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Preface

Many organisms employ a mode of sexual reproduction for the continuum of species
by developing two types of sexes: female and male. Furthermore, sex development is
a driving force in species evolution. Therefore, the determination and development
of the two sexes have been a topic of great concern and a long-standing issue to be
solved by biologists. Some populations of organisms, including mammals, use
genetic systems to determine sex, called genetic sex determination (GSD). A long
timescale, covering the time it takes for speciation, often creates different
sex-determining genes during evolution.

However, if you look around, one can readily notice that many organisms do not
adhere to the genetic system. Environmental factors, known as environmental sex
determination (ESD), are critical for determining sex. One well-known factor is
temperature. The optimal male or female inducing temperature, that embryos expe-
rience, also differs among species. The broad range of optimal temperatures,
together with a variety of sex-determining genes, implies that many factors could
cause sex determination. We are still understanding how different sex determinants
(different sex determination genes and different environmental factors) have been
acquired during evolution.

GSD and ESD are not the ends of the history of sex development. Recent studies
have shown that sex must be maintained even after determination and claim that sex
maintenance is key to understanding the mechanism of sex reversal. The mechanism
underlying sex reversal provides insight into the understanding of sequential or
simultaneous hermaphrodites and the involvement of sex hormones in the mainte-
nance of sex. We now understand that the production of sex hormones modulates sex
development as well as sex-specific perception and behavior.

We are beginning to draw a larger picture of how sex can be understood in view
of both individuals and evolution. This picture is beyond the classical view that the
sex determinant and sex hormone conserved among organisms initiate, establish,
and fix females or males. Interwoven mechanisms allow for two types of sex
exchange with graded phenotypes. This manifests as a sex spectrum.
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This book overviews three elements that develop the sex spectrum: genetics, the
endocrine system, and the environment. In Part I the genetic regulation during sex
determination, which often results in a mixture of two sexes or sex reversal, is
discussed. In addition, the evolutionary aspects of the genetic determinants were
discussed. In Part II, the involvement of endocrine regulation in the sex spectrum,
which covers a broad range of phenotypic events, including sexual behavior and
metabolism, is presented. Interestingly, sex hormones can also act as sex determi-
nants. At last, Part IIT shows that intrinsic factors such as sex-determining genes and
sex hormones are not the only factors in sex development. The environment sur-
rounding organisms, such as symbiosis and metabolism, acts on the sex as critical
factors, generating the sex spectrum.

It would be our pleasure if the audience appreciates the examples of the sex
spectrum seen in many different organisms and obtains recent images of sex that
researchers have revealed.

Nagoya, Japan Minoru Tanaka
Osaka, Japan Makoto Tachibana
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Chapter 1 ®)
Spectrum of Sex in a Horn of the Japanese <
Rhinoceros Beetle

Shinichi Morita, Kazuki Sakura, and Teruyuki Niimi

Abstracts Sex has been traditionally considered to be classified into two categories,
male and female. However, numerous reports have shown examples of insects
unfamiliar to this traditional binary sex view. Recently, the view of the sex spectrum
has been proposed as a revised version. In this view, sex is recognised as a
continuum from male to female (or female to male), and maleness or femaleness
of any sexual traits is quantitatively interpreted as ‘a position on the continuum of
sex’. This chapter discusses the molecular genetic mechanism defining a position on
the continuum of sex based on the knowledge about the Japanese rhinoceros beetle
Trypoxylus dichotomus.

Keywords Horned beetle - Trypoxylus dichotomus - RNAi - Sex differentiation
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1.1 Introduction

Most insect species show sexual dimorphism, and their appearances are distinctively
different between males and females. For example, in some beetles, males have
magnificently developed mandibles, while females do not develop well. Based on
the facts like this, sex has been traditionally considered to be classified into two
categories, male and female. However, to date, numerous individuals cannot be
classified as male or female by their appearances. For example, in damselflies, some
females show male-like coloration though they produce typical female traits except
for the coloration (Gossum and Sherratt 2008). Other examples are the sexually
mosaic phenotypes (gynandromorph) and sexually intermediate phenotypes (inter-
sex) accidentally produced by developmental abnormalities (Narita et al. 2010).
These examples are not included in the traditionally binary view of sex, which
needs to be revised (Nong et al. 2020).

The sex spectrum is a view of recognising sex as a continuum from male to
female (or from female to male) (Nong et al. 2020; Preface). In this view, the
gynandromorph and the intersex are interpreted to be placed between male and
female in the sex spectrum. Furthermore, male-like female coloration in damselflies
may be placed between midpoint and female. Thus, almost all differences among
sexual traits in insects can be explained as differences in the location on the sex
spectrum.

How is the location of the sex spectrum defined in insects? In the fruit fly
Drosophila melanogaster, a major sex-determining gene doublesex (dsx) mutation
yields the gynandromorph and the intersex in both females and males (Hildreth
1965). It is well known that dsx is essential for sexual differentiation not only in
D. melanogaster but also in other holometabolous insects. These facts indicate that
genetic mechanisms for sex determination have a considerable effect on determining
insects’ location on the sex spectrum.

Here, we first overview the sex-determining mechanism in holometabolous
insects. Then, based on an example of the Japanese rhinoceros beetle, we discuss a
molecular mechanism to determine the location in the sex spectrum.

1.2 Sex-Determining Molecular Mechanism
in Holometabolous Insects

This subsection first introduces a sex-determining molecular mechanism in the
D. melanogaster, the most investigated model insect. Moreover, we also show the
commonality of the sex-determining mechanism.

The primary signal for sex determination is the number of the X chromosome
(Erickson and Quintero 2007). The sex of an individual with two X chromosomes,
i.e., an XX individual, is finally determined as female; on the other hand, the sex of
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an individual with a single X chromosome (i.e., XY individual) is finally determined
as male as a default state.

The initial signals from X chromosomes produce the sex-lethal (SxI) protein only
in XX early embryos (Cline 1978, 1986, 1988; Kramer et al. 1999; Sefton et al.
2000; Penalva and Sanchez 2003; Salz 2007). SxI autoregulates and maintains the
expression of another Sxl isoform (Cline 1984; Bell et al. 1988, 1991; Penalva
and Sanchez 2003). The functional SxI protein controls the RNA splicing of tra, and
functional Tra protein is translated (Boggs et al. 1987; Bell et al. 1988; Penalva and
Sanchez 2003). Then, Tra protein yields female-specific Dsx (DsxF) by regulating
alternative splicing of dsx mRNA, which leads to female differentiation (Hoshijima
et al. 1991).

On the other hand, in XY embryos, a non-functional Sxl protein is produced
because of the lack of the initial signal from the X chromosome (Bell et al. 1988;
Samuels et al. 1991; Keyes et al. 1992; Penalva and Sanchez 2003). Lack of
functional SxI leads to expression of non-functional Tra protein, and a male-specific
Dsx (DsxM) is translated through lack of Tra-dependent splicing regulation, which
leads to male differentiation (Bell et al. 1988).

Whether the sex-determining mechanism in Drosophila is conserved in other
holometabolous insects has been recently studied by focusing on non-Drosophila
insects. Sx/ is a ‘master switch’ gene for sex determination in D. melanogaster. Sxl
orthologues have been found in many holometabolous insects, including Diptera,
Lepidoptera, Hymenoptera and Coleoptera (Traut et al. 2006). However, some
dipteran species’ research revealed that Sx/ orthologues are not responsible for sex
determination (Meise et al. 1998; Saccone et al. 1998; Sievert et al. 2000). Further-
more, the Sx/ orthologue in the silkworm Bombyx mori does not contribute to sex
determination but regulates spermatogenesis (Niimi et al. 2006; Sakai et al. 2019).
Therefore, Sx/ is not a broadly conserved sex determination gene in holometabolous
insects.

tra is an intermediate factor in the sex determination cascade of D. melanogaster.
Tra orthologues are identified in holometabolous insects such as some species in
Diptera, Coleoptera and Hymenoptera (O'Neil and Belote 1992; Pane et al. 2002;
Kulathinal et al. 2003; Lagos et al. 2007; Ruiz et al. 2007; Hasselmann et al. 2008;
Concha and Scott 2009; Schmieder et al. 2012; Shukla and Palli 2012; Geuverink
and Beukeboom 2014; Morita et al. 2019). Furthermore, in some of these species, tra
orthologues regulate female determination (Pane et al. 2002; Hasselmann et al. 2008;
Concha and Scott 2009; Hediger et al. 2010; Shukla and Palli 2012; Morita et al.
2019). On the other hand, tra orthologues seem to have been lost in Lepidoptera and
in some species in Strepsiptera and Diptera (Salvemini et al. 2013; Geuverink and
Beukeboom 2014). These findings indicated that although #ra orthologues are not
found in some species, the sex-determining function of tra is conserved in a much
more comprehensive range of holometabolous insect species than that of Sx/.

dsx is a bottom factor in the sex determination cascade of D. melanogaster, which
directly regulates the transcription of a battery of genes responsible for sex differ-
entiation. dsx orthologues are conserved in all of the insects investigated so far (Price
et al. 2015). Furthermore, the dsx has sex-specific transcripts and contributes to sex
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determination in the various holometabolous insects such as Diptera, Lepidoptera,
Hymenoptera and Coleoptera (Schiitt and Nothiger 2000; Ohbayashi et al. 2001;
Cho et al. 2007; Chen et al. 2008; Oliveira et al. 2009; Shukla and Palli 2012; Ito
et al. 2013; Mine et al. 2017; Taracena et al. 2019). Therefore, dsx is the conserved
regulatory factor in the sex determination cascade among holometabolous insects.

The above comparative analysis focusing on the conserved genes associated with
the insect sex determination pathway suggests that downstream genes tra and dsx are
the core regulatory genes conserved among holometabolous insects. Therefore, to
understand the determination mechanism of position in the sex spectrum in holo-
metabolous insects, we focus on the role of tra and dsx in sexual traits. In the next
section, we discuss the role of fra and dsx in the sex spectrum using the Japanese
rhinoceros beetle, in which we can manipulate the location in the sex spectrum by
controlling the expression level of sex-determining genes using RNA interference
(RNAi) methods.

1.3 Sex Spectrum in 7. dichotomus Horn Visualised by
Manipulating the Sex Determination Pathway

The horn of the Japanese rhinoceros beetle Trypoxylus dichotomus (Coleoptera,
Scarabaeoidea, Scarabaeidae) exhibits sexual dimorphism (Fig. 1.1a, EGFP). A
male has an exaggerated long horn on the head and a short horn on the first thoracic
segment (pronotum). On the other hand, a female has no horn neither on the head nor
on the pronotum but has three small projections in the rostral region of the head
(clypeolabral region).

As described in the previous sections, sex-specific tra and dsx isoforms are essential
genes to a sex-differentiating mechanism in holometabolous insects. In 7. dichotomus,
downregulation of dsx expression by RNAI results in short head horns in both males
and females, while thoracic horns form in neither males nor females (Fig. 1.1a) (Ito
et al. 2013). tra RNAi males showed no morphological changes, while females
developed ectopic male-like horns on both the head and pronotum (Fig. 1.1a) (Morita
et al. 2019). These facts indicated that in 7. dichotomus, Tra and Dsx regulate sexual
dimorphism in a horn (Fig. 1.1) (Morita et al. 2019).

Next, Morita et al. (2019) insufficiently suppressed fra expression levels in females.
As a result, female-like and male-like traits coexist in a single fra RNAi female
(Fig. 1.2) because tra regulates sex-specific splicing of dsx like other holometabolous
insects (Fig. 1.1b) (Morita et al. 2019), and insufficient suppression of tra expression
in tra RNAI females leads to incomplete switching from dsxF to dsxM.

Detailed observation of the fra RNAi phenotypes in Fig. 1.2 revealed that the
degree of similarity to males is different between head and pronotum regions. This
suggests that the location on the sex spectrum at the tissue level is different between
head and pronotum regions. For example, in the head region, tra RNAi individuals
show female-specific traits (three small projections) and male-specific traits (head
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Fig. 1.1 RNAi-mediated loss of function of sex-determining genes and morphological change of
horn primordia. (a) Representative individuals in dsx and tra RNAI treatment in males and females.
EGFP RNAI treatment (negative control) showed no morphological defects. The upper row, the
dorsal views of adults. The second row, the lateral views of adults. Scale bars are 1 cm. (b)
Sex-specific splicing of dsx in RNAI treatments targeting tra. RpL32 was used as an internal
control for RT-PCR. Blue arrowheads, male-specific splicing patterns (dsxM). Magenta arrow-
heads, female-specific splicing patterns (dsxF). Black arrowheads, RpL32. (Adapted from Morita
et al. PLOS Genet., 15: 1008063, 2019)

horns) (Fig. 1.2b, c). However, in one individual (Fig. 1.2b), the ectopic head horn
branched twice, forming a short stalk of head horns. On the other hand, the ectopic
head horn branched only once in the other individual (Fig. 1.2¢), and no stalk was
formed. This suggests that the former phenotype was more similar to male-specific
traits than the latter phenotype. Therefore, the locations on the sex spectrum of these
tra RNAI phenotypes in the head region can be explained as shown in Fig. 1.3a.

Next, in the pronotum region, only the tra RNAi phenotype in Fig. 1.2b was that
the ectopic thoracic horn was apparently like a male thoracic horn (Fig. 1.2d). The
thoracic horn length is similar to that of a fra RNAi female injected with a sufficient
amount of dsRNA (Fig. 1.2d). In contrast to the head horn in tra RNAi females, the
incomplete formation of the thoracic horn has not been observed so far. This
observation suggests that the thoracic horn phenotype is located closely at either
endpoint on the sex spectrum (Fig. 1.3b).
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Fig. 1.2 tra RNAIi phenotype induced by injection of small amounts of tra dsSRNA. (a—c¢) Compar-
ison of a wild-type female and ectopic intermediate sexual transformation of horns in females induced
by tra RNAI treatments. (a) A wild-type female. (b, ¢) Small ectopic horn formation in fra RNAi
females. Magenta arrowheads, three small protrusions formed in clypeolabrum. Green arrowheads,
ectopic head horns formed in the region anterior to the three small protrusions in ra RNAI treatments.
Scale bars are 5 mm. (d) Relationship between the head horn (left) and thoracic horn (right) length
and body size in RNAi-treated individuals. The head and thoracic horn lengths and body sizes of
control males (EGFP, blue dots), dsx RNAi-treated females (grey dots), and fra RNAi-treated
females (green dots: b magenta diamond, ¢ magenta hexagon) are plotted. HH, head horn; TH,
thoracic horn. (Adapted from Morita et al. PLOS Genet., 15: e1008063, 2019)

tra 2

These observations indicate that even within a single individual, the locations on
the sex spectrums at the tissue level are tissue-dependent. Then, what mechanisms
produce these differences? One possibility is a difference in the role of the
sex-specific dsx isoforms among tissues. In the head region, male and female traits
(the head horn and the three small projections, respectively) coexist in a single tra
RNAIi female (Fig. 1.2). In T. dichotomus, the dsx RNAi phenotype in both males
and females showed the head horn was formed, albeit short (Fig. 1.1a). This head
horn phenotype suggests that dsxM promotes the expression of the horn formation
genes and dsxF represses (Ito et al. 2013). In Fig. 1.2, it is considered that dsxF and
dsxM coexist in a single individual due to the insufficient suppression of tra
expression. The antagonistic effects of dsxM and dsxF on the expression of horn
formation genes might define the degree of similarity to males in the head region. In
a region of the clypeolabrum where dsxF and dsxM coexist (Fig. 1.2b and c), dsxM
functions to promote head horn formation, whereas dsxF functions to suppress head
horn formation; therefore, this antagonistic effect would define the location on the
sex spectrum at the tissue level in the head region. Conversely, male and female traits
did not coexist in a tra RNAIi female’s thoracic horn (Fig. 1.2). In the dsx RNAi
phenotype, the thoracic horn was not formed in either males or females. These
phenotypes indicate that dsxM promotes thoracic horn formation, while dsxF does
not contribute to thoracic horn formation. This fact means that thoracic horn
formation is regulated depending on the only dsxM. In other words, in fra RNAi
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Fig. 1.3 Sex spectrum of 7. dichotomus estimated from tra RNAi phenotypes. (a) The sex spectrum
at the tissue level in the head region. (b) The sex spectrum at the tissue level in the pronotum region.
The shorter head and thoracic horns in tra RNAi females than in control males may be due to
differences in body size between males and females at the timing of injection. (¢) The individual-level
sex spectrum is understood from the sum of tissue-level sex spectrums. Blue dots, GFP RNAi male;
magenta dots, GFP RNAI female; green diamond, tra RNAi female 1 (Fig. 1.2b); green square, tra
RNAI female 2 (Fig. 1.2c). (Adapted from Morita et al. PLOS Genet., 15: €1008063, 2019)

females with insufficiently suppressed fra expression, when the expression level of
dsxM exceeds a certain threshold, thoracic horn formation is promoted; otherwise, the
horn is not formed. Therefore, the phenotype of the thoracic horn by fra RNAi
(Fig. 1.2) is considered to be located at either endpoint on the sex spectrum (Fig. 1.3b).

This section described how sex is interpreted as a spectrum of continuous
phenotypes in 7. dichotomus, using the horn as an indicator of sex by manipulating
the expression level of a sex-determining gene fra. In addition, the sex spectrum at
the tissue level showed different locations in the head and pronotum regions. In the
concept of sex spectrum, the sum of the sex spectrum at the tissue level can be
understood as the sex spectrum at the individual level (Preface). Therefore, the
location of the sex spectrum at the individual level for tra RNAI in T. dichotomus
could be shown as in Fig. 1.3c. From the view of the sex spectrum, rather than the
traditional binary sex view, it can be uniformly explained for individuals that cannot
be classified by their appearance, as in Fig. 1.2.
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Chapter 2 ®)
Sexual Differentiation in Dragonflies s
and Damselflies

Ryo Futahashi

Abstract As represented by gynandromorphs (sexually mosaic individuals), sexual
differentiation in insects proceeds primarily cell autonomously depending on sex
chromosomes. Insect sex determination systems, although dominated by male het-
erogamety, are highly diverse. Dragonflies and damselflies (the order Odonata) are
the most ancestral winged insects and have male heterogametic sex determination
systems. Some species (e.g., Crocothemis servilia) have intraspecific polymor-
phisms in their karyotypes, such as switching from X0 to neo-XY sex chromosome
system by chromosome fusion. In dragonflies and damselflies, adults of many
species exhibit sexual color dimorphism, color transition upon adult maturation,
and intraspecific color polymorphisms within the same sex. Molecular mechanisms
underlying sex determination and sexual differentiation in insects have been inves-
tigated extensively in the fruit fly Drosophila melanogaster, but recent studies have
revealed that the upstream genes of insect sex determination cascade are highly
diverse. Most insects have sex-specific isoforms for doublesex (dsx) gene, which is
important for sexual differentiation, and dsx gene plays important roles in mascu-
linization not only for males but also for androchrome females in the damselfly
Ischnura senegalensis. In this review, current knowledge on sex determination and
sexual differentiation of insects is summarized, with particular focus on the most
ancestral winged insects, dragonflies and damselflies.
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2.1 Introduction

Gynandromorphs (sexually mosaic individuals) have been occasionally observed
among various insects including dragonflies and damselflies (Fig. 2.1) (Narita et al.
2010; Martens and Wildermuth 2021). As represented by the presence of gynandro-
morphs, it has traditionally been considered that, in insects, sex chromosomes, rather
than sex hormones, determine the sexual phenotype cell autonomously. It should be
noted that vertebrate androgens and estrogens are detected from some insect species
(Mechoulam et al. 1984; Denlinger et al. 1987), although the function of these
hormones still remains largely unknown (Bear and Monteiro 2013; Das 2016).
Meanwhile, juvenile hormone and ecdysone, which control molting and metamor-
phosis in insects, have been reported to participate in the maturation of adult
reproductive organs and courtship behavior (De Loof 2006; Riddiford 2012), indi-
cating that hormones are also partially associated with sexual maturation in insects.
Most research on sex determination and sexual differentiation in insects has focused
on differences between males and females at the onset of adulthood, such as the
shape of the genitalia, and colors and patterns that do not change during adulthood.
While molecular mechanisms underlying sex determination and sexual differentia-
tion in insects have been studied primarily in the fruit fly Drosophila melanogaster,
recent studies have revealed that the upstream genes of the sex determination
cascade are highly diverse among insects. In this review, current knowledge on
sex determination and sexual differentiation of insects is summarized, with particular
focus on the order Odonata (dragonflies and damselflies), the most ancestral winged
Insects.

Crocothemis servilia Ischnura senegalensis
(Libellulidae) (Coenagrionidae)

= Male  Female

Male

Female 3

Fig. 2.1 Gynandromorphs of the dragonfly Crocothemis servilia and the damselfly Ischnura
senegalensis. Photographs courtesy of Mitsutoshi Sugimura
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2.2 Sex Determination System in Insects

In animals, females are defined as individuals that produce large gametes (with
ovaries) and males as individuals that produce small gametes (with testes) (Bachtrog
et al. 2014). In almost all insects, males and females are primarily defined by
genotypic sex determination (Bachtrog et al. 2014; Blackmon et al. 2017), and
hermaphrodites that possess both male and female sex organs in the same individual
have been reported only from a few species of Icerya scale insects which belong to
the order Hemiptera, although they differ from other hermaphrodite taxa by that the
sperm-producing gonads are haploid (Ross et al. 2010; Gardner and Ross 2011). It
should be noted that classic studies have shown that the larval growth temperature of
the fly Aedes stimulans (feminize at high temperature) and the maternal nutritional
status of the fly Heteropeza pygmaea (females develop under better nutritional
conditions) are important for sex determination (Bergerard 1972; Went and
Camenzind 1984).

In insects, sex determination is usually based on sex chromosomes, defined as
male heterogamety (XX/XY) or female heterogamety (ZZ/ZW), and complete loss
of Y or W results in X0 or Z0 system, respectively (Fig. 2.2) (Kiauta 1972; Kiauta
and Kiauta 1982; Traut and Marec 1996; Papeschi and Bressa 2006; Poggio et al.
2007; Traut et al. 2007; Normark 2014; Tree of Sex Consortium 2014; Blackmon
and Demuth 2015; Vershinina and Kuznetsova 2016; Blackmon et al. 2017;
Kuznetsova and Golub 2020). Moreover, many insect orders have species with
complex sex chromosomes, comprising multiple X, Y, Z, and W chromosomes
(XX/XY Y, and X X XpXo/X1X,Y as examples of complex XY (CXY),
XX XoXo/X X, as an example of complex X0 (CXO0), and Z,Z2,Z,Z,/Z,\Z>,W or
Z7/7ZW W, as examples of complex ZW (CZW)) that can arise from the XY or ZW
system by fusion of ancestral sex chromosomes with autosomes or by fission of
ancestral sex chromosomes (Fig. 2.2) (Tree of Sex Consortium 2014; Blackmon
et al. 2017). In some species, sex chromosomes are morphologically similar and are
called homomorphic sex chromosomes (Fig. 2.2, Hom) (Tree of Sex Consortium
2014; Blackmon et al. 2017). Among insects, male heterogamety is a common mode
of sex determination, whereas female heterogamety has been reported from all
examined species of Trichoptera and Lepidoptera and a few species of Diptera
(Fig. 2.2) (Tree of Sex Consortium 2014; Blackmon et al. 2017).

Instead of sex chromosomes, some insects (e.g., the orders Hymenoptera and
Thysanoptera) determine sex on the basis of haplodiploidy (Fig. 2.2, HD), in which
males develop from unfertilized eggs and thus haploid, and females develop from
fertilized eggs and are diploid (Normark 2003; de la Filia et al. 2015). On the other
hand, insects such as scale insects (the order Hemiptera) and booklice (the order
Psocodea) determine sex on the basis of a pseudo-haplodiploidy, in which the male
becomes functionally haploid through inactivation or loss of the paternal chromo-
somes (paternal genome elimination; PGE) after fertilization (de la Filia et al. 2015;
Hodson et al. 2017). In addition, parthenogenesis, in which female embryos develop
from unfertilized diploid eggs, has also been reported from various insects in small
rates (Fig. 2.2, Parth) (Normark 2014; Blackmon et al. 2017).
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Fig. 2.2 Sex determination systems in insects. Data are based on Kiauta (1972); Kiauta and Kiauta
(1982); Traut and Marec (1996); Papeschi and Bressa (2006); Poggio et al. (2007); Traut et al.
(2007); Normark (2014); Tree of Sex Consortium (2014); Blackmon and Demuth (2015);
Vershinina and Kuznetsova (2016); Blackmon et al. (2017); Hodson et al. (2017); Kuznetsova
and Golub (2020). Insect phylogeny is based on Misof et al. (2014) and Wang et al. (2016). CXY
complex XY, CX0 complex X0, CZW complex ZW, Hom homomorphic, HD haplodiploid, PGE
paternal genome elimination, Parth parthenogenetic

2.3  Sex Chromosomes and Chromosome Number
Variations in Dragonflies and Damselflies

Dragonflies and damselflies (the order Odonata) belong to the most ancestral winged
insects (Fig. 2.2) (Misof et al. 2014; Wang et al. 2016; Bybee et al. 2021). Karyo-
types have been examined in all 10 superfamilies of dragonflies and damselflies, and
the basic type is assumed to be X0/XX, n = 13 (Fig. 2.3) (Kiauta 1972; Kiauta and
Kiauta 1982; Kuznetsova and Golub 2020). In some families, species with the
chromosome number n = 12 (Chlorocyphidae and Gomphidae) or n = 14
(Coenagrionidae and Aeshnidae) comprise the majority (Fig. 2.3) (Kiauta 1967;
Kuznetsova and Golub 2020). Complex XY chromosome (X;X;X,X»/X;X5Y) has
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Fig. 2.3 Sex chromosomes and chromosome numbers in dragonflies and damselflies. Data are
based on Kiauta (1972); Kiauta and Kiauta (1982); Kuznetsova and Golub (2020). Odonata
phylogeny is based on Bybee et al. (2021)

Libelluloidea

so far been reported in only one species, Micrathyria ungulate (Libellulidae) (Mola
et al. 1999).

In several dragonflies and damselflies, variations in chromosome numbers have
been reported within the same species and even within the same individual (Kiauta
1969a, 1969b, 1983; Mola 2007; Kuznetsova and Golub 2020). The intraspecific
variation in chromosome number is partly due to the holocentricity (centromeres
diffuse throughout the chromosome) of dragonflies and damselflies which allows
normal chromosome segregation for both fragments after chromosome fission
(Suzuki and Saitoh 1990; Nokkala et al. 2002). In many dragonflies, the presence
of very small chromosomes namely microchromosomes (m-chromosomes) has been
reported, presumably derived from fragments of autosomes (Kiauta 1969b; Mola
2007; Kuznetsova and Golub 2020).

A striking example of intraspecific changes in sex chromosomes and chromosome
numbers has been reported in the scarlet skimmer dragonfly Crocothemis servilia
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Fig. 2.4 Intraspecific variation of karyotypes in the dragonfly Crocothemis servilia. Blue and red
lines indicate microchromosomes (m) and sex chromosomes (X) (Kiauta 1983). Distribution map is
based on Higashi et al. (2001) and Ozono et al. (2021)

(Libellulidae) (Fig. 2.4), which is widely distributed in Asia, and has been recently
introduced to North America and Hawaii. The Japanese population of this species is
larger in body size, and karyotype observations revealed that the mainland Japanese
population (including Tsushima Island) is XX/XY, n = 12, different from XX/XO0,
n = 13 in other regions (including Japanese Nansei Islands and Taiwan), thus
designated as a different subspecies C. s. mariannae (Kiauta 1983; Katatani 1987,
Higashi and Kayano 1993; Higashi et al. 2001). Interestingly, C. s. mariannae lacks
microchromosomes, and Y chromosome in C. s. mariannae is approximately the same
size as microchromosomes in C. s. servilia, suggesting that sex chromosomes of C. s.
servilia fused with microchromosomes and shifted from X0 to neo-XY in C. s.
mariannae (Fig. 2.4) (Kiauta 1983; Higashi and Kayano 1993). Subsequently, nuclear
DNA analysis confirmed that populations of the Japanese mainland (including Tsu-
shima Island) (i.e., C. s. mariannae) formed a clade independent of continental
populations from South Korea and westward (including Japanese Nansei Islands and
Taiwan) (i.e., C. s. servilia) (Fig. 2.4) (Futahashi 2011). The transition from X0 to
neo-XY within the same species or closely related species has also been reported in
several other dragonflies (Kiauta 1969a; Kuznetsova and Golub 2020).

2.4 Sexual Dimorphism, Adult Color Transition,
and Female Color Polymorphism of Dragonflies
and Damselflies

Dragonflies and damselflies, which primarily recognize their mates visually, often
exhibit conspicuous differences in colors and patterns between males and females
(Corbet 1999; Futahashi et al. 2015; Bybee et al. 2016; Futahashi 2016, 2020).
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Compared with other insects, many species show the spectrum of sexual dimorphism
such as remarkable color changes upon adult maturation and body-color polymor-
phism within the same sex (Tillyard 1917; Corbet 1999; Fincke et al. 2005; Bybee
et al. 2016; Futahashi 2016). For example, in many dragonfly species that turn red or
secrete whitish wax on their body surface upon adult maturation, immature adults
look very similar in both sexes, but typically only males exhibit prominent color
changes (Fig. 2.5). These color changes are attributed to male-specific ommochrome
pigment reduction or wax production (Futahashi et al. 2012, 2019).

Notably, many species with sexual color dimorphism have female color poly-
morphisms, including the male-mimicking color morph called androchrome and the
female-specific color morph called heterochrome or gynochrome (Figs. 2.5 and 2.6)
(Corbet 1999; Fincke et al. 2005; Svensson et al. 2009; Svensson 2017; Blow et al.
2021). The evolution of female polymorphisms has been particularly studied in
Ischnura damselflies (Coenagrionidae) (Willink et al. 2019; Sanchez-Guillén et al.
2020; Blow et al. 2021). Ischnura species have either one female morph
(heterochrome or androchrome), two female morphs (heterochrome and
androchrome), or even three female morphs (heterochrome-, androchrome-, and
intermediate-type heterochrome) (Svensson et al. 2009; Willink et al. 2019; Blow
et al. 2021). The third female morph has an androchrome-like thoracic pattern and is
difficult to distinguish from androchrome during immature stages, but their body
colors become heteromorphic with maturation (Fig. 2.6) (Svensson et al. 2009;
Willink et al. 2019). The ancestral state of Ischnura species is assumed to be
monomorphic with heterochrome female (Blow et al. 2021).

The female polymorphism of Japanese Ischnura species is shown in Fig. 2.6.
L aurora has two female morphs, but the frequency of androchrome is very rare
(Ozono et al. 2021). I asiatica and its closely related species 1. ezoin, endemic to
Ogasawara Islands, have one female morph (heterochrome). I. senegalensis and
I elegans are distributed allopatrically, with two and three female morphs,

Male Female, mature
(immature) (mature) (androchrome) (heterochrome)

Sympetrum kunckeli

Orthetrum albistylum

Fig. 2.5 Sexual dimorphism, male color transition, and female color polymorphism in dragonflies
Sympetrum kunckeli and Orthetrum albistylum (Libellulidae)
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Male (androchrome)

(heterochrome)

Ischnura aurora
(Female dimorphic)

Ischnura asiatica
(Female monomorphic)

Ischnura senegalensis
(Female dimorphic)

Ischnura elegans
(Female trimorphic)

Fig. 2.6 Interspecific diversity of female color polymorphism among Ischnura damselflies
(Coenagrionidae). Ischnura phylogeny is based on Blow et al. 2021

respectively. Although I senegalensis and I. elegans diverged about five million
years ago (Blow et al. 2021), it is possible to produce hybrids between these two
species artificially in the laboratory (Okude et al. 2020). In contrast, some damsel-
flies, such as the genus Mnais (Calopterygidae), have male color polymorphism with
female-mimicking color morph (Corbet 1999; Cérdoba-Aguilar and Cordero-Rivera
2005; Futahashi 2017). Comparative analysis of these damselflies is a promising
approach for elucidating the molecular mechanisms underlying color polymorphism
and sexual differentiation.

2.5 Sex Determination Cascades in Insects

Molecular mechanisms underlying sex determination and sexual differentiation of
insects have been studied primarily in the fruit fly Drosophila melanogaster for male
heterogamety XX/XY. In D. melanogaster, Y chromosome is required for male
sexual maturation but is not involved in sex determination (Casper and Van Doren
2006), and the number of X chromosomes and the ploidy of autosomes are important
in sex determination (Erickson and Quintero 2007). XXY karyotype is male in
humans (Klinefelter’s syndrome) but female in D. melanogaster, and X0 karyotype
is female in humans (Turner’s syndrome) but male in D. melanogaster.
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In D. melanogaster, the master switch gene for sex determination is Sex lethal
(SxI), encoding an RNA binding protein that functions as a splicing regulator. In
females with two X chromosomes, a high dose of X-linked signal elements produces
functional SxI proteins by skipping exon 3 containing in-frame stop codons. SxI1
proteins control splicing of SxI gene itself, and functional SxI proteins are produced
in females throughout development. SxI proteins induce a female-specific isoform of
the splicing regulator gene, transformer (tra) (Fig. 2.7a). In females, functional Tra
protein is produced from a female-specific isoform of tra gene, skipping exon
2 containing in-frame stop codons. Conversely, male isoform of fra gene produces
a nonfunctional truncated Tra protein. Tra protein forms a heterodimer with another
splicing regulator protein encoded by transformer-2 (tra2) gene expressed in both
sexes and regulates sex-specific splicing of the transcription factor genes doublesex
(dsx) and fruitless (fru). Dsx and Fru proteins control sex-specific morphology and
behavior, respectively (Fig. 2.7a) (Sanchez 2008; Gempe and Beye 2010; Verhulst
et al. 2010a; Hopkins and Kopp 2021). In addition, sex differentiation of female
external morphology is mediated by the mediator complex component intersex (ix)
gene (no differential expression between sexes) that functions in the downstream of
dsx gene (Fig. 2.7a), and mutants of ix gene exhibit intermediate morphology

(a) Diptera, Coleoptera, Hymenoptera (b) Lepidoptera
Female (XX) Male (XY/X0) Femlae (ZW/Z20) Male (22)
Masc
,/ \“
tra (Female) tra (Male) , bruno 1 Imp
7’

: ,/Iark(Mak";) (Male)

I ROV \ !

1 tra2 Rt pli AN \ ,/

1 -, si

v L’” \/,\/, “\_fa :‘ 4
dsx (Female) dsx (Male) dsx (Female) dsx (Male)
fru (Female) fru (Male) : :

: ix : : ix :
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Fig. 2.7 Schematic diagram of insect sex determination cascade. (a) Sex determination cascade in
insects with male heterogamety. Sx/ Sex lethal, csd complementary sex determination, wom wasp
overruler of masculinization, MoY Maleness on the Y, Mdmd Musca domestica male determiner, fle
femaleless, tra transformer, tra2 transformer-2, dsx doublesex, fru fruitless, ix intersex. (b) Sex
determination cascade in insects with female heterogamety. Fem Feminizer, Masc Masculinizer,
Imp Insulin-like growth factor II mRNA-binding protein, Psi P-element somatic inhibitor, dsx
doublesex, ix intersex. The isoforms of tra and dsx are different between males and females, while
there is a male-specific isoform in bruno 1 and Imp. Pathways present only in specific species are
shown in gray. (Figure modified from Siegal and Baker (2005), Gempe and Beye (2010), Kiuchi
et al. (2014), Sakai et al. (2015), Zheng et al. (2019), Krzywinska et al. (2021), and Hopkins and
Kopp (2021))



22 R. Futahashi

between sexes (male-like pigmentation appears in the abdomen of female ix
mutants) (Siegal and Baker 2005).

Although the sex determination cascade in D. melanogaster has been described in
many textbooks, it has become apparent that the upstream genes are not conserved
even within the order Diptera. Sx/ is not involved in sex determination other than in the
family Drosophilidae (Sanchez 2008; Gempe and Beye 2010; Verhulst et al. 2010a;
Hopkins and Kopp 2021). In Drosophila, Sx1 protein is also involved in the transla-
tional repression of the male-specific lethal 2 gene belonging to the male-specific lethal
(MSL) complex that controls dosage compensation, although MSL complex-mediated
dosage compensation is probably not conserved outside Drosophilidae (Ruiz et al.
2000; Keller Valsecchi et al. 2021). The medfly Ceratitis capitata has male hetero-
gamety (XX/XY) like D. melanogaster, but analyses of partially Y-deficient individ-
uals revealed that a male-determining factor (M factor) is present on Y chromosome
(Willhoeft and Franz 1996). In females, functional fra gene is expressed since early
embryonic developmental stage via maternal inheritance, and female-specific isoform
of tra gene is maintained through autoregulation. In males, M factor modifies the
splicing pattern of fra gene into nonfunctional types (Pane et al. 2002). The responsible
gene for medfly M factor is Maleness on the Y (MoY), encoding a protein as small as
70 amino acids that are conserved only in the family Tephritidae (Meccariello et al.
2019). Importantly, the origin of M factor is highly diverse among the order Diptera
(Fig. 2.7a). The housefly Musca domestica also typically has male heterogamety
(XX/XY), and the sex determination cascade resembles C. capitata. However, there
are multiple strains that translocate M factor from Y chromosome to autosomes
(Diibendorfer et al. 2002), and the responsible gene for the housefly M factor is
Musca domestica male determiner (Mdmd) originated from a duplication of the
pre-mRNA splicing factor gene nucampholin, also known as CWC22 (Fig. 2.7a)
(Sharma et al. 2017). Notably, there are the field populations where females emerge
in spite of the presence of M factor, due to the constitutive activation by mutations in
the tra gene itself (Hediger et al. 2010). In the yellow fever mosquito Aedes aegypti,
the responsible gene for M factor is Nix derived from a duplication of tra2 (Hall et al.
2015; Aryan et al. 2020). In the malaria mosquito Anopheles gambiae, the responsible
gene for M factor is Yob, encoding a small protein of 56 amino acids (Krzywinska et al.
2016). Notably, femaleless (fle) gene, which belongs to the same clade as the Nix
originated from a duplication of fra2, regulates sex-specific splicing of dsx and fru
genes instead of tra2 in Anopheles mosquitoes (Fig. 2.7a) (Krzywinska et al. 2021). In
A. gambiae, fle is involved in the dosage compensation of females, and in Anopheles
stephensi, the Yob ortholog Guyl gene is involved in the dosage compensation of
males (Qi et al. 2019; Krzywinska et al. 2021). It should be noted that A. aegypti and
A. gambiae genomes do not contain fra gene, and it is unclear whether Nix or fle
requires a tra-like counterpart gene for the splicing control of dsx and fru genes
(Fig. 2.7a). Thus, the most upstream gene for sex determination is highly diverse
within the order Diptera.

In the order Coleoptera, genes involved in sexual differentiation have been
functionally analyzed mainly in the red flour beetle Tribolium castaneum (Shukla
and Palli 2012a, 2012b, 2013, 2014), the Japanese rhinoceros beetle Trypoxylus
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dichotomus (Ito et al. 2013; Morita et al. 2019), and the golden metallic stag beetle
Cyclommatus metallifer (Gotoh et al. 2014, 2016). These studies indicate that genes
downstream of #ra are functionally conserved with Diptera (Fig. 2.7a), resulting in
masculinization by tra RNAIi in females, intermediate phenotype of both sexes by
dsx RNAI, and intermediate phenotype by ix RNAi only in females.

Even in the order Hymenoptera, whose sex is determined by haplodiploidy, genes
downstream of ftra (also known as feminizer) are functionally conserved
(Hasselmann et al. 2008; Gempe et al. 2009; Verhulst et al. 2010b; Nissen et al.
2012). In contrast, the most upstream gene for sex determination that control tra
splicing is not conserved and has been identified as complementary sex determina-
tion (csd) originated from a duplication of tra gene in the honeybee Apis mellifera
(Beye et al. 2003), or as wasp overruler of masculinization (wom), a recently
evolved chimeric gene with a P53-like domain, in the parasitoid wasp Nasonia
vitripennis (Zou et al. 2020). In A. mellifera, a female isoform of tra is expressed
when alleles of c¢sd gene are heterozygous (Beye et al. 2003), whereas in
N. vitripennis, wom induces transcription of a female isoform of #ra through genomic
imprinting when there is a paternal genome (Fig. 2.7a) (Zou et al. 2020).

Compared with holometabolous insects described above, the molecular mecha-
nisms underlying sexual differentiation have been less characterized in more ances-
tral hemimetabolous insects. Although tra2, dsx, fru, and ix genes are well conserved
in many hemimetabolous insects, the amino acid sequence of Tra protein has low
sequence similarity, making it difficult to identify (Laslo et al. 2022). In the brown
planthopper Nilaparvata lugens (the order Hemiptera), dsx has sex-specific isoforms
and plays important roles in sexual differentiation mainly in males (Zhuo et al.
2018). In N. lugens, two genes, Female determinant factor (fimd) and Female
determinant factor 2 ( fmd2), control dsx splicing, similar to ¢ra and tra2 in holo-
metabolous insects (Zhuo et al. 2021). It should be noted that find has a female-
specific isoform with partial sequence similarity to Tra protein, whereas find2, an
ortholog of the Drosophila squid gene, does not have a sex-specific isoform. In the
German cockroach Blattella germanica (the order Blattodea), dsx has sex-specific
isoforms and is involved in male differentiation (Wexler et al. 2019). Meanwhile, tra
contributes to female differentiation, although there are no sex-specific isoforms
(Wexler et al. 2019). It has also been reported that fru does not have sex-specific
isoforms in the order Orthoptera (Salvemini et al. 2010; Watanabe 2019). Interest-
ingly, in termites which are included in a monophyletic group of Blattodea (also
referred to as the independent order Isoptera), dsx do not show sex-specific splicing
but is expressed in a male-specific manner (Miyazaki et al. 2021). It should be noted
that, in the branchiopod crustacean (belong to the sister group of insects) Daphnia
magna, dsx is highly expressed in males with no sex-specific isoforms and is
involved in male differentiation (Kato et al. 2011). In D. magna, tra-like gene is
not differentially expressed between males and females and is not involved in sexual
differentiation (Kato et al. 2010).

Among insects, a very unique sex determination cascade has developed in the
order Lepidoptera with female heterogamety (Fig. 2.7b). In the silkworm Bombyx
mori, a sex determinant is located on W chromosome (Hashimoto 1933). Although
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dsx gene has sex-specific isoforms similar to other insects (Ohbayashi et al. 2001;
Suzuki et al. 2001, 2003, 2005), the splicing of dsx is regulated differently in other
insects by splicing regulator protein genes bruno I (also designated as Aret, or
RBP3) and lark (also designated as RBPI) (Zheng et al. 2019), and by P-element
somatic inhibitor (Psi) and Insulin-like growth factor Il mRNA binding protein (Imp)
genes (Suzuki et al. 2008, 2010, 2014). While brunol and Imp have sex-specific
isoforms, the expression of lark and Psi does not differ between sexes (Suzuki et al.
2010, 2014; Zheng et al. 2019). Moreover, male-specific isoforms of Imp and bruno
1 are regulated by a lepidopteran-specific zinc finger protein gene Masculinizer
(Masc), and Masc is inhibited by the master sex determiner Feminizer (Fem), a
single female-specific piRNA present on the W chromosome (Kiuchi et al. 2014;
Sakai et al. 2015; Zheng et al. 2019). Masc gene also controls dsx splicing and
dosage compensation in several lepidopteran species (Lee et al. 2015; Fukui et al.
2018; Wang et al. 2019; Harvey-Samuel et al. 2020; Visser et al. 2021), but Fem
piRNA target sequence in Masc gene is not conserved among Lepidoptera,
suggesting that Fem controls sex determination only within the closely related
species of B. mori (Lee et al. 2015). Notably, in B. mori, SxI is required for the
formation of two different types of sperm but is not involved in sex determination
(Sakai et al. 2019), and tra2 does not regulate splicing of dsx gene (Suzuki et al.
2012). Although fru is important for mating behavior, sex-specific isoforms have not
been reported in B. mori (Xu et al. 2020). In B. mori, ix controls the development not
only of female external genitalia but also of imaginal discs (Xu et al. 2019). Thus,
sex determination in insects is significantly different between male heterogamety
and female heterogamety (Fig. 2.7).

2.6 Molecular Mechanisms Underlying Sexual
Differentiation in Ischnura Damselflies

In the order Odonata, genes involved in sexual differentiation and differentially
expressed genes between sexes and female morphs have been investigated from
genomics and transcriptomics (Chauhan et al. 2016, 2021; Futahashi et al. 2019;
Takahashi et al. 2019, 2021; Willink et al. 2020). In the damselfly 1. elegans with
XX/X0 sex chromosome system, dosage compensation balances gene expression on
X chromosome between males and females (Chauhan et al. 2021).

In the damselfly 1. semnegalensis, dsx gene shows differential expression of
isoforms between sexes and female morphs (Fig. 2.8a) (Takahashi et al. 2019,
2021). Two isoforms (M1 and M2) are expressed mainly in males and androchrome
females, and other two isoforms (F1 and F2, exon 3 is larger than M1 and M2 and
contains stop codons) are expressed mainly in females (both heterochrome and
androchrome) (Fig. 2.8a) (Takahashi et al. 2019). In some lepidopteran species,
dsx is involved in female-limited wing pattern polymorphism, but unlike
I. senegalensis, differences in expression level and/or amino acid sequence are
important rather than isoform patterns (Kunte et al. 2014; Nishikawa et al. 2015).
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Fig. 2.8 Sex-specific isoform and inhibition of masculinization by doublesex (dsx) gene in the
damselfly Ischnura senegalensis. (a) The structure of dsx gene estimated from the genome sequence
of I. elegans (Takahashi et al. 2021; Chauhan et al. 2021). (b) Lateral and dorsal views of RNAi
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(Figure modified from Okude and Futahashi (2021) and Futahashi and Osanai-Futahashi (2021)).
(d) Summary of the regulation of melanin synthesis genes by dsx isoforms (Takahashi et al. 2021)

In dragonflies and damselflies, gene knockdown by RNAI is possible when
electroporation is conducted to introduce small interfering RNA or double-stranded
RNA into the cells, and the gene function is suppressed locally around the region
where the positive electrode was placed for electroporation (Okude et al. 2021,
2022). RNAI1 of dsx (targeting all isoforms) induced feminization of body color in
both males and androchrome females, but did not affect heterochrome females
(Fig. 2.8b) (Takahashi et al. 2021). It has been also confirmed that dsx RNAi
increased the expression of the light-colored NBAD melanin synthesis genes
ebony and black, which are involved in orange thoracic coloration in heterochrome
females (Fig. 2.8c) (Takahashi et al. 2019, 2021; Okude and Futahashi 2021;
Futahashi and Osanai-Futahashi 2021). Thus, when M1 and/or M2 dsx isoforms
are expressed, the expression of black and ebony gene is suppressed, resulting in
masculinization of thoracic body color due to the absence of orange NBAD melanin
(Fig. 2.8d). Meanwhile, female dsx isoforms (F1 and F2) are not involved in sexual
differentiation, at least in color pattern. Together with the results of cockroaches and
termites, dsx may play a major role in masculinization in ancestral insects.
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2.7 Molecular Mechanisms Underlying Wax-Based Sexual
Differentiation in Dragonflies

Many dragonfly and damselfly species exhibit remarkable sexual differences by
secreting whitish wax on body surfaces of the abdomen, thorax, head, and/or wings
as they mature (Fig. 2.5) (Futahashi 2020). In the wax-secreted regions, the surface
fine structures reflect light at broad wavelengths, including ultraviolet (UV) light
(Fig. 2.9a) (Futahashi et al. 2019; Futahashi 2020). For example, in the white-tailed
skimmer dragonfly Orthetrum albistylum, the dorsal region of mature males is
covered with scale- or plate-like structures, whereas the ventral region of mature
females is covered with smaller fine structures (Fig. 2.9b) (Futahashi et al. 2019). This
whitish color in wax-secreted regions disappeared when light scattering is disturbed
by the application of acetone, suggesting that wax-based nanostructures are respon-
sible for the whitish structural color with UV reflection (Futahashi et al. 2019).

