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Abstract: Mechanisms underlying sex determination and differentiation in animals are known to
encompass a diverse array of molecular clues. Recent innovations in high-throughput sequencing
and mass spectrometry technologies have been widely applied in non-model organisms without
reference genomes. Crustaceans are no exception. They are particularly diverse among the Arthro-
poda and contain a wide variety of commercially important fishery species such as shrimps, lobsters
and crabs (Order Decapoda), and keystone species of aquatic ecosystems such as water fleas (Order
Branchiopoda). In terms of decapod sex determination and differentiation, previous approaches have
attempted to elucidate their molecular components, to establish mono-sex breeding technology. Here,
we overview reports describing the physiological functions of sex hormones regulating masculiniza-
tion and feminization, and gene discovery by transcriptomics in decapod species. Moreover, this
review summarizes the recent progresses of studies on the juvenile hormone-driven sex determina-
tion system of the branchiopod genus Daphnia, and then compares sex determination and endocrine
systems between decapods and branchiopods. This review provides not only substantial insights
for aquaculture research, but also the opportunity to re-organize the current and future trends of
this field.

Keywords: crustacean; sex determination; sexual differentiation; insulin-like androgenic hormone (IAG);
androgenic gland hormone (AGH); crustacean female sex hormone (CFSH); juvenile hormone (JH)

1. Introduction

Crustaceans form a large subgroup of arthropods that live in virtually all regions of
Earth. The latest molecular phylogenetic studies of arthropods have revealed that extant
Crustacean lineages can be categorized into three major groups: Ostracoda, such as the
sea firefly, Malacostraca such as crabs and shrimps, and Branchiopoda such as water fleas
and brine shrimp; and that the Crustacea and Hexapoda (insect group) together form the
Pancrustacea [1-3] (Figure 1). The sex manipulation of Malacostraca, especially species that
are important for fishery, has been more thoroughly studied than those of other crustaceans,
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since it has been recognized as an effective and beneficial technique for aquaculture. Gener-
ally, fishery-important Malacostracans have different commercial values between females
and males, due to differences in growth rates between sexes and animals of larger body
size being of higher value. Additionally, in terms of building up large-scale aquaculture,
females may be more valuable than males since they provide more benefit in increasing the
numbers of individuals within population [4,5]. In Malacostracans, although the primary
sexual fate is generally decided by genetic factors such as the sex chromosomes (genotypic
sex determination: GSD), androgenic gland factor and crustacean female sex hormone
(CFSH) are also recognized as the peptide hormones involved in the development of sexu-
ally dimorphic characteristics [6,7]. For Branchiopoda, it is known that the majority has
GSD but not peptides such as insulin-like androgenic gland hormone (IAG) [8] and CFSH
in their genomes. Furthermore, part of the Branchiopoda, such as the cladoceran water
flea genus Daphnia, have environmental sex determination (ESD). Recently, understanding
of the molecular mechanisms underlying sex determination and differentiation in daph-
nids has been enhanced by the discovery of the phenomenon that induces male-biased
production in response to juvenile hormone (JH) exposure. In this review, we summarize
current knowledge on sex determination mechanisms and sex hormones (IAG and CFSH)
in Malacostraca decapods and JH-driven sex determination pathways in the Branchiopod
cladocerans from various studies, including recently developed OMICS approaches.
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Figure 1. Phylogeny of extant arthropods. The branching pattern is based on [1] with some mod-
ifications. Crustaceans are one of the four major groups of arthropods and consist of Ostracoda,
Malacostraca, and Branchiopoda.

2. Sex Determination and Differentiation Mechanisms in Crustaceans

Sex determination is the most fundamental developmental process that governs the
establishment of sexually dimorphic traits, and then leads to sex-specific characteristics
in physiology and behavior. Although development as either a female or male is a robust
mechanism in animals, there is an amazing diversity of modes of sex determination. In most
organisms, sexual fate is thought to be genetically pre-decided at fertilization (GSD) rather
than to be determined by environmental cues (ESD). Substantial examples of GSD factors
are sex chromosomes that carry sex-determining genes. Such sex chromosome systems can
be grouped into two major forms: male heterogamety (called XX/XY system), and female
heterogamety (called ZW /ZZ system). In Malacostraca, the majority of shrimps, crayfishes,
and terrestrial isopods employ a ZZ/ZW sex determination system [9-15], while some
species of crabs and lobsters employ XX/XY determination [16-19] (Figure 2). Mode of
sex determination in decapods, isopods, amphipods, and branchiopods is summarized in
Table 1 and has been well reviewed [20].
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Figure 2. Schemes of sex determination and sexual development of decapods (Malacostraca) and
the water flea Daphnia (Branchiopoda, cladoceran). IAG: insulin-like androgenic gland hormone,
CFSH: crustacean female sex hormone, JH: juvenile hormone, DAPALR: doublesex1 alpha promoter-
associated long noncoding RNA, Dsx: doublesex.

Table 1. Modes of sex determination and available genome in Malacostracan and Branchiopod crustaceans.

Species

Taxonomy Sex Determination Manner Draft or Complete Genome

Pacific white shrimp

. . Malacostraca Decapoda GSD with ZZ/ZW [21] [22]
Litopenaeus vannamei
Giant freshwater prawn .
Macrobrachium rosenbergii Malacostraca Decapoda GSD with ZZ/7ZW [23] [24]
Cherry shrimp .
Neocaridina denticulate Malacostraca Decapoda Not available [25]
Marbled crayfish
Procambarus fallax f. virginalis Malacostraca Decapoda GSD (no male has reported) [26]
Mud crab . Malacostraca Decapoda GSD with ZZ/ZW [27] [28]
Scylla paramamosain
Wood louse Malacostraca Isopoda GSD with ZZ/ZW [9,10] [29]
Armadillidium vulgare P ’
Parhyale hawaiensis Malacostraca Amphipoda Not available [30]
Gammarus duebeni Malacostraca Amphipoda ESD [31] Not available
Water flea .
Daphnia pulex Branchiopoda Cladocera ESD [32,33] [34,35]
Water flea .
Daphnia magna Branchiopoda Cladocera ESD [36,37] [38]
Clam shrimp Branchiopoda Spinicaudata GSD with androdioecious [40]

Eulimnadia texana

(male and hermaphrodite) [39]

GSD and ESD indicate genotypic and environmental sex determination, respectively.

Sexual differences arise during embryogenesis, even though the genomic content differs
little between females and males. Thus, differences in gene regulation are generally consid-
ered to underlie most of the sex-specific differentiation, and many researchers have therefore,
sought to identify regulatory mechanisms that govern sex-specific gene expressions.

The molecular cascades leading to distinct sexual phenotypes are triggered by a wide
variety of genetic or environmental factors, however, most of them tend to converge on
a common set of transcriptional regulators. Such transcriptional factors are doublesex
(dsx) and male-abnormal-3 (DM) domain-containing genes [41,42]. The first identified
DM domain-containing gene was the dsx from the fruit fly Drosophila melanogaster, named
for its importance in both female and male development [43]. In insect species, dsx genes
play a pivotal role in sexual differentiation, and are involved in the formation of sexually
dimorphic traits through the expression of sex-specific isoforms [41,42]. Likewise, the DM
domain-containing genes have been implicated in the determination and/or maintenance
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of gonadal sex across a broad range of vertebrate species, such as the Y-chromosome-linked
DMY gene in the medaka fish [44], the W-chromosome-associated DM-W gene in the
African clawed frog Xenopus laevis [45], and Z-chromosome-linked DMRT1 gene in the
chicken Gallus gallus domesticus [46]. Unlike in insect species, the dsx function is known
to be regulated via sex-biased expression (with the majority of cases in males) rather than
alternative sex-specific splicing in non-insect arthropods such as the crustacea (details in
following sections) and chelicerata (including the common house spider) [47]. Moreover,
in addition to dsx genes, the invertebrate Y-chromosome-linked iDMY genes have recently
been identified as a masculinization factor during embryogenesis in the Eastern spiny
lobster Sagmariasus verreauxi [48] and in the ornate spiny lobster Panulirus ornatus [49].
High-throughput next generation sequencing techniques have successfully enabled the
decoding of draft genomes in many Malacostracans (Table 1). Especially genome infor-
mation of following species: the marbled crayfish Procambarus fallax f. virginalis [26], the
Pacific white shrimp Litopenaeus vannamei [22], the giant freshwater prawn Macrobrachium
rosenbergii [24], and the terrestrial isopod Armadillidium vulgare [29], will accelerate sex
determination and differentiation studies, since they have been used in the studies of
endocrinology and sex differentiation as experimental animals (details in following sec-
tions). Moreover, several transcriptome studies have revealed the existence of female- or
male-biased genes in various decapods, shedding light on the understanding of molecular
mechanisms underlying sex determination, sexual differentiation, and sexual matura-
tion [48-53]. Improving the sequencing depth and algorithm for de novo assembly will help
to identify the loci of sex-determining genes on sex chromosomes. In terms of ESD, a broad
range of abiotic and biotic environmental factors (for example, photoperiod, temperature,
social interaction, and parasites) can trigger, both female or male sexual differentiation from
a single genotype. A striking example of the ESD system in crustaceans is the Branchiopoda
cladoceran water flea Daphnia (reviewed in following Section 5) (Figure 2).

As a topic of growing concern over environmental contamination by human activity,
the impacts of chemical pollution on living organisms are no longer negligible. Although
we will describe this in more detail in the following Section 6, it is already known that
sex determination and/or sexual differentiation processes in various crustacean orders
can be disrupted by endocrine disrupting chemicals (EDCs) such as in human sewage
(e.g., detergents and medicines), pesticide residues, and heavy metals [54].

3. Androgenic Gland Factors

The integrated signaling cascades responsible for sexual differentiation are almost as
diverse, ranging from cell-nonautonomous gonad-dependent endocrine control (mainly by
sex steroids such as estrogens and androgens) of sexual traits in mammals and other verte-
brates to cell-autonomous sex determination in invertebrates such as insects [41]. However,
exceptionally, only Malacostracan crustaceans have a cell-nonautonomous sexual differen-
tiation manner and, unlike gonad-dependent endocrine regulation in vertebrates, have a
male-specific endocrine gland known as the androgenic gland (AG), which is located on
the terminal section of the vas deferens [55]. The AG has not been described in cladocer-
ans [56]. Briefly, the physiological function of the AG has historically been demonstrated
to play a pivotal role in male sex differentiation by AG ablation and implantation in the
Malacostracan amphipod Orchestia gammarella [55,57]. Later, AG studies have been con-
ducted using the Malacostracan isopod woodlouse A. vulgare by AG implantation [58],
AG ablation [59], and injections of AG extracts [60]. Thereafter, the androgenic gland
hormone (AGH) has been purified, and its peptide structure reported [61,62]. As with
the amphipods and isopods, physiological roles of AGH have further been demonstrated
in Malacostracan decapod species using, for instances, AG implantation in the red claw
crayfish Cherax quadricarinatus, and the marbled crayfish P. fallax f. virginalis [63], while
AG removal from males resulted in feminization in C. quadricarinatus [64] and in the fresh-
water prawn, M. rosenbergii [23]. Substantial intrinsic AGH in decapod species has been
identified from C. quadricarinatus. Further study has demonstrated that the AG hormone
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structure is very similar to the insulin-like family, and this hormone was termed the IAG [8].
In terms of regulatory mechanisms of IAG expression, some studies have found that eye-
stalk ablation in males caused hypertrophy and hyperplasia of the AG [65,66] as well as
over-expression of the IAG gene [67]. Based on those findings, it has been suggested that
there is a unique developmental axis known as the X-organ—-sinus-gland neuroendocrine
complex (XO-SG)-AG-testis axis has been suggested where, some XO-5G-derived neu-
ropeptides act as upstream regulators of IAG hormone gene expression [68]. Although the
fine details are in dispute, it has been demonstrated that IAG interacts with its binding
protein and receptor to activate downstream pathways [69-71]. Additionally, recent studies
have demonstrated that the dsx gene is involved in the regulation of IAG expression. In the
Chinese shrimp Fenneropenaeus chinensis, the Fcdsx gene dominantly expresses in the testis,
and the mRNA level is gradually increased with larval development. Knockdown of the
Fedsx gene resulted in suppression of IAG gene expression, suggesting that Fcdsx regulates
male sexual differentiation via IAG signaling [72]. On the other hand, in the red claw
crayfish C. quadricarinatus, the Cqdsx gene mainly expresses in the gonad (two times higher
in the ovary than in the testis), and its knockdown increased IAG expression, meaning
that Cqdsx is involved in female sexual differentiation [73]. Both Fcdsx and Cqdsx have
no sex-specific splicing form and, therefore, there is male- or female-biased expression to
promote sexual differentiation pathways.

