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O
n mating, Drosophila females
undergo dramatic alterations in
their reproductive physiology
and behavior (Fig. 1) (1). Egg

production and egg laying are significantly
increased, and the female’s propensity to
remate is drastically reduced. These
changes in the female have been shown to
be initially induced by seminal fluids
transferred from the male to the female
during mating and to persist because of
the presence of stored sperm in the fe-
male (referred to as the ‘‘sperm effect’’).
The male seminal fluid proteins are syn-
thesized in paired secretory organs of the
male reproductive tract called accessory
glands, the products of which are referred
to as accessory gland proteins (Acps).
Acps have been studied because of their
importance for reproduction as well as
their interesting evolutionary dynamics.
Two articles in this issue of PNAS provide
additional insights into Acp function and
the sperm effect by characterizing a null
mutant (2) and RNA interference knock-
downs (3) for one of the most interesting
Acps, the Sex Peptide (SP) [Acp70A (4)].

Mating-induced changes in female Dro-
sophila have been described as occurring
in two phases, short- and long-term
stages. The short-term effect is attributed
largely to the rapid action of several Acps,
some acting before and during the storage
of sperm. Through the use of males lack-
ing Acps, sperm, or both, it was deter-
mined that the actions of Acps on their
own last no longer than 1 day after mat-
ing (5, 6). The functions of the Acps have
been studied by several methods, the two
most robust using genetics to either ec-
topically express the Acp in females or
generate null mutants (knockouts) in
which the males lack specific Acps (1).
These two genetic approaches have deter-
mined the functions of four Acps. By in-
jection or ectopic expression, SP was
found to increase egg laying and reduce
female receptivity (4, 7). Ectopic expres-
sion of the protease inhibitor Acp62F
showed it is toxic to Drosophila, although
the exact reproductive function of Acp62F
remains unclear (8). The toxicity of
Acp6F is consistent with previous studies
demonstrating that the receipt of acces-
sory gland proteins reduces the female’s
life span (9, 10). Through knockouts, it
has been demonstrated that Acp36DE is
important for sperm storage (11, 12) and
Acp26Aa (ovulin) functions to stimulate

ovulation (13, 14). The long-lasting alter-
ations of the female’s physiology require
the presence of sperm, and the mecha-
nism by which the presence of sperm acts
remains mysterious (15). Speculations
have included that the sperm induce the
release of female substances, stimulate
stretch receptors in the sperm storage or-
gans, or release male-derived factors
bound to sperm (16).

Screening for Acp knockouts has
proven extremely difficult, because no a
priori phenotype could be predicted that
would allow the design of a mutant
screen. Indeed, the Acp knockout phe-
notypes discovered to date cause only
partial fertility reduction and thus do
not allow straightforward genetic selec-
tion screens. However, recent advances

in targeting specific loci in Drosophila by
homologous recombination (17) or RNA
interference (18) show promise for effi-
ciently targeting specific genes for analy-
sis. It is through these two methods that
molecular insights into the function of
SP and the sperm effect are reported in
this issue of PNAS (2, 3). These studies
indicate that the sperm effect is due to
sperm acting as a carrier and reservoir
for SP (and perhaps other Acps).

The generation of SP-deficient flies has
revised our understanding of the sperm
effect in Drosophila. Chapman et al. (3)
generated flies deficient in SP by express-
ing a SP sense–antisense construct specifi-
cally in male accessory glands, producing
knockdown males with no detectable SP.

Liu and Kubli (2) generated males lacking
SP by directly disrupting the SP gene
through homologous recombination. De-
spite the use of completely different
methods and Drosophila strains, the two
studies produced strikingly similar results.
Females mated to SP-deficient males were
initially more receptive to remating and
produced fewer eggs than females mated
to control males. These results confirm
previous findings of SP’s short-term ef-
fects (4). Females mated to SP-deficient
males still showed some reduction in re-
ceptivity and stimulation of egg laying,
confirming that other Acps also affect
these processes, such as Acp26Aa, which
increases ovulation (13, 14). The main
surprise of the findings in both articles
was the lack of a sperm effect in females
mated to SP-deficient males: the mating-
induced changes did not persist past 1 day
in these females, despite normal sperm
storage and usage. Previously, it had been
hypothesized that the presence of sperm
produced a signal to the female that
maintained the mated status of reduced
receptivity and increased egg production.
The results from these two studies are
consistent with the idea that the sperm
effect is in fact an Acp effect, and that
sperm act as a carrier and reservoir for at
least SP and maybe other Acps (16). In
this model, SP bound to the sperm is con-
tinuously released from the sperm stored
in the mated female to maintain the fe-
male’s elevated egg-laying rate and re-
duced propensity to remate, and the mo-
lecular basis of the sperm effect is SP.