Chemical analysis of the dragonfly wax has revealed that very long-chain alde-
hydes and very long-chain methyl ketones are the major components (Fig. 2.9¢)
(Futahashi et al. 2019), which totally differ from previously known organismal
waxes. Notably, the chemical composition of the wax and the intensity of UV
reflection differ between dragonfly species, sexes, and the dorsal/ventral sides of
abdomen. In the ventral region of mature females of S. darwinianum, only
tetracosanal, a very long-chain aldehyde, is detected, whereas, in mature males of
O. melania and mature females of O. albistylum, several kinds of very long-chain
aldehydes are identified (Fig. 2.9¢). It should be noted that very long-chain methyl
ketones are detected only in mature males of O. albistylum (Fig. 2.9c), which show
strong UV reflection (Fig. 2.9a). The differences in wax composition may reflect
their environmental and behavioral characteristics. Species that prefer sunny habitats
tend to exhibit stronger UV reflections (e.g., mature males of O. albistylum), whereas
females of O. melania that usually mate in shady places exhibit no UV reflection
even on the ventral abdomen (Fig. 2.9a) (Futahashi et al. 2019). Since dragonflies
that mate in sunny places expose the ventral abdomen of females to direct sunlight
(Fig. 2.9a), the wax secreted on the ventral side of females may protect the abdomen,
including the ovaries, against UV damage (Futahashi et al. 2019).

Notably, synthetic very long-chain methyl ketone, the main UV-reflective wax
component of mature males of O. albistylum, spontaneously forms light-scattering
fine structures with strong UV reflection and water repellency (Futahashi et al.
2019), suggesting that the secreted very long-chain methyl ketones should play a
crucial role in UV reflection. In addition, the comparative transcriptome in different
stages, sexes, and abdominal regions of O. albistylum has revealed that the
ELOVLI7 gene, a member of the elongation of the very long-chain fatty acids
(ELOVL) protein family, is specifically expressed in the region where very long-
chain methyl ketones are present (Fig. 2.9d), suggesting that this gene is involved in
the production of very long-chain methyl ketones (Futahashi et al. 2019). Expression
levels of ELOVLI17 differed over 100-fold not only between sexes but also between
heterochrome and androchrome females (Fig. 2.5) (Futahashi et al. 2019).
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Comparisons of gene expression between males and females as well as female color
morphs are expected to identify genes contributing to sexual differences in various
dragonflies and damselflies.

2.8 Conclusion and Perspective

Insects have a variety of sex determination system, and the upstream genes of the sex
determination cascade are highly diverse. In general, splicing regulators play impor-
tant roles in insect sexual differentiation (Sanchez 2008; Gempe and Beye 2010;
Verhulst et al. 2010a; Hopkins and Kopp 2021; Laslo et al. 2022). In many insects,
downstream of the splicing regulator gene fra is conserved, whereas the sequence of
Tra protein is less conserved among insects. At least in the common ancestor of
Odonata and other insects, sex-specific isoforms of dsx gene are present, and dsx
isoforms differ not only between sex but also between female color morphs in some
damselflies (Takahashi et al. 2019), indicating the conservation of the role of
sex-specific dsx isoforms in sex determination. Since fra gene may not be differen-
tially expressed between sexes in the ancestral hemimetabolous insects like cock-
roaches (Wexler et al. 2019; Hopkins and Kopp 2021), the molecular mechanism on
how dsx isoforms are controlled in ancestral insects deserves future studies.

Female polymorphism in dragonflies is often genetically determined (e.g.,
Ischnura in the family Coenagrionidae), but in some species (e.g., Aeshna in the
family Aeshnidae), blue (androchrome) and green (heterochrome) female polymor-
phism is observed continuously, and it has been reported that color polymorphism is
regulated by the temperature immediately after adult emergence (Corbet 1999). In
addition, the phenomenon of marked sexual dimorphism associated with adult
maturation in several dragonflies and damselflies (e.g., O. albistylum) may involve
certain hormonal factors, similar with sex hormones of vertebrates. Elucidation of
the molecular mechanisms underlying the spectrum of sexual dimorphism in drag-
onflies and damselflies, the most ancestral winged insects, should provide under-
standing the origin of sexual differentiation in insects.
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Chapter 3 )
Dimorphic Female-Limited Batesian s
Mimicry in Two Papilio Butterflies

Haruhiko Fujiwara and Shinya Komata

Abstract To deceive predators, palatable species often resemble colour patterns
and morphology of unpalatable species, which is called Batesian mimicry. In two
closely related swallowtail butterflies, Papilio polytes and P. memnon, only females
mimic model poisonous butterflies, and females have mimetic and non-mimetic
types. Responsible loci (H for P. polytes and A for P. memnon) for mimicry were
identified in the homologous chromosomal region as supergene containing
doublesex (dsx) and a few genes. The supergene sequences between H and
h (A and a) alleles are highly diversified due to recombination suppression, which
is caused by chromosomal inversion in P. polytes, but no inversion in P. memnon. In
both species, higher expression of mimetic dsx (dsx-H and dsx-A) in female pupal
wings induced mimetic colouration, and the expression of genes inside the super-
gene was similar to that of mimetic dsx. In contrast, colouration patterns and
supergene structure were considerably different between the two species. Further-
more, the chemical features of pale-yellow in hindwings, which are important both
for sexual and mimicry strategies in P. polytes, seemed different in P. memnon. Here,
we summarise the similarities and differences in mimetic traits between two butter-
flies and discuss how two mimicry supergenes have evolved.

Keywords Female-limited Batesian mimicry - Supergene - In vivo electroporation-
mediated RNAi - Cost—benefit balance of mimicry - Papilio butterflies - doublesex

3.1 General Introduction

Various body colours and patterns can be observed in many animals, including
insects. These patterns and colours play an important role in their life history, such as
sexual strategies between males and females, as well as escaping predators as
protective and warning colours (Ruxton et al. 2004). As many insects are the target
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of predation by animals, they have developed the strategy “mimicry” to avoid
predation by imitating the colours, shapes, patterns, or behaviours of other organ-
isms (Ruxton et al. 2004; Vane-Wright 1980). Palatable species mimic distantly
related poisonous species, which is known as Batesian mimicry and is seen in a wide
range of organisms (Bates 1862). Mullerian mimicry, in which poisonous species
resemble each other, is also well-known and well-studied, especially in bees and
butterflies (Miiller 1879). Darwin and Wallace, pioneers of evolutionary biology
more than 150 years ago, were interested in the fact that in large butterflies in
Papilionidae or Pieridae families, only females but not males show Batesian mimicry
(Wallace 1865). Among these butterflies, males have high flight ability, whereas
females with eggs have lower flight ability, and females have been considered to
have a high merit of mimicry to reduce predation pressure (Ohsaki 2005; Kunte
2009a).

Clarke et al. investigated the distribution of various types of Batesian mimicry
among the Papilio butterflies and found that although some of them do not mimic,
some exhibit several types of Batesian mimicry: a mimetic pattern in both sexes,
different patterns between males and females, and female-limited mimicry (Clarke
and Sheppard 1960; Clarke and Sheppard 1972; Clarke et al. 1968). It is noteworthy,
however, that male-limited mimicry was not found in the Darwin era. Among
female-limited Batesian mimicry in Papilio butterflies, there are several types;
only mimetic females exist in many species, both mimetic and non-mimetic females
coexist in wild populations, such as the common mormon Papilio polytes and the
great mormon P. memnon (Fig. 3.1). There are polymorphic females, each of which
resembles different poisonous model species, such as P. dardanus (Clarke and
Sheppard 1960). It is of interest that the variety of Batesian mimicry types in Papilio
butterflies described above is not necessarily monophyletic from the common
ancestors and often appears discontinuously during evolution (Kunte 2009b). Both
female-limited Batesian mimicry and polymorphic Batesian mimicry have been
fascinating topics in the field of ecology and evolution, but the molecular mecha-
nisms underlying these phenomena still remain to be identified after a long time. In
this review, we primarily focus on two dimorphic female-limited Batesian mimic
butterflies: P. polytes and P. memnon, which are closely related species (Fig. 3.1).
Here, we introduce the molecular mechanisms underlying mimicry, which have been
and are currently being studied.

The genes that regulate butterfly mimicry have long been genetically studied
(Clark et al. 2008; Joron et al. 2011). In P. memnon and P. polytes, both of which
fascinated Darwin and others, genetic analyses showed that the mimetic phenotype
is dominant and that the causative locus exists in a specific autosomal region, which
is mentioned as H in P. polytes and A in P. memnon (in chromosome 25) in this
study, and is transmitted to the next generation, according to Mendel’s inheritance
(Clarke and Sheppard 1972; Clarke et al. 1968). It is noteworthy that in females of
the two species, HH (or AA) and Hh (Aa) are mimetic but i/ (aa) is non-mimetic, but
all males are non-mimetic in any genotype (Fig. 3.1).

The phenotypes that appear in Batesian mimicry include multiple traits, such as
wing colour patterns, presence or absence of hindwing tails and flying behaviour
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Fig. 3.1 Adult wing colour patterns of Papilio polytes, P. memnon, and their model butterflies. The
top photographs show the model butterfly Pachliopta aristolochiae, mimetic female, and
non-mimetic female/male of P. polytes. The bottom photographs show the model butterfly
Atrophaneura polyeuctes, mimetic females, non-mimetic females, and males of P. memnon. Geno-
types are shown in parentheses

(Clarke and Sheppard 1960; Clarke and Sheppard 1972; Clarke et al. 1968; Kitamura
and Imafuku 2015). As these complex traits in P. memnon are controlled by a single
locus, Fisher proposed the hypothesis that multiple adjacent genes as a cluster on the
chromosome are integrated to control mimicry traits, and this gene cluster is named
“supergene” (Fisher 1930; Charlesworth and Charlesworth 1975). The existence of
supergenes has been reported in a wide range of species, connected with various
adaptive complex traits, such as the pistil length of plants, self-incompatibility in
plants, protective colours in fishes, social behaviour in fire ants, and sexual behav-
iour of birds (Joron et al. 2011; Wang et al. 2013; Kupper et al. 2016; Lamichhaney
et al. 2016; Li et al. 2016; Tuttle et al. 2016; Pearse et al. 2019; Shore et al. 2019;
Yan et al. 2020). As described later, recent advances in genome sequencing and
analyses have contributed to the identification of the supergene structure on a
chromosome locus, which is composed of multiple adjacent genes (Gutiérrez-
Valencia et al. 2021).
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3.2 Characteristic Traits of Mimetic/Non-mimetic P. polytes
and P. memnon Females and Males

It is considered that mimetic females of P. memnon and P. polytes resemble the
model poisonous butterflies in the genera Pachliopta and Atrophaneura, such as
Pachliopta aristolochiae and Atrophaneura polyeuctes, respectively (Clarke and
Sheppard 1960; Clarke and Sheppard 1972; Clarke et al. 1968; Komata et al.
2017). In both mimetic females, there are red spots on the edges and whitish
(mentioned as pale-yellow thereafter) spots in the centre of the hindwings and
white streaky stripes on the forewings (Fig. 3.1). In addition, hindwing tails are
observed only in mimetic females in P. memnon and some subspecies of P. polytes,
whereas the structure is observed even in non-mimetic females and males in
P. polytes that inhabit the Okinawa islands in Japan. The abdomen of Papilio
butterflies is usually blackish, but only mimetic females of P. memnon show an
orange abdominal colour, which is similar to the warning colour in the model
poisonous butterfly (Fig. 3.1).

In contrast to the mimetic type, the non-mimetic females and males of P. polytes
show almost the same wing pattern and shape; loss of (or reduced) peripheral red
spots; and centred pale-yellow stripe in the hindwings. It is noteworthy that the
centred pale-yellow regions of P. polytes hindwings have different responses to
ultraviolet (UV) rays between mimetic and non-mimetic females, with the former
reflecting UV rays, whereas the latter absorb UV rays and emit blue fluorescence
(Nishikawa et al. 2013; Yoda et al. 2021). When observed using this property, there
are slight differences between non-mimetic females and males. In contrast to
P. polytes, there are large differences in wing patterns between mimetic and
non-mimetic females and non-mimetic females and males in P. memnon (Fig. 3.1)
(Komata et al. 2016). In addition, the UV responses in P. memnon are not very
different between mimetic and non-mimetic females and males. Thus, although
closely related P. polytes and P. memnon show similar dimorphic female-limited
Batesian mimicry, the phenotypic characteristics and their controls seem quite
different between both species, suggesting that the differences may be correlated
with their lifestyles.

3.3 Chemical and Physical Properties of Pigments in Wing
Scales in Two Papilio Butterflies

Colours on butterfly wings are roughly divided into those based on pigments and
structural colours (Stavenga et al. 2015). Previous studies have shown that some blue
spots on the wings of Papilio butterflies are dependent on the structural colours, but
most colours involved in wing patterns and body colours of P. polytes and P.
memnon and model poisonous butterflies are considered to be dependent on
pigments.
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Black and brown, which make up most of the body colour in the above butterflies,
are primarily due to melanin pigments. Conversely, in the Papilio butterflies,
pigments derived from kynurenine and N-beta alanyl dopamine (NBAD) are often
used for body colours, such as pale-yellow and red (Rembold and Umebachi 1985).
We identified that the band-shaped pale-yellow in the hindwings of non-mimetic
females and males in P. polytes is composed primarily of papiliochrome II
(Nishikawa et al. 2013). This pigment is a combination of kynurenine and NBAD
and absorbs UV light and emits blue fluorescence (Umebachi 1985). In contrast, the
centred pale-yellow region of mimetic female hindwings is considered to consist of a
melanin-related pigment, whereas UV reflectance originates from the basic scale
structure, which contributes to the UV reflection rather than the pigment substance
(Yoda et al. 2021). The centred pale-yellow region of the model butterfly
P. aristolochiae shows chemical and physical properties similar to those of mimetic
females of P. polytes (Yoda et al. 2021).

The peripheral red spots on mimetic females of P. polyfes were reported to
contain both kynurenine and NBAD, named papiliochrome R (Umebachi 1985),
but it seems highly cross-linked and insoluble; thus, its detailed chemical structure
has not been clarified yet. Conversely, it has been reported that the red spots in the
model butterfly P. aristolochiae contain “A-type pigment”, which contains NBAD
but not kynurenine (Umebachi 1978), but its detailed structure is yet to be clarified.

The above results indicate that pale-yellow pigments in hindwings are
synthesised differently between P. polytes mimetic and non-mimetic females, but
similarly between mimetic females and the model P. aristolochiae. However, the
peripheral red pigments in hindwings are synthesised differently between mimetic
females and the model P. aristolochiae. These features imply that the Batesian
mimicry and convergent evolution have been established. However, the chemical
and physical properties of pigments in P. memnon have not yet been studied.

3.4 Identification of Responsible Genes and Supergene
Structure for the H and A Locus

From classical genetic studies in P. polytes and P. memnon, it was reported that the
locus responsible for H and A is located in a single region in an autosome (Clarke and
Sheppard 1972; Clarke et al. 1968). Recently, more accurate genetic techniques,
linkage analyses using DNA polymorphisms (such as AFLP), and RAD sequencing
have revealed that the H locus in P. polytes is located near the doublesex (dsx) gene
on chromosome 25 (Fig. 3.2) (Kunte et al. 2014; Nishikawa et al. 2015). Further-
more, whole genome sequencing of a heterozygous Hh female of P. polytes clarified
that the sequences around dsx were highly diversified between /# and H alleles, which
are named highly diversified regions (HDRs), as well as the sex chromosomes (Z and
W) (Nishikawa et al. 2015). The HDR around dsx extends to 130 kb, which is
presumed to be a supergene. It was unexpected that the same region was identified
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Fig. 3.2 Structure of the mimicry supergene in two Papilio species. The structure of the highly
diversified region (HDR) on chromosome 25 was compared between H and / (left, P. polytes) and
between A and a (right, P. memnon). The breakpoint (BP) between HDR and flanking conserved
regions is shown as a vertical dotted line in the two species. dsx, doublesex; UXT, ubiquitously
expressed transcript,; U3X, unknown 3 exons; Nach-like, natrium channel-like

by two different approaches: DNA polymorphism search and whole genome
sequencing. As the latter method is quicker and easier at present, whole genome
sequencing of intraspecies polymorphic alleles is efficient for identifying supergene
candidates. Using this idea, we sequenced the whole genome of AA and aa individ-
uals of P. memnon and found three HDRs in different autosomes (Iijima et al. 2018).
Among the three HDRs, we identified the dsx, including HDR, in chromosome 25 as
the mimicry-associated one using a genome-wide association study.

Detailed analysis of whole genome sequences revealed approximately 130 kb
HDR in P. polytes and approximately 150 kb HDR in P. memnon as a region
corresponding to the mimicry supergene (Fig. 3.2). Both HDRs contain full-length
dsx. It is intriguing that the direction of dsx is reversed between H and h alleles in
P. polytes, whereas the direction is the same in P. memnon (lijima et al. 2018). This
clarifies that the former has a chromosomal inversion, but the latter has no inversion.
In addition to dsx, both HDRs contain the 5'-UTR of ubiquitously expressed
transcript (UXT) (Nishikawa et al. 2015; Iijima et al. 2018); the left breakpoint
(or left junction site) of inversion (or HDR) is inside the UXT at almost the same
position in both species. Only in P. polytes, untranslated 3 exon (U3X), which is a
long non-coding RNA, was shown in H but not in h alleles, but no homologous
sequence was found in other chromosomal regions or in other species’ genomes,
suggesting that this new sequence appeared during supergene evolution. Conversely,
the HDR of P. memnon contained a natrium channel-like (nach-like) gene (lijima
et al. 2018), whose sequence is diversified between the A and a allele; thus, the right
junction site of HDR is inside the nach-like, whereas the right breakpoint of
inversion of P. polytes was found between dsx and nach-like (Fig. 3.2).
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3.5 Evolutionary Process of the Mimicry Supergene in Two
Papilio Butterflies

As the gene synteny and each gene orientation of the 4 allele in P. polytes are
homologous to those of other Lepidoptera, the H allele has been newly generated
from the £ allele and evolved due to the suppression of chromosomal recombination
by inversion (Fig. 3.3). It is presumed that suppression of recombination accelerates
the accumulation of mutations and diversification of sequences of H and / alleles
and functions to fix their sequence heterogeneity (Gutiérrez-Valencia et al. 2021). In
fact, we observed that the sequence homology was considerably low within the HDR
between the & and H alleles, but nearly 100% outside the HDR (Nishikawa et al.
2015; ILijima et al. 2018). In P. memnon, in which no chromosomal inversion is
observed in the mimicry supergene, the linkage disequilibrium in the HDR is at the
repressed level compared to that of the surrounding regions; thus, the recombination
is also suppressed without inversion, which leads to diversification of sequences
between the A and a allele (Fig. 3.3). Although the mechanism of recombination
suppression in the A/a alleles has not been clarified yet, many repetitive sequences
and various transposable elements are accumulated in the HDR, and recombination
suppression is initiated by the insertion/deletion of some transposable elements
(Iijima et al. 2018). However, the sequence diversification between A and a seems
lower than that between H and h, and the ability to suppress the A/a alleles may be
weaker by inversion in the H/h alleles.

Comparing the amino acid sequences of Dsx between H and & in P. polytes, we
observed 14 amino acid substitutions; the amino acid changes occurred primarily in
Dsx-H but rarely in Dsx-h based on the Dsx conserved sequence among Lepidop-
tera, suggesting that the function of Dsx-H has evolved to cause Batesian mimicry.
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Fig. 3.3 Hypothetical evolutionary process of the mimicry supergene in two Papilio species. In
P. polytes, chromosomal inversion occurred in the mimetic locus (H), and recombination between H
and h alleles was repressed, which caused mutation accumulation and sequence diversification in
both alleles. In P. memnon, some transposable elements or repetitive sequence integration in A/a
alleles might have caused sequence diversification between them
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Conversely, the Dsx amino acid changes between A and a in P. memnon are found
only at four sites, which occur both in Dsx-A and Dsx-a at a similar rate to the
conserved Lepidopteran sequence, suggesting that mutations have occurred ran-
domly in both Dsxs (lijima et al. 2018). Most of the mutations in the above Dsx
sequences are present outside the DNA-binding and ligand regions, indicating that
the basic function of Dsx is not lost. It is noteworthy that no mutation sites were
conserved in the four Dsx sequences in either species and were found independently
between Dsx-H and Dsx-A (lijima et al. 2018). This indicates that there seems to be
no specific amino acid involved in mimicry traits. Considering the difference in the
mode of existence of chromosomal inversion between H and A alleles, independent
changes in the Dsx amino acid sequences described above suggest that mimicry
supergenes in the two butterflies have evolved independently. However, another
group reported that Dsx-H and Dsx-A seemed to be different from the ancestral
sequences based on the comparison of the Dsx sequences among closely related
species of P. memnon (Palmer and Kronforst 2020). Therefore, further studies are
necessary to verify which hypothesis is appropriate.

3.6 Expression Profiles of Genes Inside the Mimicry
Supergene

The expression of dsx genes was similar in both Batesian mimic Papilio butterflies.
In the hindwings of mimetic females (Aa or Hh), mimetic dsx (dsx-A or dsx-H) is
strongly expressed during the early pupal stage which is an important time for the
commitment of mimicry traits (Fig. 3.4a) (Nishikawa et al. 2015; Iijima et al. 2018;
Komata et al. 2022a, b, c). In contrast, non-mimetic dsx (dsx-a or dsx-h) is expressed
at a lower level in the early pupa but strongly in the late pupa. It is noteworthy that
the abdomen of P. memnon shows a yellow colour that resembles the warning colour
in the abdomen of the model butterfly, and dsx-A is expressed at a higher level in the
abdomen of P. memnon (Komata et al. 2022b). These facts indicate that the
expression of mimetic dsx-A and dsx-H is correlated with mimetic traits in both
butterflies. Kunte et al. reported that a Dsx antibody stains the corresponding region
of white stripes in the forewings of P. polytes, a pattern similar to the forewings of
the model butterfly and is thought to be one of the mimetic traits, which supports the
above idea (Kunte et al. 2014). The important fact is that the mimetic dsx-H and dsx-
A are rarely expressed in males, even H and A alleles are included in the genome. It is
not currently known why only females, but not males, with the same genotype Hh or
Aa show mimetic traits. As the dsx gene produces female- and male-specific
isoforms, which usually control sexual differentiation, the female-specific isoforms
of mimetic Dsx may cause mimetic traits in females. However, the repression of the
dsx gene in the male tissues involved in mimetic traits seems to be a major reason for
female-limited mimicry.
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Fig. 3.4 Functional analyses of dsx-H and its downstream Wnt1/Wnt6 on P. polytes mimetic
female wings. (a) The expression levels of dsx-H, Wntl, and Wnt6 in hindwings from day
0 (PO) to day 3 (P3) after pupal ecdysis in mimetic (red) and non-mimetic (blank) females of
P. polytes. (b) The expression levels of Wntl and Wnt6 after knockdown (KD) of dsx-H in
hindwings of mimetic females by the electroporation-mediated functional analysis (EMFA)
method: grey box, the wings of si-dsx-H-treated butterflies; blank, non-treated wings. (c) Pheno-
typic changes in mimetic female hindwings following gene knockdown. siRNA-treated (right) and
non-treated wings (left) in the same individual were compared after dsx-H knockdown (top) and
Wnt1/Wnt6 double knockdown (bottom). When compared with non-treated wings, a pale-yellow
band appeared (blue arrowhead) and red spots or centred pale-yellow diminished (red arrowhead) in
siRNA-treated wings. (This figure was prepared and arranged based on the figures of Nishikawa
et al. (2015) and lijima et al. (2019))

Conversely, when examining internal genes within the HDR of the mimicry
supergene, UXT and U3X (only in P. polytes) showed similar expression trends as
mimetic dsx-A and dsx-H genes (Komata et al. 2022a). The UXT commonly included
in both Papilio supergenes is highly expressed in the hindwings of mimetic females
during early pupa. Similarly, U3X was highly expressed in mimetic females of
P. polytes. The expression of nach-like, which is inside the P. memnon HDR but
outside the P. polytes HDR, is very low in wings and most organs except for gonads.
As the hindwings show the most visible phenotypic difference between mimetic and
non-mimetic individuals, we analysed the expression of the above genes primarily in
the wings or abdomen. However, mimetic traits involve not only body colour but
also flight behaviour. Thus, the expression and function of internal genes of HDR
should be clarified in tissues other than the wings or abdomen.
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3.7 Functional Analysis of the dsx Gene and Downstream
Genes Controlled under Mimetic Dsx

Recently, we developed an RNAi knockdown system, named electroporation-
mediated functional analysis (EMFA), which is a rapid method for observing
phenotypic changes, especially in body colour patterns (Ando and Fujiwara 2013).
To determine the functional involvement of each gene inside the mimicry supergene,
we first analysed the function of dsx (Yoda et al. 2021; Nishikawa et al. 2015; Iijima
et al. 2019). After injection and electroporation of siRNA specific for dsx-H into a
mimetic female hindwing of P. polytes immediately after pupal ecdysis, we found
that the mimetic colour pattern changed to a non-mimetic one in the emerged
butterfly (Fig. 3.4c). This result suggests that dsx-H not only induces the mimetic
pattern but also represses the non-mimetic pattern and that both prepatterns are ready
for use at the pupal ecdysis. We did not observe any effects of dsx-H knockdown in
non-mimetic females. Recently, we found that knockdown of dsx-h in non-mimetic
female hindwings causes the female colour pattern to resemble that of males. This
suggests that the default status in hindwings is a male pattern, which is converted to a
female pattern by the dsx-h function (Komata et al. 2022a). Similarly, dsx-A and dsx-
a in P. memnon are involved in mimetic pattern and non-mimetic pattern formation
in female wings from the male pattern as default (Komata et al. 2022b). In addition,
the abdominal orange warning colour of P. memnon mimetic females also changed
to black by RNAi knockdown of dsx (Komata et al. 2022b). From these observa-
tions, the mimetic-type dsx gene in the mimicry supergene dsx-H and dsx-A is
considered to be the main molecule responsible for mimetic traits.

Since Dsx functions as a transcription factor, mimetic traits are considered to be
caused by the gene network controlled by mimetic dsx. To understand this gene
network, we knocked down dsx-H by EMFA in one hindwing just after pupal
ecdysis (day 0) in the mimetic female (Hh) and prepared total RNAs from the
wings from day 1 to 3 after injection (Iijima et al. 2019). After comparing the
transcriptome by RNA-seq between siRNA injected and non-injected wings, we
found that over 100 genes, including genes for transcription factors and signal
transduction, were upregulated and downregulated. Wnt/ and Wnt6, which form
colour patterns in other organisms, are induced by dsx-H at early pupal stages and are
involved in central white and peripheral red colouration in the mimetic female
hindwings (Fig. 3.4a). The fact that the expression levels of Wntl/ and Wnt6
decreased in the mimetic hindwings after knockdown of dsx-H strongly suggests
that Wnt1/6 is under the control of dsx-H (Fig. 3.4b). Furthermore, when Wnt1/6 are
double-knocked down in mimetic female wings, the centred pale-yellow region
changes its shape as a non-mimetic pattern but not elongated, as shown by the
knockdown of dsx-H (Fig. 3.4c), suggesting that genes other than Wntl/6 are
necessary for reproducing the non-mimetic wing pattern. In contrast, Abd-A is
repressed by dsx-H at the early pupal stages, which is involved in the non-mimetic
hindwing patterns. Although most of the candidate genes listed by the comparative
transcriptome approach described above, some homeotic genes, such as al
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(alistaless), cut, and Ems (empty spiracle), were also identified as members of the
gene network regulated by dsx-H (unpublished).

On the other hand the chemical and physical features of pale-yellow regions in
hindwings are critically different between mimetic and non-mimetic P. polytes, as
described above. The knockdown of dsx-H in mimetic females shows the transition
of mimetic type pale-yellow to non-mimetic type pale-yellow (papiliochrome II
pigment) (Yoda et al. 2021). The knockdown of some genes for enzymes involved
in papiliochrome II synthesis, such as tyrosine hydroxylase, dopa decarboxylase,
and laccase 2, results in the loss of non-mimetic pale-yellow colouration (Yoda et al.
2021). In addition, in the mimetic type of the pale-yellow region, which was treated
with siRNA for dsx-H, gene expression of enzymes involved in papiliochrome II
synthesis, TH, DDC, ebony, vermilion, and kynurenine formamidase was all
reduced. These results indicate that dsx-H represses multiple genes involved in
papiliochrome II synthesis in the mimetic pale-yellow regions and the release of
this repression in non-mimetic females or males makes the non-mimetic pale-yellow
region, whereas the gene (or genes) that directly regulates the repression under the
dsx-H function has not yet been identified.

3.8 Cost-Benefit Balance in Batesian Mimicry of P. polytes:
Sexual Strategy Versus Mimicry

In P. polytes and P. memnon, there are two types of mimetic and non-mimetic
females; however, the molecular mechanisms underlying the formation and mainte-
nance of this polymorphism are unclear. From an ecological point of view, poly-
morphisms are thought to be maintained by negative frequency-dependent selection
via predation pressure (Kunte 2009a; Huheey 1988). In addition, the costs of
mimetic females could also affect the maintenance of polymorphisms. There are
two hypotheses regarding the costs of mimetic females: one is that males prefer
non-mimetic females more than mimetic females in P. polytes (Ohsaki 2009;
Westerman et al. 2019). Although some researchers argue against this observation
by Dr. Osaki, if this is true, both females have benefits and costs. The mimetic
females that escape predation are disadvantageous for mating, and the non-mimetic
females that are advantageous for mating are easy to predate. The populations of the
two types of females may be balanced in the wild; however, the balance may be
shifted under different circumstances. The pale-yellow region of the hindwings is
considered an important signal for mate choice in P. polytes. We have recently found
that the reflection spectrum of this region differs significantly between mimetic and
non-mimetic colours (Yoda et al. 2021). Based on the spectrum, we compared the
relative excitation patterns of photoreceptors (UV, S, M, L) in humans, birds, and
Papilio butterflies and simulated how to perceive the corresponding pale-yellow
colours in males and mimetic and non-mimetic females of P. polytes, and in model
butterflies. We found a possibility that although four colours look similar to human
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Fig. 3.5 Comparison of photoreceptor sensitivity in three animals for pale-yellow colours of
hindwings. The relative excitation of the set of photoreceptors (S, M, L, or UV) for pale-yellow
colouration in males, non-mimetic females, and mimetic females of P. polyfes and model
P. aristolochiae are shown. Based on the reflectance spectra of each pale-yellow colour, the relative
excitation for each photoreceptor was calculated in humans, birds (blue tits), and Papilio butterflies
(P. xuthus). (This figure is a modified version of Fig. 7 of Yoda et al. (2021))

eyes, they look significantly different to the eyes of birds and Papilio butterflies,
which can see UV (Fig. 3.5). In birds and butterflies, the relative excitation patterns
for four pale-yellow colours were similar between non-mimetic females and males
and between mimetic females and model butterflies. This suggests that the former
similarity may contribute to the sexual preference of males in Papilio butterflies and
that the latter similarity may contribute to avoiding predation by birds. However, in
P. memnon, we could not find a critical difference in the mating preference of males
between mimetic and non-mimetic females (Komata et al. 2017).

Another hypothesis is that the formation and maintenance of mimetic traits come
at some costs. Osaki suggested that mimetic females of P. polytes have a short
lifespan, although detailed results have not yet been published (Ohsaki 2005).
Recently, we compared the lifespan of male and female P. polytes bred in the
laboratory and found that the lifespan of non-mimetic females (k%) (approximately
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Fig. 3.6 Comparison of adult longevity in each dsx genotype of P. polytes (a) and cost—benefit
balance model (b). (a) The female-specific effect of dsx-H on adult longevity. (b) In mimetic
females of P. polytes, mimetic dsx (dsx-H) yields a benefit of reducing predation pressure by
Batesian mimicry, accompanied by physiological costs, such as reduced adult longevity. ((a) is a
modified version of Fig. 3 of Komata et al. (2020))

3 weeks) was longer than that of mimetic females Hh (approximately 2 weeks) and
HH (approximately 1 week) (Komata et al. 2020). However, the lifespan of male
butterflies was approximately the same (approximately 2 weeks) among different
genotypes (hh, Hh, and HH) (Fig. 3.6a). It is noteworthy that dsx-H is rarely
expressed in wings and other organs of males (data not shown). In addition, larval
performance and fecundity are reduced in individuals with the H allele, suggesting
that the expression of dsx-H affects the mimetic females physiologically. These
results indicate that dsx-H expressed in mimetic females brings a benefit to cause
mimetic traits but at some physiological costs simultaneously (Fig. 3.6b). We do not
yet know what type of mechanisms underlie the costs or how dsx-H affects physi-
ology, and further studies are necessary to answer these questions. However, we did
not observe any physiological costs in mimetic females (or other morphs) in
P. memnon (Komata et al. 2018). Both the cost—benefit balance between mimicry
and physiological cost and mating preference of males are suggested in P. polytes
but not in P. memnon. Thus, it is of interest that non-mimetic females of P. memnon
inhabit the Honshu islands of Japan, but we could not find mimetic females. This
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suggests some physiological costs, even in P. memnon. Further physiological and
ecological studies will clarify the environmental or lifestyle factors that affect the
differences in cost—benefit balancing between the two species.
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Chapter 4 m)
Spectrum of Sex Chromosomes in Mammals <

Asato Kuroiwa

Abstract Placental mammals have two types of sex chromosomes, a relatively large
X chromosome and a small Y chromosome. Sex is determined by a gene on the Y
chromosome, SRY, and therefore, XY is male and XX is female. Although this
XX/XY system is regarded as highly conserved in placental mammals, atypical sex
chromosomes and sex determination mechanisms have been reported. Since species
with such atypical chromosomes are non-model organisms, they are often not well-
characterized. However, the application of advanced genome sequencing technolo-
gies has clearly revealed that diverse sex chromosomes have evolved in placental
mammals. This chapter introduces the spectrum of sex chromosomes in placental
mammals.

Keywords X chromosome - Y chromosome - Atypical sex chromosome - Evolution

4.1 Large X, Small Y

Sex chromosomes diverge rapidly in many lineages. Transitions in sex chromo-
somes are referred to as sex chromosome turnover. However, some groups have
stable and conserved sex chromosomes. The most prominent example is placental
mammals (referred to below as mammals), which have a highly conserved male
heterogametic sex chromosome system, with XY males and XX females. There is no
evidence for sex chromosome turnover in the long evolutionary history of the group,
and the sex-determining mechanism triggered by the sex-determining region Y
(SRY) gene on the Y chromosome is highly conserved (see Chap. 5). Among
vertebrate groups, genomic differences between sexes are relatively large in mam-
mals due to substantial differentiation between the X and Y chromosomes.
Mammalian X and Y chromosomes coevolved from an ordinary pair of auto-
somes in the common ancestor, first appearing about 300 million years ago
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(Charlesworth 1991; Lahn and Page 1999; Ross et al. 2005). During evolution, X-Y
recombination was suppressed and the portions of the X and Y chromosomes that do
not recombine during male meiosis increased. The reduced efficacy of purifying
selection in non-recombining regions led to the accumulation of deleterious muta-
tions in Y-linked genes (Charlesworth and Charlesworth 2000). The subsequent
inactivation and loss of Y-linked genes led to the genetic degeneration of the Y
chromosome. The mammalian X chromosome is relatively large, making up about
5% of the haploid genome, and the size is highly conserved, with some exceptions
(Ohno 1967). By contrast, the mammalian Y chromosome is extremely small and
contains very few genes. Fewer than 5% of genes survived the massive mammalian
Y chromosome degeneration (Bellott et al. 2014; Skinner et al. 2016).

The remaining Y chromosome genes acquired male-specific functions, including
roles in sex determination (SRY) and spermatogenesis, and are consequently essen-
tial for maleness in mammals. It has been difficult to assemble the genome sequences
of the Y chromosome owing to the excessive accumulation of repetitive sequences
and transposable elements. However, advances in genome sequencing technology
have enabled sequencing and comparative analyses of the Y chromosomes of many
mammalian taxa. Recent genomic comparisons suggest that each lineage retained
9-16 ancient Y chromosome genes, and around 10 genes have been conserved in
rodents. Five genes, Sry, Ddx3y, Usp9y, Uty, and Zfy, are common to all mammalian
species with sequenced Y chromosomes (Table 4.1) (Bellott et al. 2014; Skinner
et al. 2016; Cortez et al. 2014).

4.2 XO Males Without SRY

The Y chromosome is generally essential for males in mammals. In humans, XO
individuals (45, XO, also known as Turner syndrome) show a female phenotype
(although it is characterized by immature reproductive organs and functions). How-
ever, in some species, male sex is determined without a Y chromosome. Two species
in the genus Tokudaia (Murinae, Rodentia) and one species in the genus Ellobius
(Arvicolinae, Rodentia) show an XO/XO system and lack the Sry gene. Losses of the
Y chromosome and Sry occurred independently in these species, as the genera
Ellobius and Tokudaia belong to different subfamilies, Arvicolinae and Murinae,
respectively.

4.3 XO/XO System in Spiny Rats, Genus Tokudaia

The spiny rats, which belong to the genus Tokudaia, are native to Japan. The genus
includes three species, each indigenous to only a single island in southernmost
Japan. The Okinawa spiny rat (Tokudaia muenninki), which lives on Okinawa-
jima island, has an XX/XY sex chromosome system and a diploid chromosome
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Fig. 4.1 Evolutionary events in the genus Tokudaia. (a) Photograph of T. osimensis. (b) Phylo-
genetic relationships and geographic distribution of species in the genus Tokudaia

number of 2n = 44 (Tsuchiya et al. 1989; Murata et al. 2010). The Amami spiny rat
(Tokudaia osimensis) and Tokunoshima spiny rat (Tokudaia tokunoshimensis),
which live on Amami-Oshima island and Tokunoshima island, respectively, have
XO/XO sex chromosome systems (i.e., they lack a Y chromosome). Therefore,
T. osimensis and T. tokunoshimensis have odd-numbered diploid chromosome
numbers, 2n = 25 and 2n = 45, respectively (Honda et al. 1977; Honda et al.
1978; Kobayashi et al. 2007). In addition, the genomes of these XO species lack the
SRY gene (Murata et al. 2010; Soullier et al. 1998; Sutou et al. 2001).

Tokudaia is an interesting model of rapid and unique chromosomal evolution. A
molecular phylogenetic analysis has indicated that 7. muenninki was the first species
in the genus to diverge (Murata et al. 2010), suggesting that the ancestral species of
Tokudaia had a chromosome number of 2n = 46 and had a Y chromosome and SRY
(Fig. 4.1). Therefore, the Y and Sry were lost in the common lineage of T. osimensis
and T. tokunoshimensis after they diverged from the ancestral Tokudaia species
shared with T. muenninki. After the divergence of 7. osimensis and
T. tokunoshimensis, centric fusion and tandem fusion occurred in the T. osimensis
lineage, resulting in a rapid decrease in chromosome number (2n = 25) (Nakamura
et al. 2007). The single X chromosomes of 7. osimensis and T. tokunoshimensis are
submetacentric and subtelocentric, respectively (Honda et al. 1977; Honda et al.
1978; Kobayashi et al. 2007). The order of genes on the X chromosomes is
conserved in these two species, whereas the positions of the X chromosome centro-
meres are different (Kobayashi et al. 2008). This observation indicates that centro-
mere repositioning (CR) occurred in the 7. osimensis lineage. CR is a recently
discovered evolutionary phenomenon in which a new centromere emerges along a
chromosome and the old one is inactivated without chromosomal rearrangement
(Montefalcone et al. 1999). CR is not a common evolutionary event; however, it may
be widespread in eukaryotes. CR has been reported in primates, cattle, marsupials,
horses, birds, and rice (Kasai et al. 2003; Everts-van der Wind et al. 2004; Nagaki
et al. 2004; Ventura et al. 2004; Carbone et al. 2006) and has been suggested to be
widespread in eukaryotes. CR provides a potentially powerful evolutionary force for
reproductive isolation and speciation (Rocchi et al. 2012).



4 Spectrum of Sex Chromosomes in Mammals 57
4.4 Y Loss in the XO Spiny Rat

The Y chromosome has completely disappeared in the XO spiny rat; however, some
genes were retained in the genome. A small region with several proto-Y-linked
genes (i.e., genes originally located on the Y chromosome in the ancestral species)
was translocated to the X chromosome. Cytogenetic and genome sequencing ana-
lyses have revealed that a 1.4 Mbp region on the Y chromosome was translocated to
the distal region of the X chromosome long arm, including six genes, KDM5D,
DDX3Y, UTY, TSPY1,ZFY, and EIF253Y (Table 4.1) (Kuroiwa et al. 2010; Arakawa
et al. 2002). Two KDMS5D copies (shorter and longer sequences) are located in a
palindromic structure. Usp9y was identified as a pseudogene.

In mice, progeny can be generated from germ cells of males with only two Y
chromosome genes, the testis-determining factor Sry and the spermatogonial prolif-
eration factor Eif2s3y (Yamauchi et al. 2014). The XO species Tokudaia lacks Sry;
therefore, a new sex-determining factor must have evolved in the species. Spermato-
gonial proliferation is regulated by Eif2s3y on the X chromosome in the developed
testis. The X chromosome with a proto-Y region is shared by males and females, and
therefore, females also have proto-Y genes. Surprisingly, these proto-Y genes are
expressed in female tissues, especially in the ovary and brain (Kuroiwa et al. 2010;
Ortega et al. 2019). However, the functions of the proto-Y genes in female tissues
have not been established.

4.5 Avoidance of a Y Chromosome Loss in XY Spiny Rat

T. muenninki is the only species in the genus Tokudaia that has maintained the Y
chromosome; as a consequence, it follows the general XY pattern of mammalian sex
determination. However, the Y chromosome of 7. muenninki has evolved in a unique
manner, possibly because it was unstable in the common ancestor of the genus. In
the ancestral lineage common to the two XO spiny rats, 7. osimensis and
T. tokunoshimensis, a few Y-linked genes escaped to the X chromosome, and the
Y chromosome was subsequently lost. By contrast, in the ancestral population of
T. muenninki, the X and Y chromosomes fused with a pair of autosomes and
acquired neo-X and neo-Y regions (Murata et al. 2015; Murata et al. 2012)
(Fig. 4.1). Consequently, the X and Y chromosomes of T. muenninki are unusually
large. As a result of the autosomal fusions, the euchromatic regions of the X and Y
chromosomes occupy 8% and 4% of the haploid genome, respectively, compared
with 5% and less than 2% of the genome in other species (Murata et al. 2012).
The enlargement of the Y chromosome through fusion with an autosome
extended the pseudoautosomal regions (PARs). PARs behave like an autosomal
pair and recombine during male meiosis, and this is thought to play a critical role in
spermatogenesis (Kauppi et al. 2011; Matsuda et al. 1992; Mohandas et al. 1992).
XY male mice with an inverted X PAR, a Y PAR flanked at the distal end by the X
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PAR boundary together with adjacent X-specific material, or both types of variant
PARs produce XO progeny, leading to the production of unusual X and Y products
and consequent sex chromosome loss (Burgoyne and Evans 2000). If the variant
PAR was associated with Y chromosome loss in an ancestral lineage common to the
two XO spiny rats, T. osimensis and T. tokunoshimensis, the Y chromosome would
have been stabilized by the acquisition of new PARs in the ancestral lineage of
T. muenninki, thus preventing the loss of the Y chromosome (Murata et al. 2012).

More than 70 copies of SRY with sequence variation are distributed on a long arm
of the Y chromosome of T. muenninki; however, most of the sequences contain an
internal stop codon and only a few copies retain the full-length coding sequence
(Murata et al. 2010). The amino acid sequence of the HMG-box in T. muenninki
SRY exhibits 92.5% identity with those of mouse and rat SRY; however, the 21st
amino acid residue in the HMG-box domain (alanine) is replaced by serine in all
copies of T. muenninki SRY (Murata et al. 2010). The amino acid at this position of
SRY is alanine across other eutherian mammals and in other SOX family members,
including SOX3, SOX8, SOX9, and SOX10. This position is located on the
DNA-binding surface domain, which is important for the binding of SRY to a target
DNA sequence (Phillips et al. 2004), suggesting that the transcriptional activity of
T. muenninki SRY was weakened by this substitution. 7. muenninki SRY is
expressed in primate-derived COS7 cells transfected with a 7. muenninki SRY
expression vector (Ogata et al. 2019). However, the protein is not expressed in the
gonads of transgenic mice carrying 7. muenninki SRY. It has been thought that a
long Q-rich domain plays essential roles in protein stabilization in mice; accordingly,
the shorter Q-rich domain in 7. muenninki SRY than in mouse SRY may explain
why T. muenninki SRY is unstable in mouse cells. However, the stability of the SRY
protein with a short Q-rich domain has been reported other rodent species (Zhao
et al. 2017), suggesting that the instability may have other causes.

4.6 XCI in the Genus Tokudaia

To correct the dosage imbalance of X chromosome genes between XX females and
XY males, mammals have evolved a unique mechanism. Females transcriptionally
silence one of their two Xs to maintain equal X-linked gene expression levels to
those of males in somatic cells (Lyon 1961). This dosage compensation mechanism
is called X chromosome inactivation (XCI). XCI is achieved by XIST (X-inactive
specific transcript) RNA, a long non-coding RNA expressed from the XIST gene
located in the X inactivation center (XIC) region in all somatic cells of females. XIST
RNA is expressed only from the inactive X (Xi) and not from the active X (Xa).
In the genus Tokudaia, XCI has also been studied. The X chromosome of the
XX/XY species T. muenninki comprises an ancestral X region on the long arm (Xq),
a large heterochromatin region (pericentromeric region), and a neo-X region on the
short arm (Xp). RNA FISH experiments have revealed that XIST RNAs are distrib-
uted throughout the ancestral X (Xq) region of Xi, suggesting that XCI functions on
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the ancestral X (Zushi et al. 2017). XIST RNA was partially distributed on the neo-X
(Xp). However, an RNA-seq analysis has shown that there is no compensation of
genes located on the neo-X. By contrast, XIST RNA is not expressed in the XO
species T. osimensis (Zushi et al. 2017). Mutation accumulation has been observed
in the XIST gene in this species, consistent with the assumption that dosage com-
pensation by XCI is not needed. These results show that Tokudaia species are good
models for evolutionary analyses of XCI. In particular, the early stage of XCI
observed in the neo-X of 7. muenninki cannot be studied in most mammals.

4.7 Independent Losses of the Y Chromosome in the Mole
Vole, Genus Ellobius

The mole vole is a subterranean animal belonging to the genus Ellobius
(Arvicolinae, Cricetidae, Rodentia), which contains at least five species: Ellobius
fuscocapillus (geographical distribution: Baluchistan, Afghanistan, Iran, and
S. Turkmenistan), Ellobius lutescens (Armenia, Iran, Turkey, and Azerbaijan), the
sister species Ellobius tancrei (Turkmenistan, Uzbekistan, Kazakhstan, and
Xinjiang) and Ellobius talpinus (Ukraine, Crimea—Turkestan—Mongolia, Sinkiang,
and N. Afghanistan), and Ellobius alaicus (Just et al. 2007). Of these, only
E. fuscocapillus has an XX/XY karyotype, and Sry has been detected in the male
genome of this species (Just et al. 1995). E. lutescens, which lives preferentially in
semi-arid or grassland territories in riparian countries of the Caucasus Mountains,
has an odd number of chromosomes (2n = 17, XO/XO) in both sexes (Coskun 2001;
Vorontsov et al. 1980; Mulugeta et al. 2016). E. tancrei, E. talpinus, and Ellobius
alaicus have XX/XX sex chromosome constitutions (Fredga and Lyapunova 1991;
Veyrunes et al. 2005), and the autosome number varies due to Robertsonian fusion in
E. tancrei and E. talpinus (Musser and Carleton 2005; Veyrunes et al. 2006).

The XO/XO and XX/XX species lack Sry, suggesting that the common ancestor
of these Ellobius species possessed Sry and the gene was lost during or shortly after
speciation. The X chromosome does not show sex-specific segregation in
E. lutescens or E. talpinus (Vorontsov et al. 1980), suggesting that the
sex-determining factor is located on an autosome. The genome sequence and
assembly have been reported for male and female E. lutescens (2n = 17, XO/XO)
and female E. talpinus (2n = 54, XX/XX) (Mulugeta et al. 2016). These results
indicate that the Y chromosome was lost in two independent events in each lineage.
Four proto-Y genes, Zfy, Eif2s3y, Usp9y, and Ssty, have been detected in male and
female E. lutescens, three of which have also been detected in the female E. talpinus
genome (Table 4.1).

