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Abstract. Recent results from biochemical and molecular genetic studies of the accessory gland proteins in male
Drosophila are reviewed. The most prominent feature is the species-specific variability. However, the analysis of the
sex peptide in D. melanogaster shows that there is a strong homology in the molecular structure to the closely
related sibling species, and that divergence increases with increasing phylogenetic distance. For this reason the sex
peptide, after being transferred to the female genital tract during copulation, reduces receptivity and increases
oviposition only in virgin females belonging to the same species group and subgroup. Even though studies were
hitherto limited to a small number of the secretory components, it is evident that the accessory gland proteins play
a key role in reproductive success of the fruit fly by changing female sexual behavior, supporting sperm transfer,
storage and displacement. Thus, genes encoding the accessory gland proteins are apparently under strong

evolutionary selection.
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The genetics and evolution of mating systems in insects
have been the research subjects of many biologists®2.
Results of these studies indicate that the reproductive
genes are targets of strong natural selective forces. The
accessory glands (paragonia) of male Drosophila (fig.
1), as in many other insects®*, are known to play a
primary role in mating; their secretory products are
essential for transfer, storage and utilization of the
sperm??, With the advance of modern biochemical and
molecular genetic techniques, it is now possible to char-
acterize individual accessory gland proteins as well as to
dissect the invididual genes encoding them. In the fol-
lowing, I shall at first summarize briefly what we know
about the molecular structure and gene regulation of
these secretory proteins, and then focus more on their
reproductive and evolutionary significance. Since to
date only a small number of the accessory gland
proteins have been subjected to a detailed analysis, an
extensive interpretation must await further progress (see
recent reviews by Kubli*>34).

I. Molecular structure and gene regulation

Convincing evidence that the male accessory gland secre-
tion has immediate effects on mated female Drosophila is
provided by a detailed study of the sex peptide (SP) in
our laboratory (see Chen et al.'®). Following its transfer
to the female during copulation, the female fly becomes
nonreceptive to remating by courting males and exhibits
a rapid increase in egg-laying. Both mating responses
induced by SP have been confirmed by analysis of

ectopic expression in transgenic flies® and injection of the
synthetic peptide into virgin females®.

The 36 amino acid SP is encoded by a single copy gene
located at chromosomal site 70A. Post-translational
modifications consist of hydroxylation of five proline
residues at positions 9, 13, 15, 17, 19 and one as yet
unidentified modification of isoleucine at position 14.
The two cysteines at positions 24 and 36 appear essen-
tial, probably due to the formation of an intrachain
disulfide bridge at the C-terminal end.

Based on cDNA cloning, it is clear that SP is synthe-
sized as a 55 amino acid precursor with a hydrophobic
signal sequence of 19 residues at its N-terminus. Ge-
nomic DNA analysis has shown that the primary tran-
script contains 266 bp with a single intron of 65 bp®°.
The transcription is organ- and cell-specific, and starts
shortly before eclosion of the male fruit fly.

From their recent experiments designed to elucidate the
reacting mechanism(s) of the sex peptide, Kubli and
associates suggest that there is probably only a single
type of receptor molecule in one or several tissues (see
Kubli**). In support of this suggestion, the same critical
concentration (0.6 pM/female) and similar dose re-
sponse curves elicit both post-mating reactions (i.e.
suppression of receptivity and stimulation of egg-lay-
ing). Furthermore, injection of SP into dunce females
failed to elicit the suppression of receptivity, but the
defective response could partially be rescued by using
heat-shocked transgenic females containing the hsp-
dunce construct?’. In addition, SP stimulates in vitro
synthesis of the juvenile hormone JHB3 in corpus alla-
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Figure 1. Internal reproductive organs of the wild-type of male
Drosophila melanogaster (left), and the interspecific hybrid of
D. melanogaster male x D. simulans female (right). The hybrid
has rudimentary sterile testes, but otherwise normal functional
organs. AG, accessory gland; T, testis; ED, ejaculatory duct; EB,
ejaculatory bulb. (Modified from Reding®, and see also
Hadorn?®).

tum from Drosophila females 3—4 days after eclosion®.
Thus, both the nervous and endocrine systems are proba-
bly involved in the SP-induced reproductive behavioral
changes.

Several male accessory gland genes in D. melanogaster
have also been isolated and characterized by M. Wolfner
and collaborators (see Wolfner®®). The gland consists of
two types of morphologically distinguishable secretory
cells: the main and the secondary cells®. In a more recent
study, Kalb et al.' disrupted the main cell function by
introducing into the male fly a construct containing the
coding sequence of diphtheria toxin subunit A (DTA)
and the promoter of the gene Acp95EF. This gene,
formerly named mst316F, is expressed only in the main
cells®. At adequate levels of toxin expression the trans-
genic flies have no main cell-specific protein products, but
spermatogenesis is not blocked. In mating experiments
sons of tudor mothers with normal seminal fluid but
without sperm are used for comparison. From observa-
tion of the mated females it is concluded that for
short-term suppression of receptivity only main cell
secretions are needed, whereas for long-term suppression
of remating both main cell secretion and sperm appear to
be essential. The latter is also true for the stimulation of
oviposition. This is consistent with the finding that SP is
synthesized only in the main cells of the accessory gland®.
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But the mechanism underlying the interaction of sperm
and secretory proteins is still unknown.

