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Summary

Multiple mating, sperm storage and sperm digestion cause uncertainty about the fate of donated
sperm. In invertebrates these are common processes and increase the selective pressure for
tactics that enhance fertilization success. Hence, to assure that donated sperm will be used for
their rightful purpose, many different strategies can evolve. For example, biochemical substances
— such as pheromones and allohormones — can be employed to improve the chances of
fertilizing the partner’s eggs. Several recent examples of such substances in gonochoric and
hermaphroditic invertebrates are reviewed here. Moreover, I argue that a simple but fundamental
difference may exist in the evolution of allohormones between the two modes of gender
expression, primarily based on the differences in gene expression between species with separate
sexes and hermaphrodites. This idea suggests that a biochemical sensory trap could occur more
readily in hermaphrodites, and, depending on the mode of transfer of these allohormones, this
should be reflected in a different speed of allohormone evolution.
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Biochemicals Influencing Fertilization

Sexual selection favours tactics that increase an
individual’s fertilization success and offspring produc-
tion, both in gonochorists (species with separate sexes)
(e.g., Andersson, 1994) and simultaneous herma-
phrodites (e.g., Michiels, 1998). Typically, sperm
donors compete for fertilization opportunities to assure
their paternity (e.g., Birkhead and Møller, 1998),
although some examples of the reverse situation exist
(e.g., Gwynne and Simmons, 1990; Arnqvist et al.,
2003). The selection for paternity assurance is
especially strong when sperm competition is fierce due
to multiple mating, sperm digestion or ejection, and

sperm storage (e.g., Parker, 1970). As a result of the
attempts to increase fertilization chances of the
donated sperm, energetically costly ejaculates and
mating behaviours evolve (e.g., Dewsbury, 1982).
Moreover, when these tactics negatively affect the
sperm recipient, a sexual conflict may ensue (e.g.,
Chapman et al., 2003).

There are many ways in which animals can increase
their fertilization success. Overt behaviours include
mate guarding, physical male–male competition, and
frequent intra-pair copulations. In addition, more con-
cealed processes take place. In many of these covert
paternity assurance strategies, biochemical substances
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are emitted or transferred. These biochemicals can take
the form of pheromones, which are detected by
specialized organs (e.g., Karlson and Lüscher, 1959).
Such substances can also bypass sensory organs and
act directly on the physiology or behaviour of the
recipient, in which case they are referred to as allo-
hormones, to distinguish them from pheromones (see
Koene and Ter Maat, 2001, 2002).

Both pheromones and allohormones can play key
roles in the outcome of sperm competition and mate
choice, and can thus have a large impact on fertility
and reproductive success. As illustrated below with
some recently discovered examples, these biochemical
substances can occur both in gonochoric and herma-
phroditic species and serve similar functions. The
evolutionary forces that shape pheromones and allo-
hormones also seem similar. For pheromones this may
be true, although theoretically their evolution could be
limited in simultaneous hermaphrodites if animals are
attracted by their own pheromones. Likewise, simul-
taneous hermaphrodites need to be extra careful with
the transfer of allohormones to their partner to avoid
exposing themselves to their own manipulative pro-
ducts (which requires strict compartmentalization). A
more fundamental difference might exist between the
evolution of allohormones in hermaphrodites and
gonochorists. As argued below, this difference poten-
tially stems from the genetics underlying the expres-
sion of a hermaphroditic or gonochoric gender, and
predicts that allohormones more often cause “sensory
traps” — by exploiting pre-existing sensory biases —
in hermaphrodites.

In gonochoric species key genes that specifically
regulate one sexual function are active, while the genes
for the other sex are either silenced (e.g., Arthur et al.,
1998; Werren and Beukeboom, 1998) or absent, e.g.,
genes on sex chromosomes in the homogametic sex.
This also holds for cases where a species consists of
hermaphroditic individuals and individuals with one
sex, as occurs in Caenorhabditis elegans (Hodgkin,
1999; Raymond et al., 1998). In several invertebrates
the differential expression of sex genes has been
shown to be primarily determined by the ratio of sex
chromosomes and autosomes (e.g., Werren and
Beukeboom, 1998; Hodgkin, 1999; Reinke et al.,
2004), while in vertebrates the expression of the SRY
gene on the Y-chromosome is the primary sex deter-
minant (e.g., Koopman et al., 1991). Thus, because
female genes are silenced in males, in order to mani-
pulate females, males need to either “invent” mani-
pulative substances or re-activate silenced genes that
code for products involved in the regulation of female
processes.