Whole genome sequence data show that the gene content of the mammalian X
chromosome is largely conserved in a single X chromosome of E. lutescens, includ-
ing all genes known to control XCI in the XIC (Mulugeta et al. 2016). The whole
XIC region shows over 90% identity between E. lutescens and E. talpinus, in which
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the XCI mechanism is most likely still intact (Fredga and Lyapunova 1991). These
findings indicate that if XCI is dysfunctional, this functional failure happened
recently and did not involve major genomic rearrangements of genes known to be
involved in XCL

4.8 African Pygmy Mouse, XY Females

The African pygmy mouse Mus minutoides has an atypical sex determination
system. The pygmy mouse is one of the smallest African mammals (adult weight,
4-6 g) but one of the widest sub-Saharan distributions (Veyrunes et al. 2005). This
species belongs to same genus of the house mouse, Mus musculus, but is assigned to
a different subgenus, Nannomys (Veyrunes et al. 2005; Musser and Carleton 2005;
Veyrunes et al. 2006). In this species, normal XX females and XY males exist in the
population. In additional, individuals bearing a normal Y and a variant X
(X*) develop as females (X*Y females), despite the presence of the Y chromosome
and Sry (Veyrunes et al. 2010; Rahmoun et al. 2014). Up to 75% of females carry a
Y chromosome and a peculiar feminizing X* chromosome and are fully fertile. A
similar polygenetic system for sex determination has been described in the wood
lemming Myopus schisticolor, with X, Y, and X* chromosomes.

In M. minutoides, the wild-type X and mutant X* can be cytogenetically distin-
guished owing to structural rearrangements (Veyrunes et al. 2010). They are fused to
different autosomes (i.e., the X and Y to chromosome 1, and the X* to chromosome
16). The X and X* chromosomes are randomly inactivated in XX* females
(Veyrunes and Perez 2018). No histone modification is observed as an indicator of
XCI in the X* chromosome of X*Y females. In addition, X inactivation never
spreads to autosomal regions in X and X*.

The genetic mechanism by which X* overrides the male sex-determining mech-
anism based on SRY has not been identified. In M. minutoides, Sry is expressed in
embryonic and adult X*Y ovaries at higher levels than those in XY testes (Rahmoun
et al. 2014), suggesting that female development in X*Y animals is unlikely due to a
lack of Sry expression. Previous analyses of Sry in M. minutoides have identified no
disruptive mutations in the HMG-box and part of the bridge domain and no
differences in partial Sry sequences between XY males and X*Y females (Veyrunes
et al. 2010; Veyrunes et al. 2013). However, gross defects in Sry are unlikely, given
that the gene must retain its male sex-determining function in XY males. Accord-
ingly, we hypothesized that the molecular function of the Sry pathway might be
subtly altered in this species.

SRY proteins comprise an N-terminal HMG domain responsible for DNA bind-
ing and a large C-terminal Q-rich domain composed of 8 to 20 blocks of 2-13
glutamine residues interspersed by a short histidine-rich spacer sequence in the
genus Mus (Albrecht and Eicher 1997; Coward et al. 1994). The HMG-box of
SYR of M. minutoides and Mus mattheyi, a closely related species of
M. minutoides without variant X (X*), is relatively conserved (Zhao et al. 2017).
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However, there is sequence variation in the C-terminal Q-rich tract. SRY of
M. mattheyi retains 11 glutamine blocks and histidine-rich spacer. By contrast, the
C-terminus of M. minutoides SRY is further shortened and contains four blocks of
only two glutamine residues and no histidine-rich spacer. These results indicate that
the Q-rich tract of M. minutoides SRY evolved by the degeneration of a longer and
more organized Q-rich tract present in a common ancestor. However, the stability of
M. minutoides SRY is not affected by its degraded Q-rich tract.

4.9 Creeping Vole, XX Males

The creeping vole (Microtus oregoni) is one of very few mammals with atypical sex
chromosomes. Classical cytogenetic analyses from the 1950s to the 1960s reported
that females have paired sex chromosomes in the germ line (2n = 18, XX) but not in
somatic cells (2n = 17, XO), whereas males have paired sex chromosomes in
somatic cells (2n = 18, XY) but a single unpaired chromosome in the germ line
(2n =17, YO), the latter of which leads to the production of gametes bearing either a
Y chromosome or no sex chromosome (Matthey 1956; Ohno et al. 1963).

In 2021, a highly contiguous male genome and transcriptome assembly were
generated from short-read data for both sexes (Couger et al. 2021). Genome analysis
shows that females have a single X chromosome, consistent with a previous karyo-
typic study; however, males have two types of X chromosome, X™ and X" (Fig. 4.2).
XM is present in the somatic cells of both sexes but is maternally transmitted, and X©
is male-specific and is paternally transmitted. XIC generally occurs in female
somatic cells with two X chromosomes. However, Xist RNA, which mainly func-
tions in XCI, is expressed in male somatic cells but not in females in M. oregoni.
Nine genes derived from the Y chromosome are present on X™ and X*. Among these
genes, Ddx3y and Kdm5d are expressed in both sexes, while Uty, Ubely, and Sry are
specific to males.

4.10 Sox9 Regulation in Atypical Sex Chromosomes

SRY proteins trigger cells of the supporting cell lineage to differentiate into Sertoli
cells by regulating Sox9 expression in undifferentiated gonads (Koopman et al.
1991). Sox9 is a direct target of SRY and is critical for the differentiation of Sertoli
cells. Sox9 has many functions in various cell types and developmental stages
(Jo et al. 2014). Its cis-regulatory region is spread over a gene desert of at least
2 Mb upstream of the coding sequence (Symon and Harley 2017). The SRY protein
binds to the testis-specific enhancer upstream of SOX9. TESCO (TES [testis-specific
enhancer of Sox9] COre) is an enhancer located 13 kb upstream of Sox9 in mice
(Sekido and Lovell-Badge 2008). SRY directly binds to the enhancer together with
SF1 (nuclear receptor subfamily 5, group A, member 1; also referred to as NRSA1)
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Fig. 4.2 Sex chromosome composition in the species which has atypical sex chromosomes. (a)
XO/XO species in genus Tokudai and Ellobius. (b) Creeping vole, M. oregoni (Couger et al. 2021).
XIC occurs on the X* chromosome in male somatic cells

and synergistically upregulates the expression of Sox9 (Sekido and Lovell-Badge
2008). FOXL2 (forkhead-box L2) also binds to the enhancer to suppress Sox9
expression in developed ovaries (Uhlenhaut et al. 2009), and DAX1 (nuclear
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receptor subfamily 0, group B, member 1; also referred to as NROB1) and the Wnt/
beta-catenin pathway may antagonize the activation of TES by reducing the binding
of SF1 to TES (Ludbrook et al. 2012; Bernard et al. 2012). These results suggest that
TESCO represses Sox9 in the development and/or maintenance of ovaries in mice.

A study in 2014 examined whether TESCO can act as a testis-specific enhancer in
the genus Tokudaia (Kimura et al. 2014). TESCO sequences are highly conserved in
the two XO species without SRY and a XX/XY species. The sequence of Tokudaia
TESCO exhibited more than 83% identity with mouse TESCO. However, nucleotide
substitution(s) were found in two of three SRY binding sites and in five of six SF1
binding sites. TESCO of all species showed low enhancer activity in a reporter gene
assay. These findings indicate that the SRY-dependent sex-determining mechanism
was lost in the common ancestor of the genus Tokudaia via binding site mutations.
Enhancers other than TESCO are thought to regulate SOX9 expression in Tokudaia.

In Ellobius species (Bagheri-Fam et al. 2012), TESCO contains an evolutionarily
conserved region (ECR) of 180 bp. The ECRs of E. lutescens, E. tancrei, and
E. fuscocapillus show high sequence identities (94-97%) and share a 14 bp deletion,
removing a highly conserved SOX/TCF site. The deletion increases enhancer
activity, as determined by a reporter gene assay. These findings indicate that the
14 bp deletion triggers the upregulation of SOX9 in XX and XO gonads, leading to
the destabilization of the XY/XX sex-determining mechanism in Ellobius.

SOX9 regulation via TESCO has also been examined in X*Y females of the
African pygmy mouse M. minutoides. TESCO of M. minutoides has a sequence
identity of approximately 93% with mouse TESCO (Matsuda et al. 1992). Sequence
variation has been identified in TESCO at four SF1 binding sites, and these poly-
morphisms may impair SF1 binding. A reporter gene assay showed that the
cotransfection of M. minutoides TESCO with mouse SF1 reduced mouse TESCO
activity. Furthermore, M. minutoides TESCO exhibits low transcriptional activity by
mouse SRY, and M. minutoides SRY fails to activate mouse TESCO. These results
indicate that weakening the SRY/TESCO interaction may have facilitated the rise
and spread of a variant X* chromosome carrying female-inducing modifier gene
(s) (Zhao et al. 2017).

After the identification of TESCO, patients who are genetic males (SRY-positive
46, XY) and show male-to-female sex reversal with a 32.5 kb deletion located
600 kb upstream of SOX9, termed XY SR, have been reported (Kim et al. 2015).
Furthermore, genetic females (SRY-negative 46, XX) show female-to-male sex
reversal with a duplication or triplication of a 68 kb region 516-584 kb upstream
of SOX9, termed XX SR (Kim et al. 2015; Benko et al. 2011). These findings
indicate that several enhancers are essential for SOX9 activation in early male gonads
upstream of SOX9. In 2017, a functional analysis of TESCO was performed by
CRISPR/Cas9 genome editing in mice (Gonen et al. 2018). Although the deletion of
TESCO reduces Sox9 expression levels in XY embryonic gonads to 60% relative to
levels in wild-type gonads, sex reversal is not observed in TESCO knockout mice.
Further chromatin accessibility analyses revealed that Enh13 located 565 kb 5’ from
the transcription start site is an essential element for the initiation of testis develop-
ment in mice (Gonen et al. 2018). In a comparative genome analysis of various
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mammals, the same region was identified as mXYSRa (Ogawa et al. 2018). Further
analysis of Sox9 regulation by the new enhancer may reveal an atypical
sex-determining mechanism independent of the Sry gene.
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Chapter 5 )
The Evolutionary Aspects e
of the Mammalian Sex-Determining Gene

SRY

Shingo Miyawaki and Makoto Tachibana

Abstract In eutherian mammals, gonadal sex is determined by the presence or
absence of the sex-determining region Y (SRY) gene, which locates in the male-
specific region of the Y chromosome. Although the process of sex determination
triggered by SRY is conserved among animal species, its genome sequence is highly
diverse. Thus, SRY represents a unique, dynamic, and rapid evolutionary process.
Since its discovery 30 years ago, SRY, including mouse Sry, has been believed to be
a single-exon gene. Recently, we identified a previously undiscovered second exon
of mouse Sry and a corresponding novel transcript, the two-exon Sry (Sry-T). The
discovery of Sry-T provided new insights into the genetic evolution of Sry. In this
review, we discuss the genetic evolution of Sry sequences based on the discovery of
Sry-T.

Keywords Sex development - Sry - Gene evolution

5.1 The Mammalian Sex Determination Gene SRY

The development of male and female sexes is essential for the survival of almost all
animal species. Sex in mammals is determined by a combination of sex chromo-
somes. Given that an XX chromosome results in female and an XY chromosome
results in male, it has been thought that there is a male factor (sex-determining factor)
in the Y chromosome (McLaren 1988; Welshons and Russell 1959).
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Sex-determining region Y (SRY) is a sex-determining gene in mammals (Gubbay
et al. 1990; Sinclair et al. 1990; Koopman et al. 1991). Koopman et al. (1991)
experimentally demonstrated that Sry alone is sufficient to trigger testis development
in mice. In that experiment, insertion of a DNA fragment of the Y chromosome
containing Sry and forcible expression of Sry resulted in testes formation in chro-
mosomally female (XX-type) mice. This experiment also revealed that all of the
sequences necessary for Sry expression are present within this 14.5-kb region.
Human patients exhibiting XY gonadal dysgenesis and loss-of-function studies in
mice, pig, and rabbit have demonstrated that SRY/Sry disruption causes sex reversal,
such that chromosomal males (XY-type) are anatomically female (Berta et al. 1990;
Jager et al. 1990; Sinclair et al. 1990; Lovell-Badge and Robertson 1990; Wang et al.
2013; Kato et al. 2013; Song et al. 2017; Kurtz et al. 2021). These experiments
suggested that SRY functions as the master regulator of male sex determination in all
eutherian mammals (Waters et al. 2007).

5.2 Function of Sry in Sex Determination

Identification of the sex determination gene SRY/Sry led to an understanding of the
mechanism of sex determination in mammals. Differentiation of Sertoli cells is the
first step in male sex development in mammals (Albrecht and Ficher 2001;
Koopman et al. 1990), with this process driven by Sry expression in the supporting
cell lineage in the sexually undifferentiated gonad. Sertoli cells are essential for the
coordination of testicular development and form the testis cords that encapsulate and
direct germ cell differentiation as well as orchestrate the differentiation of other
somatic cells, including Leydig cells, which represent a steroidogenic cell lineage
(Habert et al. 2001). Sequential morphological and functional differentiation is
subsequently induced under the influence of sex hormones (Fig. 5.1).
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Fig. 5.1 Mammalian sex determination
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In mice, Sry expression is strictly controlled in a cell-type- and temporal-specific
manner. Sry expression starts at embryonic day 10.5 (E10.5) in pre-Sertoli cells of
XY genital ridges, reaches a peak at E11.5, and declines by E12.5 (Hacker et al.
1995; Jeske et al. 1995; Koopman et al. 1990). If Sry expression is delayed by as
little as a few hours, testis differentiation is disrupted or blocked completely in favor
of ovarian development (Bullejos and Koopman 2001, 2005; Hiramatsu et al. 2009).
SRY/Sry is more broadly expressed in animal species (human, rats, sheep, and
rabbits) other than mice; however, recent studies using RNA sequencing
(RNA-seq) analysis revealed that SRY/Sry also has a temporary expression pattern
in humans and rats (Guo et al. 2021; Lecluze et al. 2020; Prokop et al. 2020). These
observations indicate that sex determination in mammals is highly dependent on
accurate transcription of Sry. Epigenetic regulation (i.e., histone modification and/or
DNA methylation) is a mechanism that ensures accurate transcription and plays an
important role in regulating Sry expression (Okashita and Tachibana 2021). In
support of this view, complete or partial sex reversal has been observed in mice
harboring knockouts of several epigenetic factors (Carré et al. 2018; Kuroki et al.
2013, 2017; Miyawaki and Tachibana 2019; Okashita et al. 2019).

A transgenic study demonstrated that ectopic expression of SRY-box transcrip-
tion factor 9 (Sox9), which belongs to the Sry-type high-mobility group box (Sox)
family, can initiate the testis-determining pathway in XX mice (Vidal et al. 2001). In
the developing testis, the critical function of Sry is to upregulate Sox9 transcription
(Sekido and Lovell-Badge 2008). SRY protein contains a high-mobility group
(HMG) box DNA-binding domain that binds to regulatory elements upstream of
Sox9. The testis-specific enhancer of Sox9 (TES), a 3.2-kb element mapping to a
13-kb section at the 5’ end of the transcription start site of Sox9, and its 1.4-kb core
region TESCO, activates Sox9 expression in cis in Sertoli cells (Sekido and Lovell-
Badge 2008). SRY and nuclear receptor subfamily 5 group A member 1 bind
TESCO directly and activate Sox9 expression. Recently, enhancer 13 (Enhl3), a
557-bp element located at the 5’ end of the Sox9 gene, was identified as a key
enhancer of Sox9 (Gonen et al. 2018). Mouse Enh13 contains a single consensus
SRY-binding site, and targeted deletion of Enh13 reduced Sox9 expression to a level
equivalent to that in XX gonads and resulted in male-to-female sex reversal in mice
(Gonen et al. 2018). These findings provided the first evidence that deletion of a
noncoding genomic region causes sex reversal. Because most human XY females
harbor mutations in the HMG box of SRY, its DNA-binding activity is essential for
sex determination (Harley et al. 1994; Harley and Goodfellow 1994). Thus, future
studies may reveal the existence of noncoding genomic regions that are necessary for
sex determination in humans.

SOX9 activates a network of gene activity required for testis development while
simultaneously impeding a network required for ovarian development (Warr and
Greenfield 2012). Additionally, SRY represses the R-spondin1-Wnt/B-catenin sig-
naling pathway that drives ovarian development (Bernard et al. 2008; Capel 2006;
Lau and Li 2009; McElreavey et al. 1993). These two alternative gene regulatory
networks confer the bipotential gonad its unique ability to differentiate into two
morphologically and functionally distinct organs (Larney et al. 2014). In summary,
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Fig. 5.2 Sequence comparison of SRY and SOX9. Amino acid sequences of SRY (a) and SOX9
(b) were aligned across the indicated animal species. Although the amino acid sequence of SRY is
less conserved, that of SOX9 is highly conserved

the gene regulatory network for testis development is activated and that for ovarian
development is repressed by the SRY-SOX9 axis. The amino acid sequence of
SOXO9 is highly conserved across animal species (Fig. 5.2), and these sex determi-
nation processes are consistent among different species (Nagahama et al. 2021).
However, the sequence of SRY is diverse across species (Fig. 5.2).

5.3 Genetic Structure of Sry

Since the identification of the SRY/Sry gene in humans and mice, SRY has been
identified in a variety of animal species. There is a high diversity of SRY sequences
among animal species. SRY contains a highly conserved HMG DNA-binding
domain and less-conserved N- and C-terminal domains (Tucker and Lundrigan
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1993; Zhao and Koopman 2012). Mouse Sry has a unique CAG repeat sequence at
the C-terminus (Bowles et al. 1999), and sequence comparison with rat and spiny rat
Sry suggests that the CAG repeat sequence was not added to the C-terminus but
inserted or extended just before the C-terminal sequence conserved in rodents (Ogata
et al. 2019; Roy 2021). CAG repeats encode the polyglutamine (polyQ) amino acid
sequence, which is essential for Sry transcription (Bowles et al. 1999). These
findings suggest that the Sry sequence acquired CAGs to maintain transcriptional
activity in rodents.

SRY/Sry is a single-copy gene in mice, humans, and horses (Behlke et al. 1993;
Hacker et al. 1995; Janecka et al. 2018) but amplified in several species. For
example, there are at least 11 copies of Sry in rats and two copies of SRY in dogs,
rabbits, and pigs (Turner et al. 2007; Prokop et al. 2013; Geraldes et al. 2010;
Skinner et al. 2016). Recent studies in rats showed that distinct copies of Sry are
expressed (Prokop et al. 2020); however, it is unclear whether all of the Sry copies
are required for sex determination or whether any of them act as true sex-determining
genes. In a knockout study in pigs, a frameshift mutation in one copy of the SRY gene
did not induce male-to-female sex reversal. These results suggest that expression
from one SRY copy is sufficient for the development of male genitalia, or that only
one of the two SRY copies is expressed, and the frameshift mutation was introduced
into the unexpressed SRY copy (Kurtz et al. 2021).

Mouse Sry is embedded in a large palindromic sequence, which is also called an
inverted repeat sequence. There is an almost indistinguishable 50-kb palindromic
sequence flanking mouse Sry (Gubbay et al. 1992), with the palindromic nature of
the Sry locus capable of potentially leading to the formation of a stem-loop structure.
In this situation, juxtaposing the DNA breakpoint within the palindromic sequence
might induce deletion of Sry, resulting in the generation of XY female mice (Gubbay
et al. 1992). Until the recent establishment of genome-editing technology, the
palindromic nature of the Sry locus made it difficult to manipulate endogenous Sry
by conventional homologous recombination techniques.

Hacker et al. (1995) analyzed a mouse line termed 32.10 with 12 copies of L741
and concluded that Sry is a single-exon gene that encodes only one protein (SRY).
Similarly, analysis of gonads during mouse development concluded that Sry is a
single exon (Jeske et al. 1995). In humans and pigs, it was confirmed that the SRY
protein is encoded by a single exon (Behlke et al. 1993; Daneau et al. 1996).
Therefore, the conclusion that SRY/Sry is a single-exon gene was recognized as a
confirmed fact that was not doubted for three decades. However, employment of
comprehensive transcriptomics approaches identified a cryptic second exon within
the flanking palindrome that is essential for male development (Miyawaki et al.
2020).
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5.4 Discovery of Two-Exon Sry (Sry-T)

The genomic sequence of SRY, especially at the C-terminal coding sequence, is
highly diverse. Various studies have discussed the sequence diversity of SRY
(Larney et al. 2015; Roy 2021; Tucker and Lundrigan 1993; Zhao et al. 2014).
Recently, we highlighted the previously unaddressed nature of the C-terminal
sequences of mouse SRY (Miyawaki et al. 2020). In this section, we focus on the
latest findings related to the discovery of a cryptic second exon of Sry and discuss the
genetic evolution of Sry sequences.

5.4.1 Identification of Mouse Sry Exon2

First, we describe our discovery of two-exon SRY (SRY-T), which is the bona fide
testis-determining factor in mice. During our previous study on regulation of Sry
expression, we established a method to selectively collect gonadal somatic cells
expressing Sry (Kuroki et al. 2013). Using this method, we conducted gene expres-
sion analysis (RNA-seq) of Sry-expressing cells, which led to the identification of an
uncharacterized sequence transcribed from the 3’ palindromic sequence. We initially
named this unknown sequence “Srx.”

To characterize Srx, we performed comprehensive transcriptome analyses of
embryonic gonadal somatic cells during the sex-determining period. Initially, we
assumed that Srx would be a long noncoding RNA (IncRNA); however, analysis of
the transcription start site using cap analysis of gene expression sequencing showed
no transcription start signal at the 5’ end of Srx, suggesting that it might not be a
IncRNA. We then performed long-read RNA-seq and found that this unknown
transcript was spliced to the previously known sequence of Sry at the typical 5’
GT/3" AG splice-site sequences with an internal polypyrimidine tract. These results
clearly showed that Srx was not an independent transcript but was the previously
unknown second exon of Sry. Sequencing data indicated that two-types of mRNA
were transcribed from the Sry locus: the known single-exon type (Sry-S) and a novel
two-exon type (Sry-T) (Fig. 5.3).

The SRY-T protein shares an HMG DNA-binding domain and polyQ sequences
with the amino acid sequence of SRY-S. The 15 amino acids in the SRY-T
C-terminus are encoded by the second exon, whereas the absence of splicing results
in 18 different amino acids at the SRY-S C-terminus.

5.4.2 Sry-T Is Essential for Testis Development

To investigate the role of Sry-T in sex determination, we generated Sry-T-deficient
mice in which Sry exon2 was deleted by genome editing using the CRISPR/Cas9
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Fig. 5.3 Exon-intron
structure of the mouse Sry
locus. Transcripts specific
for Sry-S (blue) and Sry-T
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Fig. 5.4 SRY-T is a necessary and sufficient sex determinant. Sry-T-deficient XY mice exhibit
male-to-female sex reversal (left). Sry-T-expressing XX mice develop as males (right)

system. As a result, Sry-T-deficient mice showed a sex-reversal phenotype despite
expressing Sry-S, indicating that Sry-T is essential for male sex determination.
Furthermore, when Sry-T or Sry-S was expressed in XX mice under the same
conditions, only mice expressing Sry-T underwent female-to-male sex reversal.
These experiments demonstrated SRY-T as a necessary and sufficient sex determi-
nant in vivo (Fig. 5.4).
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5.4.3 Existence of a “Degron” in the SRY-S C-Terminus

As shown in previous studies, Sry transgenes encoding only SRY-S can induce testis
development in XX mice under experimental conditions (Koopman et al. 1991;
Bowles et al. 1999; Washburn et al. 2001; Zhao et al. 2014). However, our studies
revealed that Sry-S alone could not induce male development under physiological
conditions. To investigate the cause of the insufficiency of Sry-S for sex determina-
tion, we focused on the difference in the C-termini of SRY-S and SRY-T. We
generated lentiviral constructs encoding blue fluorescent protein (BFP) and
enhanced green fluorescent protein (EGFP) fused to either the C-terminus of
SRY-S (termed S18) or SRY-T (termed T15), both of which were translated from
the same transcript, and then transduced them into human embryonic kidney cell line
293T (HEK293T). The effect of S18 or T15 on protein stability was evaluated by
examining the EGFP/BFP ratio. Although EGFP-T15 expression levels were similar
to those of non-fused EGFP, EGFP-S18 expression levels were <10% those of
non-fused EGFP. Further detailed investigation revealed that a protein-degrading
sequence called a “degron” was present at the SRY-S C-terminus (Miyawaki et al.
2020). Because the amino acid at the second-to-last residue position is valine, the
SRY-S degron was assumed to be a (V-2)-type degron (Koren et al. 2018). In (V-2)-
type degrons, this valine residue is essential for degron activity. Replacement of the
valine in the -2 site of endogenously expressed SRY-S with proline suppressed
SRY-S degradation. Furthermore, the corresponding mice (Sry-S:V394P; Sry-
exon2A mice) developed as males, even though they lacked SRY-T. These results
showed that SRY-S is insufficient for male development under physiological con-
ditions, because the C-terminal degron sequence makes the protein unstable.

5.4.4 Reconsidering Previous Research in Light of Sry-T
Discovery

In the first experiment identifying Sry as a sex-determining gene in 1991, insertion of
multiple copies of a DNA fragment (L741) encoding only Sry-S was successful in
producing XX males. Of the eight XX individuals with transgenes, two mice
changed their sex to male, whereas the others did not (Koopman et al. 1991).
Other studies also reported variations in the ability to cause XX sex reversal on
the part of the 14-kb Sry transgene lacking the second exon (Bowles et al. 1999;
Zhao et al. 2014), which might reflect an inability to control the copy number and
integration site of the transgene. Only mice expressing SRY-S in an amount suffi-
cient to overcome its destabilization were able to become male. Furthermore, another
study showed that a single copy of the L741 transgene at an autosomal locus
(Collal) did not induce XX sex reversal (Quinn et al. 2014). In that article, the
existence of an unknown DNA region necessary for males had been predicted.
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Why was the second exon missed in previous studies? One reason might be
attributable to the existence of the palindromic sequence. Specifically, the second
exon was hidden by the palindrome sequences. As noted, there exists a 50-kb
palindromic sequence flanking mouse Sry (Gubbay et al. 1992). When duplicate
mapped reads are excluded from the mapping of sequence reads to the genome, the
transcript corresponding to the second exon is not mapped. When duplicate mapping
is allowed, this transcript appears on both sides of the palindrome sequences.
Various other palindromic sequences are known to exist in the Y chromosome and
reportedly contribute to its structural maintenance (Soh et al. 2014). To date, no
functional sequences have been identified in the palindromic sequence. Given that
the second exon of Sry is located within the palindromic sequence, this exon was
identified as the first functional sequence existing within the palindromic sequence.

5.5 Evolution of the Y Chromosome and Sry

The discovery of Sry exon2 also provides new insights into the evolution of
sex-determining genes. The Y chromosome, which contains Sry, lost its genes
during the evolutionary process (Graves 2006; Lahn and Page 1999). It is believed
that the X chromosome and Y chromosome share a common ancestor (Ohno 1967).
After the ancestral Y chromosome acquired a male-determining gene, other male-
advantage alleles accumulated, and recombination was suppressed. Mutations and
deletions in non-recombinant regions resulted in rapid degradation of the proto-Y
chromosome. As a result, unlike autosomes and the X chromosome, the Y chromo-
some is normally unable to recombine with homologous chromosomes; therefore,
mutations created during the evolutionally process accumulate in the Y chromo-
some. Due to this accumulation of mutations, the Y chromosome is thought to be
facing a crisis related to loss of function in various genes. Notably, in mammals, the
Y chromosome appears susceptible to far more mutation, deletion, and insertion
events than the rest of the genome (Lindblad-Toh et al. 2005; Makova and Li 2002).
The X chromosome gene SRY-box transcription factor 3 (SOX3), which is
believed to share a common ancestor with SRY, is a single-exon gene (Stevanovl¢é
et al. 1993; Sutton et al. 2011). In humans and pigs, it has been confirmed that the
SRY is single-exon genes (Behlke et al. 1993; Daneau et al. 1996). In the ancestor of
rodents, Sry is also considered to be a single-exon gene; however, during its
evolution, Sry might have mutated into a degron-coding gene, presumably leading
to the loss of its male-determining function (Fig. 5.5). To avoid subsequent crises of
species survival, distinct mechanisms could have been invoked between species.
We explain our hypothesis of how rats and mice avoided Sry dysfunction as
follows. Rat Sry harbors of conserved DNA sequence similar to the mouse Sry-S
sequence encoding the degron. However, because the degron sequence is not
translated due to a preceding four-nucleotide insertion and stop codons, rat SRY is
not presumed to be destabilized. Additionally, rat Sry has been duplicated through
gene conversion at transposable elements on the Y chromosome (Prokop et al.
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Fig. 5.5 Model for the evolution of the mouse and rat Sry locus

2013). At least three Sry genes (Sryl, Sry4A, and Sry3C) are expressed at the highest
levels at E13, the time of testis differentiation, suggesting that multiple Sry genes
potentially contribute to testis differentiation in rats (Prokop et al. 2020). These
findings suggest that at least in rats, Sry might have evolved to avoid degron-
mediated SRY dysfunction through gene duplication and early translation termina-
tion (Fig. 5.5).

In mice, we hypothesize that a different mechanism has evolved to avoid degron
translation by creating a new exon (called exonization) in distal sequences and
splicing to excise the degron. Interestingly, the second exon of Sry comprises a
retrotransposon-derived sequence thought to originate from a retrovirus, suggesting
that Sry-T was created by the exonization of a retrotransposon-derived sequence. In
this case, exonization may have avoided translation of the degron-coding sequence
and saved the ancestral Sry, which was in danger of losing its function due to the
degron. This hypothesis suggests that virus-derived sequences might have evolved
the host genes and saved the species from extinction. The discovery of Sry-T offer
insight into a new aspect of the relationship between viruses and their host organ-
isms. This protective mechanism represents an unusual and intriguing evolutionary
mechanism that helps stop vulnerable Y chromosome genes from falling apart.

A previous study showed that although the sequence of the HMG box of SRY is
conserved, the SRY C-terminus is rapidly evolving in mice and rats (Tucker and
Lundrigan 1993). The hypothesis that the DNA sequence encoding the SRY
C-terminus evolved to avoid degrons supports the existence of species-specific
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adaptive divergence through a process of positive Darwinian selection. From these
perspectives, even if the Y chromosome undergoes degradation, Sry may persist
through continuous evolution.

5.6 Consideration of the Evolution of Sry Exons from
the Viewpoint of “Sex Spectrum”

The discovery of the second exon of Sry and the SRY-S degron offered insight into a
part of the evolutionary process of sex-determining genes. The concept of “sex
spectrum” explains that all cells/organs possess their own sex that can be located at
any intermediate position between a typical male and a typical female. By acquisi-
tion of the SRY-S degron, the gonadal sex might have moved to the female side on
the spectrum in the ancestor of rodents. However, in mice, the emergence of the
second exon, which encodes degron-free SRY-T, moved the gonadal sex back to the
male side. To support this concept, our genetic study using single-copy knock-in
mouse lines that conditionally express each isoform of Sry showed that a copy of
Sry-T was sufficient to activate the male pathway, whereas that of Sry-S was not.
Alternatively, in rats, introducing the premature termination codon into Sry and
increasing the Sry copy number might have evolved to move the gonadal sex back to
the male side on the spectrum. These data suggest that not only the gene structure of
Sry but also its sex-determining ability might have dynamically evolved in rodents. It
may be worth examining whether the “cryptic” second exon or degron-coding
sequence of Sry also exists in other mammals.

5.7 Conclusion and Future Directions

In the 30 years since Sry was discovered, no one questioned the fact that Sry is a
single-exon gene. In contrast to this common knowledge, we showed that mouse Sry
has a cryptic second exon that encodes previously unknown but functionally essen-
tial sex determinant, SRY-T. Our results provide insight into a critical
neo-functionalization process that appears to be happening in real time; the gain-
of-function replacement of SRY-S by SRY-T is currently ongoing in a mouse strain.
In many strains of mice, the Sry sequence remains incompletely understood; there-
fore, further studies are warranted to comprehensively understand the evolutionary
process of Sry.

Despite the high degree of conservation of the sex determination system triggered
by SRY, its amino acid sequence shows dynamic evolution, with various species
exhibiting novel protein domains, transcripts, and gene amplification. Sry is one of
the few genes on the Y chromosome that is essential for survival and may be subject
to different selection pressures for genetic evolution than autosomal and X
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chromosomal genes. Therefore, the function of male development may take the first
priority, and preservation of the Sry DNA sequence may not be of critical impor-
tance. In general, the sequences of genes essential for survival tend to be highly
conserved; however, despite Sry being essential for species survival, it shows
sequence diversity among animal species. The diversity of Sry sequences in animal
species may be the key to understanding the genetic evolution of Sry. As a result of
these genetic evolutions, the spectrum-like diversity of SRY sequences may have
been produced.

Approximately 10 years ago, it was proposed that the genes on the Y chromo-
some (including Sry) were in a state of degeneration and that males would eventually
disappear (Bachtrog 2013; Graves 2006). Our findings have a profound influence on
this notion.
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Chapter 6 m)
Revisiting the Role of Steroid Hormones e
in Gonadal Fate Determination

Kiyoshi Kikuchi and Takashi Koyama

Abstract Early in the twentieth century, it was posited that sexual differentiation in
vertebrates is under the control of hormones. Referred to as the hormone theory of
sex differentiation, it gave rise to the specific hypothesis that sex steroids control
gonadal fate decisions. Although this hypothesis is no longer supported for placental
mammals, there seems to be some uncertainty in the case of nonmammalian verte-
brates, especially fish. Based on the success in generating complete sex reversals of
medaka fish by exogenous steroid administration in the 1950s, Yamamoto hypoth-
esized that sex steroids were endogenous sex inducers in fish embryos. While this
model has provided a framework for research in fish developmental biology and
physiology, the validity of the hypothesis has been brought into question, since
experimental evidence has been lacking. However, the recent identification of master
sex-determining (MSD) genes in some fish clearly supports part of this hypothesis,
since estrogens play a role in determining gonadal fate. This commentary aims to
give a brief overview of the developments related to the steroid theory and focuses
on the role of sex steroids in gonadal sex determination and early sex differentiation
in nonmammalian species, with a special emphasis on fish. The recent partial
validation of Yamamoto’s model should nevertheless lead to a better understanding
of the evolution of sex-determining cascades in vertebrates and encourage the
exploration of the target genes of estrogen signaling leading to gonadal fate
specification.
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6.1 Introduction

The idea that hormones can affect sexual dimorphism and sex determination can be
traced back to the mid-nineteenth century (Berthold 1849; Josso 2008). However,
more easily traceable history of this theory begins with Bouin and Ancel (1903), who
suggested that the secretions of the fetal pig testes were responsible for the male
characteristics in adults (termed the interstitial theory at that time) (Bouin and Ancel
1903; Scheib 1983; Josso 2008). However, there was scathing criticism of this
theory (Klein and Bouin 1970), which was revived only in 1916 by Lillie, and
independently by Keller and Tandler, all of whom studied freemartins, genetic
female (XX) cattle that are infertile with partially masculinized phenotypes in
gonads, reproductive tracts, etc. (Bouin and Ancel 1903; Lillie 1916; Scheib
1983). The hormonal theory inspired a long series of experiments such as grafting
experiments in amphibians, initiated by Burns (1925) and pursued by Humphrey and
Witschi (Burns 1961; Jost 1971; Josso 2008). In addition, the availability of purified
sex hormones in the mid-1930s led to numerous administration experiments, first in
birds and followed by amphibians and fish (for a review of experiments in fish, see
Piferrer 2001, and for those in other vertebrates, see Burns 1961), which gave rise to
the hypothesis attributed to the hormonal theory that sex steroids control gonadal
fate determination. Although this idea is no longer supported for placental mammals,
it appears to still have some traction in the case of nonmammalian vertebrates,
especially fish.

After a series of experiments in the 1950s and 1960s with medaka fish (Oryzias
latipes), in which exogenous sex steroids were administered and functional sex
reversal was first obtained in fish (Yamamoto 1953, 1958, 1959a, b, 1961), Yama-
moto hypothesized that the sex steroids were the endogenous sex inducers that
determined gonadal fate in fish (Yamamoto 1962, 1969). Since then, numerous
studies have experimented with steroid treatments in fish (e.g., Piferrer 2001;
Guiguen et al. 2010). While Yamamoto’s hypothesis provided an important frame-
work for research that has continued until today, it has not been without controversy
since many have questioned the validity of the hypothesis (Devlin and Nagahama
2002; Piferrer and Guiguen 2008; Guiguen et al. 2010; Li et al. 2019; Nagahama
et al. 2021). As a result, there have been modifications to Yamamoto’s framework
(as detailed in Piferrer and Guiguen 2008; Guiguen et al. 2010), which can be
summarized as follows.

1. Bogart (1987) proposed a theoretical model where the balance between andro-
gens and estrogens, rather than their absolute amount, at a critical period during
development, was the determinant of gonadal sex in vertebrates. This model has
since been shown to not be the case in mammals (reviewed in Cutting et al. 2013).

2. Contrary to Bogart’s modification of the Yamamoto hypothesis, it appears that
changes in androgen levels (leading to changes in the balance between androgens
and estrogens) may not play a critical role during early testicular differentiation
after all, at least in the case of fish (Nagahama 2005). Rather, an estrogen-centric
model was proposed, in which estrogens would be required for ovarian
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differentiation, while their absence would be required for testicular differentiation
(Kobayashi and Nagahama 2009; Guiguen et al. 2010).

3. In fish, 11-ketotestosterone (11-KT) rather than testosterone is one of the most
potent steroids for male sex determination and/or differentiation (Piferrer et al.
1993; reviewed in Borg 1994; Tokarz et al. 2015).

In the following, I will provide a brief overview of the history of the hormonal
theory of sex differentiation, while elaborating on some salient research selected
from older studies in addition to the latest ones.

6.2 A Short History of the Hormonal Theory of Sex
Differentiation

6.2.1 Hormones and Gonadal Sex Determination

The “hormone theory” has been thought to encompass hypotheses relating to
hormonal control of several specific phenomena, such as gonadal sex determination,
early gonadal differentiation, development of the sex cords and genital structure, and
secondary sexual characteristics in adults (Burns 1961; Jost 1971). Among those,
this commentary primarily focuses on models related to the gonadal sex determina-
tion by which the bipotential embryonic gonad commits to either the ovarian or
testicular fate (Capel 2017). The subsequent process is often termed gonadal sex
differentiation in which the molecular and cellular processes lead to the formation of
morphologically and functionally distinct gonads, either the ovaries or testes (Devlin
and Nagahama 2002; Adolfi et al. 2021). It should be noted that the conceptual
distinction between the two processes, determination and differentiation, is not made
in the old literature, and even today it is often difficult to clearly identify the
transition between the two processes except for well-studied species such as mice.

6.2.2 Freemartins

Freemartin is a genetic female cattle with infertile ovaries and partially masculinized
phenotype, typically as a result of being born as a twin to a male. At birth, freemartin
ovaries are hypoplastic and depleted of germ cells, and they sometimes contain
seminiferous tubules that would be formed in testes (Josso 2008; Harikae et al.
2012). In most cattle twins, the blood vessels between the two placentas become
connected, thus creating a shared circulation (Fig. 6.1). In the early nineteenth cen-
tury, it was hypothesized that masculinization was due to the transmission of a
hormone produced by the gonads of the male twin to the female twin via the shared
circulation (Keller and Tandler 1916; Lillie 1916; reviewed in Burns 1961; Padula
2005). Several hormones such as testosterone and anti-Miillerian hormone have been
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Fig. 6.1 Placentas connected between two cattle twins (Lillie 1916). The male is on the left and a
freemartin on the right. (Reprinted with permission of Wiley-Liss, a subsidiary of John Wiley &
Sons)

implicated, but the causative factor has been elusive (Padula 2005; Miura et al.
2019).

6.2.3 Parabiosis and Gonadal Transplantation
in Amphibians

Parabiosis experiments conducted in the 1920s and 1930s on amphibian larvae
(reviewed by Jost 1971) appeared to support the hormone theory (Fig. 6.2). In
these experiments, the two embryos were conjoined in the manner of Siamese
twins, providing an opportunity to test the possibility of hormonal action through
a common circulation. Although the degree and direction (from the ovary to the
testis or the reverse) varied greatly depending on the species under study and various
experimental conditions, partially sex-reversed gonads were observed (reviewed in
Burns 1961).

The parabiosis method was soon improved by the development of a technique by
which the prospective gonad-forming tissue from a donor embryo was transplanted
to a host (Humphrey 1928) (Fig. 6.3). This method has yielded results that have in
general confirmed and extended those obtained by parabiosis. Remarkably, Hum-
phrey (1945) obtained a fertile male by sex-reversing the prospective ovary (the left
gonad) through orthotopic transplantation of the donor testis primordium to the right
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Fig. 6.2 A ventral view of
two Amblystoma embryos
joined in parabiosis (Burns
1925). (Reprinted with
permission of Wiley-Liss, a
subsidiary of John Wiley &
Sons)

(A) (B)

Fig. 6.3 Humphrey’s orthotopic transplantation. (a) Position of the gonad- and mesonephros-
forming area in the embryo (framed). This primordium was excised and replaced into the
corresponding part of the donor embryo. (b) Cross-section of the host at a later stage shows the
position of the implanted tissues (between thick lines) on the left. The Wolffian duct is lateral to the
mass of primordial germ cells, and above the gonad- and mesonephros-forming regions. (Illustra-
tion modified from Humphrey (1928) and Burns (1961))

side of host embryos and confirmed the functionality of host-derived sperm and the
sex chromosome constitution by means of crossing experiments.
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6.2.4 [Exogenous Sex Steroids

The hypothesized effects of diffusible substances on gonadal sex determination
appeared to gain further traction by the sex reversals produced after 1935 through
exogenous sex steroid administration in nonmammalian species (reviewed in Burns
1961; Bull et al. 1988). Male-to-female sex reversals occurred after treatment with
estrogens in fish, amphibians, reptiles, and birds (reviewed in Piferrer 2001; Pieau
and Dorizzi 2004; Lance 2009; Nakamura 2010; Flament 2016). While androgen
treatments resulted in sex reversal from female to male in fish and some amphibians,
it was far less effective and prone to paradoxical results (e.g., feminizing effect of
androgens) in reptiles and birds (Burns 1961; Pieau et al. 1999; Ganesh and Raman
1995). Exposure to exogenous estrogens prior to gonadal sex differentiation can
cause almost complete gonadal sex reversal in male marsupials as well (Burns 1955;
Coveney et al. 2001; Pask et al. 2010). However, the embryonic gonads in placental
mammals were found to be resistant to exogenous sex steroid (reviewed in Burns
1961), although estrogen appears to have a role in maintaining the postnatal ovary
(Britt and Findlay 2002). As a result of these findings, it came to be considered that
the hormonal theory on primary sex determination was only applicable to
nonmammalian vertebrates (Burns 1961; Cutting et al. 2013).

Note that there appears to be a gradual evolutionary gain of resistance to
exogenous estrogen in gonadal sex determination or differentiation, from fish to
mammals (Cutting et al. 2013). It has been hypothesized that mammals discarded the
use of steroid hormones in sex determination and/or early gonadal differentiation
with the evolution of placenta and intrauterine development to resist the influence of
maternal estrogen (Wolf 1999; Cutting et al. 2013; Capel 2017).

6.2.5 Fish

The earliest experiments that administered sex steroid hormones to fish to control
their gonadal sex can be traced to 1937 (Berkowitz 1937; Castelnuovo 1937; Padoa
1937). However, intersex fish were produced in the early experiments (reviewed in
Piferrer 2001). Yamamoto (1953) appears to have been the first to achieve complete
(functional) sex reversal in which male-to-female reversal of medaka fish was
induced by oral administration of estrogen. In this work, the genetic sex of the fish
and the fertility were experimentally confirmed. Based on a series of experiments
that followed (e.g., Yamamoto 1958, 1959a, b), Yamamoto (1962, 1969) hypothe-
sized that endogenous estrogens are female-inducing substances (female inducers)
that drive ovarian differentiation during the sex determination period in fish, and
androgens are male-inducing ones (male inducers) that trigger testicular differenti-
ation (Yamamoto 1962, 1969) (Fig. 6.4).

The term, “inducers,” appears to have been adapted by Yamamoto from that of
Witschi (1914) who had postulated that, in amphibians, the inducing substances,
named medullarin and corticin, behaved like the hypothetical-inducing substances in
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Fig. 6.4 Yamamoto’s scheme for the steroid theory of sex inducers. Yamamoto assumed a
polygenetic system in which sex is determined mainly by sex-determining genes on the sex
chromosomes (X and Y) with influences of many modifiers on autosomes (A), based on (Winge
1934). The genetic information is realized through the action of sex steroids (gynoinductor and
androinductor) on indifferent gonads. (Illustration modified from Yamamoto (1969))

the Spemann organizer (Spemann and Hilde 1924), being transmitted by diffusion
and having localized effects to induce the formation of either female or male gonads
(Witschi 1914; Burns 1961; Gorbman 1979). Interestingly, Witschi consistently
assumed the sex inducers to be proteins, rather than sex steroids.

6.3 Are Steroids Natural Inducers of Gonadal Sex
Differentiation?

6.3.1 Controversies

Since Yamamoto’s experiments, a large number of studies in many fish species have
been conducted on the influence of steroid hormones on sex determination and/or
differentiation (for review Hunter and Donaldson 1983; Pandian and Sheela 1995).
In most cases, the results have shown that when fish are treated with the appropriate
dose of sex steroids during the critical time window of sex determination, exogenous
estrogen and androgen are able to induce female and male sex reversals, respectively
(Piferrer 2001).

While these studies appear to support Yamamoto’s model, the effects of exoge-
nous steroid treatments do not necessarily reflect the physiological role of endoge-
nous steroids (e.g., Stewart et al. 2020). Thus, the actual role of endogenous steroids
in sex determination, in other words, whether sex steroids are endogenous sex
inducers (“direct sex determiners” or “natural sex inducers”) has continued to be
debated.

6.3.2 Androgen in Model Fish

The controversy regarding the role of androgens during sex determination has been
well covered elsewhere (Piferrer and Guiguen 2008; Guiguen et al. 2010; Devlin and
Nagahama 2002; Tjiri et al. 2008; Fernandino et al. 2012; Yamaguchi et al. 2010),
and therefore, we only briefly mention it here.
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Fig. 6.5 Postulated major pathway of steroidogenesis in teleost fishes. Key enzymes are shown
next to arrows at each step of biosynthesis according to (Tokarz et al. 2015; Koyama et al. 2019;
Nagahama et al. 2021). Note that all pathways and enzymes are not shown. Cyp cytochrome P450,
Hsd hydroxysteroid dehydrogenase. Cyp17al (P450c17-I), shown in green, is required for produc-
ing both estrogens and androgens. Cypllc, shown in blue, is involved in synthesis of
11-ketotestosterone (11-KT) that is one of the most potent androgens in fish (Piferrer et al. 1993).
Cyp19al (aromatase), shown in red, is required for the synthesis of estradiol (E,), a major estrogen
in ovarian differentiation. Hsd17b1, shown in magenta, is also required for estradiol production. It is
speculated that male Seriola homozygous for the hypomorphic allele of Hsd17b (the Z-type
Hsd17b) can synthesize testosterone/11-KT via postlarval expression of Hsd17b3 gene (Koyama
et al. 2019)

Yamamoto’s hypothesis predicts that the level of androgens is higher in the
prospective testes during sex determination, as is that of estrogens in the prospective
ovaries. However, there have not been many studies on their levels in fish embryonic
gonads, likely due to the technical difficulty in measuring steroid levels in the very
small fish gonads during the early developmental stages (Guiguen et al. 2010). In
contrast to the paucity of studies of the early stages, it has been shown in many fish
species that the gonads exhibit contrasting properties in the synthesis of sex steroids
during the differentiating stage or later, with marked androgen (specifically 11-KT, a
potent androgen in fish) synthesis in the differentiating testes and significant estro-
gen production in the differentiating ovaries (Guiguen et al. 2018).

While these observations are consistent, if not in direct agreement, with the
steroid hypothesis, some studies on gene expression related to androgen production
appear to question the role of androgens during sex determination. For example,
expression analysis of the Cypllc/Cypllb gene that encodes a steroid enzyme
involved in 11-KT production in the rainbow trout (Oncorhynchus mykiss) and
Nile tilapia (Oreochromis niloticus) (shown in green in Fig. 6.5) suggested that
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their expression in the male gonad could not be detected before the first sign of
morphological gonadal differentiation (Vizziano et al. 2007; Ijiri et al. 2008;
Kobayashi and Nagahama 2009). The implication of these results was that andro-
gens are not yet actively produced at this stage in these species.

