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SUMMARY

Our understanding of sexual reproduction is mainly informed by research on gon-
ochorists (i.e., species with separate sexes), including insects, birds, and mammals.
But the male and female sexes are not two types of individuals; they actually
represent two different reproductive strategies, and in many organisms, these two
strategies are distributed among individuals in a population in a variety of ways. For
example, sequential hermaphrodites (or sex-changers) exhibit one strategy early in
life and later switch to the other, while simultaneous hermaphrodites exhibit both
strategies at the same time. There are also many intermediate sexual systems that
mix gonochorists and hermaphrodites in the same species and within many organis-
mal groups, shifts occur between these sexual systems. A fascinating collection of six
articles in this special issue on Hermaphroditism & Sex Determination impressively
documents some important challenges to our understanding of sex determination,
and the specification of male and female reproductive function when these need to
occur within the same individual rather than in two separate individuals. Moreover,
hermaphroditism changes how we need to think about reproductive allocation to
sexual functions, how such allocation can be specified, as well as how the sexual
system affects sexual conflict and the resulting antagonistic coevolution. Our under-
standing of sexual reproduction will profit greatly from exploring the varied ways of
being male and female.
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INTRODUCTION

When zoologists talk about sexual reproduction, this
usually invokes images of an eager, armed, or ornamented
male seeing off rival males or wooing often drabber, albeit
choosy, females into mating with him. Much of what we
know about sexual reproduction on the molecular level is
dominated by studies on gonochoristic (separate-sexed)
organisms, such as insects, birds, and mammals (includ-
ing, of course, our own species), in which the above
scenario is largely vindicated. What clearly emerges
from the stimulating collection of six articles in this Special
Issue, which highlight a range of hermaphroditic animals, is
the striking extent to which these generic images of sexual
reproduction do not do justice to the varied ways in which

extant organisms exhibit the male and female sexual strat-
egies. The hermaphroditic organisms covered in these six
articles span all major subdivisions of the metazoans (the
animals), including the early branching non-bilaterian met-
azoans (cnidarians), the Lophotrochozoa (flatworms and
molluscs), the Ecdysozoa (nematodes), and the Deuter-
ostomia (ascidians and fishes) (Philippe et al., 2009; Egger
et al., 2015). In fact, hermaphroditism is even more wide-
spread, and actually occurs in about two thirds of all animal
phyla (Jarne and Auld, 2006).

To better understand this diversity, we should first un-
pack the term ‘‘sexual reproduction,’’ and then clarify what
we actually mean by ‘‘male’’ and ‘‘female,’’ or more gener-
ally, what we mean by ‘‘the sexes.’’ In eukaryotes, sexual
reproduction involves the fusion of two haploid gametes to
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form a diploid zygote, resulting in a genetically recombined
individual. But importantly, and perhaps paradoxically,
sexual reproduction does not require the sexes. Indeed,
many sexually reproducing eukaryotes contribute an equal
‘‘dowry’’ to the sexual union��that is, the fusing gametes
are equal in size, a state called isogamy (from the Greek
iso-‘‘equal’ and gamos ‘‘marriage’’); these organisms, for
example, include yeasts, green algae, and brown algae
(Lehtonen et al., 2016). What we tend to think of as the
sexes arose from this isogamous state during the evolution
of anisogamy (from theGreek aniso- ‘‘unequal’’), where the
emerging male and female sexual strategies involve, by
definition, the production of many small or few large game-
tes, respectively (Parker et al., 1972). Although this process
led to the emergence of the ‘‘male’’ and ‘‘female’’ sexual
strategies,whether or not it led to the evolution ofmales and
females (i.e., gonochoristic individuals that only produce
one type of gamete throughout their life), as is often as-
sumed in models (Lessells et al., 2009; Parker, 2011), is
currently unclear. The evolution of anisogamy also may
have led to the evolution of other sexual systems, such as
sequential or simultaneous hermaphroditism (Sch€arer
et al., 2014; Sch€arer and Ramm, 2016). Moreover, given
that anisogamy has evolved separately in, for example,
plants, animals, and green algae (Kirk, 2006), themale and
female sexual strategies actually represent convergent
phenomena (Sch€arer and Ramm, 2016), and the ancestral
sexual systems might well have differed in the various
incarnations. While only a single origin of anisogamy likely
occurred at the base of the metazoans, even the basal
metazoans show a striking variety of sexual systems.