On the contrary, in simultaneous hermaphrodites
the male and female functions are regulated simul-
taneously. Therefore, male and female genes are
expressed (in different compartments) of each indi-
vidual (Michiels, 2000). As a consequence, hormones
and neuropeptides, as well as their receptors, specific-
ally involved in male or female processes are produced
in every individual. The combination of the presence
of the receptors in the partner and the ability to
produce the substances activating such receptors
allows for “easy access” to manipulation. In other
words, substances that are normally used to regulate
female reproduction in the producer can potentially be
exploited as manipulative substances that are trans-
ferred during mating much more easily in herma-
phrodites than in species with separate sexes. Such
sensory exploitation can then result in a sensory trap
because the manipulative substance is also essential for
normal regulation of the female reproductive system
(e.g., Eberhard, 1996).

With the above-mentioned idea in mind, some of
the recently discovered biochemical substances
involved in reproduction are briefly reviewed. For
these proceedings, the work is limited to that done on
invertebrates and especially done by participants of the
10th International Congress on Invertebrate Reproduc-
tion and Development that took place in Newcastle-
upon-Tyne (18–23 July 2004). The aim in this review
is therefore twofold. Firstly, to highlight some recent
examples of ways in which pheromones and allohor-
mones can act, and thereby illustrate the distinction
between the two classes of bioactive substances;
secondly, using these examples, to evaluate the validity
of the proposed difference in evolution of allohor-
mones in gonochoric and hermaphroditic species and
suggest some ways to test the predictions following
from this theoretical difference.

Pheromones: Stimulation, Attraction and
Repulsion

Pheromones are substances that are released to the
outside of one animal and are detected by specialized
sensory organs in another member of the same species
where they induce a specific reaction (Karlson and
Lüscher, 1959). They are often released into the
animal’s environment, in which case they are either
air- or water-borne. When they need to be brought into
direct contact with the recipient, they are referred to as
contact pheromones (e.g., Koene and Ter Maat, 2001).
Although it should be noted that pheromones are not
limited to reproductive processes, they are probably
most notorious for playing an essential role in
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reproduction. Here, the focus is on only a few recently
discovered pheromones involved in reproductive
processes.

In marine invertebrates, copulation and spawning
are often linked to tidal and/or lunar cycles (e.g.,
Bentley et al., 2001; Hodgson, 1999). This assures that
gametes are mixed at the moment when conditions are
optimal for gamete survival, fertilization and/or larval
survival. Synchronized mass spawning can be the
result, thus enhancing fertilization chances of the eggs
and increasing sperm competition (e.g., Ball and
Parker, 1996). Such spawning en masse can be
enhanced by pheromones that induce gamete release.
This happens, for instance, in corals (e.g., Euphyllia
ancora: Twan et al., 2003) and polychaete worms (e.g.,
Arenicola marina: Hardege and Bentley, 1997; Nereis
succinea: Ram et al., 1999). The combination of
pheromones and tidal/lunar effects may also explain
the occurrence of synchronous spawning of multiple
species of corals (e.g., Guest et al., 2002).

Of course, before spawning or copulating, many
free-living organisms first need to find a mating part-
ner. Again this is often mediated via pheromones, and
there are countless examples. Recently, it has been
shown that females of the crayfish Pacifastacus
leniusculus (Stebbing et al., 2003) and the scale worm
Harmothoe imbricata (Watson et al., 2000) use phero-
mones to attract males. Likewise, hermaphroditic sea
slugs of the genus Aplysia use a pheromone that is
released from their egg cordon which attracts potential
mates and stimulates them to lay eggs on the same site
(Painter et al., 2004). But besides attracting mating
partners, a pheromone can also be used for deterring. A
nice example of this is found in the desert locust,
Schistocerca gregaria. Males of this species emit a
pheromone that deters other males during mating.
Thus, this courtship-inhibition pheromone keeps male
competitors away from the female and thereby reduces
sperm competition (Seidelmann and Ferenz, 2002).
Because this remating inhibition may limit (cryptic)
female choice, this chemically enhanced mate guarding
may result in a sexual conflict.

Allohormones: Stimulation, Induction and
Inhibition

Allohormones are defined as substances that are
transferred from one individual to another member of
the same species and induce a direct physiological
effect in the recipient, bypassing sensory organs
(Koene and Ter Maat, 2001, 2002; Koene, 2004).
There are different ways to transfer allohormones and
they can have different effects on the recipient.

Although allohormones are also not limited to repro-
ductive processes, several of their modes of action and
transfer are addressed here by focusing on reproductive
processes.