More decisive evidence came from the experiments that blocked estrogen syn-
thesis with aromatase (Cypl9a) inhibitors, originally conducted with the aim of
clarifying the role of estrogen (Piferrer et al. 1994; Guiguen et al. 2010). Cyp19al is
a key enzyme in the biosynthesis of estrogens (Nagahama and Yamashita 2008;
Lubzens et al. 2010) (shown in red in Fig. 6.5). In these experiments, complete
female-to-male sex reversals were obtained in many fish species including the
rainbow trout and Nile tilapia (Guiguen et al. 1999; Kitano et al. 2000; Rashid
et al. 2007; Kobayashi and Nagahama 2009) (but see an exception below). Given
that the presumed levels of androgens are very low at the sex determination period,
the results suggested that the mere absence of estrogens is sufficient to drive
testicular differentiation, and androgens are not inducers for the development of
testes (Kobayashi and Nagahama 2009). Summarizing these results, Guiguen et al.
(2010) proposed an estrogen-centric model in which estrogens are required for
ovarian differentiation, while their absence would be sufficient to trigger testicular
differentiation. The dispensability of androgens in the early testicular differentiation
was further confirmed in medaka, tilapia, and zebrafish (Danio rerio) by mutant
analysis in which the genes required for the production of testosterone and/or 11-KT
(Cyp17al or Cypllic) were disrupted (Fig. 6.5) (Sato et al. 2008; Zhang et al. 2020;
Zheng et al. 2020).

6.3.3 Androgen in Fish Undergoing Temperature-Induced
Masculinization

Apart from their role in sex determination in the absence of stress mentioned above,
androgens have recently been suspected to be endogenous drivers for testicular
differentiation in temperature-induced masculinization (Fernandino et al. 2012).
For example, in the pejerrey (Odontesthes bonariensis) and Japanese flatfish
(Paralichthys olivaceus), larvae exposed to masculinizing temperature during a
critical period of sex determination tend to develop testes rather than ovaries, with
increased levels of whole-body cortisol (Hattori et al. 2009; Yamaguchi et al. 2010).
It was hypothesized that the masculinizing effect could be due to either the concom-
itant synthesis of 11-KT with cortisol inactivation by Hsd11b (shown in blue in
Fig. 6.6) (Fernandino et al. 2012) or the suppressing role of cortisol on the aromatase
(Cypl9ala) gene expression (Yamaguchi et al. 2010) (shown in red in Fig. 6.6).
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Fig. 6.6 Simplified pathways of biosynthesis of glucocorticoids and sex steroids in fish and two
proposed models for temperature-induced masculinization. Yamaguchi et al. (2010) proposed that
masculinization is due to the direct suppression of cortisol induced by the temperature stress on the
aromatase/Cyp19al (red) gene expression (shown as “-I”). On the other hand, Fernandino et al.
(2012) postulated that masculinization is due to the concomitant synthesis of 11-KT by Hsd11b2
(blue) whose expression is increased via the inactivation process of cortisol induced by the
temperature stress

6.3.4 Androgen in Fish Undergoing in Sequential
Sex-Change

In sequential hermaphroditic fishes (sex-changing fishes), it is now generally con-
sidered that a rapid decrease of estrogens is important for the initiation of gonadal
sex change from females to males, while androgens play roles in the maintenance of
the testicular function (Ortega-Recalde et al. 2020; Li et al. 2019; Nagahama et al.
2021). However, the endogenous androgen (11-KT) is suspected to be the potential
trigger of the gonadal sex change in some protogynous fishes that exhibit female-to-
male sex change. For example, an increase in 11-KT levels without a rapid decrease
in estradiol levels was observed in an early transition phase from female to male in
the Honeycomb grouper (Epinephelus merra) (Bhandari et al. 2003; Alam et al.
2006). Moreover, a recent study revealed that many grouper species commonly
contain androgen-producing cells in the tunica of the ovaries, which are likely
involved in the increase in 11-KT in the early transition phase, and hence in the
onset of the sex change (Murata et al. 2021).
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6.3.5 Androgen in a Frog Species

Outside of teleost fish, the endogenous androgen (testosterone) is suspected to play a
key role in the early steps of gonadal sex differentiation in a species of amphibians,
the Japanese wrinkled frog (Glandirana (formerly Rana) rugosa) (Miura 2007; Oike
et al. 2017). In this species, the androgen receptor (Ar) gene resides on both sex
chromosomes (W and Z) along with Sox3 and Sf-1 (Miura 2017), but the expression
of the W-type Ar allele is barely observed (Oike et al. 2017). Overexpression and
knockdown of Ar in this frog resulted in the formation of ovotestis, suggesting that
Ar expression is required fore normal testis development (Oike et al. 2017).

6.3.6 An Inconvenient Truth: Estrogen in Medaka Fish

In contrast to the case of androgens, the importance of estrogens in the gonadal fate
determination or the early ovarian differentiation in fish has been well accepted
(Piferrer and Guiguen 2008; Guiguen et al. 2010; Devlin and Nagahama 2002).
However, Yamamoto’s model was criticized soon after it was proposed, ironically
based on studies using medaka. Specifically, it was reported that the steroid-
producing cells were clearly observed in medaka only after the initiation of sexual
dimorphic differentiation in the ovary as well as in the testis (Satoh 1974; Kanamori
et al. 1985), implying that sex steroids are not involved in determining the gonadal
fate in this species.

6.3.7 Medaka Depleted in Both Androgens and Estrogens

Experimental evidence against the hypothesis was obtained from genetic studies
using medaka. As already touched on in the section on androgen, Cypl7al
(P450c17-I) is involved in the steroidogenic pathway that produces both estrogens
and androgens (shown in green in Fig. 6.5) (Devlin and Nagahama 2002; Zhou et al.
2007; Sato et al. 2008). Therefore, the synthesis of estrogens as well as androgens is
expected to be severely impaired when the function of Cyp17al is lost. However, in
the mutant medaka with a female genotype (XX), early oogenesis and
folliculogenesis appeared not to be affected (Sato et al. 2008). Later, the mutant
developed a gonad with both oocytes and spermatozoa, suggesting that estrogens
have a role in maintaining the ovarian fate in later stages.
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6.3.8 Estrogen in Medaka

Evidence more directly related to estrogen was obtained when a pharmacological
inhibitor of aromatase/Cypl19al was administrated to medaka to block estrogen
synthesis (shown in red in Fig. 6.5). Repeated oral administration of the aromatase
inhibitor to hatching larva revealed that the inhibitor treatment did not affect early
oogenesis in genetically female medaka, and spermatogenesis was occasionally
observed later in the ovaries (Suzuki et al. 2004). A similar phenotype in oogenesis
was also obtained in a mutant medaka deficient in ovarian aromatase (Cyp19al): the
gonads first differentiated into ovaries with follicles, and the ovaries subsequently
degenerated, followed by the appearance of testicular tissues (Nakamoto et al. 2018).
These results suggest that endogenous estrogens are likely not essential for either sex
determination or early oogenesis/folliculogenesis in female medaka but are required
for the maintenance of ovarian fate at a later stage. Of note, the master
sex-determining (MSD) gene in medaka was identified as Dmy (a duplicated copy
of Dmrtl) (Matsuda et al. 2002; Nanda et al. 2002). However, the pathway linking
this gene to steroid synthesis remains elusive.

6.3.9 Estrogen in Nile Tilapia and the Rainbow Trout

Contrary to the medaka studies, however, evidence supporting at least the require-
ment of estrogen for early stages of gonadal development, if not gonadal sex
determination itself, has been accumulating in other fish such as the Nile tilapia
(Nakamura et al. 2003) and rainbow trout (Vizziano et al. 2007). For example,
Cyp19al-positive cells became detectable before morphological sex differentiation
in the prospective ovary of the Nile tilapia and rainbow trout (Nakamura et al. 1998;
Vizziano et al. 2007). Gene expression profiling during the critical period of sex
differentiation in both species confirmed that key genes for estrogen synthesis
including Cypl9al have been expressed before ovarian morphological differentia-
tion (Vizziano et al. 2007; Ijiri et al. 2008). Oral administration of an aromatase
inhibitor resulted in female-to-male sex reversal in 100% of the rainbow trout and
75.3% of the Nile tilapia (Guiguen et al. 1999). In Cyp19al-deficient tilapia with a
female genotype (XX), the gonads differentiated into testes rather than ovaries
(Zhang et al. 2017). Remarkably, a sign of sex reversal in this mutant was observed
at a very early stage of gonadal development when a sexually dimorphic difference
in the germ cell number appeared. This histological differentiation precedes other
morphological differentiation such as the formation of a testicular efferent duct or
ovarian cavity in the Nile tilapia (Kobayashi and Nagahama 2009).

Taken together, these results suggest that estrogens are needed in the very early
stages of ovarian differentiation in these species (Fig. 6.7). Furthermore, a recent
study on the MSD gene, sdY, in the rainbow trout sheds light on a link between its
MSD gene and estrogen synthesis (Bertho et al. 2018). The rainbow trout sdY
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Fig. 6.7 The role of estrogens in the sex determination and differentiation period varies among fish
species

encodes a truncated form of an immune-related protein and directly modulates
Cypl9al expression in cooperation with Fox]2 and Nr5al, resulting in depletion
of estrogens in a male genotype (XY) (Bertho et al. 2018) (Fig. 6.7).

6.3.10 Estrogen in Birds

Outside of teleost fish, it is well recognized that estrogen plays a major role in the
early stages of ovarian differentiation in birds (Lambeth et al. 2013), while a very
likely candidate MSD gene has been DMRT that resides on the Z chromosome but
not on the W chromosome (Smith et al. 2009). Estrogen treatment of genetic male
(ZZ genotype) embryos results in testis-to-ovary sex reversal, and inhibition of
estrogen synthesis in genetic female (ZW) embryos promotes ovary-to-testis sex
reversal (Elbrecht and Smith 1992; Burke and Henry 1999). A recent genome editing
experiment in chicken (Gallus domesticus) showed that loss of one copy of DMRTI
in genetic males (ZZD MRT1+/D MRTI_) caused testis-to-ovary sex reversal, confirming
that DMRT is the key switch gene necessary for testis development (Ioannidis et al.
2021). In addition, the experiment with an aromatase inhibitor revealed that the
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production of estrogen is also a key factor in primary sex determination in chicken
by suppressing the testis pathway activated by DMRT1 (Ioannidis et al. 2021).

6.3.11 Estrogen in Reptiles

Sex determination in reptiles is very complicated, ranging from temperature-
dependent sex determination, genetic sex determination, and their coexistence, in
which temperature-dependent sex determination prevails in crocodiles, most turtles,
and some lizards (Barske and Capel 2008; Holleley et al. 2016; Nagahama et al.
2021). Among the reptiles, the red-eared slider turtle (Trachemys scripta elegans)
has been relatively well studied concerning the sex determination process
(Nagahama et al. 2021; Garcia-Moreno et al. 2018; Yao and Capel 2005). In this
species, eggs incubated at a male-producing temperature with exogenous estrogen
developed into females, whereas administration of an aromatase inhibitor to an egg
incubating at female-producing temperature resulted in male development (Crews
and Bergeron 1994; Wibbels and Crews 1994; Lance 2009; Pieau and Dorizzi 2004).
Moreover, Cypl9al expression is higher in embryonic gonads at the female-
producing temperature than at the male-producing temperature (Czerwinski et al.
2016), suggesting that estrogens play a role in sex determination or subsequent
differentiation. While recent studies in this species suggest that DNA methylation of
the Dmrtl promoter might be key to determining gonadal fate by temperature
(Ge et al. 2017), the direct link between Dmrtl and estrogen production or the
precise role of estrogens in sex determination is still unknown.

6.3.12 Estrogen in Amphibians

In many amphibians, gonadal differentiation is responsive to steroid manipulation,
but the extent of the response varies among species (Nagahama et al. 2021; Flament
2016). Among amphibians, two species, Xenopus laevis and G. rugosa, have been
well studied concerning the mechanism of sex determination and sex differentiation.
Female-biased expression of the Cypl9al gene in the gonads is observed just after
the sex determination step or during early gonadal differentiation in both species
(Maruo et al. 2008; Mawaribuchi et al. 2014). While their MSD genes or candidates
have been known: Dmw in X. laevis and Ar, Sox3 or Sf-1 in G. rugosa (Yoshimoto
et al. 2008; Miura 2017), the link between estrogen production and their MSD genes
or the precise role of estrogens in sex determination is still unknown.
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6.4 Insights from Master Sex-Determining Genes

6.4.1 Limitations of Loss-of-Function Experiments

As discussed above, pharmacological and genetic inhibition of the endogenous
enzymes that catalyze sex steroids resulted in sex-reversal phenotypes in several
species, providing strong evidence to support the requirement of estrogens to trigger
ovarian differentiation, promote early differentiation, or maintain ovarian identity.
However, loss-of-function experiments alone are not sufficient to distinguish the role
of estrogens among them because estrogens are often essential for maintaining
gonadal identity in nonmammalian vertebrates (e.g., Paul-Prasanth et al. 2013;
Takatsu et al. 2013). Thus, late developmental phenotypes in loss of function
experiments, i.e., gonadal sex reversal, can obscure early developmental phenotypes.
Furthermore, in the case of teleost fish, the existence of two paralogs of the
steroidogenic enzyme gene in the genome due to an ancient genome duplication
does not permit a simple interpretation of the genetic inhibition experiments (Tenugu
et al. 2021; Zhou et al. 2021; Force et al. 1999; Jaillon et al. 2004).

6.4.2 Master Sex-Determining Genes

Alternative evidence demonstrating the steroid hypothesis could be obtained if there
is a species whose gonadal sex is determined by the master control gene that affects
sex steroid levels. Although the search for such species has been previously consid-
ered to be impractical due to the difficulty for the identification of MSD genes in
nonmodel organisms, recent advances in DNA sequencing technology and its
commoditization enabled us to identify MSD genes (or strong candidates) in many
vertebrate species, in particular, in fish, by using genome-wide association studies
(e.g., Table 1 in Nagahama et al. 2021; Pan et al. 2021).

As mentioned in the previous section for some examples, more than a dozen
different MSD genes have been identified in nonmammalian vertebrates to date.
However, the majority of them encode Dmrtl, the Sox-family proteins, or proteins
involved in the TGF-p pathway (e.g., Matsuda et al. 2002; Smith et al. 2009; Hattori
et al. 2012; Kamiya et al. 2012; Takehana et al. 2014; reviewed in Kikuchi and
Hamaguchi 2013; Bachtrog et al. 2014; Nagahama et al. 2021; Pan et al. 2021).
Thus, the direct link between MSD genes and sex steroid levels has been unclear
until very recently, although it can reasonably be surmised that steroidogenesis acts
downstream of these MSD genes.

In 2018, a link between the MSD gene and sex steroid levels was reported in
rainbow trout, as mentioned above (Bertho et al. 2018). An even more direct link
was reported in four Seriola fish (the California yellowtail S. dorsalis, the greater
amberjack S. dumerili, the Japanese amberjack S. quinqueradiata, and the yellowtail
kingfish S. lalandi) in 2018 and 2019 (Purcell et al. 2018; Koyama et al. 2019).
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In three Seriola fish including the greater amberjack, the Japanese amberjack, and
the yellowtail kingfish, a Z-specific single nucleotide missense substitution in the
coding region of Hsd17b1 has been identified as the sole polymorphism associated
with phenotypic sex (Koyama et al. 2019). Biochemical and molecular dynamics
analyses revealed that Z-type Hsd17b1 protein is a hypomorphic form attenuating
production of estradiol relative to the allelic product from the W chromosome
(shown in magenta in Fig. 6.5), by disrupting the hydrogen bond network between
the steroid and the enzyme’s catalytic residues. Therefore, fish homozygous for the
hypomorphic allele (ZZ H54!7°#Hsd170%) deyelop into males due to the depletion of
estrogens (especially estradiol) during the sex determination period (Koyama et al.
2019). In the California yellowtail, a W-specific 61-base deletion upstream of the
HsdI7bl1 gene has been identified. It was hypothesized that the deletion disrupts a
putative silencer motif of Hsd17bl and thereby enhances estrogen production,
leading to ovarian development in a female genotype (ZW*“") (Purcell et al. 2018).

Besides, in two species of Trachinotus fish (T. ovatus and T. anak) as well, allelic
variation at the Hsd17b1 locus, an intronic polymorphism in the splicing site this
time, has been shown again to be associated with the phenotypic sex (Fan et al. 2021;
Guo et al. 2021). Furthermore, in two species of tuna fish (Thunnus orientalis and
T. maccoyii), the male-specific Sultlst6Y gene encoding an estrogen sulfotransferase
appears to trigger testicular differentiation through inactivation of estrogens by
sulfation in genetic males (XY /SulUs6Y) (Nakamura et al. 2021).

In addition, an allelic variation of an estrogen signaling-related gene, Bcarl, has
been proposed as the candidate MSD allele in the channel catfish (Ictalurus
punctatus) (Bao et al. 2019). Since human BCARI1 interacts with estrogen receptor
o (ERa) in human breast carcinoma cells (Cabodi et al. 2004) and the channel catfish
Bcarl resides on the Y chromosome, it was assumed that the male-biased expression
of this gene during the sex determination period resulted in an inhibition of estrogen

receptor signaling and drives testicular development in catfish with a male genotype
(XY Bcarlx/Bcarly)-

6.5 Conclusions and Future Perspective

Together, these genetic studies clearly indicate that estrogens can be endogenous sex
inducers by triggering ovarian differentiation in some species of fish, but not in
others. In other words, the role of estrogens in cell fate specification and maintenance
at the early gonadal differentiation likely vary among species even within teleost fish
(Fig. 6.7). The situation in many species may fall between two extremes: (1) Seriola
fish in which estrogen production is the initial trigger for sex determination, and
(2) medaka fish in which estrogens are required neither for gonadal sex determina-
tion nor early ovarian differentiation (Fig. 6.7).

While it is now evident that the whole process of gonadal sex determination can
lie downstream of estrogen activity in some fishes, there are still many unanswered
questions about the detailed molecular processes that lead from estrogens to the
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Fig. 6.8 Target genes of estrogens responsible for the gonadal fate determination and its mainte-
nance. The action of estrogens is likely maintained by a positive feedback loop of Cypl9a,
estrogens (represented by E,), and FoxI2 in fish (Wang et al. 2007; Bertho et al. 2018). However,
target genes of estrogens during sex determination/differentiation have been yet to be determined

gonadal fate determination. For example, although the action of estrogens should be
mediated by estrogen receptors (ERs) (Nagahama et al. 2021) and likely maintained
by a positive feedback loop of Cypl9a, estrogens, and FoxI2 in fish (Wang et al.
2007; Bertho et al. 2018) (Fig. 6.8), the mode of mediation of estrogen’s effects and
their target genes during sex determination/differentiation have been elusive. Indeed,
despite a large number of studies reporting transcriptome analysis of differentiating
ovaries and testes in fish (e.g., Sreenivasan et al. 2008; Tao et al. 2013; Koyama et al.
2019), direct target genes of ERs leading to ovarian development have yet to be
identified (Fig. 6.8).

Given that an enormous number of ER target genes have been reported in human
breast cancer cells and mouse mammary gland (Carroll et al. 2006; Palaniappan et al.
2019), it is reasonable to speculate that estrogens control many ER target genes
during the period of sex determination and early steps of ovarian differentiation in
nonmammalian vertebrates. Consistent with this expectation, of 337 female-biased
genes in the differentiating gonads of the American alligator Alligator
mississippiensis, 116 genes are in predicted estrogen-responsive (ER1-targeted)
genomic regions (Rice et al. 2017). However, recent studies in zebrafish raised the
intriguing possibility that the number of target genes may be limited. By generating
double mutants of cypl9al and dmrtl, Wu et al. (2020) showed that disruption of
dmrtl rescues an initiation defect of folliculogenesis observed in the cypl9ala
mutant. In this double mutant, ovarian follicles developed normally up to the
previtellogenic stage. This result suggests that estrogens are dispensable for early
folliculogenesis in the absence of dmrtl function (Wu et al. 2020), and thus, the ER
target genes may be restricted to dmrtl-activated genes or dmrt! itself (Fig. 6.9). A
similar dispensability of estrogen in early ovarian differentiation in the absence of
DMRT1 function was recently reported in chicken (Ioannidis et al. 2021), though
this study focused on earlier stages than those of folliculogenesis.

From the above discussion, the conclusions that could be drawn are as follows.

1. Although Yamamoto proposed that androgens can act as endogenous testes
inducers in fish, it is not likely the case in many fishes except for fish that undergo
temperature-induced masculinization or sequential sex change. Testes are likely
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Fig. 6.9 A model for the role of estrogens in the sex determination and early sex differentiation.
The role of estrogens (represented by E,) as a gonadal sex determiner would be to activate the
ovarian, while repressing the testicular pathway, or both during the sex determination period. To
maintain the ovarian fate, continuous repression of the Dmrt1-activated pathway by E, is required.
E, may play no active role in the developmental module of early folliculogenesis except for the
initiation, contrary to a traditional view in nonmammalian vertebrates. The role of E, at the sex
determination period can be performed by other MSD genes. Furthermore, the role of E, in the
subsequent differentiation can be performed by other unknown factors

the default gonads in many fishes as far as sex steroid signaling is concerned: the
undifferentiated gonads autonomously develop into testes in the absence of sex
steroids. With some caution, the default state of gonads with respect to MSD gene
in a species can be changeable with the replacement of their MSD gene. The role
of androgens in sex determination remains to be elucidated in amphibians and
reptiles.

2. As Yamamoto predicted, estrogens (namely estradiol) are most likely natural
inducers that trigger ovarian differentiation in some fishes such as Seriola
(Fig. 6.7). However, this role of estrogen to turn on or off the ovarian pathway
can be performed by other MSD genes such as Dmrtl, Sox, and Tgfb-related
genes. Currently, no direct link between these MSD genes and estrogens has been
shown except for sdY in rainbow trout. It would be interesting to see whether such
divergent MSD signaling converged into estrogen signaling or if estrogens only
play a part in their downstream pathway in other species. From this view point,
the sex determination mechanism of sharks would be also interesting. The precise
role of estrogens in sex determination remains to be elucidated in amphibians and
reptiles.

3. In a simplified model (Fig. 6.9), the role of estrogens as the gonadal sex determiner
would be achieved by either activating the ovarian pathway or repressing the
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testicular pathway during the sex determination period, and continuous repression
of the pro-testis factors such as Dmrtl during the early differentiation period.
Estrogens may play no active role in the developmental module of the early
folliculogenesis, and thus, the number of genes directed by estrogens in sex
determination and early ovarian development could be far fewer than previously
thought. It should be emphasized that direct target genes of the estrogen signaling
leading to ovarian development have yet to be identified (Fig. 6.8).
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Behaviors in Teleost Fish

Kataaki Okubo, Yuji Nishiike, Thomas Fleming, Yukiko Kikuchi,
and Towako Hiraki-Kajiyama

Abstract Males and females exhibit innate sex-specific mating behaviors, which are
established developmentally. In mammals and birds, phenotypic sex differences in
mating behaviors are stable and essentially irreversible, because the underlying neural
substrates are irreversibly sex-differentiated prior to puberty due to the effects of
gonadal steroids and the sex chromosome complement. In contrast, experimental
manipulation of the hormonal milieu of teleost fish in adulthood effectively reverses
male and female mating behaviors, illustrating the lifelong sexual lability in their
underlying neural substrates. Consistent with this, evidence is accumulating that, in
teleosts, both early gonadal steroids and the sex chromosome complement have little
effect on the development of sex-typical mating behaviors; instead, recent work in
medaka (Oryzias latipes) demonstrates that mutual antagonism between estradiol-17f
signaling through an estrogen receptor subtype Esr2b and 1 1-ketotestosterone signaling
through androgen receptor in adulthood, rather than during development, mediates
sex-typical mating behaviors in a reversible and transient manner. Further evidence is
provided that the pronounced sexual dimorphism and adult steroid-dependent lability
in the expression of Esr2b and downstream effectors, including neuropeptide B, in the
telencephalic and preoptic nuclei underlie the neural basis of induction, maintenance,
and reversal of male and female mating behaviors in teleosts.
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7.1 Introduction

From invertebrates to humans, males and females of a given species display differ-
ences in a wide range of physiological and behavioral traits. Perhaps the most
obvious differences are found in traits directly relevant to reproduction, including
mating behaviors. Males commonly perform elaborate courtship displays to attract
females for mating, while female behavior is primarily an evaluation of male
suitability. These differences result from differential development and activation of
the underlying neural substrates in males versus females (Yang and Shah 2014,
2016; Chen and Hong 2018).

In vertebrates, sex-specific mating behaviors and the underlying neural substrates
are highly dependent on the milieu of gonadal hormones, particularly sex steroids,
which is typical of each sex (McCarthy et al. 2017; Jennings and de Lecea 2020). In
adult males, high and persistent levels of circulating androgens activate the neural
substrates to facilitate the expression of male-typical mating behaviors, whereas in
adult females, cyclic elevations in circulating estrogens, progestins, and prostaglan-
dins activate the neural substrates to achieve female-typical mating behaviors. While
this mechanism seems to be fundamental to the expression of sex-typical mating
behaviors in all vertebrate taxa, large variations in the impact and mode of action of
gonadal hormones are apparent across taxa.

This review briefly summarizes current knowledge on how gonadal hormones
regulate male and female mating behaviors in teleost fish, which are unique among
vertebrates in that their sex-specific phenotypes, including behaviors, are quite labile
and can even be reversed as adults (Okubo et al. 2019; Nagahama et al. 2021).
Considering the framework of this book, which regards sex as a spectrum rather than
a binary, teleosts can transition from one end of the spectrum to the other throughout
their lifetime. This, combined with knowledge from other vertebrates, highlights the
mechanistic underpinnings of the permanence/lability of sex-specific mating behav-
iors, or in other words, the settlement and transition of these behaviors on the sexual
spectrum.

7.2 Sex Differences in Mating Behaviors Are Stable
and Essentially Irreversible in Mammals and Birds

While the pattern of gonadal hormone secretion in adulthood is certainly a proximate
factor that influences sex-typical mating behaviors, the overall picture of the mech-
anism underlying these behaviors is not that simple. Reversal of sex-typical mating
behaviors in adult mammals and birds does not generally occur. Even after ovariec-
tomy and androgen administration to alter their sex steroid milieu to that typical of
males, females do not exhibit male-typical mating behaviors to the same extent as
males. Similarly, adult males of these taxa, if castrated and treated with estrogens
and progestins, fail to show female-typical behaviors. These observations indicate
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Fig. 7.1 Mechanisms underlying the development of sex-typical mating behaviors in mammals.
The neural substrates that mediate mating behaviors are irreversibly and constitutively
sex-differentiated prior to puberty, depending on early developmental exposure to gonadal steroids
(testicular testosterone) and the sex chromosome complement of brain cells (XX vs. XY chromo-
somes). The sex-differentiated neural substrates are then activated in the adult by increased steroid
secretion from mature gonads in a sex-specific manner (testosterone from the testes and estradiol-
17p (E2) and progesterone from the ovaries) for manifestation of sex-typical behaviors

that differential expression of mating behaviors by males and females is essentially
permanent and irreversible in mammals and birds.

More than half a century of research on these taxa (mostly in rodents) has
revealed the mechanisms underlying the permanent differentiation of the male and
female brain (McCarthy and Arnold 2011; McCarthy et al. 2017; McCarthy 2020;
Balthazart 2019) (Fig. 7.1). In rodents, the fetal testes of males secrete large amounts
of testosterone, whereas the fetal ovaries of females remain hormonally quiescent.
Once in the developing male brain, testicular testosterone is largely converted by
cytochrome p450 aromatase into estradiol-17p (E2), which then acts to masculinize
(induce male-typical phenotypes of, or direct toward the male end of the sexual
spectrum) and defeminize (prevent female-typical phenotypes of, or direct away
from the female end of the spectrum) the neural substrates that later mediate
sex-specific behaviors. In the absence of testosterone during development, as in
the female brain, the neural substrates are feminized (female-typical phenotypes are
induced or directed toward the female end of the sexual spectrum) and
demasculinized (male-typical phenotypes are prevented or directed away from the
male end of the spectrum), although exposure to E2 during the prepubertal period is
required for full feminization (McCarthy et al. 2017; Balthazart 2019). A similar
mechanism is present in primates, although testosterone acts directly to masculinize
the brain, without prior conversion to E2 (Bao and Swaab 2011). In quail, in contrast
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to rodents, the fetal female ovaries secrete E2, which acts on the developing brain to
feminize and demasculinize the neural substrates, while the absence of fetal E2
secretion masculinizes and defeminizes them as occurs in males (Adkins-Regan
2009; Maekawa et al. 2014; Balthazart 2019). In spite of such variations among
species, these steroidal effects early in development, traditionally referred to as
“organizational effects”, represent a common mechanism for sexual differentiation
of brain and behavior in mammals and birds. Importantly, the early steroid effects
are basically irreversible and permanently differentiate the neural substrates. This
allows for the manifestation of behaviors typical of one sex later in life, while
concurrently preventing that of the other sex.

The sex-differentiated neural substrates are then activated in adulthood by
increasing sex steroid secretion from mature gonads (McCarthy and Arnold 2011;
McCarthy et al. 2017). In adult males, testicular testosterone activates the masculin-
ized neural substrates to allow male-typical mating behaviors, whereas in adult
females, E2 and progesterone arising from the ovaries activate the feminized neural
substrates to allow female-typical behaviors (in male rodents, the bulk of adult
testicular testosterone acts after being aromatized to E2 in the brain, as fetal
testosterone does, and thus E2 is primarily responsible for mating behaviors, as in
females). These effects of sex steroids in adulthood are traditionally referred to as
“activational effects” and differ from early steroid effects in that they are reversible
and transient in nature, thus existing only when steroids are continuously present.

Although gonadal sex steroids are the dominant drivers of most sexually differ-
entiated behaviors, studies over the past few decades have established the contribu-
tion of the sex chromosome complement (XX vs. XY in mammals, or ZZ vs. ZW in
birds) which directly and constitutively affects the sexual differentiation of some
behaviors, independent of steroidal effects (Arnold 2017, 2020). A notable example
comes from zebra finches, where the sex chromosome complement contributes to the
masculine development of the song system, a series of interconnected nuclei that are
essential for learning and producing courtship songs, a male-biased behavioral trait
(Agate et al. 2003). These effects, referred to as “sex chromosome effects”, have also
been shown to contribute to parental and aggressive behaviors and social interactions
(McCarthy and Arnold 2011), although the proximate mechanisms of these effects
remain elusive.

Collectively, sex-specific behaviors and the underlying neural substrates are
shaped by (1) the effects of gonadal sex steroids early in life, which cause irrevers-
ible and enduring sex differences in the developing neural substrates; (2) the effects
of gonadal sex steroids in adulthood, which activate the differentiated neural sub-
strates to drive sex-specific behaviors in a reversible and transient manner; and
(3) the effects of sex chromosome complement, where direct sex-specific actions
of sex chromosome genes within the brain induce sex differences in some behavioral
phenotypes (Fig. 7.1). Mammals and birds exhibit stable sex differences in mating
behaviors, most probably because their underlying neural substrates are irreversibly
and constitutively sex-differentiated prior to puberty under the influence of early
gonadal steroids and sex chromosome complement.



7 Sex Steroid Regulation of Male- and Female-Typical Mating Behaviors. . . 115

7.3 Mating Behaviors in Teleosts Are Highly Sexually
Labile Across Their Lifetime

Although differential expression of mating behaviors by males and females is
essentially fixed in mammals and birds, some studies, albeit few, have challenged
the permanence of these behaviors and suggest that a certain degree of sexual lability
is retained into adulthood. For example, female rodents can exhibit mating behaviors
typical of males, though less frequently, either in response to testosterone or E2
treatment in adulthood (Edwards and Burge 1971; Sodersten 1972). In addition, the
medial preoptic nucleus of the quail brain, which reportedly is involved in male mat-
ing behaviors, is about 1.4 times larger in males than in females, and this sex
difference relies to some extent on the adult steroid milieu (Adkins-Regan 2009;
Balthazart et al. 2010; Balthazart 2019). In agreement with these findings, female
quail treated with testosterone as adults display some male-specific courtship behav-
iors, such as crowing and strutting (Ball et al. 2014).

Notably, and interestingly, sexual lability in behavioral phenotypes is seen much
more frequently and thoroughly in teleost fish, in which experimental manipulation
of the hormonal milieu of adult males and females effectively reverses sex-typical
behaviors. For example, adult male and female goldfish (Carassius auratus) receiv-
ing acute treatment with prostaglandin F2a (PGF2a) or androgens, respectively,
display mating behaviors typical of the opposite sex (Stacey and Kyle 1983; Stacey
and Kobayashi 1996; Ghosal and Sorensen 2016). Similarly, female stickleback
(Gasterosteus aculeatus) and medaka (Oryzias latipes) respectively exhibit nest-
building behavior or courtship displays that are typical of males, when treated with
androgens as adults (Wai and Hoar 1963; Nishiike et al. 2021). Moreover, the
frequency of courtship displays induced in androgen-treated female medaka can be
as high as in males (Nishiike et al. 2021).

Teleosts are even more unique in that many species spontaneously undergo
phenotypic sex reversal, involving both anatomical and behavioral changes,
depending on physiological, environmental, and social cues (Godwin 2010; Liu
et al. 2017; Capel 2017). Even in teleost species that do not normally sex-reverse in
adult life, such as tilapia (Oreochromis niloticus), medaka, African cichlid
(Astatotilapia burtoni), and zebrafish (Danio rerio), morphological, and often
behavioral, sex reversal can be induced by chronically exposing adult females to
an aromatase inhibitor to block the conversion of androgens to estrogens (Paul-
Prasanth et al. 2013; Takatsu et al. 2013; Sun et al. 2014; Goppert et al. 2016). These
facts strongly imply that brain and behavior of teleosts, regardless of whether the
species normally switch sex or not, are sexually labile throughout their lifetime and
can even be reversed as adults (Okubo et al. 2019).
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7.4 Sex-Typical Mating Behaviors in Teleosts Are Largely
Dependent on the Adult Steroid Milieu

The enduring adult sexual lability in mating behaviors in teleost fish suggests that
their neural substrates undergo a unique process of sexual differentiation from those
of mammals and birds. It is plausible to assume that gonadal sex steroids early in life
cause only minimal, if any, irreversible sex differences in the neural substrates, or
that these differences can readily be reversed by the prevailing sex steroid milieu in
adulthood. The former supposition is supported by the observation that neither
testosterone nor E2 levels are appreciably elevated in medaka embryos (Iwamatsu
et al. 2005, 2006). In addition, the levels of aromatase expression in the developing
medaka brain are much lower than those in adult fish, with no transient increase or
sex difference (Okubo et al. 2011). This is in sharp contrast to what occurs in
developing rodent brain, where high levels of aromatase activity are transiently
induced in a male-biased manner to help masculinize and defeminize the neural
substrates (Okubo et al. 2019).

Presumably, the sex chromosome complement also plays a minor role, if any, in
sexual differentiation of the neural substrates in teleosts, because the permanent and
invariable effects that the constitutive presence of sex chromosomes should produce
are inconsistent with the sexual lability of teleosts. In line with this notion, in medaka
and tongue sole (Cynoglossus semilaevis), sex-reversed males and females (i.e.,
males with the sex chromosome constitution XX or ZW and females with XY or
Z7Z chromosomes) appear to be as fertile and behaviorally active in mating as normal
males and females (Volff et al. 2007; Paul-Prasanth et al. 2013; Chen et al. 2014),
although there has been no quantitative examination of behavior or neural function
of sex-reversed fish. The sex chromosomes of teleosts have arisen only recently and
independently many times in different families, genera, or species (many teleost
species do not have sex chromosomes, and sex is instead determined by environ-
mental signals) (Marshall Graves and Peichel 2010; Kikuchi and Hamaguchi 2013;
Gammerdinger and Kocher 2018). Since their sex chromosomes are still in the early
stages of differentiation, the chromosome pairs are not morphologically distinguish-
able and are almost identical with only one or a few different loci. As an extreme
example, in some fish species including pufferfish (Takifugu rubripes) and amber-
jacks (Seriola dumerili), the sex chromosome pairs essentially differ by only a single
nucleotide (Kamiya et al. 2012; Koyama et al. 2019). The lack of extensive genetic
differences between males and females probably limits the potential impact of the
sex chromosome complement on sex-typical behaviors and the underlying neural
substrates in teleosts (Okubo et al. 2019).

Assuming that neither early gonadal steroids nor the sex chromosome comple-
ment has much effect on sexual differentiation of the neural substrates underlying
sex-typical mating behaviors, it is highly likely that gonadal steroids in adulthood
play a decisive role in teleosts. The reversible and transient nature of the adult
steroidal effects agrees with the marked sexual lability of behavioral phenotypes in
teleosts. The reversal of sex-typical mating behaviors upon manipulation of the adult
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hormonal milieu described above exactly reflects such a nature, and suggests that
these effects are largely, if not solely, responsible for sex-typical mating behaviors.
In teleosts, gonadal steroids in adult life may serve to both differentiate the neural
substrates and activate them to actuate sex-typical mating behaviors in a reversible
and transient manner. It appears that the neural substrates for sex-typical mating
behaviors in teleosts remain undifferentiated until the onset of puberty, after which
they are differentiated and simultaneously activated depending on the sex-specific
steroid milieu in the adult.

7.5 Teleosts Have a Unique Adult Steroid Milieu Compared
to Mammals and Birds

The adult steroid milieu of teleost fish differs from that of mammals and birds in
several important respects (Figs. 7.2 and 7.3). The mature teleost testes secrete
copious quantities of 11-ketotestosterone (11KT) in addition to testosterone into
the circulation, which eventually gain access to the brain. 11KT is generally more
effective than testosterone in stimulating the development of secondary sexual
characteristics, spermatogenesis, and mating behaviors in teleosts (Borg 1994).
Because of this and the fact that the circulating levels of 11KT, unlike testosterone
(see below), are much higher in males than in females, 11KT is regarded as the
primary testicular androgen in teleosts (Devlin and Nagahama 2002). Importantly,
11KT also differs from testosterone in that it cannot be aromatized into estrogens,
and all of its actions are mediated by the androgen receptor (AR) (Borg 1994). This
mode of action is also distinct from that of Sa-dihydrotestosterone (DHT), a potent

major androgen major estrogen maijor progestin
mammals . : : CHa
OH OH | OH ! c=0
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Fig. 7.2 Comparison of major sex steroids in mammals and teleosts. The major androgen in
teleosts is 11-ketotestosterone (11KT; which cannot be aromatizable), and not testosterone or
Sa-dihydrotestosterone (DHT) as in mammals. In teleosts, testosterone serves as a precursor to
11KT and estradiol-17p (E2), rather than as an androgenic steroid. In addition, the major progestin
in teleosts is not progesterone as in mammals, but 17,20p-dihydroxy-4-pregnen-3-one (DHP), or in
some species, 17,20B,21-trihydroxy-4-pregnen-3-one (20p-S). The major estrogen in both mam-
mals and teleosts is E2
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Fig. 7.3 The adult sex steroid milieu in teleosts. The mature testis primarily secretes
11-ketotestosterone (11KT) and testosterone, whereas the mature ovary mainly secretes estradiol-
178 (E2), 17,20p-dihydroxy-4-pregnen-3-one (DHP) (or 17,20p,21-trihydroxy-4-pregnen-3-one
(20p-S) in some species), and testosterone. Sex-typical mating behaviors in teleosts largely depend
on the sex-specific adult steroid milieu. Of note, teleosts have much higher brain aromatase activity
than any other vertebrates. Hence, circulating testosterone, once in the brain, is converted to E2,
resulting in a significant accumulation of E2 even in the male brain
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androgen in mammals and birds, which cannot be aromatized into estrogens, but
whose metabolite, 3f-androstanediol, binds to the estrogen receptor (ESR, also
known as ER) and exerts estrogenic effects (Handa et al. 2009).

The mature ovaries of teleosts secrete large amounts of E2 and progestin into the
circulation, as do those of mammals and birds; however, the major progestin in
teleosts is not progesterone as in mammals and birds, but 17,208-dihydroxy-4-
pregnen-3-one (DHP), or in some species, 17,20p,21-trihydroxy-4-pregnen-3-one
(20B-S) (Scott et al. 2010). Strikingly, teleost ovaries also produce substantial
amounts of testosterone, and its circulating levels in adult females are comparable
to and sometimes higher than the levels found in adult males (Katz and Eckstein
1974; Borg 1994). Testosterone therefore likely functions as a precursor to both the
major androgen 11KT and the major estrogen E2, rather than as an androgenic
steroid, in teleosts. DHT is also produced in both the testes and ovaries of teleosts;
however, its circulating levels are typically lower than those of testosterone and
11KT and are not significantly male-biased, leaving the role of DHT in teleosts
largely unexplored (Margiotta-Casaluci et al. 2013; Martyniuk et al. 2013; Nishiike
et al. 2021; Yazawa et al. 2021).

Another salient feature of the sex steroid milieu in teleosts is that their adult brain,
irrespective of sex, has more than 100-fold greater aromatase activity than the adult
mammalian and avian brains, and is thus a major site of E2 production along with the
ovary (Pasmanik and Callard 1985). In rodents, brain aromatase activity reaches its
peak during fetal life and declines gradually thereafter to adult levels, representing
only a small percentage of the fetal peak; the remaining activity in adulthood is,
however, still important for mating behaviors (Tobet et al. 1985; Beyer et al. 1993;
Lephart 1996) (Fig. 7.4). In contrast, brain aromatase expression and activity in
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Fig. 7.4 Lifetime changes in brain aromatase activity/expression in mammals and teleosts. In
mammals (rodents), brain aromatase activity peaks during fetal development and gradually
decreases toward adulthood. In contrast, in teleosts (medaka), brain aromatase activity/expression
increases with age and sexual maturation, reaching levels in adulthood comparable to or higher than
the fetal peak in rodents

teleosts increases with age and sexual maturation and reaches levels comparable to
or higher than the fetal peak in rodents during adult life (Le Page et al. 2010; Okubo
etal. 2011) (Fig. 7.4). Due to this very high level of aromatase activity, a substantial
fraction of the circulating testosterone that reaches the adult brain is converted to E2,
resulting in high levels of E2 even in the male brain (though not as much as in the
female).

7.6 Duplicated Steroid Receptor Subtypes in Teleosts Have
Largely Nonredundant Roles in Mediating Sex-Typical
Mating Behaviors

What then is the mechanism of action of adult sex steroids in establishing and
reversing sex-typical mating behaviors in teleosts? The action of sex steroids is
primarily mediated via binding to specific intracellular receptors, including AR,
ESR, and progestin receptor (PGR, also known as PR), which function as ligand-
dependent transcription factors to regulate the expression of downstream genes.
While tetrapods have a single AR subtype and two ESR subtypes (ESR1 and
ESR?2), most teleosts have two AR subtypes (Ara and Arb) and three ESR subtypes
(Esrl, Esr2a, and Esr2b), except for some species, including zebrafish, which have
only a single AR (Ikeuchi et al. 1999; Hawkins et al. 2000; Douard et al. 2008)
(Fig. 7.5). Ara and Arb are duplicates that arose because of a whole-genome
duplication event in the teleost lineage and are co-orthologous to tetrapod AR
(Ogino et al. 2018). Similarly, Esr2a and Esr2b are co-orthologs of tetrapod ESR2,
arising from the teleost-specific genome duplication (Ogino et al. 2018). In contrast
to AR and ESR, both tetrapods and teleosts have only a single subtype of PGR.
Duplicated genes often diverge in function, partitioning the multiple functions of
their single ancestral gene (Force et al. 1999; Lynch and Force 2000; Postlethwait
et al. 2004). Studies of mice and several teleost species rendered deficient in AR and
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Fig. 7.5 Comparison of intracellular steroid receptor subtypes in mammals and teleosts. While
mammals have a single androgen receptor (AR) subtype and two ESR subtypes (ESR1 and ESR2),
most teleosts have two AR subtypes (Ara and Arb) and three ESR subtypes (Esrl, Esr2a, and
Esr2b). Orthologous subtypes are indicated by connecting lines. Teleosts have more subtypes of
these receptors as a consequence of a whole-genome duplication event early in their evolution. In
contrast to AR and ESR, teleosts have only a single progestin receptor (PGR) subtype, as do
mammals

ESR subtypes have revealed that they indeed have largely nonredundant roles in
mediating mating behaviors. In male rodents, testicular testosterone, once in the
brain, is aromatized to E2, which then acts through ESR1 to masculinize and activate
the neural substrates to actuate male-typical mating behaviors and, in addition,
through ESR2 to defeminize the neural substrates (McCarthy and Arnold 2011;
McCarthy et al. 2017). The most compelling evidence for this is the finding that male
mice lacking Esrl show greatly reduced male-typical mating behaviors (Ogawa et al.
1997, 1999), whereas those lacking Esr2 show no overt defect in these behaviors,
but display lordosis, a characteristic mating posture of female rodents, when cas-
trated and given estrogens and progesterone as adults (Kudwa et al. 2005). Testos-
terone also acts directly on AR in the male rodent brain without being aromatized to
E2. In male mice, however, dysfunction of AR in the brain leads to only a modest
reduction in mating behaviors (Juntti et al. 2010), while loss of both ESR subtypes
completely abolishes them (Ogawa et al. 2000). It thus seems that AR-mediated
signaling is not essential for the masculinization of mating behaviors, but rather
regulates the extent of behavioral displays in males (Juntti et al. 2010).

In contrast, in teleosts, where nonaromatizable 11KT is the primary androgen,
studies with different agonists and antagonists have repeatedly shown that
AR-mediated 11KT signaling is critical for male-typical mating behaviors (e.g.,
Stacey and Kobayashi 1996; van Breukelen 2013; Alward et al. 2019). This is
confirmed by recent findings in zebrafish that ar-deficient males (zebrafish have
only a single AR) are fertile, but court females less vigorously (Yong et al. 2017) and
that males deficient in a steroidogenic enzyme cypl7al show reduced androgen
levels and impaired mating behaviors, which can be rescued by administration of
11KT (Zhai et al. 2018; Shu et al. 2020). In addition, in African cichlid, loss of ara,
but not arb, results in males with diminished mating behaviors, indicating that ara
mediates the effects of 11KT on male mating behaviors (Alward et al. 2020). In
contrast, the involvement of ESR in male mating behaviors remains unclear in
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teleosts. Male medaka lacking esr2b show no defects in mating behaviors,
suggesting that this ESR subtype does not play a role in eliciting male-typical mating
behaviors (Nishiike et al. 2021); however, no attempt has been made to determine
whether esr] and esr2a have any such role. Considering that large amounts of E2 are
produced locally by aromatase in the male brain of teleosts, ESR may play some
role, albeit minor, in male mating behaviors in teleosts as it does in rodents. In fact, it
has been reported that treating adult male guppies (Poecilia reticulata) with an
aromatase inhibitor attenuates their courtship activities (Hallgren et al. 2006).
However, the aromatase inhibitor has no such effect in African cichlid, and further
testing with other species would be necessary to draw any conclusions (Huffman
et al. 2013).

Then, what about female-typical mating behaviors? In female rodents, E2 acti-
vates the feminized neural substrates to induce female-typical mating behaviors
mainly through Esrl. This is evidenced by the finding that female mice lacking
Esrl are not receptive to male courtship, while those lacking Esr2 mate normally
(Ogawa et al. 1996, 1998, 1999; Rissman et al. 1997). Recent work in medaka has
shown that female-typical mating behaviors in teleosts also require ESR-mediated
E2 signaling (Nishiike et al. 2021). However, unlike in rodents, the effect of E2 in
teleosts appears to be mediated primarily by Esr2b (a teleost ortholog of ESR2), not
Esrl; female medaka deficient in esr2b are not sexually receptive to courting males,
despite retaining normal ovarian function with an unaltered sex steroid milieu
(Nishiike et al. 2021), whereas esrl and esr2a deficiency do not prevent normal
mating behaviors in females (Tohyama et al. 2017; Kayo et al. 2019). Even more
strikingly, esr2b-deficient female medaka are not only unreceptive to male courtship,
but often court other females. This finding indicates that Esr2b is the major deter-
minant of sex-typical mating behaviors, playing a decisive role in demasculinization
as well as feminization of these behaviors. This is in marked contrast to rodents, in
which neither E2/ESR1 nor E2/ESR2 signaling is apparently involved in
demasculinization of mating behaviors (rather they serve critical roles in the mas-
culinization and defeminization, respectively, as mentioned above). It should be
noted, however, that recent evidence suggests that, in quail, fetal E2 demasculinizes
the neural substrates of mating behaviors primarily through Esr2 (Court et al. 2020).
The extent to which the demasculinizing effect of E2/ESR2 signaling is prevalent in
vertebrates is an important question that warrants further investigation.