What clearly emerges from the sexual diversity among
metazoans is that the distribution of the sexes among indi-
vidualswithinapopulationcanoccur inavarietyofways, and
that striking phylogenetic patterns underlie how they are
distributed (Ghiselin, 1969; Jarne and Auld, 2006; Eppley
and Jesson, 2008). Some organismal groups are either only
gonochorists or hermaphrodites, while others show more
variability. Striking differences in the manifestation of the
sexes can be garnered from the organisms covered in this
Special Issue, with sometimes high variability even among
closely related species (cnidarians); some being almost
exclusively hermaphroditic (flatworms and ascidians);
others being largely gonochoristic (nematodes and fishes);
while yet others show very strong phylogenetic patterns
within certain subgroups (molluscs). Of note, the otherwise
well-studied insects, birds, and mammals are strikingly ab-
sent here��with not a single species among these groups
showing hermaphroditism (for details on a supposedly her-
maphroditic scale insect, however, see Gardner and Ross,
2011).Whathasdriventheemergenceof thesephylogenetic
patterns is currently unclear, but the kinds of molecular
developmental studies on sex determination and the speci-
fication of male and female reproductive function in these
organisms presented here in this Special Issue will certainly
be crucial to shed light on the processes involved.

The six articles in this Special Issue address three
central topics that are important in the sex life of a her-
maphrodite, although they do so to very different extents

and depths, with some articles focussed on a single topic,
whereas others touching on all three. The first topic deals
with the developmental machinery that allows for the spec-
ification of both male and female sex functions within the
same individual (either sequentially or simultaneously).
The possibility of dual sexuality naturally precludes well-
known mechanisms in gonochorists, such as genetic sex
determination via sex chromosomes that drive circulating
sex hormones that affect the sexual fate of the entire body
(as, for example, occurs in our ownspecies). As indicated in
the articles, we are beginning to gain a reasonably good
understanding of these processes in a few hermaphroditic
organisms. The second topic deals with the important
question of sex allocation, that is, how an individual deter-
mines the energy expenditure toward the male versus
female sex function. In gonochorists, sex allocation con-
cerns the sex ratio of the offspring, while in hermaphrodites
it involves an individual’s decision about the timing and
direction of sex change (in sequential hermaphrodites) or
the relative effort spent on male versus female function (in
simultaneous hermaphrodites). Sex allocation research is
a very successful branch of evolutionary biology (West
et al., 2000), and given its central importance for thinking
about sex, I briefly outline some of the most relevant
considerations in the next paragraph. The third topic deals
with the question of how individuals interact with each other
during competition, courtship, mating, and fertilization,
given that all individuals can be both male and female
(and may make sex allocation decisions accordingly).
The sexual roles of gonochoristic males and females are
quite well-defined; by contrast, hermaphrodites exhibit
fascinating additional options, as each individual can either
try to play themale, the female, or both sexual roles during a
sexual interaction, leading to some intriguing sexual con-
flicts between social and sexual partners (Charnov, 1979;
Michiels, 1998).Many fascinating sexual adaptations,mor-
phologies, and behaviors in hermaphrodites probably need
to be seen in this light (Sch€arer et al., 2014).

As mentioned above, a central consideration underpin-
ning anisogamous sexual reproduction is the economics of
sexallocation (Charnov, 1982;Sch€arer, 2009;West, 2009).
Each zygote results from the fusion of one sperm and one
egg. Although the two sexes usually make a highly unequal
material contributions, their nuclear genetic contribution to
the zygote is necessarily equal��except in some unusual
genetic systems (Normark, 2009). In other words, every
offspring has exactly one father and exactly one mother, a
truism sometimes called the Fisher condition (Houston and
McNamara, 2005),which applies to all sexual systems. The
seemingly simple Fisher condition has far-reaching con-
sequences, given that the fitness obtained via themale and
female sexual strategiesmust necessarily beexactly equal,
which, under commonly made assumptions of random
mating and large population size, means that the invest-
ment into male and female reproduction should be exactly
equal as well (D€using, 1884; Fisher, 1930; Charnov, 1982).
While many biological and ecological situations exist
under which these assumptions are broken��and where
more careful and differentiated arguments based on sex
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allocation theory are required to arrive at the correct
predictions��the Fisher condition rules must still be
obeyed. I do not intend to review sex allocation theory
here, in part because thearticleson flatwormsandmolluscs
in this collection cover several relevant aspects (for more
detailed reviews on gonochorists, sequential hermaphro-
dites, and simultaneous hermaphrodites, see Charnov,
1982; Hardy, 2002; Munday et al., 2006; Sch€arer, 2009;
West, 2009). Instead, I simply point out that any decision
about the investment into male or female reproductive
function needs to be viewed in the context of sex allocation,
and that the overproduction of one sex function necessarily
alters the fitness pay-offs for the other sex function, leading
to frequency-dependent selection and co-evolutionary
feedbacks. In other words, one individual’s sex allocation
decision will tend to alter the pay-offs that other individuals
can expect from their own sex allocation decisions. Thus,
sex determination and sexual interaction both need to be
considered in light of the Fisher condition and sex allocation
theory.

