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Abstract

Reproduction in crustaceans is a highly complex process that requires precise coordination of external and
internal factors to be successful. The field of crustacean reproductive endocrinology has moved from the classical
approach of endocrinological techniques such as extirpation and additive methods, to the modern era of advanced
biochemical, immunological, molecular biology and recombinant DNA technology methods. During last two decades,
extensive endeavor has been captivating on the crustacean endocrines regulating reproduction, to authenticate their
roles in the regulation of reproduction as well as their biochemical and molecular mechanism of action. In the present
chapter, we have tried to recapitulate recent developments in molecular advances taken place in the reproduction
regulation of crustacea via hormones, opioids, neurotransmitters and other molecules. In addition to providing a
review of the scientific literature, we have also included our perspectives.
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Introduction

Aquaculture is a rapidly growing global industry, comprising
cultivation of various freshwater and marine species of finfish, shellfish
(crustaceans), molluscs, and ornamental fish. Cultivation of crustacean
species play very important role in the world aquaculture industry. It
has the capacity to produce large amount of proteinaceous food, to
meet the food demand for ever growing human population. Marine
shrimps, prawns, lobsters and crabs are valuable sources of food,
and thus of considerable economic importance to fishing industries
throughout the world. Foods produced in crustacean aquaculture are
often more expensive than other sources of animal protein. Perhaps,
the most highly priced decapods are the true lobsters (Homarus
americanus), regarded as the delicacies both in North America and in
Europe. Developing of culture with inferior quality seed (susceptible to
bacterial and viral infections) in the pond causes major damage to the
aquaculture industry. Limited availability of quality and healthy seed
constitutes the largest ultimate cause of destruction of aquaculture
industry in recent past. In many respects, aquaculture is still in its
infancy in the coastal region, and there is a pressing need to formulate
strategies aimed at improving the income and assuring the availability
of affordable protein to coastal communities. To accomplish this, it is
necessary to improve the costal aquaculture by producing high quality
seed from commercially important crustaceans. Fortunately due to a

resurgent interest in invertebrate models for comparative studies and
their commercial applications in the aquaculture industry, crustacean
reproductive physiology is drawing renewed attention.

In the hatcheries, classical eyestalk ablation technique is employed
to induce the reproduction in brood stock crustaceans. This method
leads to production of inferior quality seed and often causes death
in brood stock. To overcome this problem several research groups
are working in many directions to induce successful reproduction
especially on vitellogenin regulation in crustaceans throughout the
world. One of the best ways to induce successful reproduction in
crustaceans without damaging the brood stock and with high quality
seed production is manipulation of endocrines at molecular level.

The regulation of reproduction in crustaceans is highly diverse [1]
and is known to be controlled primarily by eyestalk neuropeptides,
biogenic amines, opioids, gonad stimulating hormone, methyl
farnesoate, ecdysteroids and vertebrate type steroids. Considerable
extension has taken place in the crustacean reproduction with respect
to the molecular approaches of endocrine hormones and other factors.
In order to provide an overview of the state-of-the-art with regard to
crustacean reproductive physiology, this chapter will consist of a brief
description of the female reproductive system and its function, and the
major advances in our understanding of regulation of reproduction.
This chapter is not intended to be comprehensive. The reader is
directed to several comprehensive reviews that discuss some aspects of
the material covered in this review [2-7].
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Description of Female Reproductive System

Most crustaceans have separate sexes, and these can be easily
distinguished by observing the appendages on the abdomen called
pleopods in shrimps or by observing the brood sac in crabs. The
reproductive system of female crustaceans consists of the paired
ovaries, oviducts, gonophores and an external sperm reception
area. The decapod ovary is a paired and elongated tubular structure,
whose transverse sections are identical from one location to other.
The anteriolateral extensions lie dorsal to the hepatopancreas and
are connected by a commissure located on the posterior edge of the
stomach. A seminal receptacle is attached to each of the oviduct leading
from the two branches at the anterior end of the pericardium and
terminating in a medioventral gonopore.