7.7 E2/Esr2b and 11KT/AR Signaling Act Antagonistically
to Regulate Mating Behaviors in Teleosts

The study of esr2b-deficient female medaka also revealed that they develop male-
typical mating behaviors due to the AR-mediated action of small amounts of 11KT
(or, less likely, DHT) secreted by the ovary (Nishiike et al. 2021). Although the
ovary of normal females also secretes small amounts of 11KT, they do not show
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Fig. 7.6 Regulation of teleost mating behaviors by gonadal steroid signaling in adulthood, as
revealed by studies in medaka. Estradiol-17f (E2) signaling through an estrogen receptor subtype
Esr2b is essential for the induction of female-typical, and the suppression of male-typical, mating
behaviors, acting antagonistically to androgen receptor (Ara and/or Arb)-mediated
11-ketotestosterone (11KT) signaling. Presumably, the positive autoregulation of Esr2b expression
in the telencephalic and preoptic nuclei by E2, followed by the activation of downstream effector
genes such as npba, feminizes and demasculinizes mating behaviors, whereas repression of Esr2b
expression therein by 11KT masculinizes and defeminizes these behaviors

male-typical behaviors, probably because the masculinizing effect of 11KT/AR
signaling is suppressed by the demasculinizing effect of E2/Esr2b signaling. It
seems that mutual antagonism between Esr2b-mediated E2 signaling and
AR-mediated 11KT signaling in adult life serves to establish and actively maintain
sex-typical mating behaviors (Fig. 7.6).

Another study in medaka unveiled that esr2b is expressed exclusively in females
due to positive autoregulation by E2 in several brain regions, including the ventral
telencephalic (Vs/Vp) and magnocellular preoptic (PMm/PMg) nuclei (Hiraki et al.
2012), which have been implicated, by classic lesion and stimulation studies, in
mating behaviors (Demski et al. 1975; Kyle and Peter 1982; Koyama et al. 1984;
Satou et al. 1984). Vs/Vp and PMm/PMg are part of the evolutionarily conserved
“social behavior network” and considered homologous to the bed nucleus of the stria
terminalis/subpallial amygdala and the paraventricular nucleus in the rodent brain,
respectively (Newman 1999; Goodson 2005; O’Connell and Hofmann 2011, 2012;
Goodson and Kingsbury 2013; Herget et al. 2014), which are also relevant to mating
behaviors (Veenema and Neumann 2008; Yao et al. 2017; Bayless et al. 2019). It is
reasonable to assume that activation of E2/Esr2b signaling in Vs/Vp and PMm/PMg
is responsible for the expression of female-typical mating behaviors, and that males
do not display female-typical behaviors because E2/Esr2b signaling is not activated
in these brain nuclei. Crucially, 11KT has an inhibitory effect on esr2b expression in
Vs/Vp and PMm/PMg; high levels of 11KT secretion from the male testis may
contribute to the defeminization of male mating behaviors by inhibiting E2/Esr2b
signaling in these brain nuclei (Hiraki et al. 2012; Nishiike et al. 2021). This
defeminizing effect of 11KT, along with its ability to promote male-typical
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(masculinize) behaviors, presumably induces and maintains the male pattern of
mating behaviors.

It is noteworthy that the sexually dimorphic esr2b expression in Vs/Vp and
PMm/PMg of medaka can be reversed between the sexes by altering the adult sex
steroid milieu; the E2-dominated adult steroid milieu stimulates, whereas the 11KT-
dominated adult steroid milieu inhibits, esr2b expression therein, regardless of sex
(Hiraki et al. 2012; Nishiike et al. 2021). Sex-differentiated expression of steroid
receptors and effects of the adult steroid milieu on it have also been reported in the
brain of mammals and birds (Okubo et al. 2019). However, the degree of both sex
differences and steroid effects is modest and much less extensive than esr2b
expression in medaka. These differences between medaka and mammals/birds
highlight the profound sexual dimorphism and adult steroid-dependent lability in
the activation of E2/Esr2b signaling in behaviorally relevant nuclei of the teleost
brain. These particular modes of E2/Esr2b signaling are most likely responsible for
the adult sexual lability in teleost mating behaviors.

Evidence has accumulated in rodents that the effects of gonadal sex steroids early
in life on brain and behavior are mediated, in part, by DNA methylation of steroid
receptor genes, although there are some discrepancies between studies (Westberry
et al. 2010; Kurian et al. 2010; Schwarz et al. 2010). This epigenetic modification
limits the flexibility of receptor gene expression in relevant brain nuclei later in life
in a sex-specific manner. Considering the lability of steroid receptor expression in
adults, the teleost brain is unlikely to undergo such a developmental process. This
suggests again that steroids early in life have little effect on sexual differentiation of
brain and behavior in teleosts.

7.8 Neuropeptide B Is a Direct Mediator of E2/Esr2b
Signaling and Required for Female Sexual Receptivity

Recent studies, particularly in mice employing optogenetic and chemogenetic
manipulations, have identified sex steroid-responsive neural circuits that underlie
sex-specific mating behaviors, as well as the effector genes downstream of sex
steroids that mediate these behaviors (Bayless and Shah 2016; Chen and Hong
2018; Jennings and de Lecea 2020). Nonetheless, very few genes have been iden-
tified in any species that are sex-specific direct transcriptional targets of sex steroids
for mediating sex-specific mating behaviors (Yang and Shah 2014). Given that the
social behavior network comprises subsets of peptidergic neurons, neuropeptides
and their receptors seem to be good candidates for direct targets of sex steroids.
Work in the past few years in medaka has revealed that the gene encoding a
neuropeptide, neuropeptide B (NPB), is an immediate downstream effector of
E2/Esr2b signaling that mediates female receptivity to male courtship, as detailed
below.
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NPB, together with its close relative, neuropeptide W (NPW), was originally
identified as a ligand for the orphan receptors GPR7 and GPR8 (now designated
NPBWRI1 and NPBWR2) (Fujii et al. 2002; Brezillon et al. 2003; Tanaka et al.
2003). In mammals, NPB and NPW have been implicated in diverse physiological
processes, including energy homeostasis, food intake, inflammatory pain response,
social interaction, and pituitary hormone secretion (Sakurai 2013; Watanabe and
Yamamoto 2015). Teleost fish have two NPB genes (npba and npbb) and one
NPBWR?2 gene, while lacking the NPW and NPBWRI1 genes. A search for genes
differentially expressed between the sexes in the medaka brain identified npba as
being much more highly expressed in females (Hiraki et al. 2014). It was subse-
quently found that npba is expressed exclusively in females in Vs/Vp and
PMm/PMg, specifically in esr2b-positive neurons, as a result of direct transcriptional
activation by E2/Esr2b signaling. Similarly, expression of npbb in these brain nuclei
is nearly confined to females and is E2-dependent (Hiraki et al. 2014; Hiraki-
Kajiyama et al. 2019; Nishiike et al. 2021). Behavioral testing revealed that both
npba- and npbwr2-deficient female medaka require more time to accept males after
receiving courtship stimulation. In addition, npbwr2-deficient females and females
that are simultaneously deficient in both npba and npbb tend to accept males without
being courted (Hiraki-Kajiyama et al. 2019). These findings suggest that NPB
signaling in teleosts plays a significant role in female mate choice, possibly by
facilitating the acceptance of males performing courtship display and the refusal of
males exhibiting no courtship. Notably, the sexually dimorphic expression of npba
and npbb in Vs/Vp and PMm/PMg can be reversed, to some extent, between female
and male patterns in response to changes in the adult steroid milieu, as with esr2b.
Furthermore, the morphological, transcriptional, and electrophysiological pheno-
types of npba/npbb-expressing neurons that indicate cellular activation (e.g., large
euchromatic nuclei with abundant cytoplasm, high levels of RNA polymerase II
activity and histone marks of active transcription, and relatively high spontaneous
firing rates) are all critically dependent on the adult E2 milieu (Kikuchi et al. 2019).
Altogether, E2-dependent, and thus female-specific, NPB signaling is likely to be a
crucial element of the neural circuitry that underlies sexual dimorphism and lability
of teleost mating behaviors.

However, it is of note that the behavioral defects in females deficient in NPB
signaling are much less severe than those in esr2b-deficient females. A possible
explanation for this is that E2/Esr2b signaling regulates most, if not all, aspects of
female mating behaviors by simultaneously affecting multiple behavior-related
genes, including npba/npbb, and that each of these genes handles one or a few
aspects separately (Fig. 7.6). This speculation is consistent with the view that
sexually dimorphic social behaviors are regulated in a modular fashion by multiple
sexually dimorphic genes that function downstream of sex steroid signaling
(Xu et al. 2012).
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7.9 Conclusions and Future Directions

Considering the evidence presented above, it is highly probable that, in teleost fish,
neither early gonadal steroids nor the sex chromosome complement contributes
much to the development of sex-typical mating behaviors; instead, steroids in
adulthood serve to both differentiate the neural substrates and activate them to
facilitate the expression of these behaviors in a reversible and transient manner.
Recent evidence from studies in medaka further suggests that mutual antagonism
between Esr2b-mediated E2 signaling and AR-mediated 11KT signaling in adult life
underlies the induction, maintenance, and reversal of sex-typical mating behaviors.
Individual adult fish can display a spectrum of sex-typical behaviors ranging from
exclusively masculine to exclusively feminine, probably as a result of this mutual
antagonism. These studies also suggest that the striking sexual dimorphism and
steroid-dependent lability in Esr2b expression in the telencephalic and preoptic
nuclei are the primary molecular basis for sexual differentiation and lability of
teleost mating behaviors. The consequent sex-differentiated but reversible activation
of downstream effectors, including Npba/Npbb, in response to the adult steroid
milieu may allow for the transition of mating behaviors from one end of the sexual
spectrum to the other.

Besides Npba/Npbb, several other neuropeptides, including gonadotropin-
releasing hormones (Gnrh2 and Gnrh3) (Yamamoto et al. 1997; Ogawa et al.
2006; Okuyama et al. 2014; Marvel et al. 2021), nonapeptides (vasotocin, the teleost
ortholog of mammalian vasopressin, and isotocin, the teleost ortholog of mammalian
oxytocin) (Yokoi et al. 2015, 2020), and secretogranins (Scg2a and Scg2b) (Mitchell
et al. 2020), have been shown to be involved in mating behaviors in teleosts.
Sex-differential expression of these neuropeptides has been reported in the brains
of many teleost species (e.g., Grober et al. 1994, 2002; Elofsson et al. 1997, 1999;
Foran and Bass 1998; Ishizaki et al. 2004; Black et al. 2004; Maruska et al. 2007;
Maruska 2009; Kuramochi et al. 2011; Kawabata et al. 2012). The expression of
these peptides has also been reported to be significantly altered with sex change in
gobies (Trimma okinawae) and wrasses (Thalassoma bifasciatum) (Grober and
Sunobe 1996; Godwin et al. 2000; Todd et al. 2019). However, only limited
information is available on whether the behaviorally relevant expression of these
neuropeptides is under the control of sex steroids, and if so, through what signaling
pathways (Yamashita et al. 2017; Narita et al. 2018). This issue certainly warrants
future research to determine the signaling pathways initiated by sex steroids in the
brain to mediate sex-typical behaviors.

Another important issue to be addressed in the future is the functional connection
between E2/Esr2b signaling and PGF2a in regulating female mating behaviors.
Evidence from several teleost species suggests that gonadal steroids, including E2,
are not required for the execution of female mating behaviors, provided that suffi-
cient PGF2a is available (Munakata and Kobayashi 2010). In goldfish, for example,
ovariectomized and immature females, and even males, are sexually receptive to
courting males when administered with PGF2a but not when administered with E2
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(Stacey and Kyle 1983; Kobayashi and Stacey 1993). Similarly, in African cichlid,
administration of PGF2a to females in a nonreproductive state elicits female-typical
mating behaviors (Kidd et al. 2013) and, moreover, genetic disruption of the PGF2a
receptor abolishes female receptivity (Juntti et al. 2016). These observations seem to
be incompatible with the findings in medaka that defined the relevance of E2/Esr2b
signaling to female mating behaviors (Nishiike et al. 2021). The reason for this
incompatibility is currently unknown, but it could be due to species differences in the
impact and mode of action of E2 and PGF2a. Alternatively, and more likely,
E2/Esr2b signaling for female mating behaviors may involve E2 produced locally
in the brain, rather than, or in addition to, circulating E2 derived from the ovary, and
acts upstream of PGF2a signaling. This is in accordance with the fact stated above
that the adult teleost brain has more than 100-fold greater aromatase activity than the
adult mammalian and avian brains and thus produces greater amounts of E2
(Pasmanik and Callard 1985). Future work is needed to clarify the behavioral role
of E2 produced in large amounts in the teleost brain.

Finally, future work is also necessary to ascertain whether the findings and
implications presented in this review can be generalized across species in teleost
fish. As the most diverse group of vertebrates (comprising half of all vertebrate
species), teleosts exhibit a remarkable diversity in reproductive strategies. However,
sex steroid regulation of sex-typical behaviors has been studied only in a few
species. One should be cautious in assuming that findings from these species will
apply to other species.
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Chapter 8 m)
Comparative Perspectives on the Function e
of Oxytocin in Fish and Mammals

Saori Yokoi, Larry J. Young, and Hideaki Takeuchi

Abstract The central oxytocin (OT) system regulates various behavioral processes,
including social recognition, social bonding, and mate preference. In human studies,
intranasal administration of OT facilitates the salience of social information medi-
ated by visual information and motivational states in both sexes. Some rodent animal
models, such as mice and prairie voles, have been used to investigate the neural/
molecular mechanisms underlying central OT function. Elucidating how the OT
system modulates visual processing is difficult using rodent models, however,
because rodents mainly use chemical communication and olfactory investigation
for social interactions. In this review, we propose medaka fish as an advantageous
comparative model for investigating this issue. Medaka fish have the ability to
visually recognize conspecifics and select the appropriate mate based on familiarity
recognition. Medaka fish can use faces (head parts) for familiarity recognition, and
may have a special neural system to recognize faces. OT receptors are distributed in
homologous areas of the primary visual center in medaka fish and primates (optic
tectum and superior colliculus, respectively). In addition, mutations of genes for OT
or OT receptors (OTR) in medaka influence mate choice in a sex-specific manner. As
human OT administration also has opposite effects depending on the sex, compar-
ative studies between medaka and humans could help to elucidate the evolutionary
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roots and basic neural mechanisms underlying social salience in face detection, as
well as how the OT system contributes to the sexual spectrum and diversity in
mating strategies.

Keywords Social vision - Oxytocin - Social recognition - Superior colliculus

8.1 Introduction

Oxytocin (OXT; hereafter OT) is a nine amino-acid neuropeptide that is widely
conserved among vertebrates. Previously, orthologous neuropeptides had different
names based on small protein-coding differences, such as isotocin (fish) and
mesotocin (birds). A universal nomenclature (oxytocin) was recently proposed on
the basis of evolutionary relationships because orthologous genes coding peptide
hormones stem from a common ancestral gene (Theofanopoulou et al. 2021). From
fish to mammals, OT is mainly synthesized in the hypothalamus and stored in the
posterior pituitary gland. OT is released to the bloodstream from the posterior
pituitary gland and transported through axons as a neurohormone to a broad range
of extrahypothalamic brain areas. Oxytocinergic neurons release OT from axonal
terminals as well as dendrites/axons via nonsynaptic (volume) transmission (Ludwig
and Leng 2006), which enables OT to reach broad neuronal targets (Oti et al. 2021).
Central OT regulates various behavioral and physiologic processes, including stress,
analgesia, social recognition, and mate preference. In the field of social neurosci-
ence, many studies have focused on the effects of OT to facilitate affiliative
behaviors toward familiar individuals. For example, studies in rodents indicate that
OT signaling in the brain is essential for the onset of maternal nurturing behavior
(Rilling and Young 2014; Numan and Young 2016; Froemke and Young 2021). In
monogamous rodents (prairie voles), OT facilitates pair-bond formation in both
males and females, and administration of an OT receptor antagonist into the brain
prevents mating-induced partner preferences in both sexes (Young et al. 2001;
Johnson et al. 2016; Walum and Young 2018). Therefore, OT is often considered
by some to function as the “love hormone” in mammals.

8.2 Familiarity Recognition in Fish Species

A number of fish species have the ability to discriminate between familiar and
nonfamiliar conspecifics and to make behavioral choices based on familiarity (i.e.,
prior social interaction between individuals) (Ward et al. 2020). In fish, forming
shoals with familiar conspecifics can increase fitness by decreasing aggression
within groups, facilitating cooperative foraging and escaping, and providing mating
opportunities (Seppd et al. 2001; Nadler et al. 2021; Utne-Palm and Hart 2000;
Doran et al. 2019). Shoaling preferences for familiar conspecifics are observed in a
broad range of fish species, such as guppies (Magurran et al. 1994), sticklebacks
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Table 8.1 List of fish species that exhibit shoaling preference based on familiarity recognition

Class/order Species name ‘ Reference

Actinopterygii

Cypriniformes European minnows (Phoxinus phoxinu) Griffiths et al. (2007)
Texas shiner (Notropis amabilis) Farmer et al. (2004)
Blacktail shiner (Cyprinella venusta) Farmer et al. (2004)
Golden shiner (Notemigonus crysoleucas) Barber and Wright (2001)
Zebrafish (Danio rerio) Bruzzone et al. (2020)

Salmoniformes Sea trout (Salmo trutta) Hojesjo et al. (1998)
Rainbow trout (Oncorhynchus mykiss) Johnsson (1997)

Gasterosteiformes Three-spined stickleback (Gasterosteus Barber and Ruxton (2000)
aculeatus)

Clupeiformes Pacific herring, (Clupea pallasii) Hay and McKinnell

(2002)

Perciformes Paradise fish (Macropodus opercularis) Mikl6si et al. (1992)
Damselfish (Chromis viridis) Nadler et al. (2021)

Cyprinodontiformes | Banded killifish (Fundulus diaphanus) Lee-Jenkins and Godin

(2010)

Guppy (Poecilia reticulata) Magurran et al. (1994)

Chondrichthyes

Carcharhiniformes | Lemon sharks (Negaprion brevirostris) ‘ Keller et al. (2017)

(Barber and Ruxton 2000), minnows (Griffiths et al. 2007), shiners (Farmer et al.
2004), cichlids (Lee-Jenkins and Godin 2010), zebrafish (Ribeiro et al. 2020), and
sharks (Keller et al. 2017), among others (Krause et al. 2000; Griffiths 2003; Ward
et al. 2020) (please see Table 8.1). Mate choice based on familiarity is also observed
in some fish species. Guppy males more frequently exhibit courtship displays toward
unfamiliar females compared with familiar females, which might enhance the spread
of the male’s genes and the generation of more offspring with divergent genetic
backgrounds (Hughes et al. 1999; Kelley et al. 1999). In contrast, medaka females
prefer to mate with visually familiarized males (Okuyama et al. 2014; Wang and
Takeuchi 2017), which could influence a female’s choice for dominant males in
mate-guarding competitions (Yokoi et al. 2015, 2016). Given that the ability to
recognize familiarity spans among fish species from chondrichthyes to teleosts, the
molecular/neural mechanisms underlying familiarity recognition show remarkable
convergence.
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8.3 OT Function in Shoaling Preference Based
on Familiarity Recognition in Zebrafish

Zebrafish have a strong shoaling preference toward conspecifics (Oliveira 2013) as
well as the ability to discriminate familiar individuals (Gerlach and Lysiak 2006;
Hinz et al. 2013; Bruzzone et al. 2020). Zebrafish can use visual information for
social interaction and clearly respond to visual images and biologic motion conspe-
cifics (Saverino and Gerlai 2008; Larsch and Baier 2018). In zebrafish, both phar-
macologic and genetic approaches have been applied to investigate OT function in
shoaling preference. Administration of the specific OT receptor (OTR) antagonist
L-368,899 decreases shoaling behaviors in adult and larval zebrafish (Landin et al.
2020). In contrast, otra-mutant zebrafish display normal shoaling behavior, which
might be due to genetic compensation of the ofra mutation. Shoaling preference
based on familiarity recognition, however, is defective in ofra mutants. Zebrafish are
able to discriminate between familiar and novel mates, and prefer to approach novel
mates (novelty preference) (Bruzzone et al. 2020), whereas ofra mutants are not able
to discriminate between familiar and novel mates (Ribeiro et al. 2020). In the same
behavioral paradigm, zebrafish tend to approach novel objects and otra-mutant fish
exhibit impaired object recognition. Therefore, in zebrafish, OT is assumed to be
required for memory recognition of familiar versus novel entities, not only in a social
context (Ribeiro et al. 2020). In zebrafish, however, there are no reports of OT
signaling in familiarity recognition in heterosexual interactions such as mate
preference.

8.4 Familiarity Recognition and Mate Preference
in Medaka Fish

Medaka fish (Oryzias latipes) are an attractive model for investigating the molecular/
neural basis underlying mate preference based on familiarity recognition (Okuyama
et al. 2017). Both medaka and zebrafish are model organisms for molecular genetics
with similar size embryos, larvae, and adults. Like in zebrafish, state-of-the-art
molecular-genetic methods, such as CRISPR/Cas9 (Ansai and Kinoshita 2014,
2017; Watakabe et al. 2018) and the tetracycline (Tet)-ON system (Hosoya et al.
2021), are available for application in medaka fish. Medaka fish diverged from
zebrafish 314-332 million years ago (Kasahara et al. 2007) and have unique
reproductive behaviors. While zebrafish females have an ovarian cycle of 5 days
(Hisaoka and Firlit 1962), medaka females have an ovarian cycle of only 24 h and
are ready to spawn eggs every morning. Thus, mating behaviors can be analyzed
every morning using the same females, enabling investigation of social behaviors in
a social context, including heterosexual interactions. This is a strong advantage of
using medaka fish compared with zebrafish in the field of social neuroscience. In
addition, female mate preference toward males can be easily judged on the basis of
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female behavior. Medaka mating behaviors consist of stereotypical behavioral
components (Ono and Uematsu 1957). First, the male approaches the female and
then the male exhibits a courtship display by swimming rapidly in front of the
female. After the male wraps a receptive female with the anal and dorsal fins
(crossing), the pair simultaneously release their gametes (spawning; see our video:
https://www.youtube.com/watch?v=7HB5UaNrTSQ). If the female is not receptive,
it tends to exhibit rejection behavior (Walter and Hamilton 1970). Importantly,
medaka females exhibit mate preference on the basis of familiarity, i.e., medaka
females visually discriminate between familiar and unfamiliar mates, and prefer to
mate with familiar males (Okuyama et al. 2014). “Latency to mate” is the measure
used to evaluate female mate preference and refers to the interval between the first
male courtship and mating. This index negatively correlates with the degree of
female acceptance for a focal male. Visual familiarization procedures, allowing a
pair (male and female) to see each other through a transparent wall before a mating
test, significantly decrease “the latency to mate” with the familiar male (Okuyama
et al. 2014; Wang and Takeuchi 2017; Yokoi et al. 2020).

8.5 Sexual Dimorphic OT Function in Mate Preference
in Medaka

In medaka fish, females prefer to choose familiar mates, whereas males court
indiscriminately and irrespective of familiarity. A recent behavioral analysis of ot/
otr mutants revealed that these mutations influence mate preference in a sex-specific
manner (Fig. 8.1). The OT signaling (OT and OTR1; hereafter OTRa) is essential for

Female Male
? i i
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: i L Q 5
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@ ’
%
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Fig. 8.1 Sexual dimorphism of OT signaling function in mate preference for familiar mates. Wild-
type medaka females (left upper panel), but not males (right upper panel), tend to choose familiar
mates as their mating partners. This tendency is reversed in of and otra mutants. Females show no
preference for familiar males (left lower panel) and males gain a mate preference for familiar
females (right lower panel). The results of the transcriptome analysis imply that
neurodevelopmental defects due to abnormal OT signaling cause these mutant phenotypes. Red
arrows represent mate preference for familiar mates
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Fig. 8.2 Mate preference for familiar mates in ot/ofra-mutant males. (a) Wild-type (+/+) and ot/
otra heterozygous mutant (+/—) males exhibit courtship behavior toward novel females as well as
toward familiar females. On the other hand, ot/otra homozygous mutant (—/—) males less fre-
quently exhibit courtship behavior toward novel females than toward familiar females. (b) ot/otra
homozygous mutant (—/—) males tend to be dominant against wild-type (+/+) or ot/otra heterozy-
gous mutant (+/—) males in mate-guarding behaviors when familiar females are present (left). In
contrast, ot/otra homozygous mutant males do not show mate-guarding behaviors toward novel
females and tend to be subordinate against wild-type/heterozygous mutant males (right)

eliciting female mate preference for familiar males, while it is also required for the
unrestricted and indiscriminate male mate choice. Visual familiarization does not
influence the “latency to mate” in either oz- or ofra-mutant females. Thus, ot- or otra-
mutant females lose their mate preference for familiar males (Fig. 8.1). Either oz- or
otra-mutant males more frequently exhibit courtship displays toward familiar
females than novel females (Fig. 8.2a). The ot- or ofra-mutant male-mating prefer-
ence for familiar mates is also demonstrated in another behavioral paradigm, the
male mate-guarding test (Yokoi et al. 2020). When two male and one female (triadic
relationship) medaka are placed in a small tank, the two males compete against each
other for the female. In the male-male competition, the dominant male exhibits
“mate-guarding behavior”: maintaining a dominant position near the female that
interferes with the approach of the rival male toward the female (Yokoi et al. 2015,
2016, 2020). When a novel female is used as a target partner in the triadic relation-
ship, ot/otra homozygous mutant males tend to be subordinate against the hetero-
zygous mutant (Fig. 8.2b), which might be due to a loss of sexual motivation toward
the novel female in of/otra-mutant males. In contrast, ot/otra homozygous mutants
have excessive mate preference for familiar females. In the triadic relationship, o#/
otra homozygous mutant males tend to win against heterozygous mutant/wild-type
males (Fig. 8.2b). Studies of the effects of OT on mate preference in mammals using
monogamous rodents (prairie voles) revealed that OT signaling facilitates mate
preference for familiar individuals in both males and females (Young et al. 2001;
Johnson et al. 2016; Walum and Young 2018). In monogamous species, sexual
dimorphism of the mating strategy is thought to be reduced because monogamous
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pairs share resource protection, parenting, and social support. Medaka studies
showed that the conserved OT function can influence mate preference based on
familiarity recognition from fish to mammals. It might be that OT function has
evolved sex-specific functions at both neural and behavioral levels according to
sexual dimorphism in the mating strategy.

8.6 Candidate Neuronal Targets of OT Signaling for Social
Recognition in Mammals

The OTR distribution is closely related to the neural circuits underlying species-
specific social behaviors. For example, OTR-expressing brain regions in the rodent
brain (rats, mice, and voles) are prominently found in the olfactory pathway (Free-
man and Young 2016), where OT signaling enhances the signal-to-noise response to
social information, enhancing signal processing (Ford and Young 2021; Froemke
and Young 2021). Rodents exhibit social interactions mainly based on chemical
communication and olfactory investigation. Conspecific recognition as well as
familiarity recognition is mediated by olfactory processing of major urinary proteins
in the rodent (Brennan 2004). OTRs are also expressed in brain regions involved in
the social decision-making network (O’Connell and Hofmann 2012), such as the
amygdala and bed nucleus of the stria terminalis (Freeman and Young 2016). In
contrast, in the primate brain, OTRs are concentrated in brain regions involved in
visual processing. In humans, face recognition is a critically important ability for
individual recognition, which enables the long-lasting formation of social relation-
ships with multiple members (Calder et al. 2011). Visual information from individ-
ual faces provides large amounts of social information regarding sex, age, and
emotional expression (Emery 2000). In nonhuman primates, eye-to-eye contact
also functions as a social signal (Shepherd 2010; Harrod et al. 2020). Although
there are some notable species-specific differences (Rogers Flattery et al. 2021),
brain areas expressing OTRs in the primate brain are found in the visual pathway.
Especially, OTR expression in the superior colliculus (SC) is conserved among four
species of primates (human, titi monkey, rhesus monkey, and common marmoset)
(Freeman and Young 2016). Interestingly, studies in cortically blind patients with
damage to the visual cortex suggest the possible involvement of the SC in human
face detection, such as another’s gaze direction and emotional expressions (Morris
et al. 2001; Burra et al. 2013). Furthermore, nonhuman primate studies provide
neurophysiologic evidence that the SC functions as an innate rapid face-detection
system in primates (Le et al. 2020). The SC neurons immediately respond (within
50 ms) to face-like patterns, but not to nonface patterns. Furthermore, SC neurons
innervated by the central part of the receptive fields are selective for face-like
patterns (Le et al. 2020). In humans, administration of OT acutely increases gaze
to the eye region of human faces in populations with autistic syndrome (Andari et al.
2010; Auyeung et al. 2015). In studies of primate face recognition, most attention
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has been focused on the function of face-specific cortical regions such as the
fusiform face area (Kanwisher et al. 1997). To our knowledge, however, there is
no evidence demonstrating the involvement of OT signaling via SC neurons in social
(face) recognition in primates.

8.7 Candidate Neuronal Targets of OT Signaling for Social
Recognition in Medaka Fish

In fish species, OTRs are widely expressed throughout the forebrain and midbrain
(Huffman et al. 2012; Yokoi et al. 2020; Schuppe et al. 2022), including the social
decision-making network (O’Connell and Hofmann 2012). In the medaka brain,
OTRs are expressed in brain regions related to social behaviors, such as the
telencephalon (Dm and Vp), preoptic area, habenula, optic tectum, and hypothala-
mus (Fig. 8.3) (Yokoi et al. 2020). The Dm and Vp/Vv are homologous to the
amygdala and lateral septum, respectively, in mammals (O’Connell and Hofmann
2012). The OTR distribution pattern does not differ between males and females.
Importantly, in the medaka brain, OTRs are expressed in the optic tectum, whose
mammalian equivalent is the SC (Basso et al. 2021). In zebrafish, the optic tectum is
the primary processing center for visual information and functions to filter visual
information in response to small objects (Del Bene et al. 2010). The optic tectum
superficial layers receive input from retinal axons and the deeper layers convey the
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Fig. 8.3 Possible neural processing underlying mate preference on the basis of familiarity recog-
nition in the medaka brain. OTR-expressing regions in the medaka brain are highlighted in red font.
OTRs are not expressed in olfactory pathways such as the olfactory bulb. OT signaling might play a
role in filtering social cues in visual pathways as well as modulating social decision-making
networks
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processed information to specific motor outputs (Sato et al. 2007), as well as to the
secondary visual processing center (PG, preglomerular complex) linking it to fore-
brain structures (Bloch et al. 2020; Basso et al. 2021). The PG receives visual
information from the optic tectum and projects to the lateral part of the dorsal
telencephalic area, which is believed to be homologous to mammalian hippocampus
(O’Connell and Hofmann 2012) and/or visual cortex (Yamamoto and Ito 2005;
Mueller 2012) (Fig. 8.3). In zebrafish larvae, the optic tectum is innervated by
oxytocinergic cells (Herget et al. 2017) and OTR mutants exhibit defects in detecting
biologic motion, which mimics body motion and attracts real fish (Nunes et al.
2020), suggesting that OT could modulate primary perceptual mechanisms under-
lying the detection of social cues. Further medaka studies will clarify whether the
optic tectum could function as a filter for visual information in response to social
clues from conspecifics and whether the oxytocinergic system modulates the filtering
of social information.

Importantly, medaka use visual cues from the face (head part) for familiarity
recognition. A conditioning test (electric shock 2-alternative forced-choice [TAFC]
design) revealed that medaka females also use face parts for individual recognition
(Wang and Takeuchi 2017). Females can discriminate between two unfamiliar male
faces in this behavioral paradigm. Furthermore, mating tests and TAFC revealed that
medaka fish exhibit a “face inversion effect”, in which recognizing an inverted
(upside-down) face is more difficult compared with an upright face. It is more
difficult for medaka females to recognize males when inverted faces are presented
using a prism (Wang and Takeuchi 2017). In the primate brain, face-specific cortical
regions such as the fusiform face area are involved in the configural processing for
face recognition (Kanwisher et al. 1997) and this system is believed to be involved in
the perception of an “upright face” but not an “inverted face.” The configural
recognition process is specific to faces and does not apply to stimuli from objects
(Kanwisher et al. 1997). Considering that the face inversion effect also occurs in
medaka fish, it is possible that medaka fish have a brain region specialized for social
cognition based on visual information.

8.8 What Are the Molecular Targets of OT Signaling?

What are the molecular targets of OT signaling in the medaka fish brain?
Transcriptome analysis of the medaka brain with ot/ofra mutations suggests that
the OT signaling pathway could enhance complement component Clq (Fig. 8.4).
Mutations of of or otra decrease the expression of three genes for components of the
Clq complex (Clga, Clgb, and Clqc) in the brains of both sexes (Yokoi et al. 2020).
Clq was originally identified as a component of the innate immune system that
directly promotes the engulfment of apoptotic cells by macrophages (Ogden et al.
2001; Nauta et al. 2002). Recent studies demonstrated that the C1q complex has an
important role in normal synaptic pruning and brain development. During normal
brain development, immature neurons overproduce synaptic formations and
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Fig. 8.4 Microglia synapse elimination mediated by C1q components. During postnatal develop-
ment, excessive synapses are eliminated by microglia. Low-activity synapses are tagged by
complement components (Clq, C4, and iC3b). Microglial cells recognize tagged synapses by
binding iC3b through CR3 receptors and selectively eliminate low-activity synapses. High-activity
synapses are protected from synaptic pruning. In medaka fish brain, either ot or ofra mutations
significantly decrease the expression level of three C1q component genes (Clqa, Clgb, and Clqc)
irrespective of sex, implying that OT signaling positively regulates synaptic pruning mediated by
this pathway. Neuronal images are from TogoTV (©2016 DBCLS TogoTV)

subsequent synaptic pruning provides for a lower density but more efficient synaptic
connections (Fig. 8.4). Clq is localized to developing CNS synapses during periods
of active synapse elimination and is required for normal brain wiring (Stephan et al.
2012). Medaka-mutant analyses imply that Clq is a promising candidate molecular
target of OT signaling during normal neural development via synapse elimination.
Therefore, defects in OT signaling may impair normal neurodevelopment via syn-
apse elimination, which could lead to an inappropriate mate choice based on
familiarity in medaka fish (Fig. 8.1). Consistently, perturbation of OT neurons
during early zebrafish development leads to altered functional connectivity in
some brain-regions associated with social behaviors and an impaired response to
social stimuli (Nunes et al. 2021).

8.9 Future Prospects in Medaka Studies

The medaka optic tectum could be an important model for comparing the molecular/
neural basis underlying how OT modulates face detection between the fish optic
tectum and primate SC. The face inversion effect in medaka fish implies that medaka
have specific visual processing pathways for face detection (Wang and Takeuchi
2017). State-of-the-art molecular genetic tools available for medaka fish will allow
us to investigate this issue. The doxycycline-inducible Tet-ON system, a genetic tool
for inducible and reversible transgene expression was recently reported to be appli-
cable to medaka fish (Hosoya et al. 2021). In addition, efficient methods for targeted
gene knock-in using the CRISPR/Cas9 system are available for medaka fish
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(Watakabe et al. 2018), and allow for a reporter gene of interest, such as a fluorescent
protein and/or optogenetic tools (Rost et al. 2017), to mimic the expression of
endogenous target genes. The combination of a targeted gene knock-in system and
Tet-ON system can visualize and modulate a subset of neurons expressing a specific
marker gene in the medaka optic tectum. Comparative studies among vertebrates
could help to elucidate the evolutionary roots and basic neural mechanisms under-
lying face detection.

Medaka fish with ot/otra mutations could be a promising model for studies of
neurodevelopmental diseases such as autism spectrum disorders (ASD). Recent
studies in mammals revealed an essential role of OT in early life for normal postnatal
neurodevelopment. An early defect in the OT signaling could impair maturation,
which might cause short-term and long-term pathologic consequences. For a long
time, neurodevelopment disorders have been believed to result from the disruption
of this early life synapse remodeling (Zoghbi 2003). ASD mouse models have a
similar impairment in synapse remodeling, which derives from an enhanced turnover
of excitatory synapses (Isshiki et al. 2014). Therefore, defects in synaptic pruning in
the developing brain are considered a potential mechanism of ASD. Although
complement component C1q is involved in fundamental neurodevelopmental path-
ways for the maintenance and elimination of dendrites and synapses, there are no
reports of OT-dependent synaptic pruning mediated by Clq signaling (Magdalon
et al. 2020). Further studies on OT function using medaka fish might shed light on
the possible involvement of this novel pathway in human neurodevelopmental
disease.

Recent human studies suggest that OT has sexually dimorphic effects on face
recognition (Gao et al. 2016). Human intranasal administration of OT enhances
social salience and the motivational state in both sexes (Bartz et al. 2011; McCall and
Singer 2012), it could have opposite effects depending on the sex (Fischer-Shofty
et al. 2013; Ditzen et al. 2013; Scheele et al. 2014). Investigation of the molecular
mechanisms underlying sex-specific functions of OT signaling using genetic tools in
primates, however, is difficult. The Medaka fish is an important comparative model
to approach this issue. The single-cell transcriptome technique might be useful for
comparing gene expression profiles of OTR-expressing neurons between sexes at the
single cell level. This comparison might help to identify sex-specific subsets of
OTR-expressing neurons in the medaka brain, although there is no significant
difference in OTR distributions between sexes (Yokoi et al. 2020). Considering
that OT signaling has essential roles in neurodevelopment, medaka studies will be
valuable for clarifying how neurodevelopment mediated by the OT/Clq systems
could contribute to the human sexual spectrum and diversity in mating strategy.
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Chapter 9 m)
Orchestration of the Synthesis of Sex e
Hormones and their Roles in Establishing

Sex Differences in Mammals

Takashi Baba

Abstract This chapter presents classical knowledge as well as recent findings on
sex hormones. First, the synthesis of hormones is reviewed, and a tight linkage with
core energy metabolism is introduced. The reader can thus realize the presence of a
sophisticated regulation system governed by a single transcription factor, Ad4BP/
SF-1. Several examples of the important roles of sex hormones in reproduction and
the establishment of sex differences in multiple organs/cell types are introduced.
Furthermore, the latest knowledge on sex differences in skeletal muscle and the
adrenal cortex is presented. Finally, the involvement of sex hormones in establishing
the sex spectrum is discussed.

Keywords Sex hormones - Sex differences - Skeletal muscle - Adrenal cortex

9.1 Sex Hormones

9.1.1 Discovery of Sex Hormones

Sex hormones are key molecules in endocrine regulation that induce sex differences.
The concept of a “sex hormone” was first provided by Berthold et al. in 1849 ( &
NA, 1996). They observed the disappearance of male-specific larger crests and male-
specific behavior from roosters on the removal of their testes. These male-specific
characteristics were recovered by the re-implantation of the testes in the castrated
roosters. These observations revealed the presence of humoral factors secreted from
the testis that were necessary for maintaining male-specific characteristics. Cur-
rently, androgens and estrogens are known to induce male and female
characteristics.
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9.1.2 Regulation of Sex Hormone Synthesis

Sex hormones are primarily synthesized in the testis and ovary using cholesterol as a
starting material. As CYP11AT1 (P450 side-chain cleavage), an enzyme that mediates
the first step of steroidogenesis, localizes in the inner mitochondrial membrane,
cholesterol is transported to the specific location to be utilized for the synthesis. The
transportation of cholesterol from the outer to the inner mitochondrial membrane has
been shown to be mediated by steroid acute regulatory protein (STAR). The delivery
of cholesterol from the endoplasmic reticulum, where cholesterol is synthesized de
novo to the outer mitochondrial membrane, was recently shown to be mediated by
MGARP (also known as OSAP or HUMMR) (Jinn et al. 2015). A potent androgen,
testosterone, is synthesized in testicular Leydig cells from cholesterol through four
enzymatic reactions, mediated by CYP11A1, HSD3B (3pB-Hydroxysteroid dehydro-
genase), CYP17A1 (17a-hydroxylase/17,20-lyase P450), and HSD17B3 (17-
B-Hydroxysteroid dehydrogenase type III) (Miller 1988, 2013; Waterman and
Bischof 1997; Morohashi et al. 2013) (Fig. 9.1). Synthesized testosterone is secreted
into the blood to be delivered to the entire body; in target cells, testosterone is
converted to a more potent androgen, Sa-DHT, by SRD5A1/2. In the ovary,
androstane-3,17-dione produced in theca cells is transferred to granulosa cells,
where CYP19A1 (aromatase P450) mediates the conversion of androstane-3,17-
dione to estrone. Thereafter, HSD17B1 (178-Hydroxysteroid dehydrogenase type I)
mediates the conversion of estrone to a potent estrogen, 17f-estradiol.

9.1.3 Orchestration of Sex Hormone Synthesis by
Ad4BP/SF-1

Interestingly, all genes encoding the above enzymes (Cypllal, Hsd3bl, Cypl7al,
Hsdl17b1/3, and Cypl9al) and Star genes have been reported as the targets of a
transcription factor, Ad4BP/SF-1 (Ad4-binding protein/steroidogenic factor-1,
NR5A1) (Morohashi et al. 1992; Val et al. 2003; Hammer et al. 2005; Hoivik
et al. 2010). Thus, it is considered that Ad4BP/SF-1 is a master regulator of sex
hormone synthesis in gonads, which governs the transcription of all genes involved.
It should be noted that Mgarp genes are also directly regulated by Ad4BP/SF-1
(Baba et al. 2018).

Cholesterol is delivered into peripheral cells, including the testis and ovary,
through blood flow. In addition, cholesterol can be synthesized de novo using
acetyl-CoA as a starting material. Twenty enzymatic reactions are necessary to
produce cholesterol from acetyl-CoA. The transcription factor SREBP-2 is known
to transactivate all genes involved in cholesterogenesis in response to lowered
cholesterol content in the cytoplasm (Freeman and Ascoli 1982; Brown and Gold-
stein 1999; Horton et al. 2002). In addition, we recently found that Ad4BP/SF-1
knockdown resulted in a decrease in the expression of all 20 cholesterogenic genes
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Fig. 9.1 Synthetic pathway of sex hormones from cholesterol

(Baba et al. 2018). Moreover, ChIP-sequencing revealed that Ad4BP/SF-1 bound to
many cholesterogenic gene loci. As expected, Ad4BP/SF-1 was observed to phys-
ically interact with SREBP-2, and this interaction was shown to be necessary for the
high-level expression of cholesterogenic genes. Together, these results indicate that
Ad4BP/SF-1 is involved in the regulation of cholesterogenic genes in cooperation
with SREBP-2, at least in steroidogenic cells.

How is acetyl-CoA supplied for cholesterogenesis? In addition to fatty acid
B-oxidation, glycolysis is considered a major acetyl-CoA-supplying pathway. The
final product of glycolysis, pyruvate, is converted to acetyl-CoA by the pyruvate
dehydrogenase complex in the mitochondrial matrix; thereafter, it is used as a carbon
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Fig. 9.2 Orchestration of multiple metabolic pathways by Ad4BP/SF-1. Ad4BP/SF-1 regulates
expression of all genes involved in glycolysis, cholesterogenesis, and steroidogenesis, thereby
governs the synthesis of sex hormones from glucose

source in the TCA cycle. One of the intermediates of the TCA cycle, citrate, can be
translocated to the cytosol, where it is converted back into acetyl-CoA by the
function of ACLY (Chypre et al. 2012). We demonstrated that Acly is directly
regulated by Ad4BP/SF-1. We also examined the involvement of Ad4BP/SF-1 in
glycolysis. Consequently, transcriptome analysis and ChIP-sequencing showed that
Ad4BP/SF-1 regulates all glycolytic genes (Baba et al. 2014). Furthermore, Ad4BP/
SF-1 knockdown lowered glycolytic activity. Taken together, these findings suggest
that Ad4BP/SF-1 governs sex hormone synthesis by orchestrating multiple meta-
bolic pathways from glucose to sex hormones (Fig. 9.2). Notably, the synthesis of
sex hormones is tightly linked to core energy metabolism.

9.2 Sex Hormone Receptors

How do sex hormones exert their functions? Unlike other hormones for cell mem-
brane receptors, sex hormones are lipophilic and can transverse the cell membrane to
reach the cytoplasm. In the cytoplasm, sex hormones bind to their specific receptors,
androgen receptor (AR) and estrogen receptors (ERa and ERp), to transduce signal-
ing. These sex hormone receptors belong to the nuclear receptor superfamily
(Olefsky 2001). Nuclear receptors have a common structure with five functional
domains: an N-terminal regulatory domain, a DNA-binding domain, a hinge region,
a ligand-binding domain (LBD), and a C-terminal regulatory domain. Upon the
binding of ligands, including sex hormones, to the LBD, the receptors undergo
conformational changes to become active. The activated receptors translocate into
the nucleus where they bind to their cognate DNA sequences and induce the
transcription of adjacent genes. The cDNA of the estrogen receptor was cloned by
Pierre Chambon in 1985, and the gene product is presently known as ERa (Walter
et al. 1985). Another gene encoding f type of the receptor (ERf) was cloned from rat
prostate, human testis, and mouse ovary in 1996-1997 (Kuiper et al. 1996;
Mosselman et al. 1996; Tremblay et al. 1997). The cDNA of AR was cloned in
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1988 (Faber et al. 1991). cDNA cloning and determination of the structural organi-
zation of the genes have provided valuable tools to elucidate the functions of sex
hormone receptors in the androgen and estrogen signaling pathways. Indeed, a
number of knockout mice have been generated to elucidate the functions of sex
hormones in multiple organs/cells.

9.3 Roles of Sex Hormones in Reproduction

9.3.1 Role of Testosterone in Male Secondary Reproductive
Organs

Testosterone is produced by testicular Leydig cells in adult males. In contrast, in
fetal males, androstane-3,17-dione produced by Leydig cells is transferred to Sertoli
cells and converted to testosterone (O’Shaughnessy et al. 2000; Shima et al. 2013).
Thus, both Leydig cells and Sertoli cells are necessary for testosterone production
during the fetal stage. In mice, Sertoli and Leydig cells differentiate at embryonic
day 11.5 (E11.5) and E12.5, respectively. The produced testosterone plays a role in
the development of secondary reproductive organs of the male type, such as
the epididymis, vas deferens, and seminal vesicles. All these organs are derived
from the Wolffian ducts. Originally, both fetal males and females have two ducts: the
Wolffian duct and Mullerian duct. When Sertoli and Leydig cells differentiate, the
anti-Mullerian hormone (AMH) secreted from Sertoli cells induces the regression of
Mullerian ducts, and testosterone helps the development of Wolffian ducts into
secondary reproductive tissues. Consequently, Wolffian duct-derived organs
develop in males, and Mullerian duct-derived organs, such as the uterus, develop
in females. Thus, testosterone plays an important role in the development of sexually
dimorphic secondary reproductive organs.

Testosterone is also necessary for sex determination of external genitalia, that is, a
penis. The external genitalia of both sexes are derived from a common
undifferentiated primordium, the genital tubercle (GT). In mice, GT develops from
the cloacal region at E10.5. The conspicuous morphological sexual differences in
GT appear at E16.5. The masculinization of GT is regulated by androgen. Indeed,
when male fetuses were treated with antiandrogenic chemicals such as flutamide at
E15.5-E17.5, their GTs would be demasculinized, and their morphologies would be
similar to those of female GTs (Genitalia et al. 2009; Welsh et al. 2010; Matsushita
et al. 2018). Considering the ability of androgen to cause the development of male-
type GT, what happens when androgens are ectopically administered into female
mice during the fetal stage? When female fetuses were treated with androgen at
E15.5-E16.5, their GTs would masculinize. Based on these observations, it has been
established that androgen plays a crucial role in the normal development of male
external genitalia and that the critical time window of androgen-induced GT mas-
culinization is E15.5-E16.5.
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9.3.2 Role of Testosterone in Spermatogenesis

In addition to its indispensable role in the sex determination of somatic cells,
androgen plays an important role in germ cells, namely spermatogenesis. Spermato-
genesis occurs in the seminiferous tubules and involves three major cell types:
peritubular myoid cells (PTM), Sertoli cells, and germ cells. To investigate the
role of androgen in each cell type, cell-specific Ar-knockout mice were generated
and their phenotypes are described briefly below. PTM-specific KO mice showed
nearly no elongated spermatids and were infertile, indicating that AR in PTM is
necessary for sperm maturation (Welsh et al. 2009). Sertoli cell-specific KO mice
showed reduced testicular weight and were infertile. The number of postmeiotic
spermatids were significantly reduced or absent by the elimination of AR in Sertoli
cells, indicating that AR is necessary for germ cell meiosis (Chang et al. 2004; De
Gendt et al. 2004; Holdcraft and Braun 2004). Germ cell-specific KO mice revealed
normal testes, spermatogenesis, and fertility, revealing that AR expression in germ
cells is dispensable (Zhou et al. 2002). This observation is consistent with the finding
that Ar is not expressed or has low expression in germ cells. The aforementioned and
other knockout mouse models for Ar revealed the following roles of AR in sper-
matogenesis: (1) maintenance of the blood—testis barrier; (2) regulation of meiosis;
(3) maintenance of Sertoli cell-spermatid adhesion; and (4) release of sperm.
Through the regulation of these multiple events, AR-mediated androgen signaling
plays an indispensable role in achieving normal spermatogenesis and male fertility
(Smith and Walker 2014).