The gene Acp26Aa (formerly named msP355a) encodes
a basic protein of 264 amino acids with a region of
sequence similar to the egg-laying hormone (ELH) of
Aplysia, and the tightly linked gene Acp26A4b (formerly

* named msP355b) produces a small acidic protein of 90

amino acids**. The two proteins are synthesized in both
secretory cell types and their synthesis increases follow-
ing copulation. After transfer to the female only the
larger protein undergoes specific cleavage in the genital
tract, and both proteins rapidly enter the hemolymph*°.
The two proteins may possibly function as signals or
triggers in the mating response of the female. The sim-
ilarity of amino acid sequence of the cleaved Acp264a
fragment to ELH of Aplysia suggests its probable in-
volvement in the increase of egg production.

By using P-element mediated enhancer traps, Betram et
al.® conclude that there are accessory gland genes ex-
pressed specifically in the main or secondary cells or in
both, and their regulation following mating differs in
the two cell types. Gene expression is activated in main
cells by mating, whereas that in secondary cells remains
constant.

In D. funebris two accessory gland proteins have been
isolated. The protein PS-1 consists of two 27 amino acid
peptides with either valine or leucine at position 2 (see
Baumann et at.%). Injection of PS-1 into virgin females
results in reduction of female receptivity. More recently,
the presence of another polypeptide consisting of 63
amino acids has been identified in the accessory gland
secretion of the same species (Schmidt et al.’*). Se-
quence analysis showed the presence of six cysteines.
Based on the position of this amino acid as well as the
peptide resistance to trypsin digestion, it appears to be a
protease inhibitor. In fact, the study of substrate specifi-
city demonstrated its inhibition of acrosin (a trypsin-
like protease located in the acrosomal vesicle at the
sperm head®®) by 95%. There is as yet no molecular
genetic study of the gene structure or synthesis of these
two regulatory peptides.

According to Ohashi et al.* in D. suzukii the male
accessory gland synthesizes an ovulation stimulating
substance (OSS) which has a minimum size of 35 amino
acids. In a more recent investigation Schmidt et al.>
isolated an accessory gland product from the same
species that contains 41 amino acids and exhibits a high
homology to SP in D. melanogaster. The major differ-
ence is the insertion of five additional amino acids after
position 7 of the melanogaster SP sequence.

II. Reproductive significance

Insect reproduction in general
The different insect species have reproductive systems
which vary greatly in both their morphology and react-
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Dm Db Df Dh Dn Dv

Figure 2. Species-specific patterns of Drosophila accessory gland
proteins separated on 10% SDS gel. Dm, D. melanogaster; Db, D.
buskii; Df, D. funebris; Dh, D. hydei; Dn, D. nigromelanica; Dv,
D. virilis. (From Chen, Stumm-Zollinger, and Caldelari'”).

ing mechanisms. However, one common feature is the
key role of the accessory glands in males (see Chen'?).
Their gland protein patterns are strictly species-specific
(fig. 2). In most insects the secretory products serve to
produce the spermatophore for sperm transfer and
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sperm activation. For example, in the mealworm Tenebrio
molitor the individual structural components can be
traced to their synthesis in specific gland cells®®. In the silk-
moth Bombyx mori a reaction cycle to produce energy for
sperm activation through arginase in the spermatophore
has been analyzed in detail by Osanai and colleagues®’.
In Drosophila, as in other higher dipterans, the sperm are
directly deposited in the female genital tract during
copulation. But the structural protein components of the
spermatophore may still be synthesized. Following trans-
fer to the female, they may undergo proteolysis and the
resulting amino acids may serve as general metabolites for
nutritional purpose, synthesis of yolk in the fat body and
ovary, or production of somatic tissue proteins®#'. Based
on non-equilibrium pH gel electrophoresis (NEPHGE)
we estimated that the accessory gland secretion in D.
melanogaster contains a minimum of 85 different proteins
(see fig. 3, and Stumm-Zollinger and Chen®*>%). As
mentioned above, only a few of these have so far been
studied in more detail. The two major effects of female
receptivity and oviposition following mating are clearly
initiated by the sex peptide, but their persistence needs
probably the presence of sperm?®'. As yet there is no
information about the nature of the so-called sperm
factor suggested earlier by Manning®. In general, it
appears that the complexity of reproduction in Dros-
ophila, as in many other insects, requires the coordinated
action of a large number of accessory gland proteins.
Their specific functions are, as yet, still unknown.