A wide range of aspects of IAG has been previously comprehensively overviewed [20,74].
Here, we focus on the relation between the structure and biological activity of IAGs.
Although a lot of studies have demonstrated that the silencing of IAG genes by RNA
interference promotes morphological feminization [75-78], there is no direct evidence for
the function of IAG. The deduced amino acid sequences of IAGs share highly conserved
structural features including a signal peptide, B chain, C peptides, and A chain with the
mature active peptide formed after removal of the C peptides [79]. As an active form,
both A and B chains form a heterodimer with disulfide bonds. Total organic chemical
synthesis of IAG has revealed potentially two types of IAG: one is similar to the vertebrate
insulin-type, and the other is not an insulin-type (Figure 3). In the isopod A. vulgare, our
group has found that there are four disulfide bonds and their arrangement is different from
that in the vertebrate insulin-type (named as androgenic gland hormone: AGH-type) but
it is thermodynamically unstable [80]. Moreover, in vivo biological assays demonstrated
the AGH-type has the ability to promote masculinization, but the insulin-type does not
(Figure 3). As compared with isopods, decapod IAGs lack the two cystein residues found
in the isopod AGH, indicating that the decapod IAGs are more related molecularly to
the vertebrate insulin [81], although there some exceptions (eight cystein residues as well
as isopod species) such as in the Indian bait prawn Palaemon pacificus [82,83] and in the
freshwater prawn M. rosenbergii [77,84]. Moreover, we synthesized both AGH-type and
insulin-type IAGs of the kuruma prawn Marsupenaeus japonicus by total chemical synthesis
and demonstrated that the insulin-type showed a significant biological activity in vitro,
whereas the AGH-type did not [81] (Figure 3). This has strongly suggested that the insulin-
type IAG is the innate form in the decapod species. In the near future, it will be necessary
to prove the in vivo functional differences between the insulin-type and AGH-type.
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Figure 3. Primary structures of IAG peptides in the woodlouse A. vulgare (upper) and the kuruma

prawn M. japonicus (lower). Each upper and lower shows the insulin-type and AGH-type, respectively.
Solid lines show the disulfide bond pairs, and cystein residues in the red box indicate the different
patterns between insulin-type and AGH-type. Black-highlighted types (AGH-type in A. vulgare and
insulin-type in M. japonicus) are the estimated bioactive forms, respectively. o: sugar chain.

4. Crustacean Female Sex Hormone (CFSH)

The CFSH was found to be a responsible factor for regulating the development
of female reproductive characteristics in the blue crab Callinectes sapidus and the green
crab Carcinus maenas [7]. Callinectes CFSH, synthesized in the X-organ and then stored
in/secreted from the sinus gland, was purified from eyestalk tissues. This discovery of
CFSH has resulted in a major research trend for exploring its homologs from other decapod
species. To date, eyestalk transcriptome and peptidome approaches have successfully
identified CFSH orthologs in several other brachyuran crabs, such as the swimming crab
Portunus trituberculatus [85], the Chinese mitten crab Eriocheir sinensis [86], the green shore
crab C. maenas [87], and the mud crab Scylla paramamosain [88-90], as well as in the kuruma
prawn M. japonicus [91], the Pacific white shrimp L. vannamei [86], the banana shrimp
Fenneropenaeus merguiensis [92], the Antarctic shrimp Chorismus antarcticus [93], the Eastern
rock lobster S. verreauxi [94], the giant freshwater prawn M. rosenbergii [86,95,96], the red
swamp crayfish P. clarkii [85], and the Australian crayfish C. quadricarinatus [97]. Despite
the growing amount of CFSH sequence information, little is known about its physiological
functions. Knockdown of CFSH impaired the development of reproductive traits such as
the ovigerous setae, gonopores and extended parental brood care in C. sapidus [7], and the
formation of gonopores in juvenile stages in the mud crab [89], indicating that CFSH acts as
an endocrine factor for establishing female-specific morphological characteristics. However,
a few reports have demonstrated that CFSH expression can be detected in both females
and males in, for example, the kuruma prawn [98]. Moreover, two distinct CFSH subtypes
have been identified from eyestalk and ovary tissues [98]. Based on immunohistochemistry
and in situ hybridization analyses of CFSH, the ovary-type is predominantly expressed in
oogonia and previtellogenic oocytes during vitellogenesis, indicating that it may take part
in reproductive processes. Besides, in the Australian crayfish, CFSH expression has been
detected in the central nervous system, antennal gland, and gut [97].
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Some recent studies have demonstrated the crosstalk of CFSH with IAG to facilitate
sexual differentiation processes. In fact, CFSH has been detected in the eyestalk of both
sexes of several crab species [7,88,89]. In the mud crab S. paramamosain, a previous study
demonstrated that CFSH promotes the formation of female-specific reproductive traits
such as gonopores in females, and inhibits the expression of IAG in AG in vitro [88].
Moreover, the machinery of transcriptional regulation of CFSH on IAG expression has been
investigated with regard to the involvement of signal transducers and activators of the
transcription (STAT)-binding site [89]. Notably, the CFSH receptor has not been identified
so far in decapod species. Further studies on the CFSH receptor and its downstream
signaling pathways are necessary to understand the mechanisms underlying endocrine
crosstalk between CFSH and IAG, and its involvement in sex determination/differentiation
in Malacostracans.

5. Juvenile Hormone as a Male Sex-Determinant in Cladocerans

Juvenile hormone (JH) is well known as one of the important endocrine factors regu-
lating molting and metamorphosis in insect species. It also shows pleiotropic functions to
control various phenomena such as ovarian development, reproductive behavior [99], and
various types of phenotypic plasticity such as caste determination in the social insects [100],
weapon traits development in the stag beetles [101], and the switching of reproductive
modes in the pea aphid [102]. It is currently accepted that the JH system is conserved
among Arthropod species [103,104]. In 1987, methyl farnesoate (MF), which is structurally
related to insect JHs, was identified as an endogenous JH molecule in the spider crab,
Libinia emarginata [105]. So far, it has generally been accepted that MF is a major JH in
Malacostracan crustaceans [106-108]. To date, physiological functions of MF have been
demonstrated as stimulation of protein synthesis, promotion of molting cycle, reproduction,
and larval development in Malacostracan crustaceans (e.g., crabs and shrimps) given their
importance in aquaculture [108-110], however, no report is available showing involvement
of MF in sex determination and/or sexual differentiation in Malacostracans.

Within Crustacea, cladocerans belong to the class of Branchiopoda (Figure 1). Clado-
ceran species, commonly called water fleas, are one of the dominant organisms in fresh-
water zooplankton communities [111]. The genus Daphnia in general employs cyclical
parthenogenesis, in which parthenogenesis and sexual reproduction can be altered in
response to environmental cues such as day-length, water temperature, nutrition, over-
crowding, and their combinations [36,37,112,113]. Under favorable growing conditions,
Daphnia parthenogenetically produce offspring that build up a population consisting of
only females, resulting in exponential growth of clonal populations. On the other hand,
under unfavorable conditions, males are produced by parthenogenesis (ESD) and the re-
productive mode changed to sexual reproduction; this means that both females and males
share the same genome information. Sexually produced eggs, commonly called resting
or ephippial eggs, are then formed, which can tolerate extreme conditions (e.g., drying
and freezing). These resting eggs can hatch out and develop as females when favorable
conditions are restored. In this way, daphnids take advantage of cyclical parthenogen-
esis depending on changing environmental conditions in their habitat; parthenogenesis
allows rapid propagation during favorable growing seasons, whereas sexual reproduction
contributes to an increase in genetic variation and survival rate [114].

In terms of sex determination, several studies have demonstrated that various envi-
ronmental cues such as photoperiod, temperature, nutrition, and crowding, trigger the
production of male offspring in Daphnia [36,37,112,113]. Despite great efforts in studies on
male induction, reproducible experimental conditions for the production of male offspring
have not been established yet. However, JHs and their agonists such as methoprene and
fenoxycarb have been demonstrated to induce a dose-dependent increase in male offspring
in the water flea Daphnia magna [115-121] and other cladoceran species such as Ceriodaph-
nia, Moina, Bosmina, Oxyurella, Leberis, Leydigia, and Disparalona [117,122-124]. JHs and
their agonists activities can be estimated in vitro by luciferase assays using Daphnia JH
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receptor complex (methoprene-tolerant and steroid receptor coactivator) [125-127], and
in silico by molecular docking simulations between the protein structure of the Daphnia
methoprene-tolerant and chemicals (e.g., JHs and their agonists) [128]. So far, no one has
succeeded in quantifying innate MF levels in extracts from daphnid species. In the near
future, quantification of endogenous MF levels during the sex determination period will be
indispensable for understanding its physiological role as a male sex determinant. Although
JH-induced male production has enabled further studies regarding understanding the
molecular mechanisms underlying masculinization processes in daphnids [33,129], the
factors responsible for male sexual development are still not well-understood. Recently, our
group has identified the doublesex1 (dsx1) gene, which exhibits male-specific expression pat-
terns from early embryonic to adult stages; knockdown of dsx1 in male embryos and ectopic
expression of dsx1 in female embryos resulted in sex reversed phenotypes, in D. manga [130]
and in other cladocerans [124] (Figure 2). Recently, components of gene cascade connecting
JH signaling to dsx1 have been identified as bZIP transcription factor, Vrille [131] and the
doublesex1 alpha promoter-associated long noncoding RNA (DAPALR) [132].