Identification of Reproductive Stages

The maturation of the ovary can be grossly observed as it undergoes
a series of changes in colour and increases in size during development.
Different methods were employed by various workers in the
identification of reproductive stages. In many studies morphological
changes (colour) and gonad index were used as a marker for gonad
maturation. In the freshwater crab, Oziotelphusa senex senex,
the immature ovaries and adult previtellogenic ovaries are small,
translucent to opaque white. With the onset of primary vitellogenesis,
the ovary becomes a pale yellow (vitellogenic stage I). During secondary
vitellogenesis, the ovary becomes orange (vitellogenic stage II) and it
then becomes brown to dark brown prior to spawning (vitellogenic
stage III). Maturation of the ovary in the crab Oziotelphusa senex
senex also includes an increase in the size of the ovary as the oocytes
proliferate and increase in diameter, due to yolk deposition.

In addition to the above, the histological examination of gonad at
different stages of reproduction was used as an index for reproduction
in crustaceans. Histological examination of ovary helps not only to
determine the size of oocytes (oocyte diameter), but also to examine
the yolk (vitellogenin) deposition in oocytes. Based on the cytological
studies, vitellogenesis or yolk synthesis has been divided into two
phases, primary and secondary. The onset of primary or endogenous
vitellogenesis begins with the accumulation of proteinaceous and
glycoproteinaceous granules on the rough endoplasmic rerticulum,
where they are used to form yolk globules. Recently, determination of
hemolymph and ovarian vitellogenin levels were used as an index for
ovarian maturation [8].

Regulation of Reproduction

The regulation of reproduction in crustaceans is highly diverse, and
mediated by both external and internal factors.

External Factors

Reproduction in crustaceans is cyclical in relation to seasonal
changes. Environmental factors, such as temperature, photoperiod,
food availability and salinity, all influence reproductive activity
[9]. Photoperiod regulates the timing of ovarian growth. In crayfish
Orconectes virilis, increased light hours accelerated the ovarian cycle
of maturation, whereas in freshwater crab, Oziotelphusa senex senex,
decreased light hours stimulated ovarian growth. The effects of
temperature on ovarian growth and egg hatching have been observed
in a number of crustaceans. A warmer water temperature induces egg
laying in Orconectes [10] and increases the frequency of egg hatching
in Artemia salina [11]. Li C et al., [12] also observed an increase in
total fecundity and reproduction frequency in Pseudodiaptomus

dubia as the water temperature increases, with the maximum at
30°C. Food abundance is essential for normal oocyte development,
providing materials to synthesize yolk proteins and lipids. Starvation
induced oocyte resorption and stimulated oocyte lipid conversion to
polysaccharides, which are then released into the hemolymph.

Endogenous Factors

Gonad maturation in female crustaceans is regulated by both
neuroendocrine and non-neuroendocrine secretions. A number
of hormones from neuroendocrine organs play an important role
in controlling gonad maturation [13-17]. Gonad maturation in
crustaceans appears to be principally regulated by two antagonistic
neuropeptides: GIH (also called vitellogenesis inhibiting hormone,
VIH, in females) synthesized and secreted from the X-organ-sinus
gland (XO-SG) complex of the eyestalk and gonad stimulating
hormone (GSH), thought to be produced by the brain and thoracic
ganglion. Besides these, methyl farnesoate and ecdysteroids secreted by
mandibular organs and Y-organs respectively, are also involved in the
regulation of female reproduction.

Role of eyestalks in regulation of reproduction: Since last
century, the classical eyestalk extirpation experiments are in practice
and revealed the involvement of eyestalk neuropeptides in the
regulation of reproduction in several crustaceans. Panouse [18] was
the first to demonstrate the existence of ovarian maturation inhibitory
factor in the eyestalks of Leander serratus. This was further confirmed
in Orconectes virulis [19] and Uca pugilator [20]. Accelerated ovarian
development after eyestalk ablation was reported in the crayfish
Procambarus clarkii [21]. Eyestalk ablation (unilateral and bilateral)
induced precocious ovarian maturation in the Indian white shrimp
Penaeus indicus [22]. Okumura and Aida [23] have studied the effect
of bilateral eyestalk ablation on ovarian development in the freshwater
prawn Macrobrachium rosenbergii and observed the shortened
reproductive cycles in the destalked female prawns. In the kuruma
prawn Marsupenaeus japonicus, Okumura and Sakiyama [24] have
demonstrated the induced ovarian development (measured gonado
somatic index as a reproductive end point) after eyestalk ablation in
non-reproductive periods.