Control of sexual behavior
Prior to copulation, Drosophila males exhibit a series of
courting behaviors, including tapping the female abdo-

Figure 3. Two-dimensional pattern of labeled secretory proteins (SPR) in ‘male accessory gland of D. melanogaster; separated by
non-equilibrium pH gradient gel eletrophoresis (NEPHGE). (From Schmidt, Stumm-Zollinger, and Chen®).
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men, vibrating their wings to produce the love song,
licking the female genitalia, and attempt to mate®. The
female’s response and readiness for mating are ex-
pressed by moving more slowly, spreading both wings,
and opening the vaginal plates. These complex
courtship behaviors are age-, species- and sex-specific
(see a recent review by Tompkins®>). For example,
newly emerged young flies do not show courtship be-
haviors until they are sex mature at the age of 1-2
days®. In D. melanogaster wing vibration is performed
only by males, whereas in D. buskii this is done by both
males and females’. From their studies of gynandro-
morphs Tompkins and Hall®, as well as Szabad and
Fajszi®, conclude that bilateral groups of female geno-
type cells in the dorsal-anterior brain are essential for
receptivity to mate with male flies. Based on her exten-
sive analysis of single gene mutations, Tompkins®*54
has well documented the essential roles of olfactory,
visual, acoustic and contact stimuli in the sexual behav-
ior of Drosophila. The control of sexual behavior also
includes the synthesis of pheromones®. In view of such
complexity, it is indeed astonishing that the female
receptivity is turned off immediately following mating
or injection of SP.

III. Evolutionary roles

Phylogenetic relationships

Electrophoretic studies have repeatedly shown that the
accessory gland protein patterns in male Drosophila are
highly species-specific (see Chen!! and Chen et al.'®).
Even within a single species, polymorphic variants are
of common occurrence. Whalen and Wilson®’ estimated
that in D. melanogaster about half of the major protein
components show polymorphism, and genetic evidence
indicates that such variations are not artefacts resulting
from the experimental procedure. More recently, the
detailed phylogenetic DNA sequence analysis by
Aguadé et al.! showed that the Acp264a/b gene regions
have high levels of amino acid replacement and diver-
gence of cleavage sites in polymorphic alleles of D.
melanogaster and its sibling species. The authors dis-
cussed the probable presence of multiple common an-
cestors and emphasized the possible role of selection in
the gene regions studied by them.

In an analysis of functional species-specificity, accessory
gland secretions from D. funebris, D. buskii, D. hydei, D.
nigromelanica and D. virilis were injected into virgin
females of D. melanogaster and showed no stimulation
of oviposition (Chen et al.'®). Similarly, reciprocal injec-
tion of PS-1 from funebris and SP from melanogaster
into their virgin females has no effect on either receptiv-
ity and oviposition*'¢. This is not surprising since fune-
bris belongs to subgenus Drosophila, whereas melano-
gaster belongs to subgenus Sophophora. On the other
hand, secretions from sibling species belonging to the
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melanogaster subgroup exhibit no species-specificity in
eliciting the two post-mating responses. In accord with
this, analyses of amino acid sequence in SP of all sibling
species revealed a high homology'*>*. D. suzukii is an
exception; though it belongs to another subgroup, its
sex peptide is equally good at eliciting both post-mating
reactions in melanogaster virgins and vice versa®. The
reason for this is that the suzukii peptide has a high
homology to melanogaster SP in both N- and C-termi-
nal ends, in spite of its insertion of five additional amino
acids. The functional domain at the C-terminus has
been demonstrated>”.

Owing to the high similarity of their polytene chromo-
some banding patterns, D. simulans, D. mauritiana and
D. sechellia are designated as homosequential spe-
cies’®¥, Biochemical studies of the allozymes and the
larval proteins indicate that the genetic distances be-
tween these sibling species are even shorter than each of
them to D. melanogaster (Gonzalez et al.?*). The search
for structural homology of the sex peptide in the fruit
fly provides an additional tool in our understanding of
the phylogenetic relationships between the species as
well as the process of speciation!,

Sperm displacement

In natural populations of Drosophila remating of mated
females is not rare. This can be due to insufficient
transfer of semen in the first copulation, or when the
mated female fly is taken by force by the second male.
Analysis of the progeny of such double-mated females
indicate that the sperm of the second male are used first
(see Fowler®?). Apparently, there is no homogeneous
mixing of the sperm from both males in the storage
organs (seminal receptacle and spermathecae). Conse-
quently, offspring production of such double-mated fe-
male flies does not follow a coordinated progressive
sperm utilization of both males.

For laboratory experiments eye color mutants such as
cn, bw or bw” have often been used to simplify identifi-
cation of progeny genotype. Thus male flies of the
wild-type or mutant can be utilized as the first or second
male in double mating. Results from this type of exper-
iment designed to test sperm displacement (or sperm
competition) suggest that genes encoding accessory
gland proteins in the second male might mediate an
‘attack’ component, whereas those in the first male a
‘defense’ component (see Clark et al.’”). In studies em-
ploying the two males in reciprocal order, the magni-
tude of both components in each genotype can be
statistically estimated. Of special interest is the finding
that the ‘attack’ or ‘defense’ values are correlated with
certain polymorphic alleles of candidate genes encoding
the accessory gland secretory proteins.

