disorganized,
regardless of whether or not Acp36DE was present. This
suggests that the observation of Neubaum and Wolfner (1999b)
of disorganized sperm in storage within females not receiving
Acp36DE reflected simply the small number of sperm in
storage rather than any direct effect of Acp36DE. Vigorous
sperm movements within the seminal receptacle were observed
both when Acp36DE was present and when it was absent (data
not shown). 

Acp36DE promotes the early accumulation of sperm within
SSOs

Since the presence or absence of Acp36DE did not affect the
timing of initial sperm entry into the seminal receptacle, we
examined the effects of Acp36DE on the number of stored
sperm in the SSOs at time points corresponding to later
stages of sperm storage, including sperm accumulation and
retention within storage. With and without Acp36DE, sperm
accumulation in storage reaches maximal numbers by 1·h after
the start of mating (Fig.·1A). The time course of accumulation,
however, was influenced by the presence of Acp36DE. As
reported by Neubaum and Wolfner (1999b), females receiving
Acp36DE stored significantly more sperm than did females
not receiving Acp36DE (two-factor ANOVA: F1,207=28.44,
P<0.0001). The effects of Acp36DE in promoting sperm
storage were observed soon after mating had ended. By 0.5·h
after the start of mating, females receiving Acp36DE stored
2.5-fold more sperm than females not receiving Acp36DE
(t19=3.42, P<0.003). No difference in sperm storage in the
presence and absence of Acp36DE was detected at 0.3·h after
the start of mating (t20=0.676, P=0.507). The difference in
accumulation of sperm in storage between the two male
genotypes is not attributable to the effects of Df(2L)H20.
At 1·h after the start of mating, sperm storage in females
mated to control males (Acp36DE+/Df(2L)H20: mean ± 1
S.E.M.=353.7±29.56 sperm) is similar to that of females mated
to Acp36DE1/CyO control males (Bonferroni-Dunn post-hoc
test: P=0.97, N=25) and is significantly higher than that of
females mated to Acp36DE1/Df(2L)H20 males (P=0.018,
N=25). 

This difference in the number of sperm stored in the
presence or absence of Acp36DE reflects a difference in their
rate of accumulation of stored sperm. When females received
Acp36DE (Acp36DE1/CyOmates), the number of stored sperm
increased nearly threefold between 0.3·h and 0.5·h after
the start of mating (linear contrast, t-ratio=–5.66, d.f.=62,

P<0.0001), but the increase in number of stored sperm after
0.5·h (~53%) was not statistically significant (t-ratio=–0.734,
d.f.=62, P=0.47). When females did not receive Acp36DE
(Acp36DE1/Df(2L)H20 mates), the number of sperm within
storage increased significantly between 0.3·h and 0.5·h (138%;
t-ratio=–5.41, d.f.=65, P<0.0001) as well as between 0.5·h and
0.7·h (108%; t-ratio=–3.82, d.f.=65, P<0.001) but not at later
time points (t-ratio=–0.80, d.f.=65, P=0.43) (Fig.·1A). 

To determine if Acp36DE also influences the rate at which
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Fig.·1. (A) Mean (±1S.E.M.) sperm storage in seminal receptacles
and spermathecae at time points ranging from 0.3·h to 2·h after
the start of mating for females mated to Acp36DE1/CyO males
(+Acp36DE; filled circles) and Acp36DE1/Df(2L)H20 males
(–Acp36DE; open circles). Sample sizes are 11 for each mean except
where indicated on the figure. (B) Sperm storage between 6·h and
72·h after the start of mating. Symbols are the same as above and
N=11 for each point. We detected a smaller difference between the
number of sperm stored in the absence of Acp36DE (relative to the
control) than that reported by Neubaum and Wolfner (1999b). This
discrepancy could be partially attributable to differing experimental
procedures between the two studies but, in addition, modifiers
affecting sperm storage may have acted to mitigate the effect(s) of
the Acp36DE1 allele during stock maintenance. Since sperm storage
is an important facet of female fertility, strong selection is expected
to act on sperm storage ability.
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sperm exit storage, we compared the decline in
numbers of stored sperm in the presence or
absence of Acp36DE. The rate of sperm
depletion from females receiving Acp36DE
(Acp36DE1/CyO males, b=–0.161) and females
lacking Acp36DE (Acp36DE1/Df(2L)H20
males, b=–0.123) were not statistically different
(t30=0.995, 0.25<P<0.10), indicating that
Acp36DE does not affect sperm retention
(Fig.·1B).