In several crustaceans, eyestalk ablation also resulted in premature
yolk deposition in the ovary, both during the non-breeding and
breeding seasons [25,26]. In the crabs Paratelphusa hydrodromous
[25] and Scylla serrata [26] induction of pre-pubertal stages was
observed after eyestalk ablation. Bilateral eyestalk ablation caused an
increase in gonadosomatic index in immature prawns (M. japonicus)
and also increased vitellogenin m-RNA levels in the ovary [27]. In
the immature female kuruma prawn M. japonicus bilateral eyestalk
ablation induced ovarian development and increased ovarian weight,
hemolymph vitellogenin levels and vitellogenin mRNA levels in the
ovary significantly [28]. The above studies clearly indicate that eyestalk
ablation accelerates the process of ovarian maturation in crustaceans.

The medulla terminalis ganglionic X-organ-sinus gland complex
is the major endocrine control center, analogous to vertebrate
hypothalamo-neuro-hypophyseal complex, and located bilaterally in
the eyestalks of most stalk-eyed crustaceans [3]. The X-organ is made
with a cluster of neurosecretory somata. The axons of this X-organ
cells form a major nerve in each eyestalk that converges upon a lateral
hemolymph sinus where their dilated axon terminals form a discrete
storage and releasing site i.e., sinus gland [29]. In crustaceans, hormones
produced by the X-organ are stored in the sinus gland, to be secreted
under the appropriate stimuli. The major peptide hormones secreted
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by the sinus gland are the following: MIH (molt inhibiting hormone),
VIH (vitellogenesis inhibiting hormone), MOIH (mandibular organ
inhibiting hormone), and CHH (crustacean hyperglycemic hormone);
collectively called CHH-family peptides. MIH, VIH and MOIH target
other endocrine glands, while CHH has somatic tissues as target. All
these peptide hormones possess over-lapping biological activities [30-
33].Inaddition to CHH-family peptides, the chromatophore regulating
peptides viz. pigment dispersing hormone (PDH) and red pigment
concentrating hormone (RPCH), and the neurotransmitters like
enkephalins, serotonin, melatonin and dopamine were also produced in
and released from the crustacean eyestalks. The involvement of eyestalk
peptides and other molecules secreted by eyestalk is summarized below:

Vitellogenesis/Gonad-inhibiting hormone (VIH/GIH): The
principal reproduction inhibitory principle present in the eyestalk
is named as gonad-inhibiting hormone or vitellogenisis-inhibiting
hormone (GIH/VIH). GIH was first demonstrated in the female prawn
Palaemon (Leander) serratus, where removal of the eyestalk during
sexual inactivity led to rapid increase in ovarian size and precocious
egg deposition, apparently because of the removal of GIH [18]. Since
then, several workers demonstrated the VIH-induced inhibition of
ovarian growth in many crustaceans [34-40].

The VIH peptide has been characterized both structurally and
functionally in limited species of crustaceans. In H. americanus Soyez
et al, [41] elucidated the primary structure of two VIH isoforms.
The VIH isolated from the eyestalks of Procambarus bouvieri is
characterized by incubating the peptide with ovarian fragments in
vitro and observed the reduced levels of vitellogenin transcripts in the
ovarian fragments [42]. The gene for VIH has been cloned from several
crustacean species including Homarus gammarus [36], the American
lobster H. americanus [43], the Norway lobster Nephrops norvegicus
[35], the giant river prawn Macrobrachium rosenbergii [44], the shrimp
Rimicaris kairei [45] and the woodlouse Armadillidium vulgare [46].
Molecular analysis of VIHs isolated from females of a few crustacean
species shows that they consist of signal peptide (20-31 amino acid
residues) and mature peptide (77-83 amino acid residues). They also
show a considerable degree of sequence similarity with MIH, including
the conservation of six cysteine residues at the same virtual locations
forming three intra-molecular disulfide bonds (1-5; 2-4; 3-6 fashion),
which aid to maintain the VIH tertiary structure [47-49].