In the following, I briefly highlight and comment on a
few��admittedly haphazardly chosen��findings covered in
the accompanying articles of this Special Issue. The nature
of these findings differs considerably as a result of the
articles’ theses, available techniques, and life history strat-
egies utilized by the different organismal groups. I also try to
add, where appropriate, some broader considerations
about what might potentially constrain the sexual systems
within each group. Finally, I provide a brief outlook for future
work in this expanding field.

CNIDARIANS

Siebert and Juliano (2016) provide a beautifully illus-
trated introduction to the striking diversity of sexual phe-
nomena among the cnidarians, which show multiple shifts
between sexual systems in many taxa. In a few cases, this
diversity quitewell understood at themolecular level, due to
a number of well-established model systems, including
hydrozoans (e.g. Hydra magnipapillata and Clythia hemi-
sphaerica) and anthozoans (Nematostella vectensis).

One fascinating feature of cnidarians��which also ap-
plies to a number of other hermaphroditic groups, including
plants, flatworms, ascidians, and bryozoans��is that the
process of asexual proliferation involved in coloniality,
budding, fission, and/or fragmentation can make it difficult
to clearly conceptualize the ‘‘individual’’ (fromLatin in- ‘‘not’’
and dividuus ‘‘divisible’’). This clonal lifestyle calls into
question our usual definitions, such as hermaphroditism
being ‘‘a sexual system where individuals usually exhibit
both themale and female sexual strategy, either at different
times of their lives (sequential hermaphroditism) or at the
same time (simultaneous hermaphroditism)’’ (Sch€arer and
Ramm, 2016). Should our definitions of the sexual system
depend onwhether the asexually produced asexual ramets
of a specific sexually produced genet stay in physical
contact with each other (as in coloniality) as opposed to
whether they separate after budding new polyps or zooids

and live ‘‘individually’’ afterward? Similarly, how is one to
think about the ‘‘individual’’ medusae produced by a colony,
given that they are genetically identical (except for muta-
tions that have arisen since the single-celled zygote)?
Moreover, distinguishing sequential from simultaneous
hermaphroditism in such cases can be difficult, given
that some of these asexually produced ramets show negli-
gible aging and can, therefore, exist ‘‘individually’’ for a long
time (Mart�ınez, 1998) and may even change sex (see
below).

Biologically speaking, there is no real problem if generally
used terminology happensnot to readily apply to a particular
organismal group. After all, terms are always coined with
specific organisms in mind, and such terms can, therefore,
become ambiguous if one shifts to other organisms. But
such shifts can certainly lead to communication problems if
asked to translate findings among different fields, especially
since people that work on more canonical systems often
appear to show scant awareness of the existing diversity
(see the Outlook section below). Instead, researchers must
aimatdefining termsveryclearly,use themconsistently,and
recognize that all definitions probably gloss over some
complexities. For example, I was initially confused by the
fact that Siebert and Juliano (2016) talk about ramets when
they refer tosolitarycnidarians likeN.vectensis inFigure3A,
until I became aware that there are in fact some populations
ofN.vectensis thathaveasexual reproductionby transverse
fissioning (Hand and Uhlinger, 1992); thus, these solitary
polyps are not necessarily sexually produced genets, as
which I had erroneously seen them, but can also represent
ramets of a given genet. So, thediscovery (or in this casemy
realization) of asexual reproduction may influence the defi-
nition of the sexual system.

A number of experimental approaches have allowed
impressive insights into these cnidarian systems, espe-
cially in freshwater hydrozoans, such asH. magnipapillata.
Aggregation experiments with dissociated cells from multi-
ple donors; grafting experiments allowing transplantation of
tissues from donors to recipients (note that also natural
chimeras can form in histocompatible colonies in some
colonial hydroids, as occurs in tunicates); and experiments
taking advantage of the fact that some cell populations can
be killed off by a temperature shock before or after trans-
plantation have all provided details attesting to the sexual
potential of different cell populations. Insights stemming
from such approaches include the existence of separate
populations of male and female germ-line determining cell
populations; the observation that the male stem cells are
dominant over female stem cells in the gonochoristic and
sequentially hermaphroditic species; andanunderstanding
that the germ cells, not the surrounding somatic cells, are
responsible for sex determination��although the latter may
influence where the gonads form. Extending such experi-
mental approaches to other organismal groups would be of
interest, and, based on my understanding of the literature,
similar experiments should be feasible in both flatworms
and tunicates.