Our group has recently found a useful D. pulex strain (WTNG6 strain) that can produce
male and female offspring in response to day-length differences: a mother produces
female progeny reared under the long-day condition (14 h light, 10 h dark), whereas
male progeny emerge under the short-day condition (10 h light, 14 h dark) [33]. This is
a suitable experimental tool that enables the evaluation of factors involved with the MF
signaling pathway governing ESD in daphnids. Taking advantage of the WTNG6 strain, we
have successfully identified the male-sex determining factors by transcriptome analysis:
ionotropic glutamate receptors, especially N-methyl-D-aspartic acid (NMDA) receptor
subtypes, and protein kinase C (PKC) act as upstream regulator of MF signaling and are
involved in signaling pathways inducing male offspring [133,134]. Although it has been
reported that PKC can recruit NMDA receptors to the cell surface in Xenopus oocytes and
then increase their channel-opening rates [135], the causal relation between NMDA and
PKC pathways for MF signaling in daphnids remains unclear. Likewise, metabolome
analysis found that pantothenate (generally known as a vitamin B5) is highly accumulated
in individual mothers at the onset of the sex-determining period, when reared under
male-producing conditions [136]. Pantothenate is ubiquitously present in living organisms
and is known as a precursor of co-enzyme A (CoA). Interestingly, treatment of mother
individuals with pantothenate demonstrated that the male induction ratio was significantly
increased, suggesting that it may act as a male-sex determinant. So far, however, the role of
pantothenate in the activation of MF signaling is largely unknown. One possible hypothesis
is that pantothenate can be supplied as a primary source for the MF synthesis pathway,
because MF is a member of the sesquiterpenoids that are initially synthesized from acetyl-
CoA through the mevalonate pathway. More detailed analyses will be necessary for
elucidation of the pantothenate involvement in MF biosynthesis in daphnids.

To support those findings about MF signaling driving male sex determination in the
WTNG6 strain more robustly, our group recently found two D. magna strains (LRV13.2 and
LRV13.5-1 strains) in which the proportion of the female or male offspring can be altered
depending on photoperiod: The LRV13.2 strain produces female or male offspring when
reared under long-day or short-day conditions, respectively (in a similar manner to the
D. pulex WTNG6 strain), whereas the LRV13.5-1 strain conversely produces female or male
offspring reared under short-day or long-day conditions, respectively [137]. Moreover, we
clearly confirmed that signaling pathways underlying male sex determination processes
are regulated by MF signaling via ionotropic glutamate receptors and PKC pathways in the
both the LRV13.2 and LRV13.5-1 strains as well as the WTNG6 strain, whereas pantothenate
did not show male inducibility, suggesting that male sex determining processes may be
diverged between D. magna and D. pulex [138] (Figure 4).
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Figure 4. Comparative schematic diagram of putative molecular signaling cascades regulating male
offspring production in D. pulex WTNG6 strain (left), in D. magna LRV13.2 strain (center), and in
D. manga LRV13.5-1 strain (right). Long-day: 14 h-light and 10 h-dark, short-day: 10 h-light and
14 h-dark, JH: juvenile hormone, iGluR: ionotropic glutamate receptor, PKC: protein kinase C. Each

symbol (circle, triangle, and cross) mean the “male-inducible”, “non male-inducible”, “treatment of
antagonists can suppress male induction, but that of agonists cannot”.

6. Vertebrate-Type Steroid Hormones

In crustaceans and other arthropod species, ecdysteroids are the only known steroid
hormone family known to plays a pivotal role in molting and other developmental pro-
cesses [139]. In Malacostracans, ecdysteroids are synthesized and secreted from the Y-organ
which is regulated by sinus gland-derived neuropeptides, such as a molt-inhibiting hor-
mone (MIH) [140-142]. However, it has been demonstrated that vertebrate-type sex steroids
are involved not only in reproduction [88,143,144], but also in partial disruption of sex
differentiation in decapods. In fact, enzyme immunoassays have successfully detected the
vertebrate-type steroids, including 173-estradiol (E2), estriol, progesterone, testosterone,
and 11-ketotestosterone, in the hemolymph of kuruma prawn M. japonicus [145]. Treatment
of female individuals with testosterone resulted in the masculinization of the ovary in the
ghost crab Ocypoda platytarsis [146]. An apparent bias towards female occurred the freshwa-
ter amphipod Gammarus pulex [147] and to the pacific white shrimp L. vannamei [148] after
treatment with E2. Furthermore, transcriptome analysis revealed that E2 may promote
female differentiation in the mud crab S. paramamosain [149].

As in the Branchiopoda cladoceran water flea, D. magna, it is known that the ecdys-
teroids are the only steroid family in the Malacostracans as well, and the gut has been iden-
tified as a candidate organ for ecdysteroidgenesis [150,151]. Several studies have demon-
strated that vertebrate-type steroids (e.g., estrogens, testosterones, and progesterone) and
their agonists (e.g., diethylstilbestrol, nonylphenol, and bisphenol A as estrogen agonists,
and R-1881 as an androgen agonist) can affect the growth rate, fecundity and entire sex ratio
of a population [152-157]. However, there are some inconsistencies in these results caused
by different experimental procedures. It will be necessary to re-survey the in vivo effects of
these vertebrate-type steroids on Daphnia using widely-accepted validated procedures such
as the OECD Test Guideline 211 ANNEX?, “Daphnia magna Reproduction Test” [158]. In ad-
dition, we have successfully constructed a two-hybrid system using the D. magna ecdysone
receptor and its heterodimeric partner ultraspiracle complex (EcR/USP) [159], allowing the
observation of dose-dependent activation of the EcR/USP when transfectants are exposed
to ecdysteroids and other chemicals known to have ecdysteroid-like activities in vitro.
Although it will be necessary to check the cross-reactivity of vertebrate-type steroids to
D. magna EcR/USP, this system can be a useful tool for rapid screening, instead of in vivo
assays. Moreover, recent progress in big data-driven computational (in silico) analysis has
enabled the prediction of the interaction of D. magna EcR/USP with chemicals [139,160].
This structure-based in silico approach is very compatible with de novo transcriptomics to
build comprehensive gene models even in non-model species, and can be easily applied in
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various organisms as an efficient and cost-effective tool for screening large inventories of
chemicals for their potential to cause endocrine disruption.

7. Conclusions and Future Directions

This review serves as an outline reference for endocrine-driven sex determination
and/or sexual differentiation systems in Malacostraca and Branchiopoda crustaceans. Al-
though the transcriptional regulatory mechanisms between IAG and Dmrt genes have been
investigated by gene knockdown approaches [161,162], the eyestalk (XO-SG complex)-
derived neuropeptides that regulate IAG expression and those molecular networks are still
largely unknown. Moreover, even among Malacostraca species, previous findings have so
far demonstrated that endocrine systems vary in certain respects such as heterodimeric
disulfide bond patterns of IAG. Recent advances in OMICS technologies and genetic ma-
nipulation techniques have paved the way for a new generation of research organisms,
including crustaceans. Indeed, as fast-growing model crustaceans, the Branchiopoda Daph-
nia (D. pulex and D. magna) and the Malacostraca amphipod Parhyale hawaiensis are useful
because these species are easy to rear and offer large broods of embryos amenable to dissec-
tion and live imaging, and complete embryonic developmental staging [163,164]. In addi-
tion, genome sequences are available [30,34,35]. Microinjection-based genetic manipulation
using genome editing combined with draft genome and transcriptome archives have en-
abled further studies of evolution and development in arthropods [163,165-167]. However,
the decapod species have no established and widely-accepted model species, despite
their importance for fisheries and aquaculture. Although the cherry shrimp N. denticulate
and the parthenogenetic marbled crayfish P. fallax f. virginalis are available for develop-
mental and physiological studies with genome sequences and offer useful experimental
advantages [25,26,168,169], genomic manipulation methods have not been established so
far. As more researchers continue to adopt decapods (and other crustaceans) into their
laboratories and study their endocrinology and continue to develop genomic manipu-
lation methods, it will be exciting to see the new research horizons of not only sexual
development, but also unexpected phenomena with this unique emerging research system.
In summary, for future sex determination/differentiation studies in crustaceans, establish-
ment of useful model crustacean (especially decapod) species and reverse genetics methods
will be essential.

Author Contributions: Conceptualization by K.T. and T.I; an original draft preparation by K.T.;
review and editing by HM., C.H., T.S., HK., T.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was partially supported by Grants-in-Aid for Scientific Research (18K14794)
(KT) from the Ministry of Education, Culture, Sports, Science and Technology, Japan, and a grant
from the Ministry of the Environment, Japan (TI).

Acknowledgments: The authors would like to thank Mike Roberts, Independent Consultants, UK
and Anke Lange, University of Exeter for their critical readings of this manuscript. We would like to
thank Ayano Katayama for the help provided with illustrations of Daphnia.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Oakley, T.H.; Wolfe, ].M.; Lindgren, A.R.; Zaharoff, A K. Phylotranscriptomics to bring the understudied into the fold: Mono-
phyletic Ostracoda, fossil placement, and pancrustacean phylogeny. Mol. Biol. Evol. 2013, 30, 215-233. [CrossRef] [PubMed]

2. Schwentner, M.; Combosch, D.J.; Nelson, ].P; Giribet, G. A phylogenomic solution to the origin of insects by resolving crustacean-
hexapod relationships. Curr. Biol. 2017, 27, 1818-1824. [CrossRef]

3. Von Reumont, B.M.; Jenner, R.A.; Wills, M.A.; Dell’Ampio, E.; Pass, G.; Ebersberger, I.; Meyer, B.; Koenemann, S.; Iliffe, TM.;
Stamatakis, A.; et al. Pancrustacean phylogeny in the light of new phylogenomic data: Support for remipedia as the possible
sister group of Hexapoda. Mol. Biol. Evol. 2012, 29, 1031-1045. [CrossRef]

4. Gopal, C.; Gopikrishna, G.; Krishna, G.; Jahageerdar, S.S.; Rye, M.; Hayes, B.J.; Paulpandi, S.; Kiran, R.P.; Pillai, SM,;
Ravichandran, P. Weight and time of onset of female-superior sexual dimorphism in pond reared Penaeus monodon. Aqua-
culture 2010, 300, 237-239. [CrossRef]


http://doi.org/10.1093/molbev/mss216
http://www.ncbi.nlm.nih.gov/pubmed/22977117
http://doi.org/10.1016/j.cub.2017.05.040
http://doi.org/10.1093/molbev/msr270
http://doi.org/10.1016/j.aquaculture.2010.01.007

Genes 2021, 12, 305 11 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mohanakumaran Nair, C.; Salin, K.R.; Raju, M.S.; Sebastian, M. Economic analysis of monosex culture of giant freshwater prawn
(Macrobrachium rosenbergii De Man): A case study. Aquac. Res. 2006, 37, 949-954. [CrossRef]

Chang, E.S.; Sagi, A. Male reproductive hormones. In Reproductive Biology of Crustaceans; Science Publishers: Enfield, UK, 2008.
Zmora, N.; Chung, S. A novel hormone is required for the development of reproductive phenotypes in adult female crabs.
Endocrinology 2014, 155, 230-239. [CrossRef]

Manor, R.; Weil, S.; Oren, S.; Glazer, L.; Aflalo, E.D.; Ventura, T.; Chalifa-Caspi, V.; Lapidot, M.; Sagi, A. Insulin and gender:
An insulin-like gene expressed exclusively in the androgenic gland of the male crayfish. Gen. Comp. Endocrinol. 2007, 150,
326-336. [CrossRef] [PubMed]

Becking, T.; Giraud, I.; Raimond, M.; Moumen, B.; Chandler, C.; Cordaux, R.; Gilbert, C. Diversity and evolution of sex
determination systems in terrestrial Isopods. Sci. Rep. 2017, 7, 1084. [CrossRef]

Juchault, P; Rigaud, T. Evidence for female heterogamety in two terrestrial crustaceans and the problem of sex chromosome
evolution in Isopods. Heredity 1995, 75, 466—471. [CrossRef]

Katakura, Y. Endocrine and genetic control of sex differentiation in the malacostracan Crustacea. Invertebr. Reprod. Dev. 1989, 16,
177-182. [CrossRef]