In a further study of the importance of sperm displace-
ment related to reproductive success, Clark et al.'® car-
ried out an extensive analysis of variations of the
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displacement process in a total of 152 lines of D.
melanogaster from natural populations. The screened
lines were made homozygous for the second andjor
third chromosomes. Their assay also included scoring of
the progeny of cmbw females mated sequentially to
cn,bw and tested males, or in the reverse order. Accord-
ing to their findings there are large variations in the
ability to displace resident sperm in the mated female
(attack component) as well as the ability to resist dis-
placement (defense component) by the subsequent
sperm. In most lines nearly all progeny, in some lines
only half, are fathered by the second male. Again males
with the ability to resist displacement by subsequent
sperm are associated with certain polymorphic alleles of
genes encoding the accessory gland secretory proteins
(Acp26Aalb, Acp29B, Acp36DE and Acp53E). Appar-
ently these are candidate genes involved in the sperm
displacement process.

According to Clark et al.'® there is no correlation be-
tween the male’s ability to displace resident sperm and
that to resist being displaced. They interpret this as
being due to two different mechanisms underlying the
attack and defense components. Their interpretation is
in agreement with the fact mentioned above, that only
the defense component is associated with polymorphic
alleles of the main cell-specific genes. Unfortunately we
know virtually nothing about the mechanism which
mediates sperm displacement.

Harshman and Prout® have also provided evidence that
the seminal fluid is responsible for sperm displacement
in Drosophila. In the first series of experiments they
used semen from two different sterile mutants. Males
from the maternal effect mutant tudor® have no sperm
but normal accessory glands. The second group of ster-
ile males is from a transgenic strain with a construct
containing the promoter of the gene Acp95EF and the
coding sequence of subunit A of DTA (see Kalb et
al.®"). The main cells in the accessory gland are killed by
production of diphtheria toxin, and the absence of
sperm is probably due to the presence of toxin in the
testes. Thus the males are deficient in both seminal fluid
and sperm.

Virgin females (Oregon-R) were first mated with fertile
males, separated, and after four days again mated with
sterile males. From the number of progeny after the
second mating the residual sperm from the fertile male
in the female storage organs can be calculated. The
results show that mating with fudor males which pro-
duce the normal amount of seminal fluid gives rise to
distinctly less progeny than does mating with the DTA
transgenic males which are deficient in main cell secre-
tion.

In a further series of experiments the second copulation
with fertile males was interrupted immediately, 2 or 4
minutes after the initiation of mating. In D. melano-
gaster it i1s known that for the first five minutes only
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serninal fluid but no sperm transfer occurs®. The results
show clearly a stronger suppression of the remaining
progeny at 2 and 5 minutes than by immediate interrup-
tion.

The general conclusion from the work discussed above
is that the accessory gland secretion is involved in the
process of sperm displacement. The precise mechanism
as well as the candidate genes encoding the specific
secretory protein components must await further study.

Life span of mated females

It is known that virgins of Drosophila usually have a
longer life span than mated females*®. This phe-
nomenon appears to be related to the increase of ovipo-
sition which, as discussed above, is one major female
response following copulation. One reasonable conclu-
sion is that egg production requires energy. This is in
agreement with experiments designed to reduce ovarian
activity by either X-ray irradiation® or selection of aged
adults*>*!, Both procedures lead to an extension of
female longevity. Thus all these results suggest that egg
production takes place at maternal cost and accelerates
female death.

One significant point in the study of Patridge et al.*® is
that egg-laying and earlier death of mated Drosophila
females are reversible. For example, following removal
of the males both oviposition and life span of the mated
flies are similar to those of virgins of the same age. In
other words, there is in fact no acceleration of ageing. It
is possible that mated and virgin females lay eggs of
different qualities. David'® reported that eggs laid by the
two types of females are different in length. Further-
more, probably only the mated flies release certain
essential nutritional elements from the somatic tissues
to the eggs, and altered hormonal and other metabolic
activities lead to a higher death rate. Of further interest
is their observaion that females continuously exposed to
males have a shorter longevity than intermittantly ex-
posed females. In the latter case the female flies were
kept for two days without males followed by one day
with two males®. As pointed out by the authors, there
are several possible explanations of this exposure effect:
first, premating damage to the female caused by some
substances produced by the male during courtship; sec-
ond, a direct injury of the female by the mating action;
third, certain detrimental components in the ejaculate
may reduce the life span of the mated female. The
seminal fluid is know to be a complex mixture derived
from the accessory gland, the ejaculatory duct and the
ejaculatory bulb!?, An analysis of the metabolic effects
of individual components involved appears promising.
Very recently, Chapman et at.!® reported convincing
evidence that the cost of mating is not due to the receipt
of sperm, but owing to the transfer of secretory protein
components from the accessory gland. Their experimen-
tal design has been mentioned in the previous section.
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Virgin females of D. melanogaster were mated either to
males of a transgenic strain containing the construct of
a main cell-specific promoter and the coding sequence
of DTA?', or to sons of the tudor mutant. The trans-
genic males have no main cell products and lack sperm
due to the presence of toxin, whereas the mutant males
produce normal accessory gland secretion but no sperm,
due to the absence of germ line cells. Intact wild-type
males serve as mating controls, and males with micro-
cauterized genitalia as non-mating controls. All virgin
females were kept intermittently for two days with
experimental males (one set with DTA males, one set
with fudor males), and for one day with intact normal
males or microcauterized males as controls. The results
are clear: females kept with DTA males having no main
cell products lived on average for 29 days, whereas
those kept with tudor males having normal main cell
products had an average life span of only 21 days. Thus,
the cost of mating is due to the transfer of main cell
secretion of the accessory gland, and not due to the
presence of sperm. It is clear that there is no difference
in female survival between the two sets of non-mating
controls. In a second experimental series using DTA
flies with different degrees of main cell deficiencies, a
dose-dependent effect of the cell-specific products could
be observed. '