Acp36DE is found in SSOs shortly after mating,
and this localization does not require sperm

To explore how Acp36DE facilitates rapid
sperm accumulation, we examined its earliest
detection, duration of residence and dependence
on sperm for its residence in the SSOs. Acp36DE
is normally found in the female SSOs and
associates with sperm (Bertram et al., 1996;
Neubaum and Wolfner, 1999b). To determine if
Acp36DE’s association with sperm is required to
bring Acp36DE into the SSOs, we examined the
spermathecae and seminal receptacles of females
mated to wild-type or spermless males for the
presence of Acp36DE. Full-length Acp36DE
(122·kDa) and its 68-kDa processed form
(Bertram et al., 1996) were detected in both the
seminal receptacle and spermathecae at 0.33·h
after the start of mating in females mated to
wild-type males and in females mated to
spermless males (Fig.·2A). Furthermore, a faint
band corresponding to full-length Acp36DE was
detected in the seminal receptacles of females
mated to spermless males even 2·h after mating.
Therefore, Acp36DE entry into the SSOs does
not require sperm. 

Since Acp36DE can enter the female SSOs in
the absence of sperm transfer, does it normally
enter the SSOs before sperm? To address this
question, we examined the SSOs for Acp36DE
at 0.17·h into mating. At this time point, all of
the mating females (N=23) had received sperm,
but sperm storage was evident in only 34.8% of
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Fig.·2. (A) Full-length (122·kDa) Acp36DE and its
68·kDa processing product in the seminal receptacles
(top) or spermathecae (bottom) of 90 females at
0.33·h or 2·h after the start of mating to wild-type
males or to males transferring seminal fluids but no
sperm. A cross-reactive protein band at 75·kDa
serves as a loading control. Results were similar in
repeats of this experiment. (B) Full-length (122·kDa)
and processed (68·kDa; Bertram et al., 1996)
Acp36DE in the seminal receptacle and spermathecae
of 90 females mated with wild-type males 0.17·h or
1·h after the start of mating.
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those females, each having, on average, three sperm in storage.
Full-length Acp36DE (122·kDa) was already abundant in both
the spermathecae and the seminal receptacles at this time
(Fig.·2B) and, thus, before the entry of significant numbers of
sperm into storage. Because Acp36DE is detected in the SSOs
by the earliest times of sperm storage and before its effects on
sperm storage are detected, Acp36DE could act from within
the female SSOs to facilitate the rapid accumulation of sperm
in storage.

Discussion
Sperm storage in female D. melanogasteris a multi-stage

process beginning with sperm entry and accumulation within
storage, followed by sperm maintenance within storage and
ending with sperm exiting the storage organs (reviewed in
Bloch Qazi et al., 2003). Acp36DE is required for sperm
storage to proceed normally (Neubaum and Wolfner, 1999b),
but its stage(s) of action was not previously known. Females
receiving Acp36DE from males during mating store
significantly more sperm than do females that do not receive
the protein (Neubaum and Wolfner, 1999b). Here, we showed
that Acp36DE acts early in the sperm storage process by
promoting sperm accumulation into storage. While the
presence of Acp36DE does not affect the initial time of sperm
entry into storage, it increases the efficiency of sperm storage
twofold once sperm storage has begun. Therefore, we have also
shown that initial sperm entry into storage and their
accumulation within storage are separable events, controlled
by different factors, one of which is Acp36DE. Effects of other,
currently unidentified, loci on initial sperm entry into storage
is evidenced by observed strain differences in the timing of this
event in the current study. Based on counts of prepared sperm
samples and observations of living sperm in vivo (M.C.B.Q.,
unpublished data), Acp36DE does not appear to facilitate
sperm storage by increasing sperm motility, mediating the
orientation of sperm within storage or decreasing sperm
depletion from storage.