Levy, T.; Rosen, O.; Eilam, B.; Azulay, D.; Aflalo, E.D.; Manor, R.; Shechter, A.; Sagi, A. A single injection of hypertrophied
androgenic gland cells produces all-female aquaculture. Mar. Biotechnol. 2016, 18, 554-563. [CrossRef]

Malecha, S.R.; Nevin, P.A; Ha, P; Barck, L.E.; Lamadridrose, Y.; Masuno, S.; Hedgecook, D. Sex-Ratios and sex-determination in
progeny from crosses of surgically sex reversed freshwater prawns, Macrobrachium rosenbergii. Aquaculture 1992, 105, 201-218.
[CrossRef]

Parnes, S.; Khalaila, I.; Hulata, G.; Sagi, A. Sex determination in crayfish: Are intersex Cherax quadricarinatus (Decapoda,
Parastacidae) genetically females? Genet. Res. 2003, 82, 107-116. [CrossRef]

Yu, Y.; Zhang, X.J.; Yuan, J.B.; Wang, Q.C.; Li, S.H.; Huang, H.; Li, F; Xiang, ]J. Identification of sex-determining loci in Pacific
white shrimp Litopeneaus vannamei using linkage and association analysis. Mar. Biotechnol. 2017, 19, 277-286. [CrossRef]
Chandler, ].C.; Fitzgibbon, Q.P.; Smith, G.; Elizur, A.; Ventura, T. Y-Linked iDmrt1 paralogue (iDMY) in the Eastern spiny lobster,
Sagmariasus verreauxi: The first invertebrate sex-linked Dmrt. Dev. Biol. 2017, 430, 337-345. [CrossRef] [PubMed]

Fang, S.; Zhang, Y.; Shi, X.; Zheng, H.; Li, S.; Zhang, Y.; Fazhan, H.; Waiho, K,; Tan, H.; Ikhwanuddin, M.; et al. Identification of
male-specific SNP markers and development of PCR-based genetic sex identification technique in crucifix crab (Charybdis feriatus)
with implication of an XX /XY sex determination system. Genomics 2019, 112, 404-411. [CrossRef] [PubMed]

Lv,].J.; Sun, D.F; Huan, PP; Song, L.; Liu, P; Li, ]. QTL mapping and marker identification for sex-determining: Indicating XY
sex determination system in the swimming crab (Portunus trituberculatus). Front. Genet. 2018, 9, 337. [CrossRef] [PubMed]
Niiyama, H. The XY chromosomes of the shore-crab, Hemigrapsus sanguineus (de Haan). Jpn. |. Genet. 1938, 14, 34-38. [CrossRef]
Chandler, J.C.; Elizur, A.; Ventura, T. The decapod researcher’s guide to the galaxy of sex determination. Hydrobiologia 2018, 825,
61-80. [CrossRef]

Zhang, L.; Yang, C.; Zhang, Y.; Li, L.; Zhang, X.; Zhang, Q.; Xiang, J. A genetic linkage map of Pacific white shrimp (Litopenaeus
vannamei): Sex-linked microsatellite markers and high recombination rates. Genetica 2007, 131, 37-49. [CrossRef] [PubMed]
Zhang, X.; Yuan, J.; Sun, Y,; Li, S.; Gao, Y; Yu, Y,; Liu, C.; Wang, Q.; Lv, X.; Zhang, X.; et al. Penaeid shrimp genome provides
insights into benthic adaptation and frequent molting. Nat. Commun. 2019, 10, 356. [CrossRef] [PubMed]

Sagi, A.; Cohen, D.; Milner, Y. Effect of androgenic gland ablation on morphotypic differentiation and sexual characteristics of
male freshwater prawns, Macrobrachium rosenbergii. Gen. Comp. Endocrinol. 1990, 77, 15-22. [CrossRef]

Levy, T.; Rosen, O.; Manor, R.; Dotan, S.; Azulay, D.; Abramov, A.; Sklarz, M.Y.; Chalifa-Caspi, V.; Baruch, K.; Shechter, A; et al.
Production of WW males lacking the masculine Z chromosome and mining the Macrobrachium rosenbergii genome for sex-
chromosomes. Sci. Rep. 2019, 9, 1-11. [CrossRef] [PubMed]

Kenny, N.J; Sin, Y.W.; Shen, X.; Zhe, Q.; Wang, W.; Chan, T.F; Tobe, S.S.; Shimeld, S.M.; Chu, K.H.; Hui, ].H. Genomic sequence
and experimental tractability of a new decapod shrimp model, Neocaridina denticulata. Mar. Drugs 2014, 12, 1419-1437. [CrossRef]
Gutekunst, J.; Andriantsoa, R.; Falckenhayn, C.; Hanna, K.; Stein, W.; Rasamy, ].; Lyko, F. Clonal genome evolution and rapid
invasive spread of the marbled crayfish. Nat. Ecol. Evol. 2018, 2, 567. [CrossRef]

Waiho, K;; Shi, X.; Fazhan, H.; Li, S.; Zhang, Y.; Zheng, H.; Liu, W.; Fang, S.; Ikhwanuddin, M.; Ma, H. High-density genetic
linkage maps provide novel insights into ZW/ZZ sex determination system and growth performance in mud crab (Scylla
paramamosain). Front. Genet. 2019, 5, 298. [CrossRef]

Zhao, M.; Wang, W.; Zhang, F.; Ma, C,; Liu, Z.; Yang, M.H.; Chen, W.; Li, Q.; Cui, M.; Jiang, K,; et al. A chromosome-level genome
of the mud crab (Scylla paramamosain Estampador) provides insights into the evolution of chemical and light perception in this
crustacean. Mol. Ecol. Resour. 2021. [CrossRef] [PubMed]

Chebbi, M.A.; Becking, T.; Moumen, B.; Giraud, L; Gilbert, C.; Peccoud, J.; Cordaux, R. The genome of Armadillidium vulgare (Crus-
tacea, Isopoda) provides insights into sex chromosome evolution in the context of cytoplasmic sex determination. Mol. Biol. Evol.
2019, 36, 727-741. [CrossRef]

Kao, D.; Lai, A.G.; Stamataki, E.; Rosic, S.; Konstantinides, N.; Jarvis, E.; Donfrancesco, A.D.; Pouchkina-Stancheva, N.; Semon, M.;
Grillo, M.; et al. The genome of the crustacean Parhyale hawaiensis, a model for animal development, regeneration, immunity and
lignocellulose digestion. eLife 2016, 5, e20062. [CrossRef]


http://doi.org/10.1111/j.1365-2109.2006.01521.x
http://doi.org/10.1210/en.2013-1603
http://doi.org/10.1016/j.ygcen.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17094989
http://doi.org/10.1038/s41598-017-01195-4
http://doi.org/10.1038/hdy.1995.163
http://doi.org/10.1080/07924259.1989.9672075
http://doi.org/10.1007/s10126-016-9717-5
http://doi.org/10.1016/0044-8486(92)90087-2
http://doi.org/10.1017/S0016672303006372
http://doi.org/10.1007/s10126-017-9749-5
http://doi.org/10.1016/j.ydbio.2017.08.031
http://www.ncbi.nlm.nih.gov/pubmed/28864068
http://doi.org/10.1016/j.ygeno.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30851358
http://doi.org/10.3389/fgene.2018.00337
http://www.ncbi.nlm.nih.gov/pubmed/30210528
http://doi.org/10.1266/jjg.14.34
http://doi.org/10.1007/s10750-017-3452-4
http://doi.org/10.1007/s10709-006-9111-8
http://www.ncbi.nlm.nih.gov/pubmed/17043742
http://doi.org/10.1038/s41467-018-08197-4
http://www.ncbi.nlm.nih.gov/pubmed/30664654
http://doi.org/10.1016/0016-6480(90)90201-V
http://doi.org/10.1038/s41598-019-47509-6
http://www.ncbi.nlm.nih.gov/pubmed/31455815
http://doi.org/10.3390/md12031419
http://doi.org/10.1038/s41559-018-0467-9
http://doi.org/10.3389/fgene.2019.00298
http://doi.org/10.1111/1755-0998.13332
http://www.ncbi.nlm.nih.gov/pubmed/33464679
http://doi.org/10.1093/molbev/msz010
http://doi.org/10.7554/eLife.20062

Genes 2021, 12, 305 12 of 16

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Naylor, C.; Adams, J.; Greenwood, P. Population dynamics and adaptive sexual strategies in a brackish water crustacean,
Gammarus duebeni. . Anim. Ecol. 1988, 57, 493-507. [CrossRef]

Innes, D.J. Sexual reproduction of Daphnia pulex in a temporary habitat. Oecologia 1997, 111, 53—-60. [CrossRef]

Toyota, K.; Miyakawa, H.; Hiruta, C.; Furuta, K.; Ogino, Y.; Shinoda, T.; Tatarazako, N.; Miyagawa, S.; Shaw, J.R.; Iguchi, T.
Methyl farnesoate synthesis is necessary for the environmental sex determination in the water flea Daphnia pulex. |. Insect Physiol.
2015, 80, 22-30. [CrossRef]

Colbourne, ].K.; Pfrender, M.E.; Gilbert, D.; Thomas, W.K,; Tucker, A.; Oakley, T.H.; Tokishita, S.; Aerts, A.; Arnold, G.J.;
Basu, M.K; et al. The ecoresponsive genome of Daphnia pulex. Science 2011, 331, 555-561. [CrossRef] [PubMed]

Xu, S.; Ackerman, M.S.; Long, H.; Bright, L.; Spitze, K.; Ramsdell, J.S.; Thomas, W.K.; Lynch, M. A male-specific genetic map of
the microcrustacean Daphnia pulex based on single-sperm whole-genome sequencing. Genetics 2015, 201, 31-38. [CrossRef]
Hobeek, A.; Larsson, P. Sex determination in Daphnia magna. Ecology 1990, 71, 2255-2268. [CrossRef]

Kleiven, O.T.; Larsson, P.; Hobaek, A. Sexual reproduction in Daphnia magna requires three stimuli. Oikos 1992, 65, 197-206.
[CrossRef]

Lee, B.Y,; Choi, B.S.; Kim, M.S; Park, ].C.; Jeong, C.B.; Han, J.; Lee, J.S. The genome of the freshwater water flea Daphnia magna:
A potential use for freshwater molecular ecotoxicology. Aquat. Toxicol. 2019, 210, 69-84. [CrossRef]

Sassaman, C.; Weeks, S.C. The genetic mechanism of sex determination in the conchostracan shrimp Eulimnadia texana. Am. Nat.
1993, 141, 314-328. [CrossRef] [PubMed]

Baldwin-Brown, J.G.; Weeks, S.C.; Long, A.D. A new standard for crustacean genomes: The highly contiguous, annotated genome
assembly of the clam shrimp Eulimnadia texana reveals HOX gene order and identifies the sex chromosome. Genome Biol. Evol.
2018, 10, 143-156. [CrossRef]

Kopp, A. Dmrt genes in the development and evolution of sexual dimorphism. Trends Genet. 2012, 28, 175-184. [CrossRef] [PubMed]
Matson, C.K.; Zarkower, D. Sex and the singular DM domain: Insights into sexual regulation, evolution and plasticity.
Nat. Rev. Genet. 2012, 13, 163-174. [CrossRef] [PubMed]

Hildreth, P.E. Doublesex, a recessive gene that transforms both males and females of Drosophila into intersexes. Genetics 1965, 51,
659-678. [CrossRef] [PubMed]