Another interesting observation was that mated females
which also received full main cell products by exposure
to tudor or intact males had a lower hatching rate than
recipients of seminal fluid lacking the main cell prod-
ucts. Similarly, the egg fertility of the mated females
was lower compared to those exposed intermittantly to
microcauterized, ndn-mating males. These results indi-
cate, as suggested by the authors, that the main cells
synthesize components which eliminate or destroy part
of the sperm stored in the mated females. In other
words, the secretory components of the accessory gland
are at least in part involved in the phenomenon of
sperm displacement. As discussed in section III above,
Clark et al.'® reached the same conclusion from their
analysis of polymorphic alleles in natural populations.

V1. Suppression of pest insect population

Many economically important pests are insects which
infect animals as well as plants and may cause, in cases
of large populations, serious damages to agriculture and
forest systems. Menn and Hallingworth*? estimate that
world crop losses due to pests, including post-harvest
losses due to insects, amount to over 50% of produc-
tion. As tools for pest insect corntrol, insecticides (i.e.
DDT) have played a dominant role. But owing to their
" high toxicity, and in particular growing insect resis-
tance, investigators soom became aware of the limits to
the use' of such chemically synthesized compounds.-
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Recent research, for reasons just mentioned, has be-
come increasingly interested in finding less toxic and
more easily metabolized agents. As a means of biologi-
cal control Rosen®* has proposed the use of pheromones
and sterilized males, the development of resistant
plants, and the utilization of natural pest enemies raised
on ecological basis to minimize the damage. In princi-
ple, biological control by irreversible sterilization and
related ideas, as previously suggested by Knipling, is
doubtless the most promising strategy, but our knowl-
edge of the reproductive mechanisms of many insect
species is still very limited.

As in Drosophila, mating of pest dipteran insects is
likewise under regulatory control of the male accessory
gland or homologous organs (see Ito and Yamagishi®®;
Harris and Miller?”). Recently, Spencer et al.>” reported
that in the onion fly (Delia antigua), a monocoitic
dipteran, injection of extract from the male paragonial
gland into virgin females resulted in the suppression of
receptivity and the induction of oviposition. Their data
show that the rate of egg-laying is comparable to that
following mating (14.5 eggs/female/day) and that the
injected flies refuse remating during their experimental
period of more than 15 days. Thus it is reasonable, as
suggested by the authors, that the active paragonial
components (apparently including the sex peptide) can
be utilized as a biorational sterile agent for insect con-
trol.

The use of biological agents for insect control has,
however, several problems which must be solved prior
to their application. First, from our experience the sex
peptide of D. melanogaster is active in suppressing re-
ceptivity of virgin females only within closely related
sibling species, obviously due to their high structural
homology (see Chen!* and Schmidt et al.’¢). In other
words, sequence analysis of the purified peptide and the
test of its species-specificity appear to be essential. Sec-
ond, for the large scale control of pest insect popula-
tions, chemical synthesis of SP is desirable, The
melanogaster SP has only 36 amino acids. If the peptide
molecule is large and complex, both the activity and
stability of the synthetic product will be more problem-
atic. Third, one convenient way to introduce the active
agent into the virgins is by feeding; the ‘sterile’ females
are then released. But a peptide in the digestive tract
needs a special design to protect it from undergoing
proteolysis by the digestive enyzmes during uptake.

In D. melanogaster we have produced permanently ster-
ile females by germ line transformation®. A construct
containing the SP coding sequence and the enhancer of
the yolk protein gene is introduced into the female
genome by using the P-element. After eclosion the
transgenic female flies, due to ectopic expression of the
SP gene, do not accept courting males and thus remain
unmated. Of course, Drosophila is the only insect whose
genetics is well known. But many pest insects are also
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dipterans, and the production of permanently sterile
females by using similar transgenic techniques may be
considered as a potential strategy for reproductive con-
trol of pest insects.

Acknowledegments. My own research was originally supported
by the Swiss National Science Foundation, the Georges and
Antroine Claraz-Schenkung, and the Karl Hescheler-Stiftung. I
am grateful to E. Kubli for discussions and critical comments.