Other experiments revealed that in the hydrozoan
C.hemisphaerica, sex issomewhat temperature-dependent
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in that hermaphroditic colonies producemore femalemedu-
sae at higher temperatures, though it is unclear to which
degree such temperature effects might depend on the col-
ony genotype, as only two hermaphrodite colonies were
tested (Carr�e and Carr�e, 2000). It seems likely that the
male- and female-determining germ cells have different
temperature optima or that some inhibitive effects are
temperature-dependent (Siebert and Juliano, 2016). And
although rare, even medusae can be hermaphroditic: in
Clythia species, for example, hermaphroditic medusae
were observed when male and female medusae were
kept in the laboratory for extended periods or when
medusae were kept in extended isolation, as some initially
female medusae became hermaphroditic, either simulta-
neously carrying both male and female gonads, or having
hermaphroditic gonads, then later switching entirely to the
male sex (Carr�e and Carr�e, 2000).

Unfortunately, we currently have a poor understanding
of the fitness consequences of the observed variation in
sexual systems, a fact that is actually acknowledged by
the authors in their Perspectives section. I think that
some cnidarian groups might be particularly suited to
such investigations, such as corals, which have a long
history of studies on sex allocation (e.g., Hall and Hughes,
1996) and fertilization biology (e.g., Lotterhos and Levitan,
2010). Other approaches would be to investigate the intra-
specific variability in sexual forms in local populations,
ideally including information about the relative frequencies
of different sexual types and how that may vary seasonally.
Currently, the available data often seem to rely on only a
few laboratory strains, making these sexual strategies
difficult to understand in an individual versus population
sex allocation context.

FLATWORMS

Ramm (2016) provides a nice overview of the sexual
diversity of flatworms, which aremorphologically extremely
variable and inhabit a striking range of ecological niches. A
large number of quite well-studied genetic model organ-
isms belong to this group of animals, ranging from the free-
living planarian and Macrostomum spp. flatworms, to a
number of parasitic groups that are relevant in the agricul-
tural and medical context, such as schistosomes and tape-
worms, because they cause considerable morbidity in both
livestock and humans.

Much of the diversity and the often dazzlingly complex
life cycles in parasitic flatworms are probably due to the
neoblasts (Buss, 1987), pluripotent stem cells that repre-
sent the only proliferating cell population from which all
differentiated cells directly emerge (Bagu~na et al., 1989;
Ladurner et al., 2008; Wagner et al., 2011) (note that these
stem cells are sometimes also called totipotent, but I
consider it useful to distinguish that pluripotent cells can
generate all cell types if they reside in the appropriate
somatic cellular environment, whereas totipotent cells
can generate all cell types from single isolated cells,
such as in many plants). Neoblasts are also responsible

for the impressive regenerative capacity of flatworms, and
the many forms of asexual proliferation��ranging from
fragmentation, over architomy, paratomy, budding, to
highly complex asexual formation of zooids, proglottids,
scolices, and amultitude of iterated larval stages.With very
few exceptions (e.g., Gruber-Vodicka et al., 2011), how-
ever, these asexual phenomena are usually embedded in
life histories that include sexual reproduction (Buss, 1987),
which in some cases can be induced by external stimuli
(e.g., Kobayashi et al., 1999).

Flatworms are predominantly hermaphroditic, with only
a single gonochoristic group��the trematode family Schis-
tosomatidae��showing considerable diversification. Other
cases of gonochorism are scattered throughout the phy-
lum, and are usually represented by small groups or single
species at the tips of the phylogenies, surrounded by
hermaphroditic ancestors. Thus, while shifts to gonochor-
ism have occurred many times, these are either evolution-
arily short-lived and/or tend to not diversify (note that the
twoalternatives could potentially bedistinguishedbasedon
branch lengths in molecular phylogenies). This rarity of
gonochorism in flatworms is puzzling, and seems to imply
some fundamental constraints in their evolution��which
apparently do not affect the schistosomes. A plausible
explanation for why schistosomes appear to be an excep-
tion might be that they are actually less ‘‘separate-sexed’’
that initially meets the eye: the (much thinner) female lives
in near-permanent association inside of a male’s gynaeco-
phoric canal (Neves et al., 2005), and receives from the
male both food and other substances that are needed for
proper female development. The tight functional integration
ofmale and female schistosomes��proposed to have been
selected in the context of a division of labor between the
sexes,with the largemales providing anchoring andmotility
while the thin females being capable of reaching very thin
blood vessels (Basch, 1990; Despr�es and Maurice, 1995)
��may have relaxed the putative constraint in this family,
allowing it time to diversify.