Functional studies using a null mutant
or RNA interference knockdown of Acps
are imperative not only to understand the
molecular basis of reproductive signaling
in Drosophila but also to gain insight into
their evolution. The evolution of repro-
ductive proteins is fascinating in that their
genes tend to include some of the most
divergent found within the genomes of
several organisms (19). The selective pres-
sure driving their divergence remains un-
known, although processes such as sexual
conflict (20) and sexual selection (21)
have been proposed. Detailed functional
characterization of Acps will be invaluable
in helping to elucidate the selective pres-
sures driving the divergence of reproduc-
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Fig. 1. Image of Drosophila mating. The female
decreases her remating rate and increases her egg-
laying rate after mating due, in part, to the transfer
of SP from the male to the female. (Photograph
courtesy of Avis C. James and Gary Wolsieffer.)
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tive proteins. For example, the results
from the RNA interference-induced
knockdown of SP (3) suggest that SP is
not responsible for the mating-induced
cost to female fitness (9, 10). Sexual con-
flict theory predicts an arms race between
the sexes due to genes whose function is
beneficial in one sex being detrimental to
the opposite sex (20, 22). Even if sexual
conflict drives the evolution of some re-
productive genes (22), it may not be re-
sponsible for the putative selective events
in the evolutionary history of SP deduced
from polymorphism surveys (23). Consis-
tent with this observation, SP is not ex-
traordinarily divergent among species of
Drosophila (24), as are other Acps (25),
but additional sequencing of SP from
more species is needed to gain a clear
picture of SP’s evolutionary history. The
finding that SP apparently does not incur
a cost of mating for females is also consis-
tent with this interpretation.

The identification of sperm as a carrier
and reservoir of SP raises another inter-
esting evolutionary hypothesis. Some spe-
cies of Drosophila produce sperm with
enormous coiled tails, which, if straight-
ened, sometimes exceed the length of the
fly itself (26). Could one selective pressure
leading to extreme sperm tail length in-
volve the need to store and deliver large
quantities of Acps (2)? Acps, in addition
to SP, are also known to bind sperm (11),
suggesting that the phenomenon of sperm
acting as an Acp reservoir may perhaps be

more general. Although intriguing, this
question requires additional investigation.

The exciting and surprising findings
observed from SP knockout flies gener-
ated by homologous recombination or
from RNA interference knockdowns of
SP should prompt the use of similar
methods to explore the function of addi-
tional Acps. Drosophila seminal f luid is

relatively complex, with an estimated 83
separate genes contributing to the mix-
ture (27). It will be invaluable to deter-
mine the function of the other Acps to
gain a detailed understanding of Dro-
sophila reproductive biology and the
role of reproductive proteins in the pro-
cess of speciation. Several Acps have the
signature of what have recently been
referred to as ‘‘speciation genes,’’ genes
within a genome whose rapid divergence
is associated with reproductive isolation
and generation of new species (28, 29).
The Acps as a class are 2-fold more di-
vergent at both the protein (30) and nu-
cleotide (27) levels as compared with

nonreproductive tissues. Generation of
null mutants for the Acps will allow
transgenic approaches to study func-
tional differences observed within and
among species of Drosophila by expres-
sion of different versions of the Acp in
a null background. Such studies could
help elucidate the molecular basis for
the variation in male mating success
(31) and determine the functional basis
for the high levels of polymorphisms
observed for some Acps (32, 33).

The study of the genetics of specia-
tion is progressing rapidly (29), includ-
ing the discovery of several loci impli-
cated in reproductive isolation (34) and
hybrid inviability (28, 35). The key to
understanding their role in the specia-
tion process will be an intersection of
evolutionary genetics and detailed func-
tional characterization of the gene prod-
ucts. Drosophila Acps and their female
receptors are an ideal system to study
the evolutionary dynamics of genes po-
tentially involved in the speciation pro-
cess. Detailed functional characteriza-
tion of specific gene products by
knockout or knockdown studies as dem-
onstrated for SP (2, 3) and other Acps
(11, 13), theoretical models (22, 36), and
evolutionary genetics aimed at under-
standing the selective forces acting on
the Acp genes (25, 32), coupled with
laboratory population studies (20),
should provide an integrated under-
standing of the process of reproductive
isolation through divergence of genes
mediating sexual reproduction.

1. Wolfner, M. F. (2002) Heredity 88, 85–93.
2. Liu, H. & Kubli, E. (2003) Proc. Natl. Acad. Sci.

USA 100, 9929–9933.
3. Chapman, T., Bangham, J., Vinti, G., Seifried,

B., Lung, O., Wolfner, M. F., Smith, H. K. &
Partridge, L. (2003) Proc. Natl. Acad. Sci. USA
100, 9923–9928.