Ollivaux et al., [36] cloned and sequenced the cDNA of VIH
precursor from X-organ RNA [36]. Edomi et al., [35] synthesized a
recombinant protein encoding GIH of the Norway lobster Nephrops
norvegicus. Using this recombinant protein, they also localized the
VIH synthesizing cells in the eyestalks of the N. norvegicus. Ohira et al.,
[37], expressed recombinant VIH in bacterial system, then purified and
allowed to refold. The refolded VIHs activity was determined using in
vitro incubation of rHoa-VIH with M. japonicus ovarian fragments. The
rHoa-VIH having amidated c-terminus showed significant reduction
in the vitellogenin transcript levels in the ovary.

With the advances taking place in technology, the crustacean
molecular endocrine research is also moving forward. The RNAI], is
a post-transcription gene-silencing process in which double strand
RNA triggers sequence-specific suppression of its cognate m-RNA
is a powerful tool to reveal the gene function. In this direction, most
recently the silencing of VIH has been reported in Penaeus monodon
[39]. In this study, they observed the decreased VIH levels along with
increased expression of vitellogenesis in the ovary by the functional
knockdown of P. monodon VIH due to the double stranded Pem-VIH
m-RNA injections in vivo.

Though the VIH is known to be involved in the regulation of
vitellogenesis, the physiological mechanism of action of VIH-induced
inhibition requires closed examination. Among the possibilities open
to investigation are the following: (i) VIH may act directly on oocytes
by inhibiting uptake of Vg or synthesis of yolk protein; this might be
studied by in vitro culture of oocytes with or without Vg and a range
of concentrations of pure VIH and (ii) by determination of GIH/VIH
titer in hemolymph and mRNA levels during different reproductive
stages. Another possibility is VIH may inhibit the release of a gonad
stimulating hormone (GSH) from thoracic ganglia (TG) or brain of the
central nervous system or MF from mandibular organ or ecdysteroid
from Y-organ; determination of titers of GSH, MF and ecdysteroid will
throw light on site of action of VIH. Clearly, more work is needed in
this area.

Crustacean hyperglycemic hormone (CHH): The most abundant
neurohormone stored in sinus glands of crustaceans is CHH which
is principally involved in the regulation of glycemia [50,51]. Besides
regulating carbohydrate metabolism, CHH is also involved in the
regulation of onset of vitellogenesis and thereby reproduction. Van
Herp [52] in his book chapter explained the involvement of CHH in
the regulation of vitellogenesis.

De Kleijn et al. [43,34] have demonstrated the involvement
of CHH-A and CHH-B of H. americanus in the regulation of onset
of vitellogenesis. They found that HoaCHH-A is responsible for
triggering the onset of vitellogenesis and HoaCHH-B is involved in the
stimulation of oocyte development before spawning. Recently, Gu et al.
[53] also demonstrated the role of CHH-A and CHH-B of Metapenaeus
ensis in the regulation of vitellogenesis in the female shrimps and
found that high levels of MeCHH-A are needed for the initial gonadal
development (vitellogenesis stage I) and a high level of MeCHH-B is
required for gonadal maturation during middle (vitellogenesis stage II)
and late vitellogenesis (stage III). In contrast, it was also demonstrated
that the CHH of Penaeus japonicus induced inhibition of protein and
mRNA synthesis in in vitro incubated ovarian fragments of the marine
shrimp P. semisulcatus [54].

It is also possible that different isomorphs of the CHH have
different receptors in different tissues and exhibit different functions.
In support of this, CHH receptors were identified on the Y-organ
membrane preparations suggesting the role of CHH in the regulation
of ecdysteroid synthesis [55-57]. Webster [58] has also demonstrated
the presence of CHH receptors on the oocyte membranes of the crabs
Carcinus maenas and Cancer pagurus. Zarubin et al. [57] investigated
the effect of recombinant CHH on ecdysteroidogenesis in YOs of
European green crab Carcinus maenas and observed 51% reduction in
ecdysteroid levels. The above studies confirm that CHH isomorphs may
have different functions in different tissues. However, the mechanism
of action of CHH in reproduction regulation in crustaceans remains to
be elucidated. In addition to CHH family peptides, several additional
non-neuroendocrine products also play direct or indirect roles in
regulating the reproductive process. For example, MF and ecdysteroids
stimulate reproduction in crustaceans and are regulated by mandibular
organ inhibiting hormone and molt inhibiting hormone respectively
secreted from eyestalks [13-15].