1 Aguade, M., Miyashita, N., and Langley, C., Polymorphism
and divergence in the Mst26a male accessory gland gene
region in Drosophila. Genetics 132 (1992) 755-770.

2 Aigaki, T., Fleischmann, I., Chen, P. S, and Kubli, E,,
Ectopic expression of sex peptide alters reproductive behavior
of female D. melanogaster. Neuron 7 (1991) 557-563.

3 Bairati, A., Structure and ultrastructure of the male reproduc-
tive system in D. melanogaster Meig. 2. The genital duct and
accessory glands. Monit. Zool. Ital. (NS) 2 (1968) 105-182.

4 Baumann, H., The isolation, partial characterization and
biosynthesis of the paragonial substances PS-1 and PS-2 of D.
funebris. 1. Insect Physiol. 20 (1974) 2181-2194.

5 Baumann, M., Wilson, K. J., Chen, P. S., and Humbel, R. E.,
The amino-acid sequence of a peptide (PS-1) from Drosophila
funebris: A paragonial peptide from males which reduces the
receptivity of the females. Eur. J. Biochem. 52 (1975) 521-529.

6 Betram, M. J., Akerkar, G. A., Gonzalez, C., and Wolfner, M.
F., Cell type-specific gene expression in the Drosophila
melanogaster male accessory gland. Mech. Dev. 38 (1992)
33-40.

7 Bixler, A., Jenkins, J, B., Tompkins, L., and McRobert, S. P.,
Identification of acoustic stimuli that mediate sexual behavior
in Drosophila buskii (Diptera: Drosophilidae). J. Insect Behav.
5 (1992) 469-478.

8 Bownes, M., and Patridge, L., Transfer of molecules from
ejaculate to females in Drosophila pseudoobscura. J. Insect
Physiol. 33 (1987) 941-947.

9 Burnet, B., and Connolly, K., Activity and sexual behaviour in
Drosophila melanogaster, in: The Genetics of Behaviour, pp.
201-258. Ed. J. H. F. van Abeelen, North Holland 1974.

10 Chapman, T., Liddle, L., Kalb, J.,, Wolfner, M. F., and
Patridge, L., Cost of mating in Drosophila melanogaster fe-
males is mediated by male accessory gland products. Nature
373 (1995) 241-244.

11 Chen, P.S., Species-specific patterns in Drosophila paragonial
glands. Experientia 32 (1976) 549-550.

12 Chen, P. S., The functional morphology and biochemistry of

insect male accessory glands and their secretions. A. Rev. Ent.

29 (1984) 233-255.

13 Chen, P. S., Biochemistry and molecular regulation of the
male accessory gland secretions in Drosophila (Diptera). Annls
Soc. ent. Fr. (N.S.) 27 (1991) 231-244.

14 Chen, P. S., and Balmer, J., Secretory proteins and sex peptide
of the male accessory gland in Drosophila sechellia. J. Insect
Physiol. 35 (1989) 759-764.

15 Chen, P. S., Stumm-Zollinger, E., and Caldelari, M., Protein
metabolism of Drosophila male accessory glands — II. Species-
specificity of secretion proteins. Insect Biochem. 15 (1985)
385-390.

16 Chen, P. S., Stumm-Zollinger, E., Aigaki,T., Balmer, J., Bienz,
M., Béhlen, P., A male accessory gland peptide that regulates
reproduc-tive behavior of female D. melanogaster. Cell 54
(1988) 291-298.

17 Clark, A. G., Silveria, S., Meyers, W., and Langley, C. H,,
Nature screen: an efficient method for screening natural popu-
lations of Drosophila for P-element insertion. Proc. natl Acad.
Sci. USA 91 (1994) 719-722.

18 Clark, A. G., Aguadé, M., Prout, T., Harshman, L. G., and
Langley, C. H., Variation in sperm displacement and its
association with accessory gland protein loci in Drosophila
melanogaster. Genetics 139 (1995) 189-201.

19 David, J., Influence de la fecondation de la femelle sur le

Experientia 52 (1996), Birkhduser Verlag, CH-4010 Basel/Switzerland

509

numbre et la taille des oeufs pondus. J. Insect Physiol, 9 (1963)
13-24.

20 DiBenedetto, A. J., Harada, H. A., and Wolfner, M., Struc-
ture, cell-specific expression, and mating induced regulation of
a Drosophila melanogaster male accessory gland gene. Devl
Biol. 139 (1990) 134-148.

21 Fleischmann, I., Dauwalder, B., Chapman, T., Cotton, B., and
Kubli, E., The dunce gene product might be physiologically
involved in sex-peptide response in Drosophila melanogaster.
(Abstract S12-11). Experientia 51 (1995) A59.

22 Fowler, G. L., Some aspects of the reproductive biology of
Drosophila: Sperm transfer, sperm storage and sperm utiliza-
tion. Adv. Genet. 17 (1973) 293-360.

23 Gillott, C., Arthropoda — Insecta, in: Reproductive Biology of
Invertebrate, vol. 3: Accessory Sex Glands, pp. 319-471. Eds
K. G. Adiyodi and R. G. Adiyodi. John Wiley & Sons,
Chichester 1988.