9.4 Sex Hormone-Induced Sex Differences

9.4.1 Sex Determination of the Brain

In addition to the sex determination of reproductive tissues, sex hormones are known
to function in the sex determination of the brain. The female sex hormone 17-
B-estradiol is produced by the conversion of testosterone, which is mediated by
aromatase P450 (CYP19A1). The mouse Cypl9al gene has a unique structure,
where the gene has multiple untranslated first exons driven by multiple promoters.
The promoters are activated in a tissue-specific manner such that the gene is
expressed in multiple tissues, including the gonads, adipose tissues, chondrocytes,
bone, brain, skin, fetal liver, and placenta (Simpson et al. 2000). The expression of
Cyp19al in multiple tissues suggests that estrogen can be locally produced, and that
local estrogen plays a role in the tissues where it is produced. For example, during
the perinatal period, testosterone produced by testicular Leydig cells in male mice is
transferred to the brain and converted to estradiol by CYP19A1. Estradiol produced
in the brain is known to be essential for the development of the brain to the male
type. Indeed, it has been reported that the sexual behavior of Cypl9al-knockout
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mice is severely impaired (Honda et al. 1998; Ogawa et al. 1999; Robertson et al.
2001; Toda et al. 2001).

9.4.2 Role of Estrogen in Bone

The role of the female sex hormone, estrogen, in bone cells has been well understood
by observing postmenopausal females. As osteoporosis is one of the most evident
symptoms in postmenopausal women, it has been accepted that estrogen has
osteoprotective effects. Bone tissue is composed of three types of cells: osteoblasts,
osteoclasts, and osteocytes. Osteoblasts and osteocytes are involved in the formation
and mineralization of bone tissue, while osteoclasts are involved in tissue absorption.
Estrogen exerts osteoprotective effects through direct action on bone tissue as well as
through indirect actions, such as the modulation of cytokine production by immune
cells and the increased induction of pituitary gland hormones. The direct action of
estrogen on each type of bone cell was examined in bone cell type-specific Esr/
(ERa)-knockout mice. ERa deletion in cells of the osteoblast lineage suggests that
ERa plays an important role in the maintenance of bone metabolism (Almeida et al.
2013; Maitta et al. 2013; Melville et al. 2014). Osteoclastic ERa-null mice showed
that osteoclastic ERa shortens the lifespan of osteoclasts by promoting apoptosis
(Martin-Millan et al. 2010). In osteocyte ERa-knockout mice, ERa in osteocytes
was found to play a significant role in maintaining bone mass by regulating osteo-
blastic bone formation only in females (Kato et al. 2009; Kondoh et al. 2014).

9.4.3 Roles of Sex Hormones in Establishing Sex Differences
in Skeletal Muscles

Skeletal muscle size is defined by its weight and cross-sectional area (CSA). It has
been shown that both muscle weight and CSA are sexually dimorphic: skeletal
muscles are heavier and larger in males and lighter and smaller in females (Haizlip
et al. 2015). What establishes this sex difference in muscles? A clear answer was
provided by conventional experiments with gonadectomized mice, followed by
hormone replenishment/replacement. Male muscles became lighter and smaller on
the removal of the testes, whereas female muscles were not significantly affected by
the removal of ovaries. The sizes of gonadectomized male muscles are recovered by
the replenishment of testosterone, while female muscles become heavier and larger
by the replacement of estradiol by testosterone. These observations indicate that
testosterone has the ability to make skeletal muscles larger and that sex hormones are
one of the major determinants of skeletal muscle size (Aguet et al. 2020). Currently,
skeletal muscles are widely recognized to be one of the most sensitive target organs
for sex hormones. Notably, because testosterone has anabolic effects on skeletal
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muscles as described above, the use of sex hormones and their derivatives has been
strictly prohibited in athletes.

In addition to muscle size, muscle performance is known to be different between
males and females: muscles in males can generate more force, while muscles in
female demonstrate greater endurance. What causes this sex difference? This differ-
ence may be due to the sexually dimorphic content of different types of muscle
fibers. Skeletal muscles comprise multiple types of muscle fibers. In mice, there are
four types of fibers: type I, type Ila, type IIx, and type IIb (Schiaffino et al. 1989;
Pette and Staront 1997). Only type I fibers are classified as slow-twitch fibers, where
energy production is highly dependent on mitochondrial oxidative phosphorylation.
Type Ia, IIx, and IIb fibers are classified as fast-twitch fibers, where energy
production primarily depends on glycolysis, although the extent of dependency
varies among the three types of fibers. Because fast-twitch fibers are good at
generating force and slow-twitch fibers are good at endurance, sexually dimorphic
muscle performance is supposed to be due to the difference in the ratio of the fast-
twitch and slow-twitch fibers. However, it is not known whether there are any
intrinsic differences in the metabolism in the same type of fibers between males
and females (i.e., male type IIB fibers vs. female type IIB fibers).

Our study on isolated type IIb fibers recently provided an answer to this question.
We attempted to identify male-biased and female-biased genes using transcriptome
analysis and found 68 male-biased and 60 female-biased genes, with >1.5-fold
higher expression than that in the opposite sex (Christianto et al. 2021). Among
the identified sex-biased genes, we focused on Pfkfb3, whose expression in type IIb
fibers was three-fold higher in males than in females. PFKFB3 plays a crucial role in
glycolytic regulation by producing fructose-2,6-bisphosphate, which robustly acti-
vates PFKM (a type of phosphofructokinase-1 found in muscles) (Obach et al. 2004;
Ma et al. 2020) (Fig. 9.3). Therefore, the male-enriched expression of Pfkfb3
suggested that the glycolytic activity in type IIb fibers in the quadriceps would be
higher in males than in females. As expected, the glycolytic activity was indeed
higher in males than in females, and Pfkfb3 knockdown in male type IIb fibers
decreased the activity of glycolysis to a level similar to that in female type IIb fibers.
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In addition to Pfkfb3, we identified Pdk4 as a potentially interesting sex-biased
gene, whose expression was higher in females than in males in the presence of the
female sex hormone, 17p-estradiol. PDK4 phosphorylates pyruvate dehydrogenase
to inhibit its activity. As pyruvate dehydrogenase converts pyruvate to acetyl-CoA,
its inhibition limits the supply of acetyl-CoA from glycolysis to the TCA cycle
(Pettersen et al. 2019) (Fig. 9.3). In response to the inhibition of pyruvate dehydro-
genase, fatty-acid pf-oxidation is activated to provide acetyl-CoA to the TCA cycle as
well as NADH to mitochondrial oxidative phosphorylation. Indeed, Pdk4 knock-
down in female type IIb fibers attenuated the dependency of oxidative phosphory-
lation on fatty acid p-oxidation. These results showed a clear difference in the
metabolism between male and female type IIb fibers: glycolysis was preferred in
male type IIb fibers and B-oxidation was preferred in female type IIb fibers.

The basis of the sex difference in metabolism in muscle fibers is the sexually
dimorphic expression of two key metabolic genes, Pfkfb3 and Pdk4. Pdk4 expres-
sion is regulated by estrogen. In contrast, Pfkfb3 expression is not controlled by
androgen, but by some yet unknown testis-derived factors. It is necessary to identify
these testis-derived factors to further understand the molecular mechanism underly-
ing sexually dimorphic metabolism in the same types of muscle fibers. Further, the
investigation of whether the difference in metabolism can be found in other types of
fibers, especially in slow-twitch fibers, would provide valuable information.

9.4.4 Roles of Androgen in Establishing Sex Differences
in the Adrenal Cortex

Sexually dimorphic organ size can also be observed in the mouse adrenal gland. The
female adrenal gland is larger than the male adrenal gland, and these size differences
are observed from 3 weeks after birth. As the secretion of a sufficient amount of
testosterone from the testis to the circulation is initiated approximately 3 weeks after
birth, the involvement of sex hormones has been suggested. Indeed, castration
increases the adrenal size, whereas testosterone replenishment in females reduces
the adrenal size, indicating that the male sex hormone, testosterone, is responsible
for the sexually dimorphic size of the adrenal gland.

The adrenal gland is composed of the medulla and the cortex. The adrenal cortex
consists of three layers: the zone glomerulosa (zG), zona fasciculata (zF), and zona
reticularis. Which part of the adrenal gland is affected by testosterone and contrib-
utes to the difference in gland size? Although the testosterone receptor, AR, is
expressed in all cell types in the adrenal gland, including in blood vessel cells,
testosterone affects only the number of zF cells by regulating cell proliferation
(Grabek et al. 2019). It should be noted that zF cells differentiate from zG cells.
The rate of differentiation of zF cells from zG cells is reduced by testosterone, but the
detailed mechanism underlying the action of testosterone is yet to be elucidated. To
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understand the mechanism of the action of testosterone in zF cells, genome-wide
analysis, such as ChIP-seq using AR antibody, is necessary.

Cortisol is produced and secreted by zF cells. In rodents, the plasma cortisol
concentration reportedly exhibits a sex difference and is higher in females than in
males. In contrast, a similar difference in plasma cortisol levels has not been reported
in humans. However, Cushing’s disease, which accompanies an excess secretion of
cortisol, is reported more frequently in women than in men (Levasseur et al. 2019).
Cushing’s disease is caused by the excess secretion of ACTH from ACTH-
producing tumors in the pituitary gland. As sex differences in the frequency of
tumor occurrence have not been reported, differences in the sensitivity of zF cells to
ACTH might be the cause of the high frequency of Cushing’s disease in women.

9.5 Sex Spectrum

Male individuals have XY sex chromosomes in all cells, while female individuals
have XX chromosomes. This is one of the most fundamental differences between
males and females; in other words, cells have their own sex. A well-known signif-
icance of having the Y chromosome is in determining the gonadal sex as male by the
function of sex determining factor on Y (SRY) (Koopman et al. 1990; Kashimada
and Koopman 2010). However, even after sex determination, sex chromosome
composition is sexually dimorphic throughout life. One may wonder whether dif-
ferent compositions of sex chromosomes may result in sexually dimorphic outputs in
each cell. From this point of view, it may be interesting to focus on X- or Y-linked
histone-modifying enzyme genes. It is established that there are four such genes: Utx
and Smcx on the X chromosome, and Uty and Smcy on the Y chromosome. Gene
products of all four genes are histone lysine demethylases that target H3K27
(UTX/Y) or H3K4 (SMCX/Y). The methylation of H3K27 and H3K4 is closely
related to gene suppression and activation, respectively. Therefore, it can be hypoth-
esized that these sex chromosome-linked demethylases establish sexually dimorphic
epigenome landscapes to induce sex-biased gene expression profiles.

Another important sexual dimorphism is the production and secretion of sex
hormones. Previous studies have shown that sex hormones function in the induction
and, in some cases, the modulation of sexual characteristics such as the size of
skeletal muscle fibers. As described above, sex hormones exert their roles by binding
and activating specific receptors that function as transcription factors. Whether
transcription factors can bind to their target sites is highly dependent on the epige-
netic status of the target locus. For example, a transcription factor cannot bind to a
target genomic region if the locus is heterochromatinized by the tri-methylation of
histone H3K27. Thus, it is possible to expect crosstalk between the epigenome
established by sex chromosome-linked genes and the transcription factors activated
by sex hormones to establish sex-biased gene expression. The hypothetical concept
of the “sex spectrum” is that all cells possess their own sex that can be located at any
intermediate position between a typical male and a typical female. It is important to
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consider that crosstalk between sex chromosomes and sex hormones provides an
approximate position of sex on the spectrum, and if either is unexpectedly disturbed
for some reason, this position can also be shifted.

References

NA (1996) Arnold Adolph Berthold and the transplantation of testes. Endocrinologist 6(3):
164-168. https://doi.org/10.1097/00019616-199605000-00002

Aguet F et al (2020) The impact of sex on gene expression across human tissues. Science
369(6509). https://doi.org/10.1126/SCIENCE.ABA3066

Almeida M et al (2013) Estrogen receptor-a signaling in osteoblast progenitors stimulates cortical
bone accrual. J Clin Investig 123(1). https://doi.org/10.1172/JC165910

Baba T et al (2014) Glycolytic genes are targets of the nuclear receptor Ad4BP/SF-1. Nat Commun
5:3634. https://doi.org/10.1038/ncomms4634

Baba T et al (2018) Ad4BP/SF-1 regulates cholesterol synthesis to boost the production of steroids.
Commun Biol 1(1):18. https://doi.org/10.1038/s42003-018-0020-z

Brown MS, Goldstein JL (1999) A proteolytic pathway that controls the cholesterol content of
membranes, cells, and blood. Proc Natl Acad Sci U S A 96(20):11041-11048. https://doi.org/
10.1073/pnas.96.20.11041

Chang C et al (2004) Infertility with defective spermatogenesis and hypotestosteronemia in male
mice lacking the androgen receptor in Sertoli cells. Proc Natl Acad Sci U S A 101(18). https:/
doi.org/10.1073/pnas.0307306101

Christianto A, Baba T, Takahashi F, Inui K, Inoue M, Suyama M, Ono Y, Ohkawa Y, Morohashi KI
(2021) Sex differences in metabolic pathways are regulated by Pfkfb3 and Pdk4 expression in
rodent muscle. Commun Biol 4(1):1264. https://doi.org/10.1038/s42003-021-02790-y

Chypre M, Zaidi N, Smans K (2012) ATP-citrate lyase: a mini-review. Biochem Biophys Res
Commun 422(1):1-4. https://doi.org/10.1016/j.bbrc.2012.04.144

Faber PW et al (1991) The mouse androgen receptor. Functional analysis of the protein and
characterization of the gene. Biochem J 278(1):269-278. https://doi.org/10.1042/bj2780269

Freeman DA, Ascoli M (1982) Studies on the source of cholesterol used for steroid biosynthesis in
cultured Leydig tumor cells. J Biol Chem 257(23):14231-14238. https://doi.org/10.1016/
$0021-9258(19)45370-2

De Gendt K et al (2004) A Sertoli cell-selective knockout of the androgen receptor causes
spermatogenic arrest in meiosis. Proc Natl Acad Sci U S A 101(5):1327-1332. https://doi.org/
10.1073/pnas.0308114100

Genitalia E et al (2009) Genetic interactions of the androgen and Wnt/p-catenin pathways for the
masculinization of external genitalia. Mol Endocrinol 23(6):871-880. https://doi.org/10.1210/
me.2008-0478

Grabek A et al (2019) The adult adrenal cortex undergoes rapid tissue renewal in a sex-specific
manner. Cell Stem Cell 25(2):290-296.¢2. https://doi.org/10.1016/j.stem.2019.04.012

Haizlip KM, Harrison BC, Leinwand LA (2015) Sex-based differences in skeletal muscle kinetics
and fiber-type composition. Physiology 30(1):30-39. https://doi.org/10.1152/physiol.00024.
2014

Hammer GD, Parker KL, Schimmer BP (2005) Minireview: transcriptional regulation of adreno-
cortical development. Endocrinology 146(3):1018-1024. https://doi.org/10.1210/en.2004-1385

Hoivik EA et al (2010) Molecular aspects of steroidogenic factor 1 (SF-1). Mol Cell Endocrinol
315(1-2):27-39. https://doi.org/10.1016/j.mce.2009.07.003

Holdcraft RW, Braun RE (2004) Androgen receptor function is required in Sertoli cells for the
terminal differentiation of haploid spermatids. Development 131(2):459-467. https://doi.org/
10.1242/dev.00957


https://doi.org/10.1097/00019616-199605000-00002
https://doi.org/10.1126/SCIENCE.ABA3066
https://doi.org/10.1172/JCI65910
https://doi.org/10.1038/ncomms4634
https://doi.org/10.1038/s42003-018-0020-z
https://doi.org/10.1073/pnas.96.20.11041
https://doi.org/10.1073/pnas.96.20.11041
https://doi.org/10.1073/pnas.0307306101
https://doi.org/10.1073/pnas.0307306101
https://doi.org/10.1038/s42003-021-02790-y
https://doi.org/10.1016/j.bbrc.2012.04.144
https://doi.org/10.1042/bj2780269
https://doi.org/10.1016/s0021-9258(19)45370-2
https://doi.org/10.1016/s0021-9258(19)45370-2
https://doi.org/10.1073/pnas.0308114100
https://doi.org/10.1073/pnas.0308114100
https://doi.org/10.1210/me.2008-0478
https://doi.org/10.1210/me.2008-0478
https://doi.org/10.1016/j.stem.2019.04.012
https://doi.org/10.1152/physiol.00024.2014
https://doi.org/10.1152/physiol.00024.2014
https://doi.org/10.1210/en.2004-1385
https://doi.org/10.1016/j.mce.2009.07.003
https://doi.org/10.1242/dev.00957
https://doi.org/10.1242/dev.00957

162 T. Baba

Honda SI et al (1998) Disruption of sexual behavior in male aromatase-deficient mice lacking exons
1 and 2 of the cyp19 gene. Biochem Biophys Res Commun 252(2):445-449. https://doi.org/10.
1006/bbrc.1998.9672

Horton JD, Goldstein JL, Brown MS (2002) SREBPs: activators of the complete program of
cholesterol and fatty acid synthesis in the liver. J Clin Investig 109(9):1125-1131. https://doi.
org/10.1172/JC10215593

Jinn S et al (2015) SnoRNA U17 regulates cellular cholesterol trafficking. Cell Metab 21(6):
855-867. https://doi.org/10.1016/j.cmet.2015.04.010

Kashimada K, Koopman P (2010) Sry: the master switch in mammalian sex determination.
Development 137(23):3921-3930. https://doi.org/10.1242/dev.048983

Kato S, Kondo S, Imai Y (2009) Sex steroid hormones exhibit osteoprotecitve effects through
nuclear receptors expressing in bone cells. Bone 44. https://doi.org/10.1016/j.bone.2009.01.055

Kondoh S et al (2014) Estrogen receptor a in osteocytes regulates trabecular bone formation in
female mice. Bone 60:68-77. https://doi.org/10.1016/j.bone.2013.12.005

Koopman P et al (1990) Expression of a candidate sex-determining gene during mouse testis
differentiation. Nature 348(6300):450—452. https://doi.org/10.1038/348450a0

Kuiper GGIM et al (1996) Cloning of a novel estrogen receptor expressed in rat prostate and ovary.
Proc Natl Acad Sci U S A 93(12):5925-5930. https://doi.org/10.1073/pnas.93.12.5925

Levasseur A, Dumontet T, Martinez A (2019) Sexual dimorphism in adrenal gland development
and tumorigenesis. In: Current opinion in endocrine and metabolic research. Elsevier Ltd,
Amsterdam, pp 60-65. https://doi.org/10.1016/j.coemr.2019.07.008

Ma H et al (2020) C-Src promotes tumorigenesis and tumor progression by activating PFKFB3.
Cell Rep 30(12):4235-4249.¢6. https://doi.org/10.1016/j.celrep.2020.03.005

Maittd JA et al (2013) Inactivation of estrogen receptor in bone-forming cells induces bone loss in
female mice. FASEB J 27(2):478—-488. https://doi.org/10.1096/j.12-213587

Martin-Millan M et al (2010) The estrogen receptor-a in osteoclasts mediates the protective effects

of estrogens on cancellous but not cortical bone. Mol Endocrinol 24(2):323-334. https://doi.org/
10.1210/me.2009-0354

Matsushita S et al (2018) Regulation of masculinization: androgen signalling for external genitalia

development. Nat Rev Urol 15(6):358-368. https://doi.org/10.1038/s41585-018-0008-y

Melville KM et al (2014) Female mice lacking estrogen receptor-alpha in osteoblasts have

compromised bone mass and strength. J Bone Miner Res 29(2):370-379. https://doi.org/10.
1002/jbmr.2082

Miller WL (1988) Molecular biology of steroid hormone synthesis. Endocr Rev 9(3):295-318.

https://doi.org/10.1210/edrv-9-3-295

Miller WL (2013) Steroid hormone synthesis in mitochondria. Mol Cell Endocrinol 379(1-2):

62-73. https://doi.org/10.1016/j.mce.2013.04.014

Morohashi K, Baba T, Tanaka M (2013) Steroid hormones and the development of reproductive

organs. Sex Dev 7(1-3):61-79. https://doi.org/10.1159/000342272
Morohashi KI et al (1992) A common trans-acting factor, Ad4-binding protein, to the promoters of
steroidogenic P-450s. J Biol Chem 267(25):17913-17919. https://doi.org/10.1016/s0021-9258
(19)37129-7

Mosselman S, Polman J, Dijkema R (1996) ERp: identification and characterization of a novel
human estrogen receptor. FEBS Lett 392(1):49-53. https://doi.org/10.1016/0014-5793(96)
00782-X

O’Shaughnessy PJ et al (2000) Localization of 17p-hydroxysteroid dehydrogenase/17-ketosteroid
reductase isoform expression in the developing mouse testis - androstenedione is the major
androgen secreted by fetal/neonatal Leydig cells. Endocrinology 141(7):2631-2637. https://doi.
org/10.1210/endo.141.7.7545

Obach M et al (2004) 6-Phosphofructo-2-kinase (pfkfb3) gene promoter contains hypoxia-inducible

factor-1 binding sites necessary for transactivation in response to hypoxia. J Biol Chem 279(51):
53562-53570. https://doi.org/10.1074/jbc.M406096200


https://doi.org/10.1006/bbrc.1998.9672
https://doi.org/10.1006/bbrc.1998.9672
https://doi.org/10.1172/JCI0215593
https://doi.org/10.1172/JCI0215593
https://doi.org/10.1016/j.cmet.2015.04.010
https://doi.org/10.1242/dev.048983
https://doi.org/10.1016/j.bone.2009.01.055
https://doi.org/10.1016/j.bone.2013.12.005
https://doi.org/10.1038/348450a0
https://doi.org/10.1073/pnas.93.12.5925
https://doi.org/10.1016/j.coemr.2019.07.008
https://doi.org/10.1016/j.celrep.2020.03.005
https://doi.org/10.1096/fj.12-213587
https://doi.org/10.1210/me.2009-0354
https://doi.org/10.1210/me.2009-0354
https://doi.org/10.1038/s41585-018-0008-y
https://doi.org/10.1002/jbmr.2082
https://doi.org/10.1002/jbmr.2082
https://doi.org/10.1210/edrv-9-3-295
https://doi.org/10.1016/j.mce.2013.04.014
https://doi.org/10.1159/000342272
https://doi.org/10.1016/s0021-9258(19)37129-7
https://doi.org/10.1016/s0021-9258(19)37129-7
https://doi.org/10.1016/0014-5793(96)00782-X
https://doi.org/10.1016/0014-5793(96)00782-X
https://doi.org/10.1210/endo.141.7.7545
https://doi.org/10.1210/endo.141.7.7545
https://doi.org/10.1074/jbc.M406096200

9 Orchestration of the Synthesis of Sex Hormones and their Roles. . . 163

Ogawa S et al (1999) Survival of reproductive behaviors in estrogen receptor  gene-deficient
(BERKO) male and female mice. Proc Natl Acad Sci U S A 96(22):12887-12892. https://doi.
org/10.1073/pnas.96.22.12887

Olefsky JM (2001) Nuclear receptor minireview series. J Biol Chem 276(40):36863-36864. https://
doi.org/10.1074/jbc.R100047200

Pette D, Staront RS (1997) Mammalian skeletal muscle fiber type transitions. Int Rev Cytol 170:
143-223. https://doi.org/10.1016/s0074-7696(08)61622-8

Pettersen IKN et al (2019) Upregulated PDK4 expression is a sensitive marker of increased fatty
acid oxidation. Mitochondrion 49:97-110. https://doi.org/10.1016/j.mit0.2019.07.009

Robertson KM et al (2001) Characterization of the fertility of male aromatase knockout mice. J
Androl 22(5):825-830. https://doi.org/10.1002/j.1939-4640.2001.tb02587.x

Schiaffino S et al (1989) Three myosin heavy chain isoforms in type 2 skeletal muscle fibres. J
Muscle Res Cell Motil 10(3):197-205. https://doi.org/10.1007/BF01739810

Shima Y et al (2013) Contribution of Leydig and Sertoli cells to testosterone production in mouse
fetal testes. Mol Endocrinol 27(1):63-73. https://doi.org/10.1210/me.2012-1256

Simpson E et al (2000) The role of local estrogen biosynthesis in males and females. Trends
Endocrinol Metab 11(5):184-188. https://doi.org/10.1016/S1043-2760(00)00254-X

Smith LB, Walker WH (2014) The regulation of spermatogenesis by androgens. Semin Cell Dev
Biol 30:2-13. https://doi.org/10.1016/j.semcdb.2014.02.012

Toda K et al (2001) A loss of aggressive behaviour and its reinstatement by oestrogen in mice
lacking the aromatase gene (Cyp19). J Endocrinol 168(2):217-220. https://doi.org/10.1677/joe.
0.1680217

Tremblay GB et al (1997) Cloning, chromosomal localization, and functional analysis of the murine
estrogen receptor . Mol Endocrinol 11(3):353-365. https://doi.org/10.1210/mend.11.3.9902

Val P et al (2003) SF-1 a key player in the development and differentiation of steroidogenic tissues.
Nucl Recept 1(1):-8. https://doi.org/10.1186/1478-1336-1-8

Walter P et al (1985) Cloning of the human estrogen receptor cDNA. Proc Natl Acad Sci U S A
82(23):7889-7893. https://doi.org/10.1073/pnas.82.23.7889

Waterman MR, Bischof LJ (1997) Diversity of ACTH (cAMP)-dependent transcription of bovine
steroid hydroxylase genes. FASEB J 11(6). https://doi.org/10.1096/fasebj.11.6.9194522

Welsh M et al (2009) Androgen action via testicular peritubular myoid cells is essential for male
fertility. FASEB J 23(12):4218-4230. https://doi.org/10.1096/£j.09-138347

Welsh M et al (2010) Critical androgen-sensitive periods of rat penis and clitoris development. Int J
Androl 33(1):e144—e152. https://doi.org/10.1111/j.1365-2605.2009.00978.x

Zhou Q et al (2002) Localization of androgen and estrogen receptors in adult male mouse
reproductive tract. J Androl 23(6):870-881. https://doi.org/10.1002/j.1939-4640.2002.
tb02345.x


https://doi.org/10.1073/pnas.96.22.12887
https://doi.org/10.1073/pnas.96.22.12887
https://doi.org/10.1074/jbc.R100047200
https://doi.org/10.1074/jbc.R100047200
https://doi.org/10.1016/s0074-7696(08)61622-8
https://doi.org/10.1016/j.mito.2019.07.009
https://doi.org/10.1002/j.1939-4640.2001.tb02587.x
https://doi.org/10.1007/BF01739810
https://doi.org/10.1210/me.2012-1256
https://doi.org/10.1016/S1043-2760(00)00254-X
https://doi.org/10.1016/j.semcdb.2014.02.012
https://doi.org/10.1677/joe.0.1680217
https://doi.org/10.1677/joe.0.1680217
https://doi.org/10.1210/mend.11.3.9902
https://doi.org/10.1186/1478-1336-1-8
https://doi.org/10.1073/pnas.82.23.7889
https://doi.org/10.1096/fasebj.11.6.9194522
https://doi.org/10.1096/fj.09-138347
https://doi.org/10.1111/j.1365-2605.2009.00978.x
https://doi.org/10.1002/j.1939-4640.2002.tb02345.x
https://doi.org/10.1002/j.1939-4640.2002.tb02345.x

Chapter 10 m)
The Role of Sex Spectrum Differences e
in Reproductive Strategies

and the Endocrine Mechanisms

Underlying It

Takefumi Kikusui

Abstract During the process of sexual evolution, mammals have acquired different
reproductive and social roles for males and females. Differences in the cost of sperm
and egg have given rise to differences in the reproductive strategies of males and
females. For example, distinct sex differences are observed in mating forms and
investment in fostering. It can be assumed that sexual spectrum was brought about
because individuals were able to successfully win in their reproductive strategies.
Low-ranking males can escape the attacks of monopolizing males by concealing
their “maleness.” And such a strategy can be described as a “spectrum.” We focused
on testosterone as the molecular mechanism of this sex spectrum. After genetic sex
determination, this sex spectrum may be brought about by regulating testosterone
secretion. In this article, I introduce the relationship between reproductive forms and
sex differences, as well as the function of testosterone in this context, and reconsider
the meaning of sexual plasticity from the view of evolution.

Keywords Mating system - Sex differences - Testosterone - Social structure -
Mouse ultrasonic vocalization

10.1 Introduction

The protobiont arose approximately 4 billion years ago and has evolved into various
organisms to adapt to the global environmental changes. The basis of evolution is
natural selection and sexual selection is the driving force, as proposed by Charles
Darwin. In other words, individuals better adapted to the environment obtain more
chances to reproduce and, as a result, more genes expressing that favorable trait are
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transmitted to the next generation. In “On the Origin of Species” (Darwin 1859),
Charles Darwin theorized the evolution of sexual phenotype through sexual selec-
tion and in particular regarding the preference of females for males (Darwin 1859).
Based on this theory, current molecular bioscience has contributed greatly to eluci-
dating this sex difference in sexual phenotypes.

A characteristic function of mammals, including humans, is to nurture the fetus
through the placenta and to increase the survival rate of offspring through parental
behaviors, including lactation. Compared to oviparous species such as fish, which
lay eggs, or ovoviviparous species such as reptiles, which incubate eggs in the
female’s body and then give birth to pups, mammals may have few pups. In addition,
newborn pups are often immature in terms of thermoregulatory and motor functions,
and their parents must devote a lot of resources to them, including nurturing.
Ostensibly, this form of mammalian reproduction deviates from the primary objec-
tive of reproductive strategy, which is to efficiently transmit more genes to the next
generation. However, studies on mammals have revealed that the environment in
which they are raised modifies their epigenetic status and regulates gene expression;
thus, many mammals give birth in an immature and high in plasticity, which means
that the infant and juvenile can obtain various types of information from the
environment during development and acquire functions that are appropriate for
that individual (Goldberg et al. 2007). In other words, the evolutionary strategy of
mammals is that each individual has acquired plastic functions that allow it to adapt
to its environment, dramatically increasing its chances of survival. During the
development of a pup from an egg, information on its growth strategy, via endocrine
dynamics in utero, mother—child relationships, interactions with siblings, and ulti-
mately interactions within the group, is relevant to reproductive strategy. This
chapter describes the classical finding of the function of hormones to regulate the
sex-specific behavior and the recent findings of the molecular mechanisms underly-
ing the development of sex spectrum behavior in males.

10.2 Social Structure and Sexual Diversity

The type of herd that animals form depends on its breeding pattern. For example,
lions that live in grasslands are unusual among felines in that they form pride, which
they hunt in, and a few dominant males have the right to reproduce in the pride. In
even-toed ungulates, such as deer, the reproductive opportunities for males in the
herd are even more strictly controlled, and it is common for a single mature male to
be present in a harem with as many as 50 females. The breeding pattern determines
the members of a herd. The difference between male and female breeding strategies
is because of the size of their gametes. That is, males have small and mobile sperm
(spermatids), while females have large eggs (female gametes); as a result, the
number of offspring produced in a lifetime is generally larger in males than in
females. For example, Genghis Khan, who is believed to have left the largest number
of offspring in humans, is said to have had more than 200 direct descendants
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(Lkhagvasuren et al. 2016). This is tens of times more than the number of children a
single woman can give birth to. However, males who become subordinates have
little or no chance to reproduce. Thus, while many females have the chance to
produce offspring, many males die without producing any offspring. However, for
animals of monogamous species, the chances of males having their own offspring
increases, but at the same time they relinquish the opportunity to produce many
offspring for various females. Females of monogamous species are also less likely to
mate with a variety of males. In these species, males and females have enthusiastic
caregiving and nurturing activities. In other words, the shift to monogamy involves a
tradeoff between genetic diversity and reproductive strategies that emphasize care-
giving (Gubernick and Teferi 2000).

The smallest herd types are only parent—infant combinations, where males and
females are monogamous and their offspring are together. This is the most common
type of flock in birds, accounting for 40-50% of all flocks. In mammals, the
proportion of herds of this type is overwhelmingly low, with approximately 3% of
species being monogamous. Typical monogamous mammals include prairie voles,
marmosets, and raccoon dogs (Kleiman 1977). Groups larger than single families are
referred to as polygyny, comprising multiple mature females and a limited number of
males, or polygamy, when multiple males and females are present. It is becoming
evident that the composition of group members is generally related to the difficulty
of obtaining food resources, especially reproductive and food resources for females,
and the size of the living area to obtain them (Lukas and Clutton-Brock 2013).

As alluded to above, a polygyny group comprises of many mature females and
either a solitary male or a small number of immature males. Lions, fur seals, seals, deer,
and gorillas form harem-type herds. In this setting, male competition for females is
common and males who win the competition may monopolize several females (West
and Packer 2002). In such cases, individuals who lose the competition between males
lose their chance to reproduce. Polygyny can also be divided into several patterns
(Altmann et al. 1977), one of which is resource-protective polygyny, in which males
have rich food resources and nests, and mate with females that fall within their range.
The quality of the territory determines how many females can mate. Another type of
polygyny encountered is the so-called harem-type polygyny. In the harem type, males
fight with other males to prevent them from mating with females in their territory. It
differs from resource-protective polygyny described above in that the female herself is
the object of defense (Altmann et al. 1977). In lek-style polygyny, males gather in a
small area that has little to do with resources (called an arena) and desperately appeal to
females (Payne 1984). Males who participate in these appeals are called leks. In the
end, the male with the best appeal obtains the chance to mate with the surrounding
females. This type of polygyny is widely observed in birds and fish.

In mammalian species with polygyny or harem breeding patterns, there are many
notable sex differences in the appearance, body size, and behavior of males and
females (Fig. 10.1). This is most likely because of sexual selection by females. In
fact, in monogamy, the body size ratio of males to females is about 1.05 to 1.1. In
polygyny, the ratio is approximately 1.55 to 1.75 (Kenagy and Trombulak 1986).
For example, elephant seals exhibit a harem type of polygyny and females of the
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Mating system, male competition and sex differences

4 Monogamy Y Polygyny A
?d 9999 o)
Male competition Low High
Biparental care High Low
Sex difference in body size Small Large
Ratio of testes/body size Small Large
3 7 G 4

Fig.10.1 Comparison of male competition, biparental care, the sex difference in body size, and the
ratio of testes/body size in monogamous and polygynous mammalian species

species weigh approximately 500 kg while males weigh four times as much, about
2 tons. In monogamy, there is less competition between males and less mating
during the breeding season, so the testes do not need to be as highly functioning.
If the weight of the testes of a monogamous male is 1, the equivalent weight in
polygamous male who engages in sperm competition is about twice as much,
ranging from 1.8 to 2 (Kenagy and Trombulak 1986).

10.3 Androgens Create Sex Differences in Sexual Behavior

Many of the behaviors observed in the process of mating are unique to animals. The
male kingfisher presents a fish to the female, while others, such as the peacock,
spread their large feathers in front of the female as a sexual display. The recognition
of each other’s sex and the concomitant sexual motivation is driven and, in most
cases, mating is the result of the female’s acceptance of the male’s courtship (Asaba
et al. 2014a). The key stimulus for the initiation of these sexual behavior processes is
the reception of sex signals in males from females. A series of behaviors are initiated
when sexual motivation is driven by the acceptance of the partner’s sexual signals.
This sexual motivation results from the proper processing of sensory information
from olfactory, visual, and auditory senses in the presence of sex hormones, such as
androgens and estrogens (Asaba et al. 2014a). This series of mechanisms of sexual
behavior can be observed clearly in the mating behavior of rodents in the laboratory.

The expression of male sexual behavior in rats is androgen dependent. Sexual
behaviors of male rats upon encountering females start with display behaviors and
vocalization of courtship ultrasonic vocalizations (USVs), followed by mounting,
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Fig. 10.2 The sexual differentiation of male rodents. Androgens such as testosterone are initially
secreted by neonatal testes during the perinatal period. The Leydig cell in the testes can secrete
testosterone independently of luting hormone (LH) in the circulating blood. During the pubertal
period, adult-type Leydig cells are developed and can secrete testosterone dependently on
LH. These testosterone secretions can differ by the individual; modulated by social and environ-
mental factors. The differences in testosterone concentrations in these periods modulate the male
sexual behavior in adulthood and form a “sex spectrum” in maleness

thrusting, introjection, and ejaculation when the female shows tolerance (Asaba et al.
2014a). The onset of sexual behavior in males requires the secretion of androgens
from the testes following sexual maturation (Simerly 2002). Androgens act on
androgen receptors in the brain or are converted to estrogen by P450 aromatase
and act on estrogen receptors to induce male sexual behavior (Simerly 2002). Three
points have been found to be important for the action of androgens on the brain
(Fig. 10.2): (1) the androgen action in the early developmental period during the
perinatal period (androgen shower, organizational effects), (2) the sexual maturation
process from about 3 to 6 weeks of age in rats, and (3) the androgen action after
growth (activational effects) (Berenbaum and Beltz 2011). In rats, androgens
secreted from the testes during fetal life and shortly after birth enter the neurons in
the brain, where they are aromatized by P450 aromatase and become estradiol
(Cooke et al. 1998; Morris et al. 2004). Estrogen then acts on the limbic system
and hypothalamus of the brain to form a male-type neural circuit via the activation of
estrogen receptors. Estrogen of ovarian origin is also present in females, but it does
not penetrate into the brain because alpha-fetoprotein binds to estrogen in the blood
and cannot cross the blood-brain barrier (Cooke et al. 1998; Morris et al. 2004). A
brain unaffected by androgens shifts to demasculinization and feminization. There-
fore, the default sex of the rat brain is female, and when androgens act on it, it is
derived from the male type. In primates, androgens have been shown to work
directly on brain sex differentiation without being converted to estrogen (Berenbaum
and Beltz 2011). Since humans are primates like monkeys, it is expected that the
male brain is formed through androgen receptors in the same way (Berenbaum and
Beltz 2011). The role of androgens in sex differentiation of the brain varies from
species to species, but is thought to mirror their role in masculinization of the brain.
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Thus, the male brain formed during the perinatal period is re-activated by androgens
after maturation, resulting in the induction of male behavior. Male behavior is
androgen-dependent, and if the testes of male rats are surgically removed, they no
longer exhibit male sexual behavior (Cooke et al. 1998; Morris et al. 2004).
However, when androgens are administered to castrated males, male sexual behavior
is observed again. In contrast, no matter the amount of androgens administered to a
sexually mature female, the female will not show male sexual behavior. This means
that the formation of a male brain by androgen action during the perinatal period is a
prerequisite for the functioning of androgens after sexual maturity. Interestingly,
because of the sensitivity of the androgen receptors expressed in the brain, post-
maturity androgens are not strongly affected by high or low blood concentrations as
long as they are secreted in certain amounts (Wu and Gore 2010). This susceptibility
depends on one’s genetic background and the amount of sexual experience that one
has had. For example, sexually experienced humans, dogs (Creed 1989), and rhesus
monkeys have been reported to exhibit sexual behavior for several years, even after
they have been castrated to prevent the production of male hormones (Sreenivasan
and Weinberger 2016). In some countries, there is a history of castration for male sex
offenders, but some men have been reported to still have erections and engage in
sexual activity 10 years after the punishment was imposed (Sreenivasan and Wein-
berger 2016). Thus, the amount of androgens present in adulthood does not entirely
determine the performance of sexual behavior.

10.4 Hormonal Controlling of the Sex Spectrum

As alluded to above, sex differences in mammals are brought by androgens produced
by the androgen synthesis pathway originating from the Y chromosome; genetic
information is converted into hormones that build and maintain sex differences.
While the genetic information is one dimensional, the hormone concentration is on a
spectrum of high to low concentrations and the male sex is promoted in a
concentration-dependent manner. This spectrum of androgen-induced masculiniza-
tion encompasses not only reproductive behavior but also neurophysiological func-
tions such as cognition, emotion, and the stress response (McCarthy and Arnold
2011).

An example of the generation of this spectrum is the fetal implantation position.
Mice, rats, and other animals are multiparous, producing 6-8 fetuses in a single
pregnancy (Clark et al. 1992). In this setting, females sandwiched between two male
fetuses are stimulated to become male like by testosterone secreted by the male
fetuses. Similarly, males sandwiched between male fetuses become more male like.
Thus, depending on the implantation position during the fetal period, a spectrum
begins to emerge.

Even after birth, grooming by the dam is known to change the male characteris-
tics (Champagne et al. 2007; Parent and Meaney 2008). Males whose mothers
groomed them vigorously showed more male sexuality after growth, while those
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whose mothers did not groom them showed much less. This is probably due to the
fact that mothers invest in their male offspring to become socially dominant and
produce more offspring. To date, it is not known how mothers select particular male
pups, but such social environments also produce a spectrum of male sexuality.

The relative contributions of androgens and estrogens to brain sex differentiation
and their critical time horizons also vary by function (McCarthy and Arnold 2011).
Administration of testosterone propionate to female mice in the neonatal period
induces male sexual behavior, but not male-type vulnerability to social stress
(Kikusui et al. 2013). Furthermore, the expression pattern of sex steroid receptors
in the brain of newborn mice is sexually dimorphic depending on their location
(Mogi et al. 2015). In perinatal mice, androgen receptor mRNA expression in the
hypothalamus and prefrontal cortex (PFC) is higher in males than in females; ERp
mRNA expression in the PFC is higher in female mice immediately after birth. These
results suggest that neonatal testosterone organizes the masculinization of brain
function in a regionally and functionally specific manner.

It is possible that this androgen-induced male spectrum has emerged not only
because of the sexual display to females through sexual selection by females, but
also because of the development of aggression among males, and the suppression of
infanticide by high testosterone (Brown 1986). This spectrum of phenotypes con-
tributes to the final reproductive success, namely fitness. The variation in masculin-
ity has evolved with the appropriate social status and environment. In other words,
the efficiency of self-gene transmission to the next generation may be enhanced by
controlling whether male sexuality should be elevated or suppressed under appro-
priate circumstances. The latter part is an example of male mice USVs, which is a
spectrum phenotype.

10.5 Male and Female Mouse Communication Via
Ultrasonic Vocalizations

Holy and Guo (2005) showed that male mice emit song-like vocalizations to female
mice using calls in the high ultrasonic range, which is inaudible to humans (Holy and
Guo 2005). We previously examined the structure of USVs in two strains of mice
(C57BL6 and BALB/cA) and found that the patterns of syllable occurrence, as well
as the frequency of occurrence of these syllables, differed significantly (Kikusui
etal. 2011). Next, we tested the hypothesis that male pups can achieve vocal learning
from the environment, from their fathers for example, which would mean that they
would emit USVs similar to the song of their nurturing parents as seen in human
language. The aforementioned two strains of mice were subjected to cross-fostering
soon after birth, and the audible environment during development was reversed.
However, even with cross-foster manipulation, the song characteristics of these two
strains were maintained, and each sang the same song as its genetic parent. This
indicates that complex USVs are genetically controlled in mice (Kikusui et al. 2011).



172 T. Kikusui

How diverse is the song? Koide et al. at the National Institute of Genetics examined
the structure of the song in wild mice from around the world. They examined nine
mouse strains, including KJR from Korea, MSM and JF-1 from Japan, and BFM/2
from France and found that the frequency of syllables differed greatly among the
mouse strains (Sugimoto et al. 2011). The possibility that the frequency of syllables
is genetically controlled has already been described, and it was expected that the
similarity would be similar to that of genetic distance, that is, genetically close
strains of mice would have similar syllables and genetically distant strains would
have different syllables. However, there is no consistency between genetic distance
and the structure of USVs, indicating that there is no strong selection pressure on the
evolutionary process of song, even though USVs structure itself is genetically
controlled. This means that evolution (the acquisition of diversity) occurred with
little selection pressure. This is known as genetic drift and is probably responsible for
the structure of USVs in mice (Sugimoto et al. 2011).

Subsequently, we examined the social functions of this genetically defined song,
that is, whether the song affects the ability to attract female mice. When females of
each strain were presented with two USVs, the C57BL6 females showed more of an
approach to the BALB song, while the BALB females were more attracted to the
C57BL6 song (Asaba et al. 2014b). This indicated that female mice are attracted to
the USVs of males from genetically different strains to their own. In addition,
experiments were conducted to change the auditory environment during develop-
ment by cross-fostering immediately after the female mice gave birth. If the female
mice’s preference for the song was due to imprinting during the infant, the prefer-
ence should be reversed in adulthood. It was found that C57BL6 mice raised by
BALBs showed a preference for the USVs of C57BL6 mice, while BALBs raised by
C57BL6 mice showed a preference for the USVs of BALBs (Asaba et al. 2014b).
The reversal of song preference after cross-fostering manipulation indicates that this
preference is imprinted in the female brain through sexual imprinting during the
infant period.

Sexual imprinting is a phenomenon observed in more than 100 species of birds,
as well as in fish and mammals, in which the preference of the opposite sex for a
future mating partner is influenced by interactions with parents and other adult
animals during early developmental periods (Ten Cate and Vos 1999). Some birds
spend time with other animals soon after hatching from their eggs and show
courtship toward those animals with whom they spend time.

10.6 Sex Spectrum of Ultrasonic Vocalization in Male Mice

Male sex signals to females usually function as competitive signals for males. For
example, ESP1 in the tears of male mice enhances sexual behavior in females, but
also induces aggression toward other males (Hattori et al. 2016). The chirping of
birds has an attractive effect on females, but it is also used as a signal for territorial
competition between males (Gil and Gahr 2002). In other words, in situations where
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males compete with each other, male signals have a variety of functions. If strong
male signaling increases the frequency of attacks from surrounding males, then it is
necessary to consider both the benefits and costs of male signaling. If a male cannot
monopolize the females, it would be more beneficial to reduce the emission of male
signals and hide away from the surrounding males. Thus, a spectrum of male signals
is thought to have emerged.

A spectrum of USVs is also observed when a male mouse encounters a female.
Some sexually mature male mice do not emit any sound when they encounter
females, and even when paired with such males, females rarely produce pups
(Asaba et al. 2017); this suggests that the maleness of USVs is strongly suppressed
in these mice. In addition, when male mice are reared in groups and a hierarchy is
formed, individuals at the top of the hierarchy often emit USVs, while those at the
bottom of the hierarchy emit fewer USVs (Wang et al. 2014). This may be due to the
fact that they hide their male characteristics to escape attacks from dominant
individuals. In addition, as male mice age and their testosterone levels decrease,
the number of times they emit USVs decreases (Kanno and Kikusui 2018). This
suggests that the spectrum of USV emissions is caused by the strength of sexual
motivation.

How is the development of USVs in male mice that show a sexual spectrum
controlled? To investigate the effects of testosterone, we examined the USV emis-
sions in females treated with testosterone (Kikusui et al. 2021a). Testosterone was
administered in three stages: perinatally, at sexual maturation, and adulthood.
Females treated after sexual maturation had the same USV emission as untreated
females and did not become male type. When treated from the time of sexual
maturity, a certain degree of USV emission was observed. In addition, when treated
from the perinatal period, USV emission was almost equal to that of males (Kikusui
et al. 2021a). This suggests that the neural circuits involved in USV emission are
formed by testosterone during the perinatal period and that high and low testosterone
concentrations during this period are probably the initial trigger for generating the
spectrum characteristics of USVs.