Matsuda, M.; Nagahama, Y.; Shinomiya, A.; Sato, T.; Matsuda, C.; Kobayashi, T.; Morrey, C.E.; Shibata, N.; Asakawa, S.;
Shimizu, N.; et al. DMY is a Y-specific DM-domain gene required for male development in the medaka fish. Nature 2002, 417,
559-563. [CrossRef]

Yoshimoto, S.; Okada, E.; Umemoto, H.; Tamura, K.; Uno, Y.; Nishida-Umehara, C.; Matsuda, Y.; Takamatsu, N.; Shiba, T.; Ito, M.
A W-linked DM-domain gene, DM-W, participates in primary ovary development in Xenopus laevis. Proc. Natl. Acad. Sci. USA
2008, 105, 2469-2474. [CrossRef] [PubMed]

Smith, C.A.; Roeszler, K.N.; Ohnesorg, T.; Cummins, D.M.; Farlie, P.G.; Doran, T.].; Sinclair, A.H. The avian Z-linked gene DMRT1
is required for male sex determination in the chicken. Nature 2009, 461, 267-271. [CrossRef]

Gruzin, M.; Mekheal, M.; Ruhlman, K.; Winkowski, M.; Petko, J. Developmental expression of doublesex-related transcripts in
the common house spider, Parasteatoda tepidariorum. Gene Expr. Patterns 2020, 35, 119101. [CrossRef]

Chandler, J.C.; Aizen, J.; Fitzgibbon, Q.P; Elizur, A.; Ventura, T. Applying the power of transcriptomics: Understanding male
sexual development in decapod Crustacea. Int. Comp. Biol. 2016, 56, 1144-1156. [CrossRef]

Ventura, T.; Chandler, ].C.; Nguyen, T.V,; Hyde, C.J.; Elizur, A,; Fitzgibbon, Q.P.; Smith, G.G. Multi-Tissue transcriptome analysis
identifies key sexual development-related genes of the ornate spiny lobster (Panulirus ornatus). Genes 2020, 11, 1150. [CrossRef]
Gonzalez-Castellano, I.; Manfin, C.; Pallavicini, A.; Martinez-Lage, A. De novo gonad transcriptome analysis of the common
littoral shrimp Palaemon serratus: Novel insights into sex-related genes. BMC Genom. 2019, 20, 757. [CrossRef]

Rotllant, G.; Nguyen, T.V.; Sbragaglia, V.; Rahi, L.; Dudley, K.J.; Hurwood, D.; Ventura, T.; Company, ].B.; Chand, V.; Aguzzi, J.;
et al. Sex and tissue specific gene expression patterns identified following de novo transcriptomic analysis of the Norway lobster,
Nephrops norvegicus. BMC Genom. 2017, 18, 622. [CrossRef] [PubMed]

Zhang, Y.; Miao, G.; Fazhan, H.; Waiho, K.; Zheng, H.; Li, S.; Ikhwaniddin, M.; Ma, H. Transcriptome-seq provides insights into
sex-preference pattern of gene expression between testis and ovary of the crucifix crab (Charybdis feriatus). Physiol. Genom. 2018,
50, 393-405. [CrossRef]

Wang, Y,; Yu, Y; Li, S.; Zhang, X.; Xiang, J.; Li, E Sex-Specific transcriptome sequencing of zoea I larvae and identification of sex-linked
genes using bulked segregant analysis in Pacific white shrimp Litopenaeus vannamei. Mar. Biotechnol. 2020, 22, 423-432. [CrossRef]
Rodriguez, E.M.; Medesani, D.A.; Fingerman, M. Endocrine disruption in crustaceans due to pollutants: A review. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 2007, 146, 661-671. [CrossRef]

Charniaux-Cotton, H. Discovery in an amphipod crustacean (Orchestia gammarella) of an endocrine gland responsible for the
differentiation of primary and secondary male sex characteristics. C. R. Acad. Sci. Paris 1954, 239, 780-782. [PubMed]
Olmstead, A.W.; LeBlanc, G.A. Effects of endocrine-active chemicals on the development of sex characteristics of Daphnia magna.
Environ. Toxicol. Chem. 2000, 19, 2107-2113. [CrossRef]

Charniaux-Cotton, H. Etude du déterminisme des caractéres sexuels secondaires par castration chirurgicale et implantation
d’ovaire chez un Crustacé Amphipode (Orchestia gammarella). C. R. Acad. Sci. Paris 1953, 236, 141-143.

Katakura, Y. Transformation of ovary into testis following implantation of androgenic glands in Armadillidium vulgare, an isopod
crustacean. Annot. Zool. Jpn. 1960, 33, 241-244.


http://doi.org/10.2307/4920
http://doi.org/10.1007/s004420050207
http://doi.org/10.1016/j.jinsphys.2015.02.002
http://doi.org/10.1126/science.1197761
http://www.ncbi.nlm.nih.gov/pubmed/21292972
http://doi.org/10.1534/genetics.115.179028
http://doi.org/10.2307/1938637
http://doi.org/10.2307/3545010
http://doi.org/10.1016/j.aquatox.2019.02.009
http://doi.org/10.1086/285475
http://www.ncbi.nlm.nih.gov/pubmed/19426084
http://doi.org/10.1093/gbe/evx280
http://doi.org/10.1016/j.tig.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22425532
http://doi.org/10.1038/nrg3161
http://www.ncbi.nlm.nih.gov/pubmed/22310892
http://doi.org/10.1093/genetics/51.4.659
http://www.ncbi.nlm.nih.gov/pubmed/14330702
http://doi.org/10.1038/nature751
http://doi.org/10.1073/pnas.0712244105
http://www.ncbi.nlm.nih.gov/pubmed/18268317
http://doi.org/10.1038/nature08298
http://doi.org/10.1016/j.gep.2020.119101
http://doi.org/10.1093/icb/icw007
http://doi.org/10.3390/genes11101150
http://doi.org/10.1186/s12864-019-6157-4
http://doi.org/10.1186/s12864-017-3981-2
http://www.ncbi.nlm.nih.gov/pubmed/28814267
http://doi.org/10.1152/physiolgenomics.00016.2018
http://doi.org/10.1007/s10126-020-09962-7
http://doi.org/10.1016/j.cbpa.2006.04.030
http://www.ncbi.nlm.nih.gov/pubmed/13209865
http://doi.org/10.1002/etc.5620190821

Genes 2021, 12, 305 13 of 16

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Suzuki, S. Androgenic gland hormone is a sex-reversing factor but cannot be a sex-determining factor in the female crustacean
isopods Armadillidium vulgare. Gen. Comp. Endocrinol. 1999, 115, 370-378. [CrossRef] [PubMed]

Katakura, Y.; Hasegawa, Y. Masculinization of females of the isopod crustacean, Armadillidium vulgare, following injections of an
active extract of the androgenic gland. Gen. Comp. Endocrinol. 1983, 49, 57-62. [CrossRef]

Hasegawa, Y.; Haino-Fukushima, K.; Katakura, Y. Isolation and properties of androgenic gland hormone from the terrestrial
isopod, Armadillidium vulgare. Gen. Comp. Endocrinol. 1987, 67, 101-110. [CrossRef]

Okuno, A.; Hasegawa, Y.; Nagasawa, H. Purification and properties of androgenic gland hormone from the terrestrial isopod
Armadillidium vulgare. Zool. Sci. 1997, 14, 837-842. [CrossRef]

Kato, M.; Hiruta, C.; Tochinai, S. Androgenic gland implantation induces partial masculinization in marmorkrebs Procambarus
fallax f. virginalis. Zool. Sci. 2015, 32, 459—464. [CrossRef]

Tropea, C.; Hermida, G.N.; Greco, L.S.L. Effects of androgenic gland ablation on growth and reproductive parameters of Cherax
quadricarinatus males (Parastacidae, Decapoda). Gen. Comp. Endocrinol. 2011, 174, 211-218. [CrossRef] [PubMed]

Khalaila, I.; Manor, R.; Weil, S.; Granot, Y.; Keller, R.; Sagi, A. The eyestalk-androgenic gland-testis endocrine axis in the crayfish
Cherax quadricarinatus. Gen. Comp. Endocrinol. 2002, 127, 147-156. [CrossRef]

Sroyraya, M.; Chotwiwatthanakun, C.; Stewart, M.].; Soonklang, N.; Kornthong, N.; Phoungpetchara, I.; Hanna, PJ.; Sobhon, P.
Bilateral eyestalk ablation of the blue swimmer crab, Portunus pelagicus, produces hypertrophy of the androgenic gland and an
increase of cells producing insulin-like androgenic gland hormone. Tissue Cell 2010, 42, 293-300. [CrossRef] [PubMed]

Chung, J.S.; Manor, R.; Sagi, A. Cloning of an insulin-like androgenic gland factor (IAG) from the blue crab, Callinectes sapidus:
Implications for eyestalk regulation of IAG expression. Gen. Comp. Endocrinol. 2011, 173, 4-10. [CrossRef]

Li, F; Bai, H.; Zhang, W.; Fu, H,; Jiang, F; Liang, G.; Jin, S.; Sun, S.; Qiao, H. Cloning of genomic sequences of three crustacean
hyperglycemic hormone superfamily genes and elucidation of their roles of regulating insulin-like androgenic gland hormone
gene. Gene 2015, 561, 68-75. [CrossRef]

Rosen, O.; Weil, S.; Manor, R.; Roth, Z.; Khalaila, I.; Sagi, A. A crayfish insulin-like-binding protein: Another piece in the
androgenic gland insulin-like hormone puzzle is revealed. |. Biol. Chem. 2013, 288, 22289-22298. [CrossRef]

Chandler, ].C.; Aizen, J.; Elizur, A.; Hollander-Cohen, L.; Battaglene, S.C.; Ventura, T. Discovery of a novel insulin-like peptide
and insulin binding proteins in the Eastern rock lobster Sagmariasus verreauxi. Gen. Comp. Endocrinol. 2015, 215, 76-87. [CrossRef]
Aizen, J.; Chandler, ].C.; Fitzgibbon, Q.P; Sagi, A.; Battaglene, S.C.; Elizur, A.; Ventura, T. Production of recombinant insulin-like
androgenic gland hormones from three decapod species: In vitro testicular phosphorylation and activation of a newly identified
tyrosine kinase receptor from the Eastern spiny lobster, Sagmariasus verreauxi. Gen. Comp. Endocrinol. 2016, 229, 8-18. [CrossRef]
Li, S,; Li, F; Yu, K,; Xiang, J. Identification and characterization of a doublesex gene which regulates the expression of insulin-like
androgenic gland hormone in Fenneropenaeus chinensis. Gene 2018, 649, 1-7. [CrossRef] [PubMed]

Zheng, J.; Cai, L.; Jia, Y.; Chi, M,; Cheng, S.; Liu, S.; Gu, Z. Identification and functional analysis of the doublesex gene in the
redclaw crayfish, Cherax quadricarinatus. BMC Dev. Biol. 2020. [CrossRef]

Levy, T.; Sagi, A. The “IAG-switch”—A key controlling element in decapod crustacean sex differentiation. Front. Endocrinol. 2020,
11, 651. [CrossRef] [PubMed]

Ge, H.-L,; Tan, K,; Shi, L.-L.; Sun, R.; Wang, W.-M.; Li, Y.-H. Comparison of effects of dsSRNA and siRNA RNA interference on
insulin-like androgenic gland gene (IAG) in red swamp crayfish Procambarus clarkii. Gene 2020, 752, 144783. [CrossRef]

Rosen, O.; Manor, R.; Weil, S.; Gafni, O.; Afalo, E.D.; Ventura, T.; Sagi, A. A sexual shift induced by silencing of a single insulin-like
gene in crayfish: Ovarian upregulation and testicular degeneration. PLoS ONE 2010, 5, e15281. [CrossRef]