4. Chen, P. S., Stumm-Zollinger, E., Aigaki, T.,
Balmer, J., Bienz, M. & Bohlen, P. (1988) Cell 54,
291–298.

5. Kalb, J. M., DiBenedetto, A. J. & Wolfner, M. F.
(1993) Proc. Natl. Acad. Sci. USA 90, 8093–8097.

6. Xue, L. & Noll, M. (2000) Proc. Natl. Acad. Sci.
USA 97, 3272–3275.

7. Aigaki, T., Fleischmann, I., Chen, P. S. & Kubli, E.
(1991) Neuron 7, 557–563.

8. Lung, O., Tram, U., Finnerty, C. M., Eipper-
Mains, M. A., Kalb, J. M. & Wolfner, M. F. (2002)
Genetics 160, 211–224.

9. Chapman, T., Liddle, L. F., Kalb, J. M., Wolfner,
M. F. & Partridge, L. (1995) Nature 373,
241–244.

10. Chapman, T., Hutchings, J. & Partridge, L. (1993)
Proc. R. Soc. London Ser. B 253, 211–217.

11. Neubaum, D. M. & Wolfner, M. F. (1999) Genetics
153, 845–857.

12. Chapman, T., Neubaum, D. M., Wolfner, M. F. &
Partridge, L. (2000) Proc. R. Soc. London Ser. B
267, 1097–1105.

13. Herndon, L. A. & Wolfner, M. F. (1995) Proc.
Natl. Acad. Sci. USA 92, 10114–10118.

14. Heifetz, Y., Lung, O., Frongillo, E. A., Jr., &
Wolfner, M. F. (2000) Curr. Biol. 10, 99–102.

15. Bloch Qazi, M. C., Heifetz, Y. & Wolfner, M. F.
(2003) Dev. Biol. 256, 195–211.

16. Kubli, E. (1992) BioEssays 14, 779–784.
17. Rong, Y. S. & Golic, K. G. (2000) Science 288,

2013–2018.
18. Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A.,

Driver, S. E. & Mello, C. C. (1998) Nature 391,
806–811.

19. Swanson, W. J. & Vacquier, V. D. (2002) Nat. Rev.
Genet. 3, 137–144.

20. Rice, W. R. (1996) Nature 381, 232–234.
21. Eberhard, W. G. (1996) Female Control: Sexual

Selection by Cryptic Female Choice (Princeton
Univ. Press, Princeton, NJ).

22. Gavrilets, S. (2000) Nature 403, 886–889.
23. Cirera, S. & Aguade, M. (1997) Genetics 147,

189–197.
24. Schmidt, T., Choffat, Y., Schneider, M., Hunziker,

P., Fuyama, Y. & Kubli, E. (1993) Insect Biochem.
Mol. Biol. 23, 571–579.

25. Tsaur, S. C. & Wu, C. I. (1997) Mol. Biol. Evol. 14,
544–549.

26. Pitnick, S., Spicer, G. S. & Markow, T. A. (1995)
Nature 375, 109 (lett).

27. Swanson, W. J., Clark, A. G., Waldrip-Dail, H. M.,
Wolfner, M. F. & Aquadro, C. F. (2001) Proc.
Natl. Acad. Sci. USA 98, 7375–7379.

28. Ting, C.-T., Tsaur, S.-C., Wu, M.-L. & Wu, C. I.
(1998) Science 282, 1501–1504.

29. Noor, M. A. (2003) Nature 423, 699–700.
30. Civetta, A. & Singh, R. S. (1995) J. Mol. Evol. 41,

1085–1095.
31. Clark, A. G., Aguade, M., Prout, T., Harshman,

L. G. & Langley, C. H. (1995) Genetics 139,
189–201.

32. Begun, D. J., Whitley, P., Todd, B. L., Waldrip-
Dail, H. M. & Clark, A. G. (2000) Genetics 156,
1879–1888.

33. Tsaur, S. C., Ting, C. T. & Wu, C. I. (2001) Mol.
Biol. Evol. 18, 22–26.

34. Galindo, B. E., Vacquier, V. D. & Swanson, W. J.
(2003) Proc. Natl. Acad. Sci. USA 100, 4639–
4643.

35. Presgraves, D. C., Balagopalan, L., Abmayr, S. M.
& Orr, H. A. (2003) Nature 423, 715–719.

36. Gavrilets, S. & Waxman, D. (2002) Proc. Natl.
Acad. Sci. USA 99, 10533–10538.

The selective pressure
driving the divergence
of reproductive genes

remains unknown.
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