Mice USVs are not monotonous but consist of complex syllables. Based on the
results of the above experiments, we investigated whether perinatal testosterone
treatment could also modulate the complex phoneme structure of syllables (Kikusui
et al. 2021a). More complex syllables were observed in males than in females. This
change was also observed in the testosterone-treated females. Unexpectedly, the
testosterone-treated females had higher syllable frequencies than the males. This is
inconsistent with the known decrease in vocal frequency caused by testosterone in
general; the higher the testosterone level, the lower the frequency of vocalization.
We further analyzed the transmission patterns of the syllables. Interestingly, the
syllable transmission pattern of the testosterone-treated females remained female
(Kikusui et al. 2021b). In other words, the syllable transmission between males and
females was not altered by testosterone treatment, leaving open the possibility of
genetic control. This is a notable finding relating to sex differences in mammalian
behavior.
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10.7 Neural Circuits Responsible for the Spectrum of USVs

Sex differences in neural circuits that control USV emission have also been reported.
USV vocalization in males is caused by the reception of female pheromones, which
are then transmitted to the reproductive center of the hypothalamus (Asaba et al.
2014a). We previously found that male sexual behaviors, such as mounting, are
mediated by the vomeronasal neural circuit, whereas USV emissions induced by
female pheromones are mainly mediated by the main olfactory system (Matsuo et al.
2015). Most of the female pheromone signals involved in USV emissions are
transmitted from the main olfactory system to the medial nucleus of the amygdala
(MeA), where a clear sex difference is observed in the response to urinary signals of
the opposite sex (Fig. 10.3). In males, female pheromones strongly activate the
posterior-dorsal part of the MeA, whereas in females, the posterior-ventral part of the
MeA is activated. Conversely, in males, male pheromones activate the ventral caudal
part of the meA, whereas in females, they activate the dorsal caudal part of it
(Kikusui et al. 2018). Similar results were reported by Durac et al. (Bergan et al.
2014). This indicates that signaling in the MeA is switched between males and
females and that this switching may control sexual behavior, sexual motivation, and
USV emission in males and females. Since this switching is controlled by testoster-
one during the perinatal period, as mentioned above, we can assume that the
switching itself becomes a spectrum, resulting in a spectrum of USV emissions.
Sex differences in the MeA at the molecular level have been investigated. The
morphology of neurons has been compared, with the cell bodies of males found to be
larger than those of females (Petrulis et al. 2017). There are also differences in
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dendrite orientation in both the posterior-dorsal and posterior-ventral parts of the
MeA in male and female rats (Dall’Oglio et al. 2008). Most of these differences
occur in neurons that express androgen and estrogen receptors, but sex differences in
dendrites have also been found in the anterior and posterior parts of the MeA (Rasia-
Filho et al. 2004). Neurochemically, male rats have higher concentrations of opioid
receptors, substance P, and cholecystokinin in the posterior-dorsal part of the MeA
than females (Petrulis et al. 2017). Following advances in molecular biology, it has
been shown that the transcription factors Dbx1 and Foxp2 are expressed in the MeA
during embryogenesis and determine the generation of a subclass of inhibitory
neurons in the MeA (Lischinsky et al. 2017). In addition, there are sex differences
between neurons expressing Dbx1 and those expressing Foxp2, and they respond
differently to pheromones. There is also a marked difference in the spike patterns of
action potentials between neuronal subgroups. This suggests that there is a hetero-
geneous interweaving of cells in the same nucleus and that it is important to look at
the spectrum of sex differences at cellular levels within the same nucleus, rather than
comparing internuclear levels.

Differences in the size of the MeA have been attributed to androgen- and estrogen
receptor-mediated signaling in neurons. There is no expansion in volume or cell size
in androgen-insensitive rats (Petrulis et al. 2017). The developmental mechanisms
controlling sexual dimorphism in the MeA, such as cell size and chemical properties,
may be due to perinatal hormones. However, the mechanisms that maintain sexual
dimorphism during adulthood appear to be more complex. In adult rats, sex differ-
ences in volume and neuronal size of the posterior-dorsal part of the MeA are
dependent on blood androgen concentration, but sex differences in total neuronal
number are independent of blood androgen concentration (Morris et al. 2008). The
neuropeptide cholecystokinin is observed in the posterior-dorsal part of the MeA and
is more abundant in males, but castration reduces the immunoreactivity of chole-
cystokinin (Simerly and Swanson 1987).

Sex differences in the chemical properties of the MeA are associated with sex
differences in social behavior, especially mating and aggression. Male mice have
more P450 aromatase-positive cells in the MeA than female mice, and fibers from
these neurons are denser in males than in females (Wu et al. 2009). These aromatase-
containing neurons are also associated with aggression in mice, suggesting that they
are incorporated into neural circuits involved in sex-specific behavior. It is likely that
testosterone during the perinatal and sexual maturation periods acts on androgen
receptors and is converted to estradiol by aromatase, which then acts on estrogen
receptors resulting in the acquisition of sexual functions (Wu et al. 2009). In
addition, mating experience and the presentation of olfactory stimuli of the opposite
sex increase the expression of c-fos in androgen receptor (AR) immunoreactive cells
of male Syrian and golden hamsters in the MeA (Wood and Newman 1993; Blake
and Meredith 2011). However, there are discrete subpopulations of neurons in the
MeA that respond to different components of sexual behavior (Kollack-Walker and
Newman 1997; Bergan et al. 2014), and androgens and estrogens have different
effects on neuronal function. It should be noted that androgens and estrogens seem to
work differently in different subpopulations of the MeA. Interestingly, sex
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differences in the chemical structure of the MeA are also observed in eusocial,
non-sexually mature animals such as naked mole rats; males have more
AR-positive nuclei than females, even though there are no sex differences in region
size or cell number (Holmes et al. 2008). The behavioral importance of these
differences in AR expression in the MeA is still under investigation.

The effects of prenatal androgen exposure on human amygdala function have
been examined using positron emission tomography imaging in women diagnosed
with congenital adrenal hyperplasia (CAH), as women diagnosed with CAH have
elevated androgens during fetal life (Merke and Bornstein 2005). The disease is
usually diagnosed at birth, and treatment normalizes androgen levels. However, it is
also known that girls with CAH often behave in a more masculine manner than their
unaffected sisters (Berenbaum 1999). Although functional connectivity between the
amygdala and hypothalamus differs between unaffected boys and girls, it does not
differ between girls diagnosed with CAH and unaffected girls (Ciumas et al. 2009).
Prenatal exposure to androgens may not affect brain function to the same extent in
humans and rodents, but another possibility is that androgens may need to be present
in adulthood in order to induce sex differences in connectivity.

10.8 Summary

In the process of sexual evolution, mammals have acquired differences in the
reproductive and social roles of males and females. In particular, differences in the
investment in nurturing have resulted in distinct sex differences. Through this
process, males have become more competitive, and the reproductive success of
dominant males has increased, but at the same time phenotypes have emerged in
which males avoid competition with other males. In mammals, various male phe-
notypes are regulated by hormones. In social environments, social status, and
encounters with the opposite sex, the secretion of testosterone is regulated to
increase an individual’s adaptability by displaying appropriate “masculinity.” Such
a strategy may be expressed as a “spectrum.” We are beginning to understand the
molecular mechanisms underlying the emergence of the endocrine sex spectrum.
One of the main and crucial question to be addressed is why and how the mammals
can obtain such a plasticity and spectrum of sexuality, which is encoded in the genes.
Going forward, it is hoped that a deeper understanding of sexual selection, as
proposed by Charles Darwin, will be achieved by understanding the underlying
molecular mechanisms.
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Chapter 11 ®)
Symbiont-Induced Sexual e
and Reproductive Manipulation in Insects

Susumu Katsuma, Kanako Hirota, and Tomohiro Muro

Abstract Some insect symbionts are known to manipulate the reproduction and
sexual development of their hosts for their own benefit. To accomplish this, these
selfish sex ratio distorters must disturb the host’s sex determination pathways.
Recent progress in molecular biological and bioinformatic methods has enabled us
to identify the symbiont effectors. In this chapter, we introduce the diversity of insect
sex determination systems and dosage compensation systems, both of which are
tightly associated with one another. Moreover, we describe highly tuned symbiont
strategies for host sexual manipulation by that target the sex determination and/or
dosage compensation machineries by taking advantage of their own factors.

Keywords Sexual manipulation - Symbiont - Sex determination - Dosage
compensation - Insect

11.1 Sex Determination System in Insects

Insect sex determination systems have been extensively studied in a model insect,
the fruit fly, Drosophila melanogaster. In this species, the primary signal for sex
determination is the number of X chromosomes, which reflects the dose of X-linked
signaling elements (XSE) (Hopkins and Kopp 2021) (Fig. 11.1). The amount of XSE
proteins on the X chromosome determines the expression of RNA-binding protein
gene Sex-lethal (SxI). SxI is expressed and translated into a functional SXL protein
only in females, which triggers a multi-step regulation in female-specific splicing of
sex-determining genes. SXL protein controls the sex determination cascade by
directing pre-mRNA splicing of transformer (tra) transcripts to produce the
RNA-binding protein TRA. TRA regulates sex-specific splicing of genes that
encode transcription factors, including doublesex (dsx) (Hopkins and Kopp 2021).
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Fig. 11.1 Diversity in insect sex determination systems. Representative sex determination path-
ways in Diptera, Hymenoptera, and Lepidoptera are shown. For TRA, FEM, DSX, and BmIMP
proteins, superscripts F and M indicate female- and male-type isoforms, respectively

On the other hand, owing to the absence of SXL protein, fra mRNA with a premature
stop codon is transcribed in males, resulting in the absence of functional TRA
protein. dsx is sex-specifically spliced and translated into sex-specific DSX proteins.
DSX potentially binds to thousands of genome loci, leading to sex-specific gene
expression and subsequent sexual differentiation (Clough et al. 2014).

Accumulating evidence has shown that primary factors in sex determination
cascades in insects are surprisingly diverse, although to date there are only a small
number of insects whose sex determination systems, especially primary sex deter-
miners, have been characterized. Instead, dsx homologs have been shown to act
commonly at the downstream end in the sex differentiation cascade of insects
(Fig. 11.1). Several dipteran insects other than D. melanogaster possess different
primary sex determiners, called M factors. Recent progress in molecular biological
methods such as deep sequencing by next-generation sequencers (NGSs) and
genome editing has identified the genes encoding these M factors and revealed
that most of them are non-homologous. The M factor genes Yob and Guy! in the
malaria mosquito Anopheles gambiae and Anopheles stephensi, respectively, both
encode a 56-amino acid protein with a helix-loop-helix motif (Krzywinska et al.
2016; Criscione et al. 2016), whereas Nix in Aedes aegypti (Hall et al. 2015) and
Aedes albopictus (Liu et al. 2020) encodes proteins with RNA recognition motifs.
These mosquito M factors have been shown to induce male-specific dsx splicing,
which is independent of fra. In the house fly Musca domestica, the M factor gene
Mdmd encodes a paralog of a generic splicing factor (Sharma et al. 2017), whereas
the M factor gene MoY of the medfly Ceratitis capitata encodes a small protein that
does not bear any similarity to known proteins (Meccariello et al. 2019). MDMD and
MOY both induce tra splicing in males, resulting in the absence of functional TRA
and subsequent male-specific splicing of dsx.
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Hymenopteran insects are haplodiploids, in which males are derived from haploid
(unfertilized) eggs and females are derived from diploid (fertilized) eggs. Sex
determination in this system has been deeply studied in the honeybee Apis mellifera.
In this insect, sex is determined by heterozygosity at a single gene, complementary
sex determiner (csd). Honeybees that are heterozygous at the csd gene develop into
females, while homozygotes and hemizygotes at csd become males. The csd gene
encodes an arginine/serine-rich protein that is structurally similar to TRA protein and
contains a hypervariable region (Beye et al. 2003). There are over 50 different csd
alleles among natural honeybee populations (Hasselmann and Beye 2004; Lechner
et al. 2013). Further genome analysis identified a new gene, feminizer (fem), which
is located 12 kilobases upstream of the csd locus (Hasselmann et al. 2008). Inter-
estingly, fem encodes a protein that has an arginine/serine-rich domain with a high
degree of sequence identity to the CSD protein, suggesting that these two paralogous
genes are derived from an ancestrally conserved progenitor gene. RNA interference
(RNAIi) of the female-specific fem splice variant results in production of male
progenies, and RNAIi of female allelic ¢sd transcripts results in expression of the
male-specific fem variant. These results demonstrate that fem is essential for female
development and conveys the signal from csd heterozygosity to the downstream sex
determination cascade in the honeybee.

Most parasitoid wasps do not possess csd homologs (Whiting 1967). In the
parasitoid wasp Nasonia vitripennis, a primary instructor gene was identified and
named wasp overruler of masculinization (wom). wom is not maternally provided in
unfertilized (haploid) eggs, whereas it is paternally provided in fertilized eggs at the
early diploid embryonic stage (2 to 5 hours postoviposition [hpo]) (Zou et al. 2020).
Parental RNAi of wom in early diploid embryos decreases both wom and tra
expression levels, suggesting that WOM acts upstream of fra and activates zygotic
tra transcription (from around 5 hpo), leading to female development. Wom encodes
a 580-amino acid protein with a P53-like DNA-binding domain and a coiled-coil
domain. Genome analysis revealed that this gene emerged via gene duplication and
genomic rearrangements. Identification and functional characterization of csd and
wom suggest that unique genes have evolved upstream of tra, which enables
paternally mediated onset of female development in haplodiploid reproduction.

The sex determination system in lepidopteran insects has been primarily studied
using the mulberry silkworm, Bombyx mori. Yoshimaro Tanaka discovered that
B. mori females have a W chromosome (Tanaka 1916), and Haruo Hasimoto subse-
quently reported that one copy of the W chromosome is sufficient for determining
femaleness, regardless of the copy number of Z chromosomes (Hasimoto 1933).
These findings strongly suggest that the W chromosome encodes a putative feminiz-
ing factor, called Feminizer (Fem). In addition, transgenic and knockout approaches
have shown that B. mori dsx homolog (Bmadsx) is required for sexual differentiation of
B. mori (Suzuki et al. 2003, 2005; Xu et al. 2017a, b). In 2014, we identified a female-
specific PIWI-interacting RNA (piRNA) as the feminizer of B. mori (Kiuchi et al.
2014). This piRNA is produced from the W-linked precursor RNA Fem (Fig. 11.2a),
and Fem piRNA forms a complex with B. mori PIWI protein Siwi. The Fern piRNA—
Siwi complex cleaves a protein-coding mRNA transcribed from the Z chromosome.
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Fig. 11.2 Sex determination pathway in Bombyx mori. (a) Left: FISH identification of W chro-
mosome (a green-signal painted chromatid) and Fem (yellow signals on the W: yellow arrow). Bar,
10 pm. Right: A drawing of the Fem cluster on the W chromosome. (b) The sex of B. mori is
determined by the piRNA pathway. Fem RNAs are transcribed from the sex-determining region of
the W chromosome and are cleaved by the maternally transmitted Masc piIRNA-BmAgo3 complex.
The Fem piRNA-Siwi complex then cleaves Masc mRNA, which encodes a protein required for
both masculinization and dosage compensation. (Reprinted from Proc Jpn Acad, Ser B 94 (2018)
with permission from The Japan Academy)

This Z-linked gene, which we named Masculinizer (Masc), encodes a protein required
for both masculinization and dosage compensation (Fig. 11.2b). Fem and Masc
mRNA both participate in the piRNA biogenesis pathway called the ping-pong
cycle, where the piRNA amplification loop is maintained by two B. mori PIWI
proteins, Siwi and BmAgo3 (Kawaoka et al. 2008). These findings revealed that the
piRNA-mediated interaction between the two different sex chromosomes is the
primary signal for the sex determination cascade in B. mori.

Although Masc homologs have been identified in several lepidopteran insects and
their masculinizing activity has been verified in organisms and/or cultured cells
(Fukui et al. 2015, 2018; Lee et al. 2015; Wang et al. 2019; Harvey-Samuel et al.
2020; Visser et al. 2021), piRNAs or other factors required for post-transcriptional
regulation of Masc have not been reported in non-Bombyx species. Therefore, at
present, it remains unclear whether the primary sex determiner is common in
lepidopteran insects with a WZ/ZZ sex chromosome constitution. Lepidopteran
species that are monosomic (Z0) in females and ZZ in males (e.g., Samia species)
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likely do not use sex-specific piRNAs because they do not have female-specific sex
chromosomes.

11.2 Relationship Between Sex Determination and Dosage
Compensation Cascades in Insects

Most insects have an XY sex chromosome system, where males have X and Y sex
chromosomes and females have two X chromosomes. On the other hand, females are
the heterogametic or hemigametic sex in lepidopteran insects. In this system, males
have two Z sex chromosomes and females have Z and W sex chromosomes or one Z
chromosome. Dosage compensation is a common mechanism that equilibrates X- or
Z-linked gene expression with the autosomes. D. melanogaster uses an XY system,
in which males compensate for reduced dosage of X-linked genes by
hypertranscription of X-linked genes about twofold through global hyperacetylation
of H4K16 on the hemizygous X chromosome (Lucchesi 1978; Ellison and Bachtrog
2019). In females, dosage compensation is repressed via inhibition of translation of
male-specific lethal 2 (msl-2) by SXL, a master switch for sex determination in
D. melanogaster. MSL2 is a subunit of the chromatin remodeling dosage compen-
sation complex (DCC); therefore, mutations in msl-2 lead to male-specific lethality
(Penalva and Sanchez 2003). Unlike SXL, other sex-determining factors, TRA and
its downstream switch DSX, are not involved in X chromosome dosage compensa-
tion, suggesting that disruption or ectopic expression of these factors do not induce
sex-specific lethality. Recently, a transgenic approach revealed that M factor Guyl
regulates dosage compensation by increasing X chromosome gene expression and
confers female-specific lethality in An. stephensi (Qi et al. 2019).

In B. mori, Z-linked gene Masc encodes a master regulator of masculinization
(Kiuchi et al. 2014). Unexpectedly, we found that embryonic knockdown of Masc
mRNA results in a failure of not only masculinization but also dosage compensation;
depletion of Masc mRNA causes feminization and aberrant upregulation of Z-linked
genes in male embryos (Fig. 11.2b). Moreover, failure of dosage compensation
results in male-specific embryonic death in B. mori (Kiuchi et al. 2014). Our
subsequent studies clearly showed that modification of Masc by transgenic and
genome editing approaches enables us to manipulate sexual differentiation and
sex-specific lethality in B. mori (Sakai et al. 2016; Xu et al. 2017a, b; Kiuchi et al.
2019). These findings suggest that Masc will be an ideal target to induce sex-specific
death in lepidopteran insects. In conclusion, the sex determination cascade is tightly
coupled with the dosage compensation system and a failure of dosage compensation
results in sex-specific death in insects of different orders.
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11.3 Symbiont-Induced Sexual and Reproductive
Manipulation in Insects

All insects are considered to be infected by a large variety of microbes, including
bacteria, fungi, and viruses, which range from parasitic to commensal or mutualistic.
Among these, heritable endosymbionts are most tightly linked to the survival and
reproduction of host insects. The endosymbiont resides within the cytoplasm and is
maternally inherited, although intrasperm paternal inheritance of Rickettsia residing
within the nuclei has been exceptionally reported in the leathopper Nephotettix
cincticeps (Watanabe et al. 2014). Maternal inheritance of the symbiont triggers
alternation of the phenotypes of host insects, including sex ratio distortion and
reproduction (Fig. 11.3).

The most extensively studied symbiont that induces sexual and reproductive
manipulation in insects is Wolbachia. Wolbachia are a maternally inherited intra-
cellular bacteria that infect over 66% of insect species (Hilgenboecker et al. 2008).
Wolbachia infection is a well-known example in which host sex ratios and repro-
ductive strategies are altered to increase the proportion of the infected females in the
population. Wolbachia-induced phenotypes include parthenogenesis, feminization,
cytoplasmic incompatibility (CI), and male killing, each of which is thought to be
adaptive for Wolbachia by enhancing the production of infected females (Werren
et al. 2008) (Fig. 11.3). Among them, the most common manipulation is CI, in which
embryonic death occurs in crosses between infected males and uninfected females,
whereas females infected with the same strain of Wolbachia rescue this lethality. In
2017, the Wolbachia genes underlying CI were identified (LePage et al. 2017,
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Fig. 11.3 Sexual and reproductive manipulation by Wolbachia, Spiroplasma, and partitiviruses
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Beckmann et al. 2017). According to the hypothesis that the genes responsible for CI
are present in all Cl-inducing Wolbachia strains and absent or mutated in non-CI
strains, and they are expressed in the gonads of infected insects, two wMel genes,
WDO0631 and WDO0632, which are adjacent and coevolving within the eukaryotic
association module of prophage WO, were selected. Both genes were expressed in
the testes of wMel-infected D. melanogaster males, and the expression levels were
decreased significantly in aged males, which is consistent with the observation that
CI strength decreases significantly in aged males (Reynolds and Hoffmann, 2002).

To examine whether these two genes are essential for CI induction, transgenic
D. melanogaster strains expressing each gene were generated and CI phenotypes
were assessed by measuring the percentage of embryos that hatched into larvae.
Although CI was not observed in crossings between males expressing WD0631 or
WDO0632 and wild-type females, expression of both genes in the same males
significantly reduced hatch rates compared with wild-type crosses with no effect
on sex ratios. Moreover, this lethal phenotype was completely rescued by crossing
wMel-infected females. These results indicate that these two genes are the CI factors.
They were named as cifA (WD0631) and cifB (WD0632), respectively (LePage et al.
2017).

The mechanism of CI is frequently explained by a modification—rescue or toxin—
antidote system in which sperm is modified by Wolbachia toxin, and this modifica-
tion can be rescued in the egg by a different Wolbachia factor. The method by which
ClI factors induce CI in host insects was revealed using Wolbachia wPip proteins
CidA and CidB (Beckmann et al. 2017). CidB is a Wolbachia deubiquitylating
enzyme (DUB) that induces CI by cleaving ubiquitin from substrates. cidB is located
in a two gene-containing operon, and the other gene cidA encodes a protein that
binds CidB. CidA was previously identified as a protein (WPA0282) associated with
Wolbachia-modified mosquito sperm. CI was observed in crossings between trans-
genic D. melanogaster males expressing the cidA-cidB operon and wild-type
females. Interestingly, transgenic expression of CidB with a catalytically inactive
DUB did not induce CI. CidB alone induced toxicity in yeast, and this effect
depended on DUB activity. These results could explain the “modification-rescue”
hypothesis for Wolbachia-induced CI.

Feminization of genetic males by Wolbachia infection is rarely observed but has
been reported in several insect species, including two Eurema butterfly species. In
Japanese populations of E. hecabe (Hiroki et al. 2002), two Wolbachia strains were
identified, wCI (wHecCI2 or wHecFem1) and wFem (wHecFem?2), which induce CI
and feminization, respectively (Hiroki et al. 2002, 2004). Treatment of E. hecabe
larvae with tetracycline at different developmental stages suppresses the wHecFem?2
titer and results in emergence of adult butterflies with sexually intermediate traits
(Narita et al. 2007). This indicates that the feminizing action of Wolbachia is not
complete at the embryonic stages and continues during larval development in male
larvae. Quantitative PCR assay revealed that wFem-infected E. mandarina females
have only one Z chromosome and lose the W chromosome or possess a dysfunc-
tional one, whereas the W chromosome is present in females without wFem infection
(Kern et al. 2015). Tetracycline treatment of wFem-infected adult females resulted in
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production of both Z0 and ZZ eggs (Kageyama et al. 2017a). These findings
demonstrate that wFem infection disrupts maternal Z chromosome inheritance,
resulting in no male progenies with ZZ. Combined with the observation that wFem
removal by tetracycline results in all-male progeny phenotype, wFem possesses the
factor that can feminize E. mandarina genetic males.

Parthenogenesis-inducing Wolbachia have been described in arthropods with
haplodiploid sex determination, including wasps and thrips (Werren et al. 2008).
In this host manipulation system, Wolbachia infection disrupts the cell cycle at the
early embryonic stages, leading to diploid development in unfertilized eggs; infected
females produce daughters from unfertilized eggs instead of sons. Many species of
Trichogramma wasps are infected by Wolbachia and contain mixtures of sexual and
asexual populations. Antibiotic treatment of parthenogenetic female wasps results in
production of male progenies, indicating that asexual reproduction is induced by
Wolbachia infection (Stouthamer et al. 1990, 1993). Transfer experiments of
parthenogenesis-inducing  Wolbachia from Trichogramma dendrolimi  to
Trichogramma evanescens did not produce a distinct phenotype of Wolbachia
infection, probably due to the low Wolbachia density in T. evanescens (Watanabe
et al. 2013), which suggests that parthenogenesis-inducing Wolbachia in
Trichogramma wasps are well adapted to their hosts.

Wolbachia infection also restores the host oogenesis defects by interacting with
the host RNA machinery. Some Sx/ mutant strains with partial loss-of-function
mutations are viable but possess severe defects in germline development in
D. melanogaster females (Starr and Cline 2002). Through screening of Wolbachia
genes that exhibit negative effects on the growth and survival of D. melanogaster
cultured cells, Ote et al. (2016) identified a novel gene toxic manipulator of oogen-
esis (TomO) from the wMel genome. Although TomO homologs were found in some
Wolbachia groups, their sequences were quite different. For example, TomO homo-
logs of wRi and wAna both belong to the same Wolbachia group (supergroup A) as
wMel and are split into two proteins, and a homolog of wPip (supergroup B)
possesses two ankyrin repeats that are absent in wMel TomO. Interestingly, the
germline-restricted overexpression of TomO in Sx/ mutant females restores germ
stem cells (GSCs). Further experiments revealed that TomO enhances GSC mainte-
nance by increasing the Nanos (Nos) protein level through binding to nos mRNA
(Ote et al. 2016). These functions were also observed in a TomO homolog of wPip
(Ote and Yamamoto 2018), suggesting a conserved strategy for host—-Wolbachia
interaction by TomO protein.

11.4 Bacterial Male Killing in Insects

Male killing has independently evolved in at least six bacterial taxa, including
Spiroplasma and Wolbachia (Hurst and Frost 2015). Researchers have considered
that male killing increases the fitness of infected females in the ways that reduce
inbreeding (Dannowski et al. 2009), reduce brother-sister competition when the
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resources are limited (Koop et al. 2009), and/or provide nutrients to infected,
surviving sisters when male killing occurs at embryonic stages and the sisters
cannibalize dead brothers (Elnagdy et al. 2011). Male killing can also reduce the
effective population size of the host (Berec et al. 2016) and alter sexual preference
(Hornett et al. 2006).

11.5 Spiroplasma-Induced Male Killing in Insects

Spiroplasma are Gram-positive bacteria that are widely observed in plants and
arthropods (Regassa and Gasparich 2006). Male killing induced by Spiroplasma
has been reported in ladybird beetles, butterflies (e.g., Danaus chrysippus), and
moths (e.g., Ostrinia zaguliaevi) (Hurst et al. 1999; Majerus et al. 1999; Jiggins
et al. 2000; Tinsley and Majerus 2006; Tabata et al. 2011). Molecular phylogenetic
analyses of bacterial 16S rRNA, dnaA, and rpoB genes have revealed that the male-
killing Spiroplasma in Drosophila and those in ladybird beetles, butterflies, and
moths belong to different clades, the citri clade and the ixodetis clade, respectively.

Spiroplasma poulsonii is a symbiotic bacterium that infects D. melanogaster.
S. poulsonii-induced male killing was first discovered in D. melanogaster about
70 years ago (Williamson and Poulson 1979). This male killing was speculated to be
caused by a secreted protein called “androcidin” (Oishi 1971). S. poulsonii does not
kill D. melanogaster males that lack the male-specific lethal (MSL) components, but
on the other hand, it induces female death in strains that ectopically express the MSL
complex (Veneti et al. 2005; Cheng et al. 2016; Harumoto et al. 2016), suggesting
that S. poulsonii targets the MSL complex to establish male killing. Male-specific
embryonic death by S. poulsonii is induced through the host apoptotic pathway
(Harumoto et al. 2014), and the transcriptional levels of the genes involved in DNA
damage and apoptosis are enhanced only in infected male embryos (Harumoto et al.
2016). Cytological analysis demonstrated that DNA damage occurs on the male X
chromosome associated with the MSL complex (Harumoto et al. 2016). These
findings clearly indicate that the male-killing Spiroplasma targets the MSL compo-
nents on the male X chromosome to induce male-specific apoptotic death in
D. melanogaster embryos.

During the maintenance of D. melanogaster strains artificially infected by
S. poulsonii, Harumoto and Lemaitre found a S. poulsonii mutant that does not kill
the male progeny completely, irrespective of the genetic background of the
D. melanogaster strain and bacterial titer (Harumoto and Lemaitre 2018). To
identify the responsible gene in the S. poulsonii genome, they determined and
compared the genome sequences of wild-type (complete male killing) and mutant
(incomplete male killing) S. poulsonii strains and identified a candidate gene in
which an 828 base-pair-long deletion was detected in the mutant genome. This gene,
which they named Spaid (S. poulsonii androcidin), is located on a putative plasmid
and encodes a 1065-amino acid protein with ankyrin (ANK) repeats and a DUB
domain (Harumoto and Lemaitre 2018). Transgenic expression of a
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codon-optimized Spaid construct in D. melanogaster reproduced the phenotypes for
male killing, which included all-female progeny and apoptotic cell death in embryos,
indicating that this gene is a long-sought male-killing gene in S. poulsonii. Subse-
quent experiments revealed that Spaid expression triggers apoptosis even in female
embryos when the MSL complex is expressed in females (Harumoto and Lemaitre
2018). Moreover, they observed that Spaid expression in male embryos resulted in
DNA fragmentation and the formation of chromatin bridges, most of which
overlapped with the signals of MSL1, a component of the MSL complex. These
results clearly indicate that Spaid mediates its toxic effects via the dosage compen-
sation machinery. Along with Spiroplasma Spaid, Wolbachia wPip Cl-inducing
protein CidB also possesses a DUB domain (Beckmann et al. 2017), suggesting
that insect ubiquitin pathways are commonly used in sexual and reproductive
manipulation by insect symbiotic bacteria.

11.6 Wolbachia-Induced Male Killing in Insects

Wolbachia-induced male killing has been reported in three insect orders, Coleoptera,
Diptera, and Lepidoptera, where male killing occurs during embryogenesis (early
male killing) or larval stages (late male killing). In general, antibiotic (tetracycline)
treatment of Wolbachia-infected insects results in the production of male progeny
and restores the 1:1 sex ratio.

In 2019, the first discovery of a candidate gene for Wolbachia’s male killing was
reported. This gene, WO-mediated killing (wmk), was identified from wMel
Wolbachia (Perlmutter et al. 2019). As with the discovery of CI genes cifA and
cifB (LePage et al. 2017), wmk was isolated from the eukaryotic association module
of Wolbachia prophage WO. This prophage module was shown to be enriched with
many sequences predicted to have eukaryotic functions (Bordenstein and
Bordenstein 2016). wmk is expressed in D. melanogaster embryos infected with
Wolbachia and encodes a putative transcriptional regulator containing two helix-
turn-helix (HTH) XRE family DNA-binding domains. Wmk homologs are com-
monly found in the genomes of phage WO-containing Wolbachia, including known
male-killing strains, wBol from the butterfly Hypolimnas bolina and wCauB from
the moth Cadra cautella (Sasaki et al. 2002). Transgenic D. melanogaster
expressing codon-optimized wmk exhibit a significant female bias (male/
female = 0.65), but not a complete male-killing phenotype (Perlmutter et al.
2019). Transgenic expression of wmk induces embryonic death and several cytolog-
ical defects, including DNA damage at sites of dosage compensation activity.
Although the mode of action of WMK in male killing is unknown, wmk is a very
strong candidate for Wolbachia’s male-killing factor in D. melanogaster.

Wolbachia-induced male killing has also been frequently observed in lepidop-
teran insects. As the female W chromosome in some lepidopteran species possesses
feminizing activity, maternal inheritance of Wolbachia is linked with maternal
transmission of not only mitochondria but also the W chromosome. The most
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famous case is a male-killing Wolbachia of the nymphalid butterfly H. bolina on the
Samoan islands Upolu and Savaii (Charlat et al. 2007). In 2001, high prevalence of
Wolbachia wBoll, which kills male embryos (early male killing), and a 99% female
population were recorded in H. bolina. However, in 2005, about half of the individ-
uals were male on the same island, indicating that the sex ratio was drastically altered
within 10 generations (Charlat et al. 2007). These Wolbachia-infected females were
fertile and egg hatch rate was high, showing the absence of male killing. Genotyping
of Wolbachia revealed that Wolbachia strain was not replaced with other non-male-
killing strains. Crossing experiments showed that alternation of sex ratios results
from the spread of host suppressor genes for male-killer action in this island
population (Hornett et al. 2006; Charlat et al. 2007). Such a rapid emergence of
host resistance against male killers was also reported in a population of the green
lacewing Mallada desjardinsi infected with male-killing Spiroplasma (Hayashi et al.
2018). These findings strongly suggest that such a rapid emergence and spread of
host suppressor genes has occurred frequently after past conflict between cytoplas-
mic selfish elements and nuclear host genomes.

In Ostrinia scapulalis and its congener Ostrinia furnacalis, a unique male killing
by Wolbachia infection was reported (Sugimoto and Ishikawa 2012; Fukui et al.
2015) (Fig. 11.4a, b). Sex ratio distorters in Ostrinia species were first discovered in
the Japanese population of O. furnacalis in 1984 (Miyahara 1984). Subsequent
studies revealed that most of the female-biased phenotypes in O. scapulalis and
O. furnacalis were caused by Wolbachia infection. Ostrinia species have a WZ/ZZ
sex chromosome system and all of the progeny of Wolbachia-infected mother moths
have a W chromosome, showing the existence of male killing (Sugimoto and
Ishikawa 2012). Unlike male killing observed in other moths, antibiotic treatment
of male-killing strains (all-female strains) results in production of all-male offspring
(female killing) (Sugimoto and Ishikawa 2012; Fukui et al. 2015) (Fig. 11.4b),
indicating that Wolbachia possess a factor that triggers feminization in Ostrinia.
The Ostrinia feminizing factor may be disrupted or inhibited during a long period of
infection by this male-killing Wolbachia.

The male-type splice variants of dsx were not detected in early embryos of
O. scapulalis and O. furnacalis infected with male-killing Wolbachia, suggesting
that Wolbachia establishes sexual manipulation at least from the beginning of the sex
determination period (Sugimoto and Ishikawa 2012; Fukui et al. 2015). Our study
revealed that RNAi-mediated depletion of Masc mRNA in B. mori embryos results
in male-specific embryonic lethality (Kiuchi et al. 2014). This phenomenon likely
mimics the Wolbachia-inducing male killing observed in some lepidopteran insects,
including Ostrinia species (Sugimoto and Ishikawa 2012). We therefore selected
O. furnacalis embryos as the material for elucidating Wolbachia-mediated male
killing. RNA-seq revealed that the level of O. furnacalis Masc (OfMasc) mRNA was
reduced and dosage compensation of O. furnacalis Z-linked genes failed in
Wolbachia-infected embryos (Fukui et al. 2015). Moreover, injection of artificially
synthesized OfMasc cRNA into Wolbachia-infected early embryos resulted in the
production of male progeny. These results clearly showed that Wolbachia disrupts
dosage compensation at the early embryonic stage by targeting the host factor Masc,
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Fig. 11.4 Male killing in Ostrinia furnacalis moths. (a) O. furnacalis female moth infected with
male-killing Wolbachia. Transmission electron microscopy observation of Wolbachia in the
O. furnacalis ovary is shown in the inset panel. Bar, 100 nm. (b) Male killing in a Wolbachia-
infected matriline and female killing in a cured matriline. (¢) A proposed model for Wolbachia-
induced male killing in O. furnacalis. (Reprinted or modified from Proc Jpn Acad, Ser B 94 (2018)
with permission from The Japan Academy)

which is essential for both masculinization and dosage compensation (Fig. 11.4c).
On the other hand, unexpectedly, male larvae hatched from OfMasc cRNA-injected
Wolbachia-infected embryos expressed female-type dsx only, indicating that res-
cued males were not transcriptionally masculinized (Fukui et al. 2018). This is a
phenocopy of Wolbachia-induced feminization of genetic males. Previous studies
have suggested that Masc proteins act as the masculinizing factor in the cytoplasm,
whereas they play a role in dosage compensation in the nucleus (Sugano et al. 2016;
Katsuma et al. 2019; Hirota et al. 2021). Judging from Wolbachia’s cytoplasmic
localization of the host cells, we speculate that nuclear Masc can rescue the failure of
dosage compensation but cytoplasmic Masc cannot rescue the masculinization
process in Wolbachia-infected cells.

It was recently reported that the Mediterranean flour moth Ephestia kuehniella
possesses two Masc homologs, either or both of which induce male-type dsx splicing
(Visser et al. 2021). This suggests that some lepidopteran species likely have several
copies of Masc homologs. If one copy of Masc is essential for masculinization and
the other copy plays a role in dosage compensation, feminization without the



11 Symbiont-Induced Sexual and Reproductive Manipulation in Insects 195

male-killing phenotype in males can be established when the Wolbachia factor
interacts with the masculinizing Masc but not with the other. Alternatively, femini-
zation can be established when the Wolbachia factor disrupts the interaction between
Masc and host cytoplasmic proteins cooperating with Masc for masculinization. The
identification of a Wolbachia factor targeting Masc will provide evidence on how
Wolbachia has evolved to hijack the Masc-dependent pathway that controls both
lepidopteran insect-specific sex determination and dosage compensation cascades.

11.7 Virus-Induced Male Killing in Insects

Non-bacterial male killers have been discovered in some insects. Late male killing
has been reported in the oriental tea tortrix Homona magnanima (Morimoto et al.
2001). In this male-killing strain, most male larvae die during the last instar or pupal
stage. Pathohistological studies revealed that the degradation of midgut epithelial
cells may be the main reason for male-specific death (Hoshino et al. 2008). This male
killing is maternally inherited, even when the females are mated with normal males.
Antibiotic treatment does not rescue male-specific death, indicating that this male
killing is induced by non-bacterial pathogens (Morimoto et al. 2001). Nakanishi
et al. (2008) prepared a sucrose density-gradient ultracentrifuge fraction of homog-
enized male-killing strain larvae and injected the purified fraction into fifth-instar
normal strain larvae. The survival rate of the injected male larvae was significantly
lower than that of control male larvae, demonstrating involvement of virus-like
pathogens in this male killing. They isolated RNA from the male-killing strain and
then reverse-transcribed, and identified two novel cDNA sequences (MK1068 and
MK1241) by a modified random amplified polymorphic DNA method. These two
fragments were amplified from cDNA of the male-killing strain but not from the
normal strain, verifying that these RNAs are specific to the male-killing strain.
However, the homology and motif search did not match any known sequences or
motifs.

Recently, Fujita et al. (2021) performed RNA sequencing of a cDNA library
prepared from nuclease-treated female moth homogenates of a late-killing strain.
They successfully obtained 27 contigs, which included two previously identified
unannotated sequences (MK1068 and MK1241) as well as three different sequences
of RNA-dependent RNA polymerases (RdRp). A homology search revealed that all
of the three RARp sequences contained conserved motifs for RdRp and were related
to those of Partitiviridae viruses (Fujita et al. 2021). These three RdRps (MK-11,
MK-25, MKsp30) belonged to novel unclassified Partitiviridae species; thus, they
were named Osugoroshi virus (OGV) 1, 2, and 3, respectively. Phylogenetic ana-
lyses also revealed that OGVs belong to a group of invertebrate partitiviruses, which
include viral-like sequences from Coleoptera or Araneae (Fujita et al. 2021). The
authors also performed injection of purified viral particles into fourth-instar larvae
and traced viral RNAs in the next generation, in which a female-biased sex ratio was
observed. The results strongly suggested that OGV is responsible for late male
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killing in H. magnanima, although essential RNA sets of OGV for male killing are
still unknown.

Non-bacterial male killing has also been reported in a Drosophila species.
Kageyama et al. (2017b) discovered a single female D. biauraria whose offspring
were all female. Unlike the late male killing observed in OGV-infected
H. magnanima (Fujita et al. 2021), male killing in D. biauraria is established at
the embryonic stages (Kageyama et al. 2017b). This embryonic male killing is
maternally transmitted and is not altered by antibiotic treatment. Moreover, this
phenotype can be reproduced by microinjection of filtered homogenate prepared
from the all-female strain into a normal strain. This clearly indicates that this male
killing is possibly caused by viruses, but not by bacteria or other non-filtrated agents.

Are there any advantages to virus-induced male killing? The roles of viral sexual
manipulation in insects have not yet been explored. Similar to bacterial male killing,
virus-induced male killing may have some significant effects on the evolution of host
insects. A field survey revealed that OGV's are widely distributed and often detected
in tea fields in Japan (Fujita et al. 2021). It is speculated that OGV infection may
reduce inbreeding and increase the genetic diversity of host populations (Fujita et al.
2021). On the other hand, male-specific embryonic death in D. biauraria may trigger
female progenies to cannibalize their brothers as nutrients (Kageyama et al. 2017b).
Further studies will identify the genes responsible for virus-induced male killing and
explore the mechanisms and benefits of this sexual manipulation in insects.

11.8 Conclusion and Perspective

In this chapter, we first described the diversity of insect sex determination systems,
which are tightly coupled with dosage compensation systems. Since a failure of
dosage compensation during development is likely lethal in insects, the factors
involved in these pathways are considered ideal targets for symbiont-induced sexual
manipulation. Although few host factors have been identified as the targets for
sexually manipulating symbionts, Spiroplasma Spaid was shown to induce male
killing in D. melanogaster by targeting DCC (Harumoto and Lemaitre 2018). We
also discovered that the target for Wolbachia-induced male killing in O. furnacalis is
Masc (Fukui et al. 2015), which is essential for both masculinization and dosage
compensation in lepidopteran insects (Kiuchi et al. 2014). These results support the
hypothesis that sexual manipulation of symbionts either directly or indirectly targets
the machineries required for sex determination and/or dosage compensation. Intrigu-
ingly, recent studies have revealed that non-bacterial male killers including inverte-
brate partitiviruses have been found in both lepidopteran and dipteran insects
(Kageyama et al. 2017b; Fujita et al. 2021). It is of great interest whether the
male-killing viruses also target similar host proteins in different insect orders and
what factors they utilize to target host proteins in their male-killing strategies.
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What is the origin of symbiont effectors for sexual and reproductive manipula-
tion? All of the CI and male-killing inducer genes identified to date reside within the
prophage or plasmid sequences; Wolbachia Cl-inducing genes (cifA-cifB) and a
male-killing candidate gene (wmk) are located within the eukaryotic association
module of prophage WO, whereas S. poulsonii Spaid is located on a plasmid
(Harumoto and Lemaitre 2018). These facts suggest that symbionts’ sexual and
reproductive manipulation strategies have been initiated and established by taking
advantage of captured or invaded foreign sequences. Further studies will identify
more effectors from diverse symbionts, which will provide insights into how the
symbionts’ sexual manipulation has evolved. Moreover, at present, we have little
knowledge about the modes of action of symbiont effectors in sexual manipulation:
What host factors do they interact with? Where do they exist and operate within
the host? Recent studies on Wolbachia revealed that symbiont-induced phenotypes
depend on the combination between the host species and symbiont effector homo-
logs (Beckmann et al. 2017; Ote and Yamamoto 2018). Exploring the interacting
modes between host and symbiont proteins, including three-dimensional structural
insights on their complexes, will enable us to predict symbiont-induced host pheno-
types without in vivo infection experiments.

A sometimes-asked question provided after a talk about male killing by
Wolbachia is “What is the advantage in host insect by Wolbachia infection?”
Possible answers are that symbiont infection may decrease the chance of inbreeding
and increase host genetic diversity, and that in some cases, female progenies may eat
their brothers (dead embryos) as nutrients. There may be additional advantages in
host physiology and ecology, such as increases in body size and improvement of
quality and/or quantity of sex pheromones in females. As a result, host benefits may
also have positive effects on symbionts. Further studies are needed to understand
how symbiont infection affects host physiological and ecological conditions. On the
other hand, however, it is known that in two insect species, male killing can be
rapidly suppressed by evolving host suppressors against symbionts (Charlat et al.
2007; Hayashi et al. 2018). In these cases, infected populations showed an extremely
female-biased sex ratio, indicating that the host insect was going extinct. Therefore,
if the strength of male killing in the host is very high and males are almost extinct,
neither hosts nor symbionts have any advantages and the hosts should modify or
develop their own factors to suppress the effects of male-killing factors.

A big obstacle to insect symbiont research remains. At present, genome editing
and mutant isolation processes for most symbionts, including Wolbachia and
Spiroplasma, are not available. There is only one system to assess symbiont’s
gene functions in which transgenic insects (e.g., D. melanogaster) expressing
symbiont-derived genes are generated and examined as to whether they exhibit
same phenotypes as symbiont-infected insects. This system is a powerful tool if
the symbiont uses a factor that is composed of a single protein and is sufficient for
inducing the phenotypes. On the other hand, if this factor is a complex of several
proteins, and unlike Wolbachia CI factors (CifA—CifB, CidA-CidB) they are not
derived from neighbor genes, it is very difficult to estimate whether the focused
genes are the real effectors. Very recently, forward genetics of Wolbachia using
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ethyl methanesulfonate mutagenesis and NGS sequencing have identified the
genome locus that is involved in Wolbachia proliferation and host fitness (Duarte
et al. 2021). An alternative approach to investigate the gene functions of symbionts
is to generate in vitro materials, i.e., cultured cells, from infected insects. If we
establish these, we can also generate cells without symbionts by treatment with
antibiotics or other drugs. Genome editing techniques combined with these in vivo
and in vitro methods will allow us a chance to establish a new system for assessing
symbiont gene functions more precisely in the near future.
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Chapter 12 ®)
The Mechanism for Establishing the Binary <o
Sex with Environmental Signals

in the Crustacean Daphnia magna

Yasuhiko Kato and Hajime Watanabe

Abstract The cladoceran crustacean Daphnia magna produces females partheno-
genetically under healthy conditions. In response to environmental stresses such as
starvation and higher population density, it produces males that are genetically
identical to their sisters. Environment-dependent male production in D. magna can
be interpreted as the shift of the position of the sex on the spectrum from the female
side to the male side by the environmental cues. In this review, we introduce how the
environment-dependent male determination is mediated via the endocrine system
and the evolutionary conserved sex-determining gene Doublesex] (DsxI) in
D. magna. We then describe how the binary sex can be achieved by regulation of
Dsx1 at transcriptional, epigenetic, and post-transcriptional levels to prevent intersex
phenotype.

Keywords Doublesex1 - Environmental sex determination - Daphnia magna -
Transcriptional regulation - Post-transcriptional regulation - Epigenetic regulation

12.1 Introduction

The healthy population of the cladoceran crustacean Daphnia magna is composed of
females by parthenogenesis (Fig. 12.1). The female juvenile matures into an adult
after several molting. It develops two ovaries aside from the gut and produces eggs
without mating (Fig. 12.1, solid arrow). In contrast, under the stressed environment,
such as shortened photoperiod, a lack of food, and/or their increased population
density, the adult senses those environmental changes and parthenogenetically pro-
duces male offspring that are genetically identical with their sisters. Interestingly,
the ovulated eggs are already destined to be males, meaning that the commitment of
the sex of the offspring to males occurs in the ovaries (Fig. 12.1, dotted arrow).
Under the stressed condition, females also switch their reproductive mode from
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Fig. 12.1 Life cycle of Daphnia. This planktonic crustacean engages in cyclical parthenogenesis
where it can switch the reproductive mode from parthenogenesis to sexual reproduction under
stressed conditions. The ovaries harboring the oocytes that are destined to be developed as females
or males are indicated with red or blue color, respectively. With the same color arrangement, the sex
of the eggs is shown. In Daphnia, the same genotype can produce three different reproductive
forms, parthenogenetic females, sexual males, and sexual females. The black arrows are used to
show the cycle of female production by parthenogenesis. The dotted arrows indicate the process of
male production by parthenogenesis under the stressed condition. The sexual males are necessary
for the production of the resting eggs by sexual reproduction. The gray arrows show plastic change
of female reproductive mode from parthenogenesis to sexual reproduction, which allows the
females to mate with the males for making the resting eggs that can hatch when the surrounding
environment is recovered. The exclamation mark refers to the sensing of the stressed environment
and secretion of sesquiterpenoid necessary to destine the sex of the offspring to the male

parthenogenesis to sexual reproduction and mate with the males, leading to the
production of resting eggs that can withstand desiccation and other adverse condi-
tions. From the resting eggs, only females hatch and can increase their population by
parthenogenesis in the subsequent growing seasons (Fig. 12.1, gray arrow) (Hebert
1978; Zaffagnini 1987). Intersex is extremely rare in D. magna (Mitchell 2001;
Olmstead and LeBlanc 2007). From the concept of the spectrum of sex,
environment-dependent male production can be interpreted as the shift of the
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position of the sex on the spectrum from the female side to the male side by the
environmental cues.