Based on our observations, we propose that Acp36DE is
needed for the efficient accumulation of stored sperm after the
first sperm has entered storage. Acp36DE’s action is detected
as early as 0.5·h after the start of mating and has consequences
after sperm storage has leveled off and egg laying has begun
(~1.5–3.0·h; Heifetz et al., 2000; Chapman et al., 2001).
Further evidence for Acp36DE’s role in rapid sperm storage
comes from sperm entry and storage data for Acp36DE-control
males (Acp36DE+/Df(2L)H20). Despite a lag in initial sperm
storage in females mated to Acp36DE+/Df(2L)H20 males
compared with Acp36DE1/CyOmales (also controls), the mean
number of sperm stored in females mated to these males was
nearly the same one hour after the start of mating, and
both were significantly higher than the number of sperm
stored by females mated to Acp36DE-deficient males
(Acp36DE1/Df(2L)H20). Similar to other studies on sperm
storage (Lefevre and Jonsson, 1962; Tram and Wolfner, 1999),
sperm storage in our experiments progressed very rapidly,

leveling off within 1·h after the start of mating. Because sperm
entry into storage must end when an ovulated egg expels
remaining unstored sperm (1.5–3·h after mating; Heifetz et al.,
2000), a rapid rate of sperm accumulation within storage is
essential for efficient sperm storage and subsequent female
fertility. 

Several, not mutually exclusive, hypotheses exist for how
Acp36DE might effect the rapid accumulation of sperm in the
SSOs. These include (1) acting as a factor to facilitate directed
sperm movement through the uterus and into the SSOs, (2)
concentrating sperm around the SSO entrances and/or (3)
stimulating the female to efficiently take up sperm into her
SSOs. In each of these models, sperm entry can or must be
initiated by some factor other than Acp36DE.

First, Acp36DE could facilitate the directed movement of
sperm or groups of sperm into storage. One mechanism by
which Acp36DE could accomplish this is if its association with
sperm (Neubaum and Wolfner, 1999b) promoted the
‘bundling’ of sperm into cords that then efficiently moved, as
units, into storage. This proposed mechanism is similar to the
role of the sperm apical hook in sperm train formation within
the uterus of the wood mouse Apodemus sylvaticus(Moore
et al., 2002). In A. sylvaticus, sperm trains have higher
progressive motility than do individual sperm. In D.
melanogaster, sperm–sperm associations could be an efficient
means to effect rapid sperm accumulation within the SSOs.
Another potential mechanism by which Acp36DE could
facilitate directed movement of sperm into storage is suggested
by Acp36DE’s specific localization within portions of the
female’s reproductive tract. Acp36DE associates with the
oviduct wall, just anterior to the SSO entrances (Bertram et al.,
1996), and also the anterior end of the mating plug (Lung and
Wolfner, 2001). The mating plug is a mass of congealed
substances at the posterior end of the mated female’s
reproductive tract that confines sperm to the anterior end of the
uterus, near the SSO entrances (Bairati, 1968). Perhaps
Acp36DE helps to form a trellis descending from the sperm
barrier in the oviduct and rising from the mating plug. Sperm,
also associating with Acp36DE, could move along this trellis
to reach the SSO entrances (Lung and Wolfner, 2001). A final
possibility for how Acp36DE could direct sperm movement
into or within storage is by helping sperm cells follow
preceding sperm cells into storage in a manner formally
analogous to the axon fasciculation that occurs during nervous
system development. Fasciculation occurs when axons from
multiple neurons follow molecular cues along a trail forged by
a single pioneer axon to grow out to a target (reviewed in
Tessier-Lavigne and Goodman, 1996; Van Vactor, 1999).
Perhaps, Acp36DE’s association with sperm (Neubaum and
Wolfner, 1999b) helps subsequent sperm follow the trail of a
‘pioneer sperm’ into storage; although the mechanism by
which this would occur is unknown. 