Ventura, T.; Manor, R.; Afalo, E.D.; Weil, S.; Raviv, S.; Glazer, L.; Sagi, A. Temporal silencing of an androgenic gland-specific
insulin-like gene affecting phenotypical gender differences and spermatogenesis. Endocrinology 2009, 150, 1278-1286. [CrossRef]
Ventura, T.; Manor, R.; Afalo, E.D.; Weil, A.; Rosen, O.; Sagi, A. Timing sexual differentiation: Full functional sex reversal achieved
through silencing of a single insulin-like gene in the prawn, Macrobrachium rosenbergii. Biol. Reprod. 2012, 86, 90. [CrossRef]
Katayama, H. Structure-Activity relationship of crustacean peptide hormones. Biosci. Biotechnol. Biochem. 2016, 80, 633—641.
[CrossRef]

Katayama, H.; Hojo, H.; Ohira, T.; Ishii, A.; Nozaki, T.; Goto, K.; Nakahara, Y.; Takahashi, T.; Hasegawa, Y.; Nagasawa, H.; et al.
Correct disulfide pairing is required for the biological activity of crustacean androgenic gland hormone (AGH): Synthetic studies
of AGH. Biochemistry 2010, 49, 1798-1807. [CrossRef]

Katayama, H.; Kubota, N.; Hojo, H.; Okada, A.; Kotaka, S.; Tsutsui, N.; Ohira, T. Direct evidence for the function of crustacean
insulin-like androgenic gland factor (IAG): Total chemical synthesis of IAG. Bioorg. Med. Chem. 2014, 22, 5783-5789. [CrossRef]
[PubMed]

Banzai, K.; Izumi, S.; Ohira, T. Molecular cloning and expression analysis of cDNAs encoding an insulin-like androgenic gland factor
from three palaemonid species, Macrobrachum lar, Palaemon paucidens and P. pacificus. Jpn. Agric. Res. Q. 2012, 46, 105-114. [CrossRef]
Katayama, H.; Mukainakano, T.; Kogure, J.; Ohira, T. Chemical synthesis of the crustacean insulin-like peptide with four disulfide
bonds. J. Pept. Sci. 2018, 24, e3132. [CrossRef]

Katayama, H.; Hiromichi, N. Chemical synthesis of N-glycosylated insulin-like androgenic gland factor from the freshwater
prawn Macrobrachium rosenbergii. J. Pept. Sci. 2019, 25, €3215. [CrossRef] [PubMed]

Veenstra, ].A. The power of next-generation sequencing as illustrated by the neuropeptidome of the crayfish Procambarus clarkii.
Gen. Comp. Endocrinol. 2015, 224, 84-95. [CrossRef]


http://doi.org/10.1006/gcen.1999.7324
http://www.ncbi.nlm.nih.gov/pubmed/10480988
http://doi.org/10.1016/0016-6480(83)90007-2
http://doi.org/10.1016/0016-6480(87)90209-7
http://doi.org/10.2108/zsj.14.837
http://doi.org/10.2108/zs150028
http://doi.org/10.1016/j.ygcen.2011.08.023
http://www.ncbi.nlm.nih.gov/pubmed/21925177
http://doi.org/10.1016/S0016-6480(02)00031-X
http://doi.org/10.1016/j.tice.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20817240
http://doi.org/10.1016/j.ygcen.2011.04.017
http://doi.org/10.1016/j.gene.2015.02.012
http://doi.org/10.1074/jbc.M113.484279
http://doi.org/10.1016/j.ygcen.2014.08.018
http://doi.org/10.1016/j.ygcen.2016.02.013
http://doi.org/10.1016/j.gene.2018.01.043
http://www.ncbi.nlm.nih.gov/pubmed/29339074
http://doi.org/10.1016/j.gep.2020.119129
http://doi.org/10.3389/fendo.2020.00651
http://www.ncbi.nlm.nih.gov/pubmed/33013714
http://doi.org/10.1016/j.gene.2020.144783
http://doi.org/10.1371/journal.pone.0015281
http://doi.org/10.1210/en.2008-0906
http://doi.org/10.1095/biolreprod.111.097261
http://doi.org/10.1080/09168451.2015.1116932
http://doi.org/10.1021/bi902100f
http://doi.org/10.1016/j.bmc.2014.09.031
http://www.ncbi.nlm.nih.gov/pubmed/25270404
http://doi.org/10.6090/jarq.46.105
http://doi.org/10.1002/psc.3132
http://doi.org/10.1002/psc.3215
http://www.ncbi.nlm.nih.gov/pubmed/31515898
http://doi.org/10.1016/j.ygcen.2015.06.013

Genes 2021, 12, 305 14 of 16

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.
112.

113.

114.
115.

Veenstra, ].A. Similarities between decapod and insect neuropeptidomes. Peer] 2016, 4, €2043. [CrossRef]

Oliphant, A.; Alexander, J.L.; Swain, M.T.; Webster, S5.G.; Wilcockson, D.C. Transcriptomic analysis of crustacean neuropeptide
signaling during the moult cycle in the green shore crab, Carcinus maenas. BMC Genom. 2018, 19, 711. [CrossRef] [PubMed]

Liu, A.; Liu, J.; Liu, F; Huang, Y.; Wang, G.; Ye, H. Crustacean female sex hormone from the mud crab Scylla paramamosain is
highly expressed in prepubertal males and inhibits the development of androgenic gland. Front. Physiol. 2018, 9, 924. [CrossRef]
Jiang, Q.; Lu, B.; Lin, D.; Huang, H.; Chen, X.; Ye, H. Role of crustacean female sex hormone (CFSH) in sex differentiation in early
juvenile mud crabs, Scylla paramamosain. Gen. Comp. Endocrinol. 2020, 289, 113383. [CrossRef] [PubMed]

Jiang, Q.; Lu, B.; Wang, G.; Ye, H. Transcriptional inhibition of Sp-IAG by crustacean female sex hormone in the mud crab, Scylla
paramamosain. Int. J. Mol. Sci. 2020, 21, 5300. [CrossRef]

Kotaka, S.; Ohira, T. cDNA cloning and in situ localization of a crustacean female sex hormone-like molecule in the kuruma
prawn Marsupenaeus japonicus. Fish. Sci. 2018, 84, 53—60. [CrossRef]

Powell, D.; Knibb, W.; Remilton, C.; Elizur, A. De-Novo transcriptome analysis of the banana shrimp (Fenneropenaeus merguiensis)
and identification of genes associated with reproduction and development. Mar. Genom. 2015, 22, 71-78. [CrossRef] [PubMed]
Toullec, J.; Corre, E.; Mandon, P.; Gonzalez-Aravena, M.; Ollivaux, C. Characterization of the neuropeptidome of a Southern
Ocean decapod, the Antarctic shrimp Chorismus antarcticus: Focusing on a new decapod ITP-like peptide belonging to the CHH
peptide family. Gen. Comp. Endocrinol. 2017, 252, 60-78. [CrossRef] [PubMed]

Ventura, T.; Cummins, S.E; Fitzgibbon, Q.; Battaglene, S.; Elizur, A. Analysis of the central nervous system transcriptome of the
Eastern rock lobster Sagmariasus verreauxi reveals its putative neuropeptidome. PLoS ONE 2014, 9, €97323. [CrossRef]
Suwansaard, S.; Thongbuakaew, T.; Wang, T.; Zhao, M.; Elizur, A.; Hanna, PJ.; Sretarugsa, P.; Commins, S.F.; Sobhon, P. In silico
neuropeptidome of female Macrobrachium rosenbergii based on transcriptome and peptide mining of eyestalk, central nervous
system and ovary. PLoS ONE 2015, 10, e0123848. [CrossRef]

Thongbuakaew, T.; Suwansa-ard, S.; Sretarugsa, P.; Sobhon, P.; Cummins, S.F. Identification and characterization of a crustacean
female sex hormone in the giant freshwater prawn, Macrobrachium rosenbergii. Aquaculture 2019, 507, 56-68. [CrossRef]
Nguyen, T.V.,; Cummins, S.F; Elizur, A.; Ventura, T. Transcriptomic characterization and curation of candidate neuropeptides
regulating reproduction in the eyestalk ganglia of the Australian crayfish, Cherax quadricarinatus. Sci. Rep. 2016, 6, 38658. [CrossRef]
Tsutsui, N.; Kotaka, S.; Ohira, T.; Sakamoto, T. Characterization of distinct ovarian isoform of crustacean female sex hormone in
the kuruma prawn Marsupenaeus japonicus. Comp. Biochem. Physiol. Part A 2018, 217, 7-16. [CrossRef] [PubMed]

Nijhout, H.E. Insect Hormones; Princeton University Press: Princeton, NJ, USA, 1994.

Sugime, Y.; Oguchi, K.; Gotoh, H.; Hayashi, Y.; Matsunami, M.; Shigenobu, S.; Koshikawa, S.; Miura, T. Termite soldier mandibles
are elongated by dachshund under hormonal and Hox gene controls. Development 2019, 146, dev171942. [CrossRef]

Gotoh, H.; Cornette, R.; Koshikawa, S.; Okada, Y.; Lavine, L.C.; Emlen, D.J.; Miura, T. Juvenile hormone regulates extreme
mandible growth in male stag beetles. PLoS ONE 2011, 6, €21139. [CrossRef]

Ishikawa, A.; Ogawa, K.; Gotoh, H.; Walsh, T.K.; Tagu, D.; Brisson, ].A.; Rispe, C.; Jaubert-Possamai, S.; Kanbe, T.; Tsubota, T.; et al.
Juvenile hormone titre and related gene expression during the change of reproductive modes in the pea aphid. Insect Mol. Biol.
2012, 27, 49-60. [CrossRef] [PubMed]

Miyakawa, H.; Toyota, K.; Sumiya, E.; Iguchi, T. Comparison of JH signaling in insects and crustaceans. Curr. Opin. Insect Sci.
2014, 1, 81-87. [CrossRef]

Miyakawa, H.; Sato, T.; Song, Y.; Tollefsen, K.E.; Iguchi, T. Ecdysteroid and juvenile hormone biosynthesis, receptors and their
signaling in the freshwater microcrustacean Daphnia. J. Steroid Biochem. Mol. Biol. 2018, 184, 62—68. [CrossRef] [PubMed]
Laufer, H.; Borst, D.; Baker, F.C.; Reuter, C.C.; Tsai, L.W.; Schooley, D.A.; Carrasco, C.; Sinkus, M. Identification of a juvenile
hormone-like compound in a crustacean. Science 1987, 235, 202-205. [CrossRef]

Tobe, S.S.; Young, D.A.; Khoo, H.-W. Production of methyl farnesoate by the mandibular organs of the mud crab, Scylla serrate:
Validation of a radiochemical assay. Gen. Comp. Endocrinol. 1989, 73, 342-353. [CrossRef]

Laufer, H.; Biggers, W.]. Unifying concepts learned from methyl farnesoate for invertebrate reproduction and post-embryonic
development. Am. Zool. 2001, 41, 442-457. [CrossRef]

Nagaraju, G.P.C. Is methyl farnesoate a crustacean hormone? Aquaculture 2007, 272, 39-54. [CrossRef]

Homola, E.; Chang, E.S. Methyl farnesoate: Crustacean juvenile hormone in search of functions. Comp. Biochem. Physiol. 1997,
117, 347-356. [CrossRef]