24 Gonzilez, A. M., Cabrera, V. M., Larruga, J. M., and Guillo,
A., Genetic distance in the sibling species Drosophila
melanogaster, Drosophila simulans and Drosophila mauritiana.
Evolution 36 (1982) 517-522.

25 Hadorn, E., Zur Autonomie und Phasenspezifitidt der Letalitit
von Bastarden zwischen Drosophila melanogaster and
Drosophila simulans. Rev. suisse zool. 68 (1961) 197-207.

26 Happ, G. M,, Structure and development of male accessory
glands in insects, in: Insect Ultrastructure, vol. 2, pp. 365-398.
Eds. R. C. King, and H. Aki. Plenum Press, New York 1984.

27 Harris, M. O., and Miller, J. R., Quantitative analysis of
ovipositional behavior: effects of a host plant chemical on the
onion fly (Diptera: Anthomyiidae). J. Insect Behavior 4 (1991)
773-1792.

28 Harshman, L. G., and Prout, T., Sperm displacement without
sperm transfer in Drosophila melanogaster. Evolution 48
(1994) 753-766.

29 Ito, Y., and Yamagishi, M., Sperm competition in the melon
fly, Dacus cucurbitae (Diptera: Tephritidae): Effects of sequen-
tial matings with normal and virgin or non-virgin sterile males.
Appl. Ent. Zool. 24 (1989) 466-477.

30 Jallon, J. M., Lauge, G., Orssaud, L., and Antony, C., Female

pheromones in Drosophila melanogaster are controlled by the

doublesex locus. Genet. Res. 51 (1988) 17-22.

Kalb, J. M., DiBenedetto, A. J., and Wolfner, M., Probing the

function of Drosophila melanogaster accessory glands by directed

cell ablation. Proc. natl Acad. Sci. USA 90 (1993) 8093—-8097.

32 Knipling, E. F., The Basic Principles of Insect Population
Suppression and Management. U.S. Department of Agricul-
ture, Agriculture Handbook No. 512, Washington, D.C. (cited
from Spencer et al.>7).

33 Kubli, E., My favorite molecule: the sex peptide. BioEssays. 14
(1992) 779-784.

34 Kubli, E., The Drosophila sex-peptide: A peptide pheromone
involved in reproduction, in: Advances in Developmental Bio-
chemistry, vol. 4, pp. 99-128. Ed. P. Wassermann. JAI Press
Inc. USA 1996.

35 Lamb, M. J,, The effect of radiation on the longevity of female
Drosophila subobscura. J. Insect Physiol. 10 (1964) 487—-489.

36 Lemeunier, F., and Ashburner, M., Relationships within the
melanogaster  species group of the genus Drosophila
(Sophophora). II. Phylogenetic relationship between six spe-
cies based upon polytene chromosome banding sequences.
Proc. R. Soc., London, 193 (1976) 275-294.

37 Lemeunier, F., and Ashburner, M., Relationships within the
melanogaster species subgroup of the genus Drosophila
(Sophophora). IV. The chromosomes of two new species.
Chromosoma 89 (1984) 343-351.

38 Lindsley, D. L., and Zimm, G. G., The Genome of Drosophila
melanogaster. Academic Press, San Diego, California 1992.

39 Luckinbill, L. S., Arking, R., Clare, M. J., Cirocco, W. C., and
Buck, S. A., Selection of delayed senescence in Drosophila
melanogaster. Evolution 38 (1984) 996—1003.

40 Manning, A., A sperm factor affecting the receptivity of
Drosophila melanogaster females. Nature 194 (1962) 252-253.

41 Markow, T. A., and Ankney, P. F., Drosophila males con-
tribute to oogenesis in multiple mating species. Science 224
(1984) 302-303.

3

—_



510

42 Menn, J. 1., and Hollingworth, R. M., Insect control, 1.
Introduction, in: Comparative Insect Physiology, Biochemistry
and Pharmacology, vol. 12, pp. 1-8. Eds. G. A. Kerkut and L.
1. Gilbert. Pergamon Press, Oxford 1985.

43 Moshitzky, P., Fleischmann, L., Saudan, P., Klauser, S., Kubli,

E., and Applebaum, S. W., Sex-peptide activates juvenile

hormone biosynthesis in the Drosophila melanogaster corpus

allatum. Archives of Insect Biochemistry and Physiology, vol.

32. Wiley-Liss Inc. USA 1996.

Mosma, S. A., and Wolfner, M., Structure and expression of a

Drosophila male accessory gland gene whose product resem-

bles a peptide pheromone precursor. Genes Dev. 2 (1988)

1063-1073.

Mosma, S. A., Harada, H. A., and Wolfner, M., Synthesis of

two Drosophila male accessory gland proteins and their fate

after transfer to the female during mating. Dev. Biol. 742

(1990) 465-475.

Ohashi, Y. Y., Haino-Fukushima, K., and Fuyama, Y., Purifi-

cation and characterization of an ovulation stimulating sub-

stance from the male accessory gland of Drosophila suzukii.