Mandibular organ-inhibiting hormone (MOIH): It is well
established that methyl farnesoate (MF), a sesquiterpenoid secreted
from the mandibular organs of crustaceans is involved in the regulation
of crustacean reproduction. Byard [59] and Waddy et al., [60] observed
an increase in mandibular organ size during ovarian maturation. The
implantation of mandibular organ into juvenile crab Libinia emarginata
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caused pre-mature vitellogenesis [61]. The secretory levels of MF by
mandibular organs are high during the oocyte development [62].
Nagaraju et al., [64] observed the hypertrophy of mandibular organ
coincides with the rise in the ovarian index during ovarian maturation.
The above studies suggest the involvement of mandibular organ and
its secretory product (MF) in the induction of ovarian maturation in
crustaceans.

It is also well known that mandibular organ is under the negative
control of eyestalk neuropeptide mandibular organ-inhibiting
hormone (MOIH) [64,65]. In the lobster H. americanus unilateral
and bilateral eyestalk ablation elevated MF levels (54.1 and 106.9 ng/
gland respectively) in MO [66]. In the same lobster sinus gland extract
injected into the bilateral eyestalk ablated animals caused significant
reduction in hemolymph MF levels in a dose-dependent manner [66].
The eyestalk peptide induced inhibition of MF secretion by mandibular
organs was demonstrated in vitro in some crustacean species, viz., in
the crabs C. pagurus [64] and O. senex senex [8,67-69], and in the
lobster H. americanus [60]. The effect of MOIH on mandibular organ
was evaluated in the crayfish P. clarkii by measuring the activity of
farnesoic acid O-methyl transferase, which mediates the final step of
methyl farnesoate synthesis [70]. Chaves [70] also observed 20-100
fold increase in methyl transferase activity 8-12 days following eyestalk
ablation in P. clarkii.

Using two-step reverse phase HPLC, Liu and Laufer [71] isolated
and purified three peptides with MOIH activity from the spider crab L.
emarginata. These three peptides having 72-76 amino acid residues are
exhibited similarity with each other in terms of amino acid composition.
All three peptides significantly inhibited the mandibular organ
secretory activity. MOIH peptide and MOIH gene were isolated and
characterized from L. emarginata which showed significant sequence
similarity with other sinus gland neuropeptides and genes [72,73].
Tang et al., [74] isolated and cloned two isoforms of MOIH ¢cDNAs
called MOIH-1 and MOIH-2 (differing by just one amino acid) from
sinus glands of the edible crab, C. pagurus. Though the information
with reference to MOIH is less, it is clear from the above studies that
MOIH inhibits the methyl farnesoate secretion from mandibular organ
thereby inhibits reproduction. However, much focus is needed on the
role of MOIH in regulating reproduction in crustaceans.

Molt-inhibiting hormone (MIH): The MIH is mainly involved
in the inhibition of ecdysteroid synthesis from Y-organs. There are
very few reports on MIH regulated reproduction in crustaceans. Tiu
and Chan [75] reported the inhibitory action of MIH on vitellogenesis
in the shrimp M. ensis. They incubated recombinant MeMIH-B with
hepatopancreas and ovary explants and observed the up-regulation of
vitellogenin gene in both the explants in a dose-dependent manner.
The function of MIH in the regulation of vitellogenesis is predicted to
be through tissue specific receptors with different kinetics and signal
transduction. Recently Nilli et al., [76] characterized MIH specific
binding proteins (50 kDa protein) in the hepatopancreas of vitellogenic
female Callinectes sapidus. They also conducted in vitro experiments by
incubating hepatopancreas fragments with MIH and observed increased
levels of cAMP. Based on the results Nilli et al., [76] suggested that MIH
employ cAMP as a secondary messenger in hepatopancreas. Nilli ef
al., [77] also studied the dynamics of MIH during vitellogenesis in the
mature female crab Callinectus sapidus. They found that the MIH titers
were four times higher at middle vitellogenesis than at previtellogenesis
and suggested that the action of MIH on molting and reproduction
in mature female C. sapidus is antagonistic, i.e., inhibition of molting
and stimulation of vitellogenesis. Since molting and reproduction are