Toyota, K.; Yamane, F,; Ohira, T. Impacts of methyl farnesoate and 20-hydroxyecdysone on larval mortality and metamorphosis
in the kuruma prawn Marsupenaeus japonicus. Front. Endocrinol. 2020, 11, 475. [CrossRef] [PubMed]

Hebert, P.D.N. Niche overlap among species in the Daphnia carinata complex. |. Anim. Ecol. 1977, 46, 399-409. [CrossRef]

Banta, A.M.; Brown, L.A. Control of sex in Cladocera. II. The unstable nature of the excretory products involved in male
production. Physiol. Zool. 1929, 2, 93-98. [CrossRef]

Smith, G. The life-cycle of Cladocera, with remarks on the physiology of growth and reproduction in crustacea. Proc. R. Soc. Lond.
B Biol. Sci. 1915, 88, 418-435. [CrossRef]

Barton, N.H.; Charlesworth, B. Why sex and recombination? Science 1998, 281, 1986-1990. [CrossRef]

Abe, R.; Watanabe, H.; Yamamuro, M.; Iguchi, T.; Tatarazako, N. Establishment of a short-term, in vivo screening method for
detecting chemicals with juvenile hormone activity using adult Daphnia magna. J. Appl. Toxicol. 2015, 35, 75-82. [CrossRef]


http://doi.org/10.7717/peerj.2043
http://doi.org/10.1186/s12864-018-5057-3
http://www.ncbi.nlm.nih.gov/pubmed/30257651
http://doi.org/10.3389/fphys.2018.00924
http://doi.org/10.1016/j.ygcen.2019.113383
http://www.ncbi.nlm.nih.gov/pubmed/31904358
http://doi.org/10.3390/ijms21155300
http://doi.org/10.1007/s12562-017-1152-7
http://doi.org/10.1016/j.margen.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25936497
http://doi.org/10.1016/j.ygcen.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/28728885
http://doi.org/10.1371/journal.pone.0097323
http://doi.org/10.1371/journal.pone.0123848
http://doi.org/10.1016/j.aquaculture.2019.04.002
http://doi.org/10.1038/srep38658
http://doi.org/10.1016/j.cbpa.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29277431
http://doi.org/10.1242/dev.171942
http://doi.org/10.1371/journal.pone.0021139
http://doi.org/10.1111/j.1365-2583.2011.01111.x
http://www.ncbi.nlm.nih.gov/pubmed/21988597
http://doi.org/10.1016/j.cois.2014.04.006
http://doi.org/10.1016/j.jsbmb.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29247785
http://doi.org/10.1126/science.235.4785.202
http://doi.org/10.1016/0016-6480(89)90190-1
http://doi.org/10.1093/icb/41.3.442
http://doi.org/10.1016/j.aquaculture.2007.05.014
http://doi.org/10.1016/S0305-0491(96)00337-9
http://doi.org/10.3389/fendo.2020.00475
http://www.ncbi.nlm.nih.gov/pubmed/32849271
http://doi.org/10.2307/3819
http://doi.org/10.1086/physzool.2.1.30151065
http://doi.org/10.1098/rspb.1915.0005
http://doi.org/10.1126/science.281.5385.1986
http://doi.org/10.1002/jat.2989

Genes 2021, 12, 305 15 of 16

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Abe, R.; Toyota, K.; Miyakawa, H.; Watanabe, H.; Oka, T.; Miyagawa, S.; Nishide, H.; Uchiyama, I.; Tollefsen, K.E.; Iguchi, T.; et al.
Diofenolan induces male offspring production through binding to the juvenile hormone receptor in Daphnia magna. Aquat. Toxicol.
2015, 159, 44-51. [CrossRef]

Oda, S.; Tatarazako, N.; Watanabe, H.; Morita, M.; Iguchi, T. Production of male neonates in four cladoceran species exposed to a
juvenile hormone analog, fenoxycarb. Chemosphere 2005, 60, 74-78. [CrossRef]

Oda, S.; Tatarazako, N.; Watanabe, H.; Morita, M.; Iguchi, T. Production of male neonates in Daphnia magna (Cladocera, Crustacea)
exposed to juvenile hormones and their analogs. Chemosphere 2005, 61, 1168-1174. [CrossRef] [PubMed]

Oda, S.; Tatarazako, N.; Watanabe, H.; Morita, M.; Iguchi, T. Genetic differences in the production of male neonates in Daphnia
magna exposed to juvenile hormone analogs. Chemosphere 2006, 63, 1477-1484. [CrossRef]

Olmstead, A.W.; LeBlanc, G.A. Juvenoid hormone methyl farnesoate is a sex determinant in the crustacean Daphnia magna.
J. Exp. Zool. 2002, 293, 736-739. [CrossRef] [PubMed]

Tatarazako, N.; Oda, S.; Watanabe, H.; Morita, M.; Iguchi, T. Juvenile hormone agonists affect the occurrence of male Daphnia.
Chemosphere 2003, 53, 827-833. [CrossRef]

Kim, K.; Kotov, A.A.; Taylor, D.J. Hormonal induction of undescribed males resolves cryptic species of cladocerans. Proc. R. Soc. B
2006, 273, 141-147. [CrossRef] [PubMed]

Sinev, A.Y.; Sanoamuang, L. Hormonal induction of males as a method for studying tropical cladocerans: Description of males of
four chydorid species (Cladocera: Anomopoda: Chydoridae). Zootaxa 2011, 2826, 45-56. [CrossRef]

Toyota, K.; Kato, Y.; Sato, M.; Sugiura, N.; Miyagawa, S.; Miyakawa, H.; Watanabe, H.; Oda, S.; Ogino, Y.; Hiruta, C.; et al.
Molecular cloning of doublesex genes of four cladocera (water flea) species. BMC Genom. 2013, 14, 239. [CrossRef] [PubMed]
Miyakawa, H.; Toyota, K.; Hirakawa, I.; Ogino, Y.; Miyagawa, S.; Oda, S.; Tatarazako, N.; Miura, T.; Colbourne, J.K,; Iguchi, T. A
mutation in the receptor Methoprene-tolerant alters juvenile hormone response in insects and crustaceans. Nat. Commun. 2013,
4,1856. [CrossRef] [PubMed]

Miyakawa, H.; Iguchi, T. Comparative luciferase assay for establishing reliable in vitro screening system of juvenile hormone
agonists. J. Appl. Toxicol. 2017, 37, 1082-1090. [CrossRef]

Tanaka, T.; Iguchi, T.; Miyakawa, H. Establishment of a high-sensitivity reporter system in mammalian cells for detecting
juvenoids using juvenile hormone receptors of Daphnia pulex. |. Appl. Toxicol. 2019, 39, 241-246. [CrossRef] [PubMed]

Hirano, M.; Toyota, K.; Ishibashi, H.; Tominaga, N.; Sato, T.; Tatarazako, N.; Iguchi, T. Molecular insights into structural and
ligand binding features of methoprene-tolerant in daphnids. Chem. Res. Toxicol. 2020, 33, 2785-2792. [CrossRef] [PubMed]
Eads, B.D.; Colbourne, ] K.; Bohuski, E.; Andrews, J. Profiling sex-biased gene expression during parthenogenetic reproduction in
Daphnia pulex. BMC Genom. 2007, 8, 464. [CrossRef] [PubMed]

Kato, Y.; Kobayashi, K.; Watanabe, H.; Iguchi, T. Environmental sex determination in the branchiopod crustacean Daphnia magna:
Deep conservation of a doublesex gene in the sex-determining pathway. PLoS Genet. 2011, 7, e1001345. [CrossRef] [PubMed]
Ishak, N.S.M.; Nong, Q.D.; Matsuura, Y.; Kato, Y.; Watanabe, H. Co-Option of the bZIP transcription factor Vrille as the activator
of Doublesex1 in environmental sex determination of the crustacean Daphnia magna. PLoS Genet. 2017, 13, e1006953. [CrossRef]
Kato, Y.; Perez, C.A.G.; Ishak, N.S.M.; Nong, Q.D.; Sudo, Y.; Matsuura, T.; Wada, T.; Watanabe, H. A 5 UTR-overlapping IncRNA
activates the male-determining gene doublesex1 in the crustacean Daphnia magna. Curr. Biol. 2018, 28, 1811-1817. [CrossRef]
Toyota, K.; Miyakawa, H.; Yamaguchi, K.; Shigenobu, S.; Ogino, Y.; Tatarazako, N.; Miyagawa, S.; Iguchi, T. NMDA receptor
activation upstream of methyl farnesoate signaling for short day-induced male offspring production in the water flea, Daphnia
pulex. BMC Genom. 2015, 16, 186. [CrossRef]

Toyota, K.; Sato, T.; Tatarazako, N.; Iguchi, T. Protein kinase C is involved with upstream signaling of methyl farnesoate for
photoperiod-dependent sex determination in the water flea Daphnia pulex. Biol. Open 2017, 6, 161-164. [CrossRef]

Lan, J.; Skeberdis, V.A; Jover, T.; Grooms, S.Y.; Lin, Y,; Araneda, R.C.; Zheng, X.; Bennett, M.V.L.; Zukin, R.S. Protein kinase C
modulates NMDA receptor trafficking and gating. Nat. Neurosci. 2001, 4, 382-390. [CrossRef]

Toyota, K.; Gavin, A.; Miyagawa, S.; Viant, M.R.; Iguchi, T. Metabolomics reveals an involvement of pantothenate for male
production responding to the short-day stimulus in the water flea, Daphnia pulex. Sci. Rep. 2016, 6, 25125. [CrossRef] [PubMed]
Toyota, K.; Cuenca, M.C.; Dhandapani, V.; Suppa, A.; Rossi, V.; Colbourne, ].K.; Orsini, L. Transgenerational response to early
spring warming in Daphnia. Sci. Rep. 2019, 9, 4449. [CrossRef] [PubMed]

Toyota, K.; Sato, T.; Iguchi, T.; Ohira, T. Methyl farnesoate regulatory mechanisms underlying photoperiod-dependent sex
determination in the freshwater crustacean Daphnia magna. J. Appl. Toxicol. 2021, 41, 216-223. [CrossRef]

Song, Y.; Villeneuve, D.L.; Toyota, K.; Iguchi, T.; Tollefsen, K.E. Ecdysone receptor agonism leading to lethal molting disruption in
arthropods: Review and adverse outcome pathway development. Environ. Sci. Technol. 2017, 51, 4142-4157. [CrossRef]

Gersch, M; Eibisch, H.; Bohm, G.A.; Koolman, ]. Ecdysteroid production by the cephalic gland of the crayfish Orconectes limosus.
Gen. Comp. Endocrinol. 1979, 39, 505-511. [CrossRef]

Passano, L.M.; Jyssum, S. The role of the Y-organ in crab proecdysis and limb regeneration. Comp. Biochem. Physiol. 1963, 9,
195-213. [CrossRef]

Shyamal, S.; Das, S.; Guruacharya, A.; Mykles, D.L.; Durica, D.S. Transcriptomic analysis of crustacean molting gland (Y-organ)
regulation via the mTOR signaling pathway. Sci. Rep. 2018, 8, 7307. [CrossRef] [PubMed]