Transfer of allohormones via the semen is common
and can have a range of effects, including reduction of
receptivity, induction of egg laying, stimulation of
sperm storage, inhibition of sperm digestion, and
immunosuppression (e.g., Koene and Ter Maat, 2001;
Koene, 2004). When these effects negatively affect the
female, a sexual conflict arises (e.g., Chapman et al.,
2003). In the cuttlefish Sepia officinalis egg laying is
induced by copulation, an effect which is believed to
be caused by a seminal product, although this remains
to be experimentally demonstrated (Bernay et al.,
2004). Seminal products, such as sex peptides and
ductus ejaculatorius peptide, have been studied in great
detail in the fruit fly Drosophila melanogaster (for a
recent review see Kubli, 2003). They have been shown
to have a variety of effects, including an increase in
egg laying and a reduction in remating (Fan et al.,
2000).

Males can also use allohormones to inhibit
pheromone production in the female, thus making her
less attractive for competing males. Mating has been
shown to terminate pheromone production in females
of several moth species. One of these species is Heli-
coverpa armigera in which it has been demonstrated
that the pheromone-suppression peptide HezPSP is
transmitted via the semen. This allohormone inhibits
pheromone production by interfering with the phero-
mone synthesis activating neuropeptides (Fan et al.,
2000; Eliyahu et al., 2003). Another unusual sub-
stance, transferred by the male tick upon mating, is the
so-called engorgement factor (AhEF), which induces a
rapid feeding phase in the female (Amblyomma
hebraeum: Weiss and Kaufman, 2004). This engorge-
ment process is responsible for the enormous increase
in female weight — 10 to 14 times the unfed weight —
and is essential for the production of eggs.

In hermaphroditic animals allohormones are also
used to influence the fate of the donated sperm. For
example, the pond snail Lymnaea stagnalis seems to
influence the partner via seminal products. The receipt
of semen has been shown to initiate egg laying in
virgin animals (Koene and Ter Maat, 2004; Van
Duivenboden, 1983), but also seems to feminize the
mating partner later in life (Koene et al., submitted).
These increases in the female function have been
shown to occur at the expense of growth and prostate
gland development of the sperm recipient (Koene and
Ter Maat, 2004; Koene et al., submitted). The impor-
tance of these products for fertilization success may be
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the ultimate reason why these snails only mate in the
male role when enough seminal fluid is available in the
prostate gland (Koene and Ter Maat, 2005). The find-
ings also hint at the existence of a conflict over sex
allocation between the mating partners, although it
remains to be demonstrated that this is caused by an
allohormone.

Allohormones can also be transferred hypo-
dermically, as happens in earthworms and land snails.
Common earthworms (Lumbricus terrestris) pierce
their partners with 40 to 44 copulatory setae to inject a
substance into the skin (Koene et al., 2002). Experi-
mental removal of the copulatory setae revealed that
these setae — or the substance that they inject —
assure that more sperm is stored and that sperm is
distributed equally in all four spermathecae of the
partner (Koene et al., 2005). This finding indicates that
earthworms may induce their partners to alter sperm
storage in order to increase the fertilization chances of
the donated sperm.

Individuals of the common garden snail Cantareus
aspersus (previously Helix aspersa) use the so-called
love dart to increase the chances of their donated
sperm. This dart is stabbed into the mating partner be-
fore spermatophore transfer and carries an allohormone
that inhibits sperm digestion (Koene and Chase, 1998a,
1998b). Increased sperm storage and paternity are the
result (Rogers and Chase, 2001, 2002; Landolfa et al.,
2001). Many other species of land snails forcefully
stab one or more love darts into their mating partners
(e.g., Koene and Chiba, unpublished; Koene, 2005;
Koene and Muratov, 2004; Reyes Tur et al., 2000;
Baminger et al., 2000). When these dart-possessing
snails were compared in an inter-species study, co-
evolution between darts and spermatophore-receiving
organs was revealed (Koene and Schulenburg, 2005).
To the best of my knowledge, this is the first study that
supports the effect that sexual conflict can have on the
evolution of the reproductive morphology in simul-
taneous hermaphrodites (for gonochorists, see Arnqvist
and Rowe, 2002).