A useful feature ofMacrostomum spp. flatworms is their
transparency, which permits direct observation of many
internal structures, such as the testes, ovaries, received
sperm, and genital morphology, and permits whole-mount
in situ hybridization assays (Arbore et al., 2015). This
feature has enabled researchers to obtain quantitative
estimates of reproductive allocation patterns, thus permit-
ting tests of assumptions and predictions of sex allocation
theory; indeed, these small flatworms are one of the best-
studied hermaphrodites in this field (Sch€arer, 2009; Janicke
et al., 2013; Sch€arer and Pen, 2013; Sekii et al., 2013).

Finally, intraspecific contrasts between sexuals and
asexuals (e.g., planarians) (Wang et al., 2010; Chong
et al., 2011), between males and females (e.g., schisto-
somes) (Verjovski-Almeida et al., 2003), or between individ-
uals in different social environments (e.g., Macrostomum
lignano) (Ramm et al., unpublished information) allow pow-
erful approaches to identify genes involved in the different
reproductive functions��particularly if such contrasts have
independently arisen multiple times in different lineages. In
combination with the establishment of RNA interference
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techniques in a number of species, this has permitted to
accelerate the discovery of genetic factors involved in flat-
worm reproduction.

MOLLUSCS

Koene (2016) provides an excellent entry-point about
how to think about hermaphrodite reproduction, incorpo-
rating all three major topics discussed in the Introduction
section. In terms of behavior and neurobiology snails are
probably the best-understood simultaneous hermaphro-
dites, as there are many common land snails, such as the
garden snail, Cornu aspersum, and several freshwater
snails, including Lymnaea stagnalis, Physa acuta, and
Biomphalaria glabrata, that have been studied in this
context for decades. Yet, molluscs are arguably lagging
somewhat behind some of the other hermaphroditic mod-
els, particularly in terms of detailed understanding of sex
determination and the specification of male and female
reproductive function at the molecular level. No well-
established genetic model organisms exist in this group
(although there is progress on several fronts)��a point
that is mostly responsible for the current lack in molecular
details. I will, therefore, highlight the behavioral aspects of
hermaphroditism here, some of which involve molecular
details of the effects of seminal fluids, for which, as far as
hermaphroditic animals are concerned, research on mol-
luscs is clearly leading the way.

Many studies have documented how the motivation to
mate in the male and/or female sex role can vary as a
function of a snail’s physiological state, including as a result
of sexual isolation (e.g., Van Duivenboden and Ter Maat,
1985; Dillon et al., 2011). In one case, sexual motivation
has been experimentally shown to be mediated by a neu-
rological signal about the fill grade of the seminal vesicle
��the organ that contains produced sperm before it is
transferred to a mating partner��by surgically cutting the
relevant nerve (De Boer et al., 1997).

Elegant work by Koene and Schulenburg (2005) has
clarified the biological function of a truly enigmatic behavior
in land snails, namely the shooting of an elaborate, calcar-
eous ‘‘love dart’’ through the skin of the mating partner
before sperm transfer. In the garden snail, this behavior
plays a role in delivering manipulating substances, so
called allohormones (Koene and ter Maat, 2001), into the
mating partner. Allohormones cause conformational
changes in the female genital system (Koene and Chase,
1998), and in turn cause a greater proportion of the dart-
shooter’s sperm to be channelled into the sperm storage
organ rather than into an organ where sperm is digested
and destroyed (Koene, 2006). Moreover, successful dart-
shooting was experimentally confirmed to lead to a higher
paternity share, when a sperm donor was aided by the
researchers by manually injecting the partner with a ho-
mogenate of the dart gland mucus using a syringe (Chase
andBlanchard, 2006).Progress is beingmade in identifying
the molecular players in these interactions (Koene, 2016;
see also Stewart et al., 2016).

In more recent work, Koene and coworkers have eluci-
dated the effects of specific, transferred seminal fluid sub-
stances on the mating behavior and subsequent sperm
donation patterns of the sperm recipient in L. stagnalis
(Nakadera et al., 2014). Interestingly, these effects were
proposed to result from a sexual conflict between the
mating partners over the optimal sex allocation of their
partner (Nakadera et al., 2014; Sch€arer, 2014; Sch€arer
and Ramm, 2016).