Although the females and males are genetically identical, they show sex differ-
ences in morphology and behavior as they grow. At the first instar of the juvenile,
males have more elongated first antennae, which allows us to distinguish their sex
easily by microscopic observation. At this time, gonads develop on both sides of the
intestinal tract in both males and females, and morphological sex differences can be
already seen. As males grow, their swimming speed increases and they catch females
for mating by hooks formed on the first thoracic leg, the most cephalic of the five
pairs of thoracic legs. Recent progress of D. magna genomics (Orsini et al. 2017; Lee
et al. 2019) and gene manipulation methods (Kato et al. 2011b; Torner et al. 2014;
Nakanishi et al. 2014, 2016; Naitou et al. 2015) have enabled us to investigate the
molecular mechanism underlying the sex differences in this organism. Here, we
introduce how the environment-dependent male determination is mediated via the
endocrine system and the evolutionary conserved sex-determining gene Doublesex
(Dsx) in D. magna. We then introduce how the binary sex can be maintained to
prevent intersex phenotype.

12.2 Male-Determining Hormone

In insects and crustaceans, ecdysteroids and sesquiterpenoids function as messengers
that transmit information of the surrounding environment to cells in the body. For
instance, in insects, both hormones control body size in response to nutrition by their
coordinated production via the insulin/insulin-like growth factor signaling (IIS)/
target of rapamycin (TOR) signaling pathway (Koyama et al. 2013). Of those
hormones, sesquiterpenoids are known to control species-specific responses to
environments called phenotypic plasticity (Miura 2019). In termites, juvenile hor-
mone III (JHII) is the major sesquiterpenoid and regulates caste differentiation
(Cornette et al. 2008). In aphids, JHIII is known to control not only wing-morph
differentiation (Ishikawa et al. 2013) but also the reproductive mode (Corbitt and
Hardie 1985). In crustacean Daphnia, methyl farnesoate (MF), a precursor of JHIII,
is the candidate of physiologically active sesquiterpenoid (Toyota et al. 2015) and
MF exposure leads to the formation of morphology for defense against its predator
(Oda et al. 2011).

MF is also responsible for the male determination of Daphnia. Exposure of MF to
D. magna can induce the production of male offspring (Olmstead and Leblanc 2002;
Tatarazako et al. 2003). The juvenile hormone agonists Pyriproxyfen and
Fenoxycarb stimulate male production more efficiently than MF in D. magna
(Tatarazako et al. 2003) and this hormone-dependent sex determination is common
in the cladoceran crustaceans (Oda et al. 2005). In D. magna, sesquiterpenoid-
dependent control of sex is implemented in developing oocytes (Olmstead and
Leblanc 2002; Kato et al. 2010). This sesquiterpenoid-sensitive period is consistent
with the timing of the male determination trigged by the crowding environment in
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the other cladoceran Moina sex determination (Banta and Brown 1929). Taken
together, environmental signals would be processed in the mother’s brain and be
transmitted to the endocrine system that secrets the sesquiterpenoid, which in turn
determines the sexual fate of the offspring before embryogenesis begins (Fig. 12.1,
exclamation mark). The chemical structure of the sesquiterpenoid in Daphnia needs
to be elucidated in the future.

The chemically induced males can be used for experiments to study the molecular
mechanism underlying the sex difference because they have male-specific traits and
fertility to produce the sexual eggs (Kato et al. 2011a; Nong et al. 2017). In the
laboratory culture condition, the offspring of D. magna is 100% females while
exposure of the Fenoxycarb or Pyriproxyfen leads to 100% male offspring. This
chemical manipulation of sex is much more efficient and convenient than that by
setting stressful conditions such as crowding, which has contributed to recent
advances in the molecular biology of D. magna sex determination.

12.3 DsxI Shifts the Position of the Sex Spectrum
to the Male Side

12.3.1 Dsxl, the Master Regulator of Male Development

Dsx codes for the transcriptional factor harboring the DNA binding domain named
the DM domain and was originally found in Drosophila melanogaster (Burtis and
Baker 1989). Dsx regulates the expression of genes linked to the development of
sexually dimorphic traits. The roles of the DM-domain transcription factors in sexual
development are conserved not only in the other insects and C. elegans (Shen and
Hodgkin 1988) but also in vertebrates such as fishes (Matsuda et al. 2002), amphib-
ians (Yoshimoto et al. 2008), and mammals (Raymond et al. 2000).

On the D. magna genome, two Dsx orthologs, DsxI and Dsx2, are tandemly
located (Kato et al. 2011a). Dsx1 has a sequence homologous to the oligomerization
domain that is conserved among insect Dsx proteins and is known to enhance
specific DNA binding through its dimerization (Bayrer et al. 2005). In Dsx2, the
oligomerization domain is more diverged and has substitutions of the amino acids on
the extensive non-polar interface. Both Dsx/ and Dsx2 show strong male-biased
expression during embryogenesis and the sexual maturation process (Kato et al.
2011a; Nong et al. 2017), suggesting their roles in the male differentiation. RNAi-
mediated knockdown of Dsx/ in male embryos resulted in sex reversal including not
only feminization of organs such as the first antennae and the first thoracic legs but
also the development of ovaries. Overexpression of Dsx/ in females led to the
development of the male-specific trait, the elongated first antennae. In contrast, in
the case of Dsx2, neither gene silencing nor overexpression led to clear phenotypic
changes of the sexually dimorphic traits. This less contribution of Dsx2 to sexual
development may attribute to the sequence divergence of the oligomerization
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domain. These expression and functional analyses demonstrate that Dsx/ is the
master regulator of male development (Kato et al. 2011a).

12.3.2 Spatio-Temporal Expression of Dsx1

In insects, Dsx is alternatively spliced in a sex-specific manner and the resulting
isoforms control sex-specific development (Wexler et al. 2019). In contrast,
D. magna DsxI expression is not controlled by sex-specific splicing despite that this
organism shares a common ancestor with insects (Schwentner et al. 2017), showing
that the Dsx/ is regulated at a transcriptional level (Kato et al. 201 1a). To understand
when and where the Dsx/ expression is active throughout the life span, the transgenic
D. magna recapitulating the Dsx/ expression with the mCherry fluorescence was
generated by TALEN-mediated knock-in (Fig. 12.2) (Nong et al. 2017). In this Dsx/
reporter Daphnia, one of the two DsxI alleles has the mCherry ORF sequence. This
mCherry reporter was inserted at the position of the endogenous Dsx/ start codon.
Because another Dsx/ allele is intact, this Dsx/ hemizygous knock-out males have the
reproductive ability and typical male-specific traits even though the slight feminization
has been observed in the morphology and frequency of fertilization (Nong et al. 2017).
This reporter strain was named Line B (Nong et al. 2020).

Using Line B, no clear mCherry signal was detected both in females and in males
until the gastrulation stage. Thereafter, dynamic spatio-temporal expression of Dsx/
was observed until the late embryonic stage (Nong et al. 2017). In male embryos,
during stomodeal invagination (11 hpo), mCherry-positive cells are localized into

72 hpo 14 dpo

Fig. 12.2 Visualization of spatio-temporal activation of Dsx/ using the Dsx/ reporter strain named
Line B. 72 hpo and 14 dpo indicate 72 h post-oviposition and 14 days post-oviposition, respec-
tively. Upper panels show pictures of H2B-GFP expression with which cells and tissues are
visualized. Lower panels show mCherry fluorescence that recapitulates Dsx1 expression. A/ first
antenna, 77 first thoracic leg, Ge genital (i.e., penis in this case), Te testis, AM antennal muscle, LM
lateral muscle, VM ventral muscle, CEd carapace edge. Scale bars = 200 um. (The photos were
reproduced from Nong et al. (2017))
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the cell cumulus and around the blastopore. From 11 hpo to 16 hpo, these cell
clusters move on the ventral region and reach the posterior region. The behavior of
the mCherry-positive cells resembles that of the primary organizer in spider
(Akiyama-Oda and Oda 2003) and chicken (Bénazéraf and Pourquié 2013),
suggesting that the primary organizer is sexually plastic and controls sexual devel-
opment of D. manga. When male embryos reach the late embryonic stage, more
intense signals were detected. In more detail, at the naupliar segmentation stage
(16-18 hpo), in addition to mCherry signals in the posterior region, the intense
signals appear in the buds of the first antennae and along the border of the head and
body segments. During the thoracic segmentation (18 hpo and later), strong mCherry
fluorescence is observed in the first thoracic segment where a hook for capturing
females is developed. In juveniles, mCherry signals are detected in organs showing
male-specific characteristics such as first antennae, first thoracic legs, testes, and
spermiduct-genitalia system (Fig. 12.2, 72 hpo). From the instar 5, consistent with
the timing of transformation into mature males, the regions expressing mCherry are
expanded into the other male-specific structures including the carapace edge, the tip
of the penis, and the skeletal muscle (Fig. 12.2, 14 dpo). These demonstrate the
spatio-temporal regulation of dsx/ transcription for male development.

12.3.3 Dsx1 Activity-Dependent Formation of the Sex
Spectrum

The Line B harbors a hemizygous Dsx/ allele and exhibits slight feminization,
which suggests that the Dsx/ mutant can be a model for analyzing the molecular
mechanism underlying the sex spectrum. Another Dsx/ mutant showing the more
feminized phenotypes was generated when knock-in of the mCherry reporter at the
DsxI locus was performed with the TALEN system (Nong et al. 2017, 2020). In this
mutant, one Dsx/ allele was disrupted by integration of the mCherry, and the other
allele has a 6-bp deletion on the start codon of Dsx/ ORF, possibly leading to the
synthesis of the truncated Dsx1 protein that lacks the N-terminal region but still has
intact DM domain and oligomerization domain. This compound heterozygous
mutant was designated as Line A (Nong et al. 2020).

In males of Line A, sex-specific traits were more shifted to the female side
throughout the life span compared to Line B (Fig. 12.3) (Nong et al. 2020). At the
juvenile stages, the first antennae of the Line A male were less elongated than that of
the Line B male and at the adult stages, their feminization of the morphology was
more profound; larger body size, female-like shapes of the carapace, head region,
and genital and anal region (Fig. 12.3). Line A male also developed an ovary-like
structure although the eggs were not produced from this feminized gonad at least for
several weeks. These phenotypic observations demonstrate that Line A and Line B
males are sex intergrades with different degrees of feminization (Nong et al. 2020).

To reveal the gene network underlying the sex spectrum, wild-type females, Line
A males, Line B males, and wild-type males were subjected to RNA-seq analysis
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Head region Genital and anal region
bright-field mCherry bright-field mCherry
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WT G

Fig. 12.3 Feminization in the Dsx/ mutants that have the mCherry gene on the Dsx/ locus. Dsx1
activity is strongest in wild-type males, followed by Line B males, Line A males, and wild-type
females. Head region, side view of instar 8 daphniids. Black-arrow heads: first antennae. White
arrowheads: carapace curve that reveals copulation hooks in males. Red arrowheads indicate the
rostrum. The genital and anal region, side view of instar 8 daphniids. Black arrowheads: genital.
Red arrowheads: anus. For each region, the bright-field and mCherry images are shown. Scale
bars = 0.5 mm. (The photos were reproduced from Nong et al. (2020))

(Nong et al. 2020). Late embryos at 40 h post-oviposition that exhibit sexually
dimorphic DsxI expression were chosen for this transcriptome analysis. There were
1354 differentially expressed (DE) genes between wild-type females and wild-type
males. Among those DE genes, 505 and 226 genes showed female- and male-biased
expression. Interestingly, 78% and 22% of the female- and male-biased genes
exhibited intermediate expression levels in the sex intergrades, Line A and Line B
males. The genes linked with transportation and metabolism occupied 22% of the
female-biased group. The genes functionally categorized into signaling pathways
and embryonic development was more found in the male-biased groups (Nong et al.
2020). These findings indicate that altered Dsx1 expression or activity can change
the position of the spectrum of the sex by modification of expression of its target
genes.
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12.4 Transcriptional Regulation of Dsx/

The Dsxl gene consists of four exons and occupies about 20 kb of the genome
(Fig. 12.4a) (Kato et al. 2011a). The size of the first and second introns is approx-
imately 9 kb and 8 kb, respectively, and is much larger than the average size of the
intron (392 bp) in this species (Lee et al. 2019), suggesting the presence of important
regulatory elements in these introns. From this locus, the two Dsx/ mRNA isoforms,
DsxI-a and DsxI-p, are produced by the alternative promoter usage. Transcription of
dsxI-a isoform starts from exon 3 and continues until exon 4 harboring the CDS and
3’ UTR. DsxI-$ is encoded by the f isoform-specific exons 1 and 2 in addition to the
protein-coding exon 4, meaning that both isoforms produce the same amino acid
sequence of Dsx1 protein but their regulations are different.

The sesquiterpenoid signaling commits the sex of offspring to males from 4 to
10 h before ovulation (Kato et al. 2010). During this period, Dsx/ does not show any
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Fig. 12.4 Structure and expression of Dsx/. (a) The exon-intron structure of Dsx1. Exons of Dsx/
are indicated with light blue boxes. The red arrow shows the transcribed region of DAPALR. TGE
TRA-2/GLI element. The potential Vri and Dsx1 binding sites are shown in the enhancer with green
and orange circles, respectively. (b) Temporal expression patterns of Dsx1 isoforms during late
oogenesis and early embryogenesis. ipo hour post-ovulation, SQT sesquiterpenoid. (¢) A potential
sex-determining cascade in D. magna. (The figures (b and ¢) were reproduced from Mohamad Ishak
et al. (2017))
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sexually dimorphic expression (Fig. 12.4b). The male-specific expression of Dsx/ is
established via the three processes during embryogenesis: initiation, upregulation,
and maintenance (Mohamad Ishak et al. 2017). Non-sex-specific transcription of
DsxI-a mRNA occurs before the early gastrulation stage at 6 h post-ovulation (hpo)
(initiation). Male-specific activation of Dsx/-a expression is implemented during the
gastrulation stage from 6 hpo to 9 hpo, and its expression level is maintained in late
embryos (18 hpo). DsxI-f isoform is maternally deposited in the ovulated eggs and
its male-specific expression begins 3 h later than Dsx/-a. These expression patterns
of the DsxI isoforms in early embryos explain why male-specific mCherry signals
are detected in the Dsx/ reporter strain Line B after the gastrulation stage. Tran-
scription of DsxI-a isoform is more exclusive in males than that of Dsx/-p,
suggesting its predominant role in male development (Kato et al. 2011a; Nong
et al. 2017).

The male-specific upregulation of the Dsx/-a isoform is controlled by the bZIP
transcription factor Vrille (Vri) (Mohamad Ishak et al. 2017). The consensus binding
element of the mammalian Vrille ortholog, E4BP/NFIL3, is present in intron
2 (Fig. 12.4a) and overlapped with the consensus Dsx binding site. The combinato-
rial binding of the bZIP protein and Dsx has been reported to control the Drosophila
yolk protein gene 1, which might suggest conservation of mode of Dsx action
between Daphnia and Drosophila. Importantly, at the early gastrulation stage
(6 hpo), just before male-specific Dsx/ activation occurs, Vri transcript is signifi-
cantly more abundant in male embryos although, in late embryos (18 hpo), it exhibits
no sexually dimorphic expression. Knockdown of Vri in male embryos reduced
DsxI expression whereas its overexpression in female embryos increased the Dsx/
transcript level. Dsx] upregulation was also diminished by the introduction of a
mutation into the enhancer harboring the potential Vri and Dsx1 binding sites
(Mohamad Ishak et al. 2017). The candidate of the binding site for
sesquiterpenoid-dependent transcription factor MET is located in the Vri promoter,
suggesting the possibility that the sesquiterpenoid-bound MET activates Vri expres-
sion in early gastrula (6 hpo), and the resulting Vri protein controls upregulation of
Dsx1 in late gastrula (9 hpo) (Fig. 12.4c). Because loss- and gain-of- Vri function led
to embryonic lethality, it remains unknown whether the Vri is the sole factor for
DsxI upregulation. Co-option of Vri as a regulator of Dsx expression in the
sex-determining pathway has not been reported in other species, supporting the
idea for plasticity of the regulatory mechanism of Dsx in animals (Herpin and Schartl
2015).

12.5 Epigenetic Regulation of Dsx1

Since male and female Daphnia are genetically identical, it may be possible that the
epigenetic factors are involved in male-specific dsxI expression. The result indicat-
ing the sex difference of the chromatin structure at the dsx/ locus has been obtained
when the dsxI enhancer sequence harboring the potential Vri and Dsx1 binding site
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in the intron 2 was mutated by CRISPR/Cas in D. magna (Fig. 12.4b) (Mohamad
Ishak et al. 2017). In this experiment, the two separate gRNAs, gRNA-1 and gRNA-
2 that recognize the upstream and downstream sequence of the enhancer respec-
tively, were designed, synthesized, and co-injected with Cas9 protein into the eggs
that are destined to develop into females. However, no mutation was introduced both
in somatic and in germ cells. In contrast, when the same Cas9 RNP was injected into
eggs that develop as males, indel mutations were successfully introduced into the
enhancer region, which resulted in the silencing of the dsx/ gene (Mohamad Ishak
et al. 2017). The efficiency of the double-strand break by the CRISPR/Cas in the
heterochromatin region has been known to be significantly lower than that in the
euchromatin region (Chen et al. 2016; Daer et al. 2016; Jensen et al. 2017). Less
DNA accessibility of the CRISPR/Cas was also demonstrated quantitatively by
using the genome-wide sequencing approaches (Chung et al. 2020). Thus, the
inability of the double-strand break in the enhancer region may suggest
heterochromatinization at the dsx/ locus in the female.

In D. pulex, the sex differences of epigenetic modifications including DNA
methylation and histone modification have been comprehensively investigated
using samples from a mixture of juveniles and adults with different ages (3, 8, and
15 days old) (Kvist et al. 2020). DNA methylation was analyzed by whole-genome
bisulfite sequencing. Despite the extremely low methylation level, the differentially
methylated CpGs were predominantly found within gene bodies. At the dsx/ locus,
CpG methylation frequency was higher in the female genome in contrast to the
overall tendency of higher methylation levels in the male genome (Kvist et al. 2020).
For the histone modifications, active and repressive histone marks, histone H3
trimethylation at lysine 4 (H3K4me3) and lysine 27 (H3K27me3), were analyzed
by chromatin immunoprecipitation. Among the sex-specific H3K4me3 peaks, 78%
and 22% were detected in males and females respectively, suggesting its role for
male-specific gene activation. On the other hand, H3K27me3 peaks were predom-
inantly detected in females and the female-specific peaks occupied 84% of the
sex-specific peaks. At the Dsx/ locus on the male genome, the H3K4me3 level
was around 300-fold higher but the H3K27me3 level was around 5000-fold lower
compared to the female genome (Kvist et al. 2020). These demonstrate that the
sex-specific Dsx/ expression is epigenetically controlled.

12.6 Post-transcriptional Regulation of Dsx1

12.6.1 5' UTR-Overlapping IncRNA DAPALR Activates
Dsx1 Expression

In the process of analyzing the role of the DsxI 5 UTR in the post-transcriptional
regulation, a long noncoding RNA that overlaps the 5’ UTR of the DsxI-a isoform in
the sense orientation and activates dsx/ expression has been identified (Kato et al.
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2018). In this analysis, the chimeric DsRed?2 reporter mRNA harboring either Dsx!-
a or DsxI-f 5 UTR was generated and injected into the eggs that develop into
female embryos. Unexpectedly, the reporter RNA with the Dsx/-a 5" UTR led to the
development of the male-specific trait, the elongation of the first antennae, although
it lacked the DsxI ORF. The RNAs that only coded for the Dsx/-a 5" UTR also
induced male differentiation. When those RNAs harboring the Dsx/-a 5" UTR were
injected into eggs of the Dsx/ reporter line (Line B), the mCherry reporter fluores-
cence was increased, suggesting a potential role of the Dsx/ 5’ noncoding sequence
in the regulation of its own expression (Kato et al. 2018). Interestingly, in the
database of the genomic tiling path microarrays from D. pulex, there was the long
noncoding RNA (IncRNA) that is transcribed from the transcription start site of the
DsxI-a and overlaps with the exon 3 encoding its 5 UTR. The orthologous RNA in
D. magna was identified, characterized, and named doublesexl alpha promoter-
associated long RNA (DAPALR). DAPALR is 3650 nt of a capped and
non-polyadenylated RNA that does not include the Dsx/ ORF (Fig. 12.4a) (Kato
et al. 2018).

Similar to DsxI, DAPALR expression increases over 72 h in male embryos until
the juvenile stage but its expression level is ten times lower than that of dsx/ (Kato
et al. 2018). The silencing of Vri, a gene encoding the transcriptional activator of
dsxl, resulted in the decrease of the DAPALR expression while its overexpression
increased the DAPALR levels significantly. Disruption of the Vri binding site in the
enhancer region reduced DAPALR expression, indicating co-regulation of expres-
sion of DsxI and DAPALR by the Vri protein (Kato et al. 2018). To investigate the
role of DAPALR in the regulation of male development and Dsx/ expression,
siRNAs specific to DAPALR were injected into eggs destined to become males,
which resulted in the reduction of Dsx/ expression and in turn led to the feminization
of somatic tissues such as the first antennae and development of ovarian tissues. In
addition, more potent and stable stealth siRNAs enabled the injected Daphnia to
produce eggs that developed normally into females (Kato et al. 2018). Since the
RNAI has been known to induce heterochromatin formation at the targeted locus
(Martienssen and Moazed 2015), there might be the possibility that DAPALR RNAi
induced reduction of Dsx! transcript levels indirectly via spreading of heterochro-
matin region at the Dsx/ locus. Thus, the effect of overexpression of DAPALR on
sexual development was also tested. Injection of the DAPALR expression plasmid
into female embryos of the Dsx/ reporter strain led to an increase of mCherry
fluorescence intensity and masculinization. These demonstrate the role of DAPALR
in regulating male-specific Dsx/ activation (Kato et al. 2018).

12.6.2 DAPALR Functions as a Decoy of Shep

The core region of DAPALR overlapping with the DsxI-a 5" UTR (Fig. 12.4a) is
sufficient to activate dsx/ expression (Kato et al. 2018). To identify proteins that
bind to the core region, RNAs that code for 205 nt of the overlapping region were
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synthesized in vitro, conjugated with a Flag-peptide, and used for an immunopre-
cipitation experiment using a D. magna lysate (Perez et al. 2021). Analysis of the
co-immunoprecipitated proteins by MS revealed significant binding of the two RNA
binding proteins: Alan Shepard (Shep) and CUG binding protein 1 (CUGBP1) to the
core element. Shep function was further analyzed because its ortholog Sup-26 in
C. elegans has been known to regulate the sex-determining gene Tra-2 at the
translation level (Mapes et al. 2010).

Shep mRNA expression did not show any sexual dimorphism in contrast to Dsx/
and DAPALR, suggesting its role in both genders (Perez et al. 2021). To investigate
the function of Shep, using the Dsx/ reporter strain Line B, generation of Shep
mutant has been attempted by introducing indel mutations in the regions that code
for the RNA recognition motif (RRM). Although biallelic disruption of Shep was
likely to be lethal, one monoallelic mutant harboring 15 bp insertion in frame was
established. Both males and females of this Shep mutant showed significantly higher
mCherry fluorescence than the wild-type, suggesting that Shep may suppress Dsx/
both in males and females. In contrast, Dsx/ mRNA expression levels were not
significantly different between the Shep mutant and wild-type in either male or
female, suggesting that Shep likely inhibits Dsx/ translation (Perez et al. 2021).

In C. elegans, the Shep ortholog Sup-26 represses translation of Tra-2 via its
binding to the TRA-2/GLI element (TGE) that is located in the Tra-2 3' UTR (Mapes
et al. 2010). A highly conserved sequence with TGE was found in the Dsx/-a 5’
UTR (Fig. 4a). To investigate this element, either the GFP reporter mRNA with the
intact DsxI-a 5" UTR or the one lacking the potential TGE was injected into female
eggs, resulting in higher GFP fluorescence of the embryos injected with the mutated
mRNAs than those with the RNAs with the intact TGE. Co-injection of Shep mRNA
with the intact DsxI-a 5" UTR:: GFP reporter mRNA led to reduction of the GFP
fluorescence. Shep-dependent repression of translation through the potential TGE
element was confirmed in vitro by co-incubation of the Luciferase (Luc) reporter
mRNA harboring the intact DsxI-a 5 UTR with the Shep mRNA in the rabbit
reticulocyte lysate (Fig. 12.5a). Interaction between the TGE-like element and Shep
was further proved to be direct by the pull-down assay. These demonstrate that Shep
suppresses the translation of the reporter mRNA through the TGE-like motif (Perez
et al. 2021).

DAPALR has the TGE-like motif in the region overlapping with the Dsx/-a 5’
UTR (Fig. 12.4a). To examine how DAPALR controls DsxI expression, DAPALR
and Shep mRNA were co-incubated with the Luc reporter mRNA harboring the
intact Dsx/-a 5 UTR in the reticulocyte lysate. In this reaction, DAPALR canceled
translational repression by Shep via the TGE element. Importantly, the core element
of DAPALR harboring the TGE motif had the same ability as the full-length of
DAPALR (Fig. 12.5a). These rescue efficiencies of DAPALR or its core element were
dose-dependent (Fig. 12.5b). These results show the function of DAPALR as a decoy
of Shep (Perez et al. 2021).

For activation and repression of Dsx/, the chromatin of this locus is possibly open
and closed in males and females, respectively. However, expression noise of Dsx/ in
females might occur due to the nature of stochasticity in gene expression (Kern et al.
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Fig. 12.5 Post-transcriptional regulation of DsxI by DAPALR and Shep. (a) Relative luciferase
activity after in vitro translation assay of Dsx/ 5’ UTR-Luc reporter mRNA with intact TGE upon
addition of Shep mRNA, DAPALR full RNA, DAPALR core element, and GFP mRNA (negative
control). Samples were compared against the expression of the Dsx/ 5 UTR-Luc reporter mRNA
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samples were additionally compared statistically. (b) Relative luciferase activity after in vitro
translation assay of Dsx] 5" UTR-Luc reporter mRNA with Shep mRNA and different concentra-
tions of full region of DAPALR and its core element. Error bars indicate the standard error of the
mean, n = 3. Black asterisks show significant statistics compared with the expression of the Dsx1 5’
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Fig. 12.6 The potential mechanism for establishing the sex-specific Dsx/ expression. Transcrip-
tional, epigenetic, and post-transcriptional regulations are integrated to achieve male-specific Dsx/
expression for avoiding sexual ambiguity

2005; Ozbudak et al. 2002). To ensure the inactive state of Dsx/, there would be the
noise-canceling system where Shep represses unintended expression of Dsx/
(Fig. 12.6). In males, to unlock the safe lock on Dsx/ expression, DAPALR can
counteract this repression by sequestering Shep (Fig. 12.6). To unravel this post-
transcriptional regulation by DAPALR and Shep, the mode of RNA recognition by
Shep and stoichiometry of DAPALR, Shep, and Dsx]/ mRNA needs to be elucidated.

12.7 Concluding Remarks and Future Perspectives

In D. magna, environmental signals shift the position of the sex on the spectrum
from the female side to the male side. Mothers sense severe environments and
destine the sex of offspring to males via sesquiterpenoid signaling. This signaling
occurs at the late stage of developing oocytes and leads to their commitment to male
development possibly by changing the Dsx/ locus from the closed to open chromatin
state, which allows Vri for binding to the Dsx/ enhancer and leads to upregulation of
DAPALR and Dsxl for initiating the male developmental program. In contrast, in
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females, DsxI is silenced in the whole body and Shep represses translation of the
unintended expression of Dsx/ derived from noise to prevent intersex phenotype.

Collectively, transcriptional, epigenetic, and post-transcriptional regulation of
DsxI could contribute to the establishment of the binary sex in D. magna. Factors
involving each regulation began to be identified in the last few years. Further studies
are needed to address how each regulation is mutually linked. To achieve it, an
important step is to analyze the gene regulatory mechanism in the cellular contexts
with help of cell sorting and single-cell analysis. It would also be important to
investigate the connection between the sesquiterpenoid signaling and Dsx/ activa-
tion. These comprehensive analyses of Dsx/ regulation will contribute to under-
standing molecular mechanisms underlying both establishment of the binary sex and
the formation of sex spectrum in D. magna.
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Chapter 13 M)
Starvation Is a New Component of Sex s
Reversal in Medaka (Oryzias latipes):
Significance of Metabolism in Sex

Regulation

Yuta Sakae and Minoru Tanaka

Abstract Sexually reproducing animals require proper sex regulation for the pro-
duction of the next generation. Unlike mammals, many teleost fish switch their sex
through life. This suggests that these fish species potentially retain a spectrum of sex.
The sex regulation system that ensures this spectrum is useful to adjust “fitness”
according to the environment, including social structure. The system is categorized
by “sex change” and “sex reversal.” In this review, we introduce examples of sex
changes and sex reversal. As a novel example of sex reversal recently found in
medaka (Oryzias latipes), the metabolism underlying starvation-induced sex reversal
focuses on fatty acid and lipid. Lastly, we argue the benefit of sex reversal and the
contribution of starvation studies on medaka to the research of sex regulation.
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13.1 Introduction

Appropriate regulation of sex is an essential developmental event in sexually
reproducing animals. The process of sexual regulation involves the steps of sex
determination, sex differentiation, and sexual maturation. Sex determination
involves specific genes, environmental factors that include temperature and density,
or a combination of both (Devlin and Nagahama 2002; Barske and Capel 2008;
Gamble and Zarkower 2012; Capel 2017; Li and Gui 2018; Nagahama et al. 2021;
Weber and Capel 2021). After sex determination, the gonads begin to differentiate
into those of males or females, with distinctive gene expression and structural
development (sex differentiation). As sexual maturation progresses, the increase in
the sex steroid hormones secreted from the gonadal somatic cells causes masculin-
ization or feminization of the body and exhibits secondary sexual characteristics
(sexual maturation). Interestingly, some vertebrates can switch their sex (Liu et al.
2017; Gemmell et al. 2019).

Among vertebrates, teleosts have diverse mating systems and exhibit many sex
switches. Edgecimbe et al. argued the possibility that teleosts display such charac-
teristics because they do not have external reproductive organs and experienced
whole-genome duplication approximately 320-350 million years ago during their
evolution (Glasauer and Neuhauss 2014; Adolfi et al. 2019a; Edgecombe et al.
2021). Sex changes have not yet been reported in cartilaginous fish with external
reproductive organs.

Teleost sex switching is classified into two types. The first is “sex change” in
which an individual changes sex after sexual maturation at the adult stage (Liu et al.
2017; Gemmell et al. 2019). Sex change is caused by the size of the individual and/or
social status in the population. The second is “sex reversal” in which premature
larvae (indicating genetic sex determination) develop into sex different from the
genetic sex. Sex reversal is triggered by environmental changes, such as high
temperature (Yamamoto 1999; Sato et al. 2005).

Here, we first introduce the types of sexual switching found in teleosts. Next, we
outline the mechanism of sex reversal due to starvation discovered in the study of
medaka. Finally, we discuss a new perspective of sex switching in view of starvation
experiments.

13.2 Many Adult Teleosts Undergo Sex Change

There are three types of sex change in teleosts due to differences in direction
(Fig. 13.1): female-to-male sex change (protogyny), male-to-female sex change
(protandry), and bidirectional sex change. The evolution of sex change in each
species is well explained by the size-advantage model and is closely related to the
mating system of that species (Ghiselin 1969; Warner 1988).
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Sex change at the adult stage
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Fig. 13.1 Examples of sex change and sex reversal in teleosts. Two types of sex regulation are
present in the teleosts. “Sex change” is observed at the adult stage and is grouped into three types.
The first is female-to-male sex change (protogyny), such as grouper (Bhandari et al. 2003), sea
bream (Aoyama 1955), and Wrasse (Warner and Swearer 1991; Godwin 2009; Lamm et al. 2015).
The second is male-to-female sex change (protandry), such as Clownfish (Fricke and Fricke 1977),
Flathead (Sunobe et al. 2016), and sea bream (Wu et al. 2021). The third is bidirectional sex change,
such as Goby (Kuwamura and Nakashima 1998), marine angelfish (Kuwamura et al. 2011), and
Wrasse (Kuwamura et al. 2011). Another type of sex regulation is called “sex reversal.” This is used
for the situation where a genetic male or female displays opposite phenotypic sex. It is induced at
the larval stage. For instance, medaka, flounder, tilapia, and honmoroko display female-to-male sex
reversal by high-temperature treatment at the embryonic or larval stages (Yamamoto 1999; Fujioka
2005; Sato et al. 2005; Rougeot et al. 2008). Female-to-male sex reversal is also observed following
hypoxia, exposure to green light, and starvation in medaka (Cheung et al. 2014; Hayasaka et al.
2019; Sakae et al. 2020).
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The female-to-male sex change (protogyny) is the most common type of sex
change and has been studied in groupers (Bhandari et al. 2003), sea bream (Aoyama
1955), and wrasse (Godwin 2009; Lamm et al. 2015). These creatures display
polygamy and form a harem (Liu et al. 2017). In this mating system, males indicate
higher “fitness”, which is defined as individual reproductive success through life,
compared to females as individual sizes increase. Therefore, the largest individual in
the population with predominant social status changes sex from female to male.
Clownfish are typical species that undergo male-to-female sex changes and have a
monogamous mating system (Fricke and Fricke 1977; Godwin and Thomas 1993;
Liu et al. 2017). Although females increase fitness depending on body size, males do
not change in this case. Therefore, the male-to-female sex change evolves. Bidirec-
tional sex change is a novel type of sex change reported since the 1990s in Goby
(Kuwamura and Nakashima 1998), Marine angelfish (Kuwamura et al. 2011), and
Wrasse (Kuwamura and Nakashima 1998; Kuwamura et al. 2011). In this type, the
largest individual male (male 1) in the population forms a harem, as seen in the
protogyny. Male 1 develops into a female again when a new larger male (male 2)
enters the mating group (Kuwamura and Nakashima 1998).

13.3 Induction of Sex Reversal at Embryonic or Larval
Stage in Teleosts

Several teleosts that include medaka (Oryzias latipes), Japanese flounder
(Paralichthys olivaceus), Nile tilapia (Oreochromis niloticus), honmoroko
(Gnathopogon caerulescens), and sablefish (Anoplopoma fimbria) cause female-
to-male sex reversal by environmental changes during the process of sex differen-
tiation. Although these species employ a genetic sex determination system, genetic
females develop into males when fish are exposed to high temperatures during the
embryonic or larval stages (Yamamoto 1999; Fujioka 2005; Sato et al. 2005;
Rougeot et al. 2008; Huynh et al. 2019). In addition to high temperatures, medaka
also display female-to-male sex reversal by hypoxia and green light conditions
(Cheung et al. 2014; Hayasaka et al. 2019). Among them, the molecular mechanism
of sex reversal has been demonstrated in high-temperature experiments (Hayashi
et al. 2010; Kitano et al. 2012; Uchimura et al. 2019; Castafieda Cortés et al. 2019;
Hara et al. 2020; Hattori et al. 2020). The elevated levels of cortisol, a stress steroid
hormone, reduce the expression of feminization genes (aromatase and fshr) and
suppress the feminization process (Hayashi et al. 2010; Kitano et al. 2012). On the
other hand, cortisol regulates masculinization genes (dmrt! and gsdf) and the sex
differentiation program changes from female to male (Kitano et al. 2012; Adolfi
et al. 2019b; Hara et al. 2020). Eventually, sex-reversing individuals mature into
functional males that produce sperm. The contribution of cortisol has also been
reported in sex changes (Solomon-Lane et al. 2013; Goikoetxea et al. 2017). In fish
species that show sex change by social status, cortisol levels differ depending on
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social status and change according to the alteration of social status (Perry and Grober
2003; Solomon-Lane et al. 2013). In addition, administration of cortisol induces
female-to-male sex reversal through an increase in dmrtl expression and
11-ketotestosterone (11-KT), and the termination of cortisol administration leads
to a re-sex change from male-to-female (Chen et al. 2020). Thus, the mechanism of
sex regulation might be conserved in teleosts during the larval and adult stages.

13.4 Contribution of Metabolism and Metabolites to Sex
Regulation in Medaka, as Suggested by Studies
of Starvation

Sex reversal by environmental factors indicates that the sex of medaka larvae is still
plastic during sex differentiation (Hayashi et al. 2010; Cheung et al. 2014; Hayasaka
et al. 2019). Interestingly, we found that 20% of genetic female XX medaka larvae
cause female-to-male sex reversal during 5 days of starvation just after hatching,
which is in the middle of sex differentiation (Sakae et al. 2020). Metabolome
analysis was performed to explore the molecular mechanisms underlying this sex
reversal from a metabolic perspective. Principle component analysis of metabolome
data implied the involvement of the pantothenic acid pathway in sex reversal.
Combining metabolome and RT-gPCR analysis indicated suppression of the
pantothenic acid pathway by reducing the rate-determining enzyme gene (Pank)
expression in starved XX medaka. Supporting this, pharmacological inhibition of
Pank during the same term as starvation under feeding conditions resulted in female-
to-male sex reversal (15%). The pantothenic acid pathway is a synthetic pathway for
coenzyme A (CoA), which is required for acetyl-CoA production (Jackowski and
Rock 1981; Leonardi et al. 2005).

Acetyl-CoA is used in many metabolic processes, such as the tricarboxylic acid
cycle, fatty acid synthesis, and cholesterol synthesis. Fatty acid synthesis is the first
step in the synthesis of different types of lipids, including triglycerides and phos-
pholipids. Fatty acid synthase (FAS) is a multifunctional enzyme with seven
domains. It is a rate-limiting enzyme in the fatty acid synthesis pathway.
Pantetheine, consisting of pantothenic acid and cysteamine, is essential for fatty
acid synthesis and is required for fatty acids to bind the acyl carrier protein domain of
FAS (Liu et al. 2010). Fatty acids and lipids modulate gene expression via tran-
scription factors that include peroxisome proliferator-activated receptor (PPAR),
liver X receptor (LXR), hepatocyte nuclear factor 4 (HNF4), nuclear factor-kappa
B (NF-xB), and sterol regulatory-element binding protein (SREBP) (Jump 2004;
Tao et al. 2020). Knockout analyses of these genes revealed the essential role of
lipids in mouse early embryo development (Yamashita 1999; Chirala et al. 2003;
Tatsumi et al. 2018; Ye et al. 2021). In Caenorhabditis elegans, fatty acids (myristic
acid) are involved in germline sex determination (Tang and Han 2017).
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We evaluated the amount of lipids, including cholesterol esters, triacylglycerols
(TG), cholesterols, cardiolipins, phosphatidylethanolamines, phosphatidylserine,
phosphatidylcholines, and sphingolipids, extracted from the whole body of medaka
larvae 5 days post-hatching by high-performance thin-layer chromatography. The
finding that starved XX larvae displayed a marked reduction in TG (Sakae et al.
2020) strongly suggests that fatty acid synthesis contributes to sex differentiation.
Therefore, medaka larvae just after hatching were treated with FAS inhibitor (C75)
for 5 days to investigate the effect of fatty acid synthesis on sex differentiation. Sex
typing at the adult stage of treated XX medaka indicated female-to-male sex reversal
(13%). These pharmacological inhibitions (Pank inhibitor and C75) revealed the
involvement of metabolism (pantothenic acid pathway and/or fatty acid synthesis) in
sex differentiation.

Next, we aimed to elucidate whether both metabolic pathways were locally
activated in the gonads. We examined the expression pattern of Pank (Pank gene:
pantothenic acid pathway) and Fasn (FAS gene: fatty acid synthesis) in the body by
whole-mount in situ hybridization. Pank expression was mainly observed in the liver
and was scarcely detected in the gonads, whereas Fasn expression was observed in
both the liver and gonads. Therefore, the pantothenic acid pathway may be operative
mainly in the liver, while fatty acid synthesis is locally activated in the liver and also
in the gonads.

Expression analysis of the sex differentiation-related genes (aromatase, foxl2,
gsdf, and dmrtl) has provided insight into the link between starvation, metabolism,
and sex differentiation. Starvation was shown to repress the expression of femini-
zation genes (aromatase and foxI2) and induce the expression of the masculinization
gene dmrtl. An increase in dmrtl expression was also observed during treatment
with Pank inhibitor and C75. These results collectively suggest that starvation and
inhibition of metabolism(s) (pantothenic acid pathway and/or fatty acid synthesis)
caused female-to-male sex reversal through the elevation of the masculinization
gene (dmrtl) in XX medaka larvae. Consistent with this, starvation treatment for the
dmrtl mutant did not result in female-to-male sex reversal (Sakae et al. 2020).

Based on the results of starvation and pharmacological treatment experiments
(Fig. 13.2), we next discuss the location of synthesis of the factors (CoA, fatty acid/
lipid, and factor X) regulating dmrtl expression. Pank encodes an essential enzyme
for the production of CoA, which is mainly observed in the liver at the mRNA level.
A human study suggested that acetyl-CoA synthesized in the liver is secreted and
transported into the gonad via blood (Speziale et al. 2018). Therefore, CoA in the
gonad may be supplied as acetyl-CoA from the liver through blood circulation,
although the possibility that CoA is synthesized locally in the gonad cannot be
excluded. CoA is an essential metabolite in many metabolic pathways including
fatty acid synthesis that is, as described above, markedly affected under starvation.
Since fatty acid synthase (Fasn) is expressed in the liver, gonadal somatic cells, and
germ cells, these cells/tissues are likely capable of synthesizing fatty acids/lipids.
Interestingly, transcription factor X (such as PPAR, LXR, HNF4, NFkB, and
SREBP) receives fatty acid/lipid as a ligand (Jump 2004; Tao et al. 2020). The
expression of the masculinization gene dmrtl in gonadal somatic cells may be



13 Starvation Is a New Component of Sex Reversal in Medaka (Oryzias. . . 227

Starved or drug treated XX medaka larva

PA metabolism

(pank)
PI] i’
(C75] Co f Acetyl-CoA
\ FA synthesisJ,
4
FA/Lipid.],

FA/Lipidy],

Fed XX medaka larva
Liver

FA/Lipid

! !
/
\ 1

FA synthesis
dmrt1

PA metabolism
(pank)

CéA Acetyl-CoA
i

FA synthesis

!
FA/Lipid

FA/Lipid

Fig. 13.2 Model and new perspective of sex regulation based on data from starvation experiments
involving medaka. The synthesis of CoA via pantothenic acid metabolism mainly occurs in the
liver, although the possibility of local CoA synthesis in gonadal cells cannot be excluded. CoA
synthesized in the liver may be secreted and transported into the gonad via acetyl-CoA in the blood.
Fatty acids/lipids are synthesized in the liver, gonadal somatic cells, and germ cells. Fatty acid/lipids
synthesized in the liver may also be secreted and transported into the gonad via blood. Finally, the
expression of the masculinization gene dmrtl in gonadal somatic cells is suppressed by transcrip-
tion factor X according to the binding of fatty acid/lipid derived from liver or gonadal somatic cells
or germ cells. Under starvation or drug treatment conditions, CoA synthesis is reduced by starvation
or a Pank inhibitor, leading to a decline in CoA and fatty acid/lipid. Fatty acid synthesis is inhibited
by C75. The transcription factor X cannot bind to the dmrtl promoter region to suppress dmrtl
expression due to the low level of fatty acid/lipid. Finally, dmrtI is expressed in gonadal somatic
cells, and female-to-male sex reversal occurs. P/ Pank inhibitor, C75 fatty acid synthesis inhibitor,
FA fatty acid. The white box denotes transcription factor X

suppressed by the transcription factor X. Interestingly, it has been reported that
PPAR« contributes to sex reversal at high temperatures in medaka (Hara et al. 2020).
In this context, CoA and fatty acid/lipid act are biased to female sex differentiation
by repressing the expression of dmrtl in wild-type females, implying the importance
of sex-biased metabolism with multicellular interconnection in sex regulation
(Fig. 13.2). Our results suggest that sex-biased metabolism and multicellular inter-
connections are components of the phenotypic spectrum of sex.
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13.5 New Perspective from the Study of Starvation-Induced
Sex Reversal

What are the benefits of female-to-male sex reversal under starvation conditions for
medaka? Apart from forced sex change by artificial exposure to a sex steroid
hormone, it has not been reported that genetically modified medaka display sex
change (the XX mutant medaka seemingly displaying sex change to male should be
categorized as sex reversal because it exhibits fox/2 expression in a larval stage;
Zhou et al. 2016). Sex changes in adults require a long time and a large energy cost.
The lifespan of many sex-changing fishes is for several years or several decades,
while that of wild medaka is approximately 1 year (Shima and Mitani 2004). In
addition, the duration of the opportunity for mating is limited to approximately
3—4 months during spring and summer in wild medaka. The sex change in adults
could not have been allowed through the evolutionary process in medaka. Sex
reversal is likely to increase fitness more in an environment where undernutrition
is expected.

In addition to lifespan, body size is another factor that affects fitness and restricts
the ability to change sex. The size-advantage model explains sex change well, such
as for Clownfish and Wrasse, where visual information or aggressive behavior
induces sex change based on body size through the neuroendocrine system
(hypothalamic—pituitary—gonadal [HPG] axis and hypothalamic—pituitary—adrenal
axis) and sex steroid hormones (Perry and Grober 2003; Liu et al. 2017).

What is the mechanism underlying body size? Our results suggest that fatty acids/
lipids are a component of the mechanism. In addition to functioning as a ligand for
transcription factors, fatty acids and lipids are associated with the HPG axis and
epigenome (Pietrocola et al. 2015; Keating and El-Osta 2015; Su et al. 2016;
Manfredi-Lozano et al. 2018; Wang et al. 2020). Leptin may be a candidate factor
that connects body size and sex change. Leptin is a sensor hormone of lipids that is
secreted from adipocytes and is involved in the onset of puberty and the reproductive
cycle through gonadotropin-releasing hormone (GnRH) regulation (Sanchez-
Garrido and Tena-Sempere 2013; Childs et al. 2021). Leptin signals, depending on
the amount of lipid in black porgy, may be linked to sex change through GnRH
modulation (Wu et al. 2021).

Another aspect of fatty acid/lipid on the mechanism of sex change is their
involvement in epigenome alternations, such as euchromatinization by histone
acetylation, through the production of acetyl-CoA, which is an acetyl group donor
(Pietrocola et al. 2015; Keating and El-Osta 2015; Su et al. 2016). Although the
involvement of histone acetylation in sex change has not been well studied, DNA
methylation of the aromatase promoter region has been suggested in sex change in
black porgy, European sea bass, and bluehead Wrasse (Navarro-Martin et al. 2011;
Wu et al. 2016; Todd et al. 2019). It is possible that female-specific epigenetic status
is mediated by lipid metabolism and histone acetylation, which may consequently
result in changes in steroid production described in the size-advanced model.
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To date, comprehensive genetic analyses have revealed the conflicts between
sex-related genes (e.g., mutual antagonism between the female gene foxI2 and the
male gene dmrtl) (Schlessinger et al. 2010; Jiménez et al. 2021). Starvation exper-
iments predicted that fatty acid/lipid can repress dmrtl expression in the gonadal
somatic cells of fed genetic female medaka larvae (Fig. 13.2, Sakae et al. 2020;
Sakae and Tanaka 2021). Our discovery emphasizes the importance of fatty acid/
lipid as critical intermediates, located on the crossing pathway to sex change by body
size through the HPG axis, epigenome alterations, and dmrtl expression, as well as
in the conflict between males and females.

13.6 Conclusion

The sex determination genes of teleosts are more diverse than those of mammals
(Pan et al. 2016). Three sex determination genes (DMY/dmrtibY, gsdf, and sox3)
have been reported in medaka-related species in Southeast Asia, including Japan,
suggesting that the sex determination genes have transitioned during evolution
(Matsuda and Sakaizumi 2016). The diversity of sex determination genes is likely
related to the presence of a mechanism that ensures the two sexes and would be the
mechanism that causes sex reversal during the larval stage, such as medaka. Sex
change and sex reversal take part in the reproductive strategy that has evolved to
maximize fitness in response to changes in the environment, including nutritional
conditions. Uncovering the mechanism of sex change and sex reversal in various fish
species impacts not only basic studies on sex regulation but also the way in which we
understand sex.
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