One exciting and novel method of allohormone
transfer that has not received sufficient attention is an
idea proposed by Buckland-Nicks (1998). He observed
that the large, non-fertilizing spermatozoa (parasperm)
of the prosobranch Fusitriton release substances into
the seminal fluid. Rather than only transferring seminal
fluid produced by a prostate gland upon sperm dona-
tion, these parasperm seem able to continue releasing
substances into the female reproductive tract after
transfer. Of course, it remains to be demonstrated that
the released substances affect fertilization success.
However, encouraging evidence comes from another

prosobranch, Viviparus ater. This species has been
shown to increase the transfer of parasperm
(oligopyrene sperm) in response to higher sperm com-
petition (Oppliger et al., 1998). Additionally, the
notion that these large non-fertilizing sperm are not
nuptial gifts is supported by the fact that hermaphro-
ditic species also produce them (e.g., Jespersen et al.,
2002). Although the exchange of nuptial gifts between
hermaphroditic mating partners potentially represents
a form of sperm trading (e.g., Michiels, 1998), it ulti-
mately results in a net gain of zero or less (Koene and
Chase, 1998a; Koene et al., submitted).

Hermaphrodites vs. Gonochorists

With some recently discovered examples, I illus-
trated above how pheromones and allohormones are
used by gonochorists as well as simultaneous herma-
phrodites. Both types of gender expression use phero-
mones to stimulate, attract or repulse mating partners,
while allohormones seem to be used in a more
initiating or manipulating way. In the introduction I
suggested that for allohormones there seems to exist a
simple but fundamental difference between simul-
taneous hermaphrodites and gonochorists. This dif-
ference seems due to the underlying genetics because
in simultaneous hermaphrodites the genes for both
male and female regulatory substances are active
within each individual, while the genes for one sex are
suppressed or even missing (in the homogametic sex)
in gonochorists (see also Michiels, 2000). Hence,
simultaneous hermaphrodites seem to have relatively
easy access to the substances that are used in the
regulation of the (partner’s) female reproductive sys-
tem. The current evidence based on gene expression
seems to lend support to this idea, but what are the
implications and predictions that arise and how can
they be tested?

If hermaphrodites indeed use allohormonal sub-
stances that are directly derived from female hormones
or neuropeptides, this may represent an inescapable
manipulation (i.e., sensory trap). Such biochemical
sensory exploitation would occur when the regulation
of the female reproductive system depends on the same
substance that is used as a stimulus by the sperm donor
(see also Eberhard, 1996). Interestingly, sensory ex-
ploitation in species with separate sexes seems usually
based on stimuli from a completely different context,
which have no direct relation to reproduction
(reviewed by Christy, 1995). For example, such stimuli
can be visual (crabs, fire flies: e.g., Christie, 1995),
auditory (frogs: e.g., Ryan, in press), olfactory (butter-
flies: e.g., Christie, 1995), mechanical (damselflies:
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Córdoba-Aguilar, 2002), or food (crickets: Sakaluk
2000). All these, often exaggerated, stimuli make use
of pre-existing sensitivities that evoke responses which
indirectly increase male fertilization success. Evi-
dently, all these mechanisms can also work in simul-
taneous hermaphrodites (although not many studies
have investigated this). But in addition, hermaphro-
dites seem to have “easy access” to exploiting the pre-
existing sensitivity of their partners to the substances
used to regulate reproductive processes.

In the above case, reducing sensitivity to the allo-
hormone could decrease the manipulative effect but
would at the same time reduce the efficiency of the
female reproductive system. Hence, such a sensory
trap would actually limit the potential for counter-
adaptive co-evolution at the biochemical level. As a
consequence, counter-adaptations may instead be
mainly achieved at morphological and behavioural
levels. What emerges as a general prediction is that
manipulative allohormones that are produced by
hermaphrodites should be more similar to substances
used in the regulation of female reproduction than in
gonochorists (where such substances are more likely to
arise by chance, although gene re-activation is also
possible). For testing this prediction allohormones
from gonochoric and hermaphroditic species need to
be compared systematically. Ideally, this comparison
would be done in closely related species within a
genus, but alternatively less related species can be
compared provided that phylogenetic distance between
the species is taken into account.

Finally, reproductive biochemicals (including allo-
hormones) have been shown to evolve rapidly in
species with separate sexes, which can be explained by
the continuous adaptation and counter-adaptation
between male manipulative substances and female
receptors (e.g., Begun et al., 2000; Swanson and
Vacquier, 2002; Haygood, 2004). In this context, an
interesting question to address in the future is how fast
such substances evolve in simultaneous herma-
phrodites. Based on the above, one would predict that
allohormones present in the seminal fluid may evolve
slower in hermaphrodites that in separate sex species,
because in the former the possibilities for counter-
adaptations at the biochemical level are very limited.
But, of course, for different modes of transfer of
allohormones — such as hypodermic injection —
counter-adaptations are probably much less con-
strained and might therefore display a very high rate of
evolution.
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