NEMATODES

The article by Ellis (2016), with its detailed schemes of
molecular interactions involved in organogenesis and sex
determination, makes clear that the best-studied case of
hermaphroditism, fromamolecular perspective, occurs in a
number of nematode species, and thus in members of a
phylum that is otherwise predominantly gonochoristic
(Jarne and Auld, 2006). A somewhat unusual system of
hermaphroditism is used by these nematodes, one inwhich
individuals are either self-fertilizing protandrous sequential
hermaphrodites (producing first sperm, which hang around
long enough to fertilize the later-produced eggs) or out-
crossing males that mate with these hermaphrodites. This
sexual system can be seen as a form of androdioecy,
although that is often defined as including the presence
of both males and simultaneous hermaphrodites in the
same population, in which both types might be able to
outcross with other hermaphrodites (Pannell, 2002;Weeks
et al., 2006).

Producing hermaphrodites in a normally gonochoristic
species may require a switch from regulation that concerns
the fate of the whole organism��such as the presence or
absenceof themalehormoneHER-1 driving overallmaleor
female development, respectively, in gonochoristicCaeno-
rhabditis species��to a kind of regulation that addresses
only specific parts of the body. This is achieved in Caeno-
rhabditis elegans by translational regulation of mRNAs in
the germ cells: a somatically female individual is locally
induced to go through spermatogenesis early in life through
the action of two factors, FOG-2 and GLD-1, that prevent
the translation of tra-2mRNA, which is required for oogen-
esis. Interestingly, spermatogenesis in the related species
Caenorhabditis briggsae is also induced by blocking TRA-2
activity, but the way in which this is achieved is mechanis-
tically different, supporting multiple independent evolution-
ary origins of this sexual system in rhabditid nematodes
(see also Fig. 1 in Ellis, 2016). By regulating the presence of
translational regulators, individuals can modulate the time
point at which a switch from spermatogenesis to oogenesis
occurs, allowing some level of flexibility in this decision
(Ellis, 2016). Similar localized processes are likely required
to regulate sex allocation decisions in simultaneous her-
maphrodites (Sch€arer, 2009), and possibly also in sequen-
tial hermaphrodites (see below).

Being able to perform themale function requires not only
the ability to produce sperm, but also the follow-through to
achieve sperm activation and capacitation. The activating
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compounds seem to be added to the seminal fluid by the
male Caenorhabditis nematodes during ejaculation, sug-
gesting that the sperm activators are male derived. Con-
sequently, while some gonochoristic Caenorhabditis
species can be induced to become hermaphrodites that
produce sperm (by knocking down tra-2), this does not
automatically lead to self-fertility (Baldi et al., 2009; Wei
et al., 2014). Thus, hermaphroditic species must have
evolved ways to express the sperm activators in the female
reproductive organs, namely the spermatheca; indeed,
different methods are utilized among the different species,
mirroring the outcome with respect to the activation of
spermatogenesis (Ellis, 2016).

This nematode form of androdioecy (i.e., self-fertilizing
sequential hermaphroditism with rare production of males)
provides many of the benefits of self-fertilizing simulta-
neous hermaphroditism, such as being able to reproduce
in isolation. The multiple independent transitions to this
sexual system among rhabditid nematodes imply substan-
tial selective pressures to obtain and maintain this system.
This should not be so surprising, given that the ecology of
theseworms seems to involve the exploitationof temporally
abundant food sources (Kiontke et al., 2011). What is
striking, however, is that no case has been reported in
which these or other nematodes have transitioned to out-
crossing simultaneous hermaphroditism��which, in com-
bination with facultative selfing, would combine the best of
both worlds. Arguably, full hermaphroditic function would
require the ability to both donate sperm to, and receive
sperm from, amatingpartner.Given that thehermaphrodite
(and female) worms have two gonadal arms, one could
hypothesize that a worm could dedicate one arm each to
build the male or female sex organs, respectively.

Detailed knowledge of the ontogeny of the somatic
gonads in C. elegans suggests that simultaneous
hermaphroditismmight be difficult to achieve: in the female,
the anterior and posterior somatic gonad arms are largely
built by the progeny of the Z1 and Z4 cells, respectively
(althougheachcell also contributes a fewof their progeny to
the spermatheca of the alternate gonad arm, and both
contribute to the syncytial spermatheca�uterine valve).
In contrast, progeny of both the Z1 and Z4 cells are
essentially contributing to all of the formed structures in
the single-male somatic gonad, suggesting that a functional
male system cannot be built exclusively by either progeny
of the Z1 or Z4 cells (Kimble and Hirsh, 1979). The highly
rigid development in these nematodes may thus represent
a developmental constraint that blocks the evolution of fully
functional simultaneous hermaphrodites in this group.

