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Abstract

addressed.

Bi-parental (sexual) reproduction via the fusion of egg and sperm produced by adult female/male individuals in
populations of animals and plants is a key process of Life on Earth. Here, the terms “sex” (fertilization) and “gender”
(role of male/female individuals as providers of gametes) are described, based on the concepts of Carolus Linnaeus
(1707-1778) and Julius Sachs (1832-1897). In 1816, Jean Lamarck (1744-1829) introduced the purple sea urchin
(Paracentrotus lividus) as a new species, and six decades later, Oscar Hertwig (1849-1922) used this model
organism to elucidate external fertilization at the sub-cellular level. Moreover, Hertwig referred to “gender” to denote
male or female P. lividus-individuals (gonochorists). Sexual reproduction and gender-roles are also outlined with
reference to the fish leech (Piscicola geometra), a protandrous hermaphrodite characterized by hypodermic
insemination and a gender-ration of 50:50. Finally, gender-issues in vertebrate development and evolution are
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Introduction

No other words arouse more interest and excitement than “sex” and
“gender”. However, clear, concise definitions of these terms sensu
stricto are elusive, despite the fact that Carolus Linnaeus (1707-1778)
published, in 1753, a “Sexual system” of plant systematics (with
reference to gender issues in humans) that was later abandoned by
botanists [1]. Recently, the term “sex” (in humans) was used with
reference to organs, chromosomal complements and hormones related
to reproduction. In contrast, “gender” was defined as “cultural attitudes
that shape ‘feminine’ and ‘masculine’ behaviors that are learned and
vary by culture, historical era, and ethnicity” [2]. In addition, in animal
research, the “g-word” is used to indicate the attitude of investigators
with respect to the handling of male or female laboratory animals [2].
Here, I analyze the original “Linnaean” meaning of “sex” within the
context of bi-parental reproduction, with reference to LamarcK’s (1816)
description of a marine model organism that has later been used to
elucidate this process at the sub-cellular level. In addition, Charles
Darwin’s (1809-1882) concept of different gender roles in sexually
reproducing groups of males/females and hermaphroditic animals [3]
is addressed.

Results and Discussion

About 150 years ago, the German biologist Julius Sachs (1832
-1897), founder of experimental plant physiology [4], was working on
a Textbook of Botany (1868), wherein he defined sex as “the material
unification of two types of cells that lack the ability to develop in
isolation, so that a product is created with the potential for
development” [5]. According to Sachs, fertilization, i.e., the fusion of
male and female gametes (“spermatozoid” plus “egg cell”), represents
the universal “Geschlechtsact’, or “sex act’, leading, in most cellular
organisms, to the generation of progeny. Hence, “sex” is a fertile
cytological process: the merger of two different (haploid) gametes, or

sperm-egg-fusion, to generate a totipotent cell, the (diploid) zygote,
from which a genetically distinct, new individual can develop (Figure

1).
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Figure 1: Scheme illustrating the meanings of “sex and gender” in
evolutionary biology. Life cycle of the purple sea urchin
(Paracentrotus lividus Lamarck 1816), a sexually monomorphic
gonochorist. The key terms “sex” (fertilization) and “gender” (role
of adult males/females during bi-parental reproduction) are
indicated. Note that the egg cell is much larger than the
spermatozoa (anisogamy).

In egg-laying (oviparous) animals, the zygote is an independent
system, whereas in mammals, after implantation into the womb,
biochemical signals from the body of the mother are required for
development to occur. In the following sections, the elucidation of
fertilization is described, with reference to the question what “gender”
means in developmental and evolutionary biology.
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Two hundred years ago, the French biologist Jean-Baptiste de
Lamarck (1744-1829) described a relatively large species of sea urchin,
Toxopneustes lividus, that reaches diameters of up to 7.5 cm. Today
known as the purple sea urchin (Paracentrotus lividus Lamarck 1816)
[6], this edible marine invertebrate, which is distributed throughout
the Mediterranean Sea and the Northern Atlantic, served as model
organism for the elucidation of a key process in the life cycle of most
multicellular eukaryotic organisms: fertilization. Paracentrotus lividus
(Figure 1) is a subtidal invertebrate that feeds on algae and seagrasses;
the echinoderms are attacked by a variety of predators, such as fish,
gastropods and spider crabs.

Like humans, the purple sea urchin is a gonochorist: in populations,
male or female individuals exist, with testes or ovaries, respectively.
However, in some groups of sea urchins, hermaphrodites have been
observed (individuals that contain both male and female gonads/
copulatory organs in the same body). Reproduction is achieved as
follows. First, large groups of fertile P /ividus-individuals aggregate for
spawning; then, the male (and female) individuals release gametes
(sperm or eggs) into the water, so that external fertilization, the fusion
of egg and sperm to form a zygote, can take place [7]. Purple sea
urchins can be easily collected in their natural marine habitats and
studied in the laboratory.