Yano, I. Induced ovarian maturation and spawning in greasyback shrimp, Metapenaeus ensis, by progesterone. Aquaculture 1985,
47,223-229. [CrossRef]


http://doi.org/10.1016/j.aquatox.2014.11.015
http://doi.org/10.1016/j.chemosphere.2004.12.080
http://doi.org/10.1016/j.chemosphere.2005.02.075
http://www.ncbi.nlm.nih.gov/pubmed/16263386
http://doi.org/10.1016/j.chemosphere.2005.09.026
http://doi.org/10.1002/jez.10162
http://www.ncbi.nlm.nih.gov/pubmed/12410602
http://doi.org/10.1016/S0045-6535(03)00761-6
http://doi.org/10.1098/rspb.2005.3299
http://www.ncbi.nlm.nih.gov/pubmed/16555780
http://doi.org/10.11646/zootaxa.2826.1.2
http://doi.org/10.1186/1471-2164-14-239
http://www.ncbi.nlm.nih.gov/pubmed/23575357
http://doi.org/10.1038/ncomms2868
http://www.ncbi.nlm.nih.gov/pubmed/23673641
http://doi.org/10.1002/jat.3459
http://doi.org/10.1002/jat.3713
http://www.ncbi.nlm.nih.gov/pubmed/30203848
http://doi.org/10.1021/acs.chemrestox.0c00179
http://www.ncbi.nlm.nih.gov/pubmed/33089992
http://doi.org/10.1186/1471-2164-8-464
http://www.ncbi.nlm.nih.gov/pubmed/18088424
http://doi.org/10.1371/journal.pgen.1001345
http://www.ncbi.nlm.nih.gov/pubmed/21455482
http://doi.org/10.1371/journal.pgen.1006953
http://doi.org/10.1016/j.cub.2018.04.029
http://doi.org/10.1186/s12864-015-1392-9
http://doi.org/10.1242/bio.021857
http://doi.org/10.1038/86028
http://doi.org/10.1038/srep25125
http://www.ncbi.nlm.nih.gov/pubmed/27113113
http://doi.org/10.1038/s41598-019-40946-3
http://www.ncbi.nlm.nih.gov/pubmed/30872717
http://doi.org/10.1002/jat.4035
http://doi.org/10.1021/acs.est.7b00480
http://doi.org/10.1016/0016-6480(79)90238-7
http://doi.org/10.1016/0010-406X(63)90044-6
http://doi.org/10.1038/s41598-018-25368-x
http://www.ncbi.nlm.nih.gov/pubmed/29743490
http://doi.org/10.1016/0044-8486(85)90068-7

Genes 2021, 12, 305 16 of 16

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Yano, I. Effect of 17x-hydroxy-progesterone on vitellogenin secretion in kuruma prawn, Penaeus japonicus. Aquaculture 1987, 61,
49-57. [CrossRef]

Okumura, T.; Sakiyama, K. Hemolymph levels of vertebrate-type steroid hormones in female kuruma prawn Marsupenaeus
japonicus (Crustacea: Decapoda: Penaeidae) during natural reproductive cycle and induced ovarian development by eyestalk
ablation. Fish. Sci. 2004, 70, 372-380. [CrossRef]

Sarojini, S. Comparison of the effects of androgenic hormone and testosterone propionate on the female ocypod crab. Curr. Sci.
1963, 32, 411-412.

Watts, M.M.; Pascoe, D.; Carroll, K. Population responses of the freshwater amphipod Gammarus pulex (L.) to an environmental
estrogen, 17 -ethinylestradiol. Environ. Toxicol. Chem. 2002, 21, 445-450. [CrossRef] [PubMed]

Sugestya, LN.G.; Widodo, M.S.; Soeprijanto, A. Effect of 17(3-estradiol on feminization, growth rate and survival rate of pacific
white shrimp (Litopenaeus vannamei, Boone 1931) postlarvae. J. Exp. Life Sci. 2018, 8, 37-42. [CrossRef]

Lin, J.; Shi, X.; Fang, S.; Zhang, Y.; You, C.; Ma, H.; Lin, F. Comparative transcriptome analysis combining SMRT and NGS
sequencing provides novel insights into sex differentiation and development in mud crab (Scylla paramamosain). Aquaculture 2019,
513,734447. [CrossRef]

Sumiya, E.; Ogino, Y.; Miyakawa, H.; Hiruta, C.; Toyota, K.; Miyagawa, S.; Iguchi, T. Roles of ecdysteroids for progression of
reproductive cycle in the fresh water crustacean Daphnia magna. Front. Zool. 2014, 11, 60. [CrossRef]

Sumiya, E.; Ogino, Y.; Toyota, K.; Miyakawa, H.; Miyagawa, S.; Iguchi, T. Neverland regulates embryonic moltings through
the regulation of ecdysteroid synthesis in the water flea Daphnia magna, and may thus act as a target for chemical disruption of
molting. J. Appl. Toxicol. 2016, 36, 1476-1485. [CrossRef]

Baldwin, W.S.; Milam, D.L.; LeBlanc, G.A. Physiological and biochemical perturbations in Daphnia magna following exposure to
the model environmental estrogen diethylstilbestrol. Environ. Toxicol. Chem. 1995, 14, 945-952. [CrossRef]

Clubbs, R.L.; Brooks, B.W. Daphnia magna responses to a vertebrate estrogen receptor agonist and an antagonist: A multigenera-
tional study. Ecotoxicol. Environ. Saf. 2007, 67, 385-398. [CrossRef] [PubMed]

Kashian, D.R.; Dodson, S.I. Effects of vertebrate hormones on development and sex determination in Daphnia magna.
Environ. Toxicol. Chem. 2004, 23, 1282-1288. [CrossRef]

LeBlanc, G.A.; McLachlan, ]J.B. Molt-Independent growth inhibition of Daphnia magna by a vertebrate antiandrogen.
Environ. Toxicol. 1999, 18, 1450-1455. [CrossRef]

Tatarazako, N.; Takao, Y.; Kishi, K.; Onikura, N.; Arizono, K.; Iguchi, T. Styrene dimers and trimers affect reproduction of daphnid
(Ceriodaphnia dubia). Chemosphere 2002, 48, 597-601. [CrossRef]

Zou, E.; Fingerman, M. Synthetic estrogenic agents do not interfere with sex differentiation but do inhibit molting of the
cladoceran Daphnia magna. Bull. Environ. Contam. Toxicol. 1997, 58, 596-602. [CrossRef] [PubMed]

OECD. Guidelines for testing of chemicals. In Daphnia magna Reproduction Test; OECD: Paris, France, 2012.

Kato, Y.; Kobayashi, K.; Oda, S.; Tatarazako, N.; Watanabe, H.; Iguchi, T. Cloning and characterization of the ecdysone receptor
and ultraspiracle protein from the water flea Daphnia magna. J. Endocrinol. 2007, 193, 183-194. [CrossRef]

Evenseth, L.M.; Kristiansen, K.; Song, Y.; Tollefsen, K.E.; Sylte, L. In silico site-directed mutagenesis of the Daphnia magna ecdysone
receptor identifies critical amino acids for species-specific and inter-species differences in agonist binding. Comput. Toxicol. 2019,
12,100091. [CrossRef]

Abayed, F.A.A.; Manor, R.; Aflalo, E.D.; Sagi, A. Screening for Dmrt genes from embryo to mature Macrobrachium rosenbergii
prawns. Gen. Comp. Endocrinol. 2019, 282, 113205. [CrossRef]

Zhong, P.; Zhou, T.; Zhang, Y.; Chen, Y,; Yi, J.; Lin, W,; Guo, Z.; Xu, A,; Yang, S.; Chan, S.; et al. Potential involvement of a
DMRT family member (Mr-Dsx) in the regulation of sexual differentiation and moulting in the giant river prawn Macrobrachium
rosenbergii. Aquac. Res. 2019, 50, 3037-3049. [CrossRef]

Sun, D.A.; Patel, N.H. The amphipod crustacean Parhyale hawaiensis: An emerging comparative model of arthropod development,
evolution, and regeneration. WIREs Dev. Biol. 2019, 8, e355. [CrossRef]

Toyota, K.; Hiruta, C.; Ogino, Y.; Miyagawa, S.; Okamura, T.; Onishi, Y.; Tatarazako, N.; Ighuchi, T. Comparative developmental
staging of female and male water fleas Daphnia pulex and Daphnia magna during embryogenesis. Zool. Sci. 2016, 33, 31-37.
[CrossRef] [PubMed]

Bruce, H.S.; Patel, N.H. Knockout of crustacean leg patterning genes suggests that insect wings and body walls evolved from
ancient leg segments. Nat. Ecol. Evol. 2020, 4, 1703-1712. [CrossRef]

Clark-Hachtel, C.M.; Tomoyasu, Y. Two sets of candidate crustacean wing homologues and their implication for the origin of
insect wings. Nat. Ecol. Evol. 2020, 4, 1694-1702. [CrossRef] [PubMed]

Toyota, K.; Miyagawa, S.; Ogino, Y.; Iguchi, T. Microinjection-based RNA interference method in the water flea, Daphnia pulex and
Daphnia magna. In RNA Interference; InTech: London, UK, 2016. [CrossRef]

Mykles, D.L.; Hui, J.H. Neocaridina denticulata: A decapod crustacean model for functional genomics. Int. Comp. Biol. 2015, 55,
891-897. [CrossRef] [PubMed]

Sin, YW.; Kenny, N.J.; Qu, Z.; Chan, KW.; Chan, KW.S.; Cheong, S.PS.; Leung, RW.T.; Chan, T.F; Bendena, W.G.;
Chu, K.H.; et al. Identification of putative ecdysteroid and juvenile hormone pathway genes in the shrimp Neocaridina denticulata.
Gen. Comp. Endocrinol. 2015, 214, 167-176. [CrossRef]


http://doi.org/10.1016/0044-8486(87)90337-1
http://doi.org/10.1111/j.1444-2906.2004.00816.x
http://doi.org/10.1002/etc.5620210230
http://www.ncbi.nlm.nih.gov/pubmed/11833814
http://doi.org/10.21776/ub.jels.2018.008.01.06
http://doi.org/10.1016/j.aquaculture.2019.734447
http://doi.org/10.1186/s12983-014-0060-2
http://doi.org/10.1002/jat.3306
http://doi.org/10.1002/etc.5620140604
http://doi.org/10.1016/j.ecoenv.2007.01.009
http://www.ncbi.nlm.nih.gov/pubmed/17368538
http://doi.org/10.1897/03-372
http://doi.org/10.1002/etc.5620180715
http://doi.org/10.1016/S0045-6535(02)00119-4
http://doi.org/10.1007/s001289900376
http://www.ncbi.nlm.nih.gov/pubmed/9060378
http://doi.org/10.1677/JOE-06-0228
http://doi.org/10.1016/j.comtox.2019.100091
http://doi.org/10.1016/j.ygcen.2019.06.009
http://doi.org/10.1111/are.14262
http://doi.org/10.1002/wdev.355
http://doi.org/10.2108/zs150116
http://www.ncbi.nlm.nih.gov/pubmed/26853866
http://doi.org/10.1038/s41559-020-01349-0
http://doi.org/10.1038/s41559-020-1257-8
http://www.ncbi.nlm.nih.gov/pubmed/32747770
http://doi.org/10.5772/61485
http://doi.org/10.1093/icb/icv050
http://www.ncbi.nlm.nih.gov/pubmed/26002561
http://doi.org/10.1016/j.ygcen.2014.07.018

	Introduction 
	Sex Determination and Differentiation Mechanisms in Crustaceans 
	Androgenic Gland Factors 
	Crustacean Female Sex Hormone (CFSH) 
	Juvenile Hormone as a Male Sex-Determinant in Cladocerans 
	Vertebrate-Type Steroid Hormones 
	Conclusions and Future Directions 
	References