Insect Biochem. 21 (1991) 413-419.

Osanai, M., Aigaki, T., Kasuga, H., and Yonezawa, Y., Role

of arginase transferred from the vesicula seminalis during

mating and changes in amino acid pools of the spermatophore
after ejaculation in the silkkworm, Bombyx mori. Insect

Biochem. 16 (1986) 879-885.

Patridge, L., Fowler, K., Trevitt, S., and Sharp, W., An

examination of the effects of males on the survival and egg-

production rates of female Drosophila melanogaster. 1. Insect

Physiol. 32 (1986) 925-929.

Patridge, L., Green, A., and Fowler, K., Effects of egg-produc-

tion and of exposure to males on female survival in Drosophila

melanogaster. J. Insect Physiol. 33 (1987) 745-749.

50 Reding, T. V., Proteinmuster der Paragoniendriisen von Hy-
bridménnchen der Schwesterarten Drosophila melanogaster und
Drosophila simulans. Diplomarbeit, Universitit Zirich 1985.

51 Rose, M, R., Laboratory evolution of postpond senescence in
Drosophila melanogaster. Evolution 38 (1984) 1004~1010.

52 Rosen, D., Biological control, in: Comprehensive Insect Physi-
ology, Biochemistry and Pharmacology, vol. 12, Insect Con-
trol, 414-464. Eds G. A. Kerkut and L. I. Gilbert. Pergamon
Press, Oxford 1985,

53 Schmidt, T., Stumm-Zollinger, and Chen, P. S., Protein
metabolism of Drosophila melanogaster male accessory gland
~ III. Stimulation of protein synthesis following copulation.
Insect Biochem. 15 (1985) 391-401.

54 Schmidt, T., Stumm-Zollinger, E., Chen, P. S., Bohlen, P., and
Stone, S. R., A male accessory gland peptide with protease
inhibitory activity in Drosophila funebris. J. biol. Chem. 264
(1989) 9745-9749.

44

45

46

47

48

49

Experientia 52 (1996), Birkhduser Verlag, CH-4010 Basel/Switzerland

55

56

57

58

59

60

6

—

62

63

64

65

66

67

68

69

Reviews

Schmidt, T., Choffat, Y., Klauser, S., and Kubli, E., The
Drosophila melanogaster sex peptide: a molecular analysis of
structure~-function relationships. J. Insect Physiol. 39 (1993a)
361-368.

Schmidt, T., Choffat, Y., Schneider, M., Hunziker, P., Fu-
maya, Y., and Kubli, E., Drosophila suzukii contains a peptide
homologous to the Drosophila melanogaster sex-peptide and
functional in both species. Insect Biochem. Molec. Biol. 23
(1993b) 571-579.

Spencer, J. L., Bush, G. L., Keller, J. E., and Miller, J. R.,
Modification of female onion fly, Delia antiqua (Meigen)
reproductive behavior by paragonial gland extracts (Diptera:
Anthomyiidae). J. Insect Behavior 5 (1992) 689-697.
Stumm-Zollinger, E., and Chen, P. S., Protein metabolism of
Drosophila male accessory glands. — I. Characterization of
secretory proteins. Insect Biochem. 15 (1985) 375-383.
Stumm-Zollinger, E., and Chen, P. S., Gene expression of
male accessory glands of interspecific hybrids of Drosophila. J.
Insect Physiol. 34 (1988) 59-74.

Styger, D., Molekulare Analyse des Sexpeptidgens aus
Drosophila melanogaster. Ph. D. Thesis, University of Ziirich,
Zirich 1992.

Szabad, J., and Fajszi, C., Control of female reproduction in
Drosophila: Genetic dissection of using gynandromorphs. Ge-
netics 100 (1989) 61-78.

Thornhill, R., and Alcock, J., The Evolution of Insect Mating
Systems. Harvard University Press, Cambridge, Mass. and
London 1983.

Tompkins, L., Genetic analysis of sex appeal in Drosophila.
Behav. Genetics 14 (1984) 411-440.

Tompkins, L., Genetic control of sexual behavior in
Drosophila melanogaster. Trends Gen. (TIG) 2 (1986) 14—
17.

Tompkins, L., The development of male- and female-specific
sexual behavior in Drosophila melanogaster, in: Genetics of
Development and Evolution. Eds R. N. Chatterjee and P.
Gergen, in press.

Tompkins, L., and Hall, J. C., Identification of brain sites
controlling female receptivity in mosaics of Drosophila
melanogaster. Genetics 103 (1983) 179-195.

Wahlen, M., and Wilson, T. G., Variation and genomic local-
ization of genes encoding Drosophila melanogaster male acces-
sory gland proteins separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Genetics 114 (1986)
77-92.

Wehner, R. and Gehring, W., Zoologie. Georg Thieme Verlag,
Stuttgart and New York 1990.

Wolfner, M. F., Tokens of love: function and regulation of
Drosophila male accessory gland products. Insect Biochem.
and molec. Bio. (in preparation).