TUNICATES

In their beautifully illustrated, article Rodriguez et al.
(2016) emphasize the features of a single species of tuni-
cate, the cosmopolitan colonial ascidian, Botryllus schlos-
seri, which has been used as a laboratory model for many
decades and to which we owe a lot of our knowledge of
tunicates.Several other tunicates havealso been studied in

considerable detail, including the solitary ascidian Ciona
intestinalis, which is mainly studied in the context of fertili-
zation biology, embryology, metamorphosis, and neurobi-
ology (Dehal et al., 2002); the colonial ascidian Diplosoma
listerianum, which is used as amodel for sexual selection in
sperm-cast mating simultaneous hermaphrodites (e.g.,
Bishop, 1996; Hammerschmidt et al., 2011); and the
appendicularian Oikopleura dioica (Denoeud et al.,
2010), which not only has an unusually small genome for
a metazoan (�70 megabases) but is also unusual among
tunicates in having separate sexes.

The life cycle ofB. schlosseri involves regular alternation
between sexual and asexual reproduction, which has a
number of interesting consequences. While B. schlosseri
can clearly be considered a simultaneous hermaphrodite,
the timing of male and female reproduction within the
sexual cycle is actually somewhat temporally separated,
with the testes forming first and ovaries only later. More-
over, the timing of sperm release and sperm receipt is
also temporally separated��possibly to avoid selfing (Gas-
parini et al., 2015)��which allows the use of male- and
female-functioning colonies in experimental setups (Yund,
1998) and permits the identification of genes involved in
male and female function (Rodriguez et al., 2016). As for
Macrostomum spp. flatworms, the transparency of the
B. schlosseri colonies, when viewed through a glass slide
on which they are grown, allows for quantification of testis
size and thus male allocation, which has been used to test
core assumptions and predictions of sex allocation theory
(Yund and McCartney, 1994; Yund et al., 1997; Yund,
1998), both under controlled laboratory conditions and in
the field.

The combination of asexual budding and sexual repro-
duction requires de novo establishment of germ cells for
gonad development in each newly formed bud, which is
affected by germs cells that migrate from existing zooids
into the new buds, following a gradient of sphingosine-
1-phosphate (Rodriguez et al., 2016), among other sub-
stances. Such de novo germ cell establishment can also
lead to fascinating germ-line competition between geneti-
cally distinct colonies during so-called colony fusion events
(Stoner et al., 1999). When lateral growth results in contact
between two neighboring colonies (or if a colony encoun-
ters itself after growing around, for example, a seagrass
leaf), the colonies either fuse to form a larger colony or
reject the fusion and remain as separate colonies. Fusion
occurswhen the two colonies share at least one allele at the
highly polymorphicFu/HC histocompatibility locus (which is
inevitable when the same colony meets, but may also
happen between unrelated colonies). Upon fusion, the
different fates of the germ line and soma can lead to an
intriguing outcome, with one colony ‘‘winning’’ the germ line
and the other ‘‘winning’’ the soma, in which case the
somatic winner has essentially lost any way of contributing
to the next generation and can thus be considered repro-
ductively dead, albeit somatically alive (Stoner et al., 1999).
Such colony fusions might allow the study of whether
specific sex allocation patterns are determined by the
somatic environment or the stem cells.
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FISHES

As outlined by Liu et al. (2016), hermaphroditism is
widespread among fishes, with estimates ranging from 7
to 9 orders and 20 to 27 families��although in terms of
absolute numbers, only about 2% of fish species are
thought to be hermaphroditic (Sadovy de Mitcheson and
Liu, 2008; Avise and Mank, 2009). The observed phyloge-
netic distribution clearly reveals that hermaphroditism has
independently arisen many times among fishes. Interest-
ingly, nearly all known hermaphroditic fishes inhabit marine
environments; by comparison, freshwater speciesmake up
around 40% of all known fish species (Cohen, 1970), and
include some enormously diverse and well-studied groups,
such as the cyprinids, characids, and cichlids (Sadovy de
Mitcheson and Liu, 2008). Remarkable exceptions to this
pattern are species among the swamp eels (Synbranchi-
dae), several of which are protogynous hermaphrodites
(Sadovy de Mitcheson and Liu, 2008; Liu et al., 2016), and
also a perciform sea bass, Lates calcarifer, which has been
shown to be protandrous (Sadovy de Mitcheson and Liu,
2008; Liu et al., 2016)��although that species is actually
catadromous, spendingmuch time in freshwater, but even-
tually reproducing in the marine environment. Neverthe-
less, why hermaphroditism apparently evolved relatively
easily in marine fishes, but not in freshwater fishes, is of
considerable interest with respect to the identification of the
relevant constraints involved; the exceptions might repre-
sent useful test cases to evaluate the potential constraints.