Second, Acp36DE could concentrate sperm near the SSO
entrances and thereby increase the rate of storage. Factors other
than Acp36DE are already known to corral sperm. A barrier in
the lower common oviduct prevents sperm (and Acps) from
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moving into the oviduct (Bertram et al., 1996). When the
barrier is not present (as in eggless females) sperm are
displaced up the oviduct, and fewer sperm are in storage 6·h
after mating (Neubaum and Wolfner, 1999b). While this
barrier retains Acp36DE, Acp36DE is not necessary for barrier
formation (Neubaum and Wolfner, 1999b). The mating plug
also keeps sperm concentrated at the anterior end of the uterus
(Lung and Wolfner, 2001). 

Third, Acp36DE might stimulate sperm storage by
modulating muscle contractions or changing relative fluid
pressure among regions of the female reproductive tract,
particularly after the first sperm has entered storage and
initiated the storage process. We show that Acp36DE enters
the SSOs at the earliest times of sperm storage and that its entry
into the SSOs does not require sperm, suggesting that
Acp36DE could act from within the SSOs to effect sperm
accumulation within storage. Perhaps Acp36DE stimulates the
withdrawal of fluid from the SSO lumen, resulting in a
decrease of relative pressure within the SSOs. As a result of
this pressure differential, sperm could be sucked into storage,
as has been proposed for lower Diptera (Linley, 1981). A role
for Acp36DE on the female’s response to stored sperm is
suggested by the finding that Acp36DE from a previous mating
can facilitate female storage of subsequent-mating males’
sperm (Chapman et al., 2000). This is long after Acp36DE is
no longer detected in the female reproductive tract (6·h;
Bertram et al., 1996). 

It is not known how Acp36DE gets into the SSOs. Sperm
are not needed for Acp36DE’s entry into or retention in the
SSOs, and Acp36DE enters the SSOs during the initial stages
of sperm storage, before copulation is even complete. Since
Acp36DE localizes to the oviduct wall close to the SSO
entrances (Bertram et al., 1996), it may be pulled or sucked
into storage by female muscular contractions, similar to the
mechanism proposed for sperm entry into storage in
mosquitoes (Linley, 1981). Since Acp36DE is detected in the
uterus as early as 5·min after mating begins (Bertram et al.,
1996) and sperm transfer usually occurs within 8–10·min of
the start of mating (Gilchrist and Partridge, 2000), the mating
plug may create pressure within the female reproductive tract,
pushing Acp36DE anteriorly into the SSOs. Alternatively,
since large amounts of Acp36DE are transferred to females, its
entry into the SSOs could just be stochastic. 

In conclusion, we have shown that sperm entry into and
accumulation within female SSOs are distinct events
controlled by different factors. Acp36DE facilitates the rapid
accumulation of sperm within female SSOs, but only after the
first sperm has entered storage. In addition to its association
with sperm, the mating plug and the uterus, Acp36DE
accumulates within the SSOs at the earliest stages of sperm
storage and its accumulation there does not require sperm.
These results suggest that Acp36DE could act from within the
SSOs to assist them in taking up sperm efficiently. Future
identification and description of the location of Acp36DE-
binding proteins will help elucidate Acp36DE’s role in rapid
sperm accumulation within the SSOs. Since rapid storage of

sperm is important for both male and female reproductive
fitness, understanding Acp36DE’s role in sperm storage
provides novel insights into the mechanisms of male and
female reproductive interactions. 
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