During the 1870s, the German zoologist Oscar Hertwig (1849-1922)
used this model system for the analysis of fertilization at the sub-
cellular level. Specifically, he studied what happens within the large
egg-cell when a tiny sperm fuses to form a product with the potential
for development (i.e., the “sex act” sensu Sachs 1868, Figure 1).
Hertwig [8] collected adult, sexually mature sea urchins characterized
by specific “Geschlechtsunterschiede” (gender-differences): male
individuals with testes that produce/release spermatozoa, and females
with ovaries that provide egg cells. Hertwig [8] established an “in vitro-
insemination-system” by artificially removing sperm and eggs from the
testes/ovaries of male/female P /[ividus-individuals. These “sex-cells”
(gametes) were mixed in a test tube and fertilization observed under a
light microscope. The German zoologist was the first to document the
“Befruchtungs - act (fertilization [=sex]-act)” in detail. Based on
numerous experiments, Hertwig [8] came to the conclusion that
fertilization consists not only of the “Copulation zweier Zellen
(copulation of two cells)”, but, moreover, the “Verschmelzung der
beiden Zellkerne, Eikern und Spermakern (the fusion of the nuclei of
egg and sperm)” [8]. Hence, the terms “sex” (fertilization) and
“gender” (development of sexually mature individuals and role of these
adults as males or females, respectively) can be traced back to the
seminal paper of Hertwig [8] published in 1876. These classical
definitions are still used today in the zoological literature with
reference to the occurrence of sex within the Tree of Life, and gender
roles during the reproduction of invertebrates, such as mollusks [9,10].

It should be mentioned that the German zoologist [8] also
introduced the terms “gonochorism” and “hermaphroditism” to denote
cells (or organisms) that are equipped with only one (male vs. female)
or both reproductive functions (male plus female in one body). In his
1876-paper, Hertwig [8] referred to annelids (leeches) of the genus
Piscicola as model organisms for the study of internal fertilization in a
hermaphroditic invertebrate. Hence, “sex and gender” may also be
studied in leeches (Hirudinea), predaceous or parasitic annelids that
occur in both freshwater and marine ecosystems [11,12].

The common fish leech (Piscicola geometra L. 1758) occurs in
ponds as well as salty waters [11]. These small (ca. 15 mm long) leeches
are ectoparasites on the skin of members of the family Salmonidae and

other fish species (perch, Perca fluviatilis, pike, Esox lucius, common
carp, Cyprinus carpio etc.); in seawater, P geometra have been
collected from the body surface of rays and sole. The following account
of “sex and gender” in this representative hermaphrodite is based on
my own observations of P geometra maintained in freshwater aquaria.
During the summer (May to August), fish leeches reproduce via
copulation (mutual sperm transfer), followed by the deposition of
small (ca. 1,5 mm long) cocoons that each contain only one fertilized
egg. P geometra is a protandrous hermaphrodite, i.e., the male
reproductive system (production of sperm) becomes active first,
followed by the female function (provision of egg cells) (Figure 2A). In
populations of P geometra and other hermaphrodites, the gender-ratio
(males:females) is exactly 50:50, whereas in groups of interbreeding
gonochorists more males than females may occur.

copulation

ectoparasites

Figure 2: Morphology, sexual reproduction, and life style of the
common fish leach (Piscicola geometra L. 1758), a protandrous
hermaphrodite. Adult, sexually mature leech (A), two individuals
during mating, i.e., exchange of pseudospermatophores (B), and
freshwater fish (common carp) infested with adult 2 geometra (C).
Sex (internal fertilization) and gender (role as male/female during
reproduction) are indicated. as=anterior sucker, ca=copulatory area,
gp=gonopore, ps=posterior sucker, psp=pseudospermatophore
[11,13].

Selfing has not been observed in P. geometra, i.e., hypodermic cross-
insemination regularly occurs via the reciprocal transfer of
pseudospermatophores (Psp., ie., transitorily existing packages of
sperm). Mating (Figure 2B) results in an exchange of sperm from leech
1 to individual 2, and lasts for up to 30 min. The Psp is released from
the male gonopore and attached to the copulatory area of the partner.
This region beneath the male/female gonopores represents an
extension of the ovary [11,13]. After sperm exchange (mating), the co-
copulants separate, and internal fertilization takes place. About 3
weeks later, the leeches, whose gender roles were first “male” and
thereafter “female’, produce tiny cocoons from which one juvenile
leech hatches (length ca. 1 mm). Like their parents, juvenile P
geometra attach to host organisms and suck the body fluids from fish,
i.e., they are ectoparasitic rhynchobdellids (Figure 2C). Interestingly, in
populations of brown trout (Sa/mo truttal.), sexually mature male fish
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were found to be more severely (and frequently) infested by skin
ectoparasites than mature female individuals or juvenile fish of either
gender [14]. Hence, in fish (and other vertebrates), a gender-specific
susceptibility to parasitic infestation has evolved, with the result that
females, which produce large eggs, have a more efficient defense
system than males, which release numerous tiny sperm (anisogamy

(15]).

Conclusions

In summary, our analysis has shown that, with the description of the
purple sea urchin (2 lividus), Lamarck [6] characterized a marine
invertebrate taxon that, six decades later, was used by Hertwig [8] as a
model system to define/elucidate “sex” (fertilization; specifically, the
fusion of cells/nuclei) and “gender” (function of adult individuals as
males or females) (Figure 1). In leeches (Figure 2) and other
hermatphroditic invertebrates, the “sex-act”, which generates variable
offspring for natural selection to act upon [16], cannot be studied
directly, due to internal fertilization. However, gender-issues, such as g-
choice, g-conflict etc., have been studied extensively in hermaphrodites
such as freshwater snails of the genus Physa [10]. Taken together, the
“s- and g-words” can be traced back to the scientific work of Linnaeus,
Sachs and Hertwig [1,5,8]. Accordingly, these terms should be used,
when applied to humans and other vertebrates with respect to gender-
roles of males vs. females [17,18], in their original meanings [9,10], as
described in this article.
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