Experimental hormone manipulations have identified
which hormones are ultimately responsible for gonadal
sex change in sequentially hermaphroditic fishes, both
in vivo and in vitro (summarized in Liu et al., 2016). Specifi-
cally, the circulating androgen testosterone is either
enzymatically converted to 17b-estradiol (by aromatase)
or 11-ketotesterone (by 11b-hydroxylase and 11b-
hydroxysteroid dehydrogenase), leading to production
of oocytes or sperm, respectively, in the gonads. The
challenge currently lies in identifying how the sensory
input perceived by an individual fish is translated into the
necessary gene-regulatory changes that then affect
these hormonal changes. Liu et al. (2016) provide a
detailed summary of the relevant research, mostly in
Thalassoma bifasciatum, which has already uncovered
a number of players from known sex determination and
neuroendocrine signalling pathways used in response to
changes in the (social) environment in other vertebrates.
The authors also present testable hypotheses and a
clear roadmap for future work to understand the different
sex-changing behaviors linked to social hierarchies.

In my view, an additional challenge is to explore how not
only the qualitative regulation of (complete) sex change is
controlled in sequential hermaphrodites, but also how the
fine-tuned quantitative adjustments involved in sex alloca-
tion decisions of simultaneously hermaphroditic fishes are
affected. Simultaneous hermaphroditism occurs in at least
four orders and in about one dozen fish families (Sadovy de
Mitcheson and Liu, 2008; Avise and Mank, 2009), and it
co-occurs with sequential hermaphroditism within several

taxa, such as the Gobiidae, Serraninae, Muraenidae, and
in some cases even within the same species, such as
Serranus fasciatus (Petersen, 1990) and Lythrypnus dalli
(St. Mary, 2000). In such cases, drastic shifts that systemi-
cally affect the whole body via circulating hormones are
difficult to imagine, as gonads will often have to produce
both gametes simultaneously, presumably necessitating a
more fine-tuned and/or local regulation.

Finally, a major challenge for this field appears to be a
lack of established laboratory model species in which sex
change can be studied in behavioral, physiological, and
molecular detail��especially in the context of functional and
experimental studies. The highly complex social environ-
ments of many of these sex-changing species will likely be
difficult to replicate in the laboratory, although even the
field-oriented studies conducted to date may be biased in
that they tend to explore only a subset of the possible social
environments. For example, many T. bifasciatum studies
have focused on small populations of a few dozen individ-
uals living on small patch reefs (e.g., Warner and Swearer,
1991), whereas its sexual system is highly dependent on
reef size (Warner and Hoffman, 1980a). In large, contigu-
ous reefs, populations of tens of thousands of individuals
can exist (Warner, 1995), for which the sexual system
transitions into a state that is nearly gonochoristic (i.e.,
close to a 50:50 sex ratio among group-spawning individu-
als) and where territorial defence and pair-spawning be-
comes a less economical strategy (Warner and Hoffman,
1980b), so sex-switching becomes rather rare, dropping
from 12% to less than 1% of the population (Warner and
Hoffman, 1980a). Given the relative abundance of contig-
uous versus patch reef habitats, most T. bifasciatum indi-
viduals likely live and reproduce in fairly large populations
(Warner, 1995).

OUTLOOK

Much of the literature on the evolution of sexual repro-
duction confounds the phenomena of male and female
sexual strategies with the phenomenon of males and
females, and many people who work on gonochoristic
organisms��which, of course, match the general terminol-
ogy��may assume that the other kinds of organisms are
either weird, rare, or both (see also Aanen et al., 2016). The
six articles in this Special Issue clearly show that other
sexual systems are widespread��a pattern that only
becomes more true if one also considers, fungi, plants,
algae, and the staggering diversity of single-celled and
multi-cellular eukaryotes (Keeling et al., 2005).

The emergence of -omics tools and massively parallel
sequencing approaches has led to a welcome democra-
tization to the detailed study of molecular mechanisms in
‘‘non-model’’ organisms. I anticipate that we will learn a lot
about the molecular underpinnings of sexual reproduction
over the coming years, and from a much broader range of
organismal groups than hitherto possible. However,
-omics alone will not suffice, as a detailed understanding
also requires establishment of techniques that permit
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functional tests of candidate factors. Several authors
here express the hope that powerful genome editing
techniques will pave the way toward functional experi-
mentation��although such transgenic approaches will
hopefully remain restricted to laboratory for the foresee-
able future.

In summary, a deeper understanding of the evolution of
anisogamy and its consequences for sexual reproduction
now urgently requires that we dare to leave our gonochor-
istic islands and learn to swim in the vast sea of sexual
diversity. Exciting times are ahead.
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