sequential in prawns and shrimps and antagonistic in crabs, studies
related to dynamics and physiological effects of MIH in the regulation
of molting and reproduction will be very much essential to manipulate
crustacean reproduction.

Red pigment concentrating hormone (RPCH): The red
pigment concentrating hormone (RPCH), a neuro-endocrine peptide
synthesized in and secreted from X-organ-sinus gland complex of
eyestalks in crustaceans. The RPCH not only involved in the regulation
of pigmentation, also involved in the regulation of ovarian maturation
[78,79]. Kulakarni et al, [78] have reported the oocytes that had been
incubated with thoracic ganglion and RPCH had entered into the mid-
vitellogenic stage in in vitro. Sarojini et al. [79] demonstrated the in
vivo and in vitro effect of RPCH on ovarian maturation in P. clarkii.
They observed that the increase in oocyte diameter and mean ovarian
indices in an in vivo, and signiﬁcant ovarian maturation in an in vitro,
where the ovaries incubated with thoracic ganglion alone (without
eyestalk extract). It is very clear from the above studies that the RPCH
induces the ovarian development by releasing the gonad-stimulating
hormone from thoracic ganglia.

Other eyestalk factors involved in the regulation of reproduction:
In addition to eyestalk neuropeptide hormones, some other factors
present in the sinus gland have been reported to be stimulating the
vitellogenesis [80-86].

Neurotransmitters: The role of neurotransmitters in the regulation
of crustacean reproduction is well documented by Fingerman [87].
The major neurotransmitters identified in crustaceans are serotonin,
dopamine, melatonin and octopamine (Figure 1). The neurotransmitter
serotonin (5-hydroxytryptamine; 5-HT) is produced and released from
eyestalks is involved in the induction of reproduction in crustaceans.
5-HT stimulates the release of gonad-stimulating hormone (GSH)
from the brain and thoracic ganglion, where the GSH synthesized
[81,88]. Fingerman et al., [88] have measured the levels of 5-HT in
the eyestalks and brain tissues of the fiddler crab U. pugilator. They
also observed, 5-HT triggers the release of RPCH from eyestalks.
5-HT induced ovarian maturation was observed in P. clarkii [89]. The
treatment of 5-HT caused significant increase in the ovarian index in
the eyestalk-ablated crab Paratelphusa hydrodromus when compared
with the eyestalk ablated saline injected crabs [90]. Recently Vaca and
Alfaro [91] and Kumlu [92] have demonstrated 5-HT-induced ovarian
maturation in the penaeid shrimp P. semisulcatus and found that the
action of serotonin on ovarian maturation and spawning is significant

NH;
HO. HO NHZ
N U\’
N
H HO
Serotonin Dopamine
HiC—p OH
I HO N
HIN HNTCHZ
Q
Melatonin Octopamine
Figure 1: Structure of serotonin, dopamine, melatonin and octopamine.
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but less effective than eyestalk ablation. The above results suggest that
5-HT induced reproduction is mediated either by release of GSH from
brain and thoracic ganglion or by stimulating the release of RPCH
from eyestalk neural tissue, there by GSH in crustaceans. It remains for
future study to determine which model is the correct one.

Dopamine was identified in the eyestalks of several crustaceans
employing the fluorescence method of Falck et al. [93]. Dopamine when
injected into female Procambarus clarkii inhibited ovarian maturation.
Cahansky et al. [94] studied the role of spiperone (dopaminergic
antagonist) on ovaries of Cherax quadricarinatus. They also observed
significant stimulation in the ovarian development in the presence of
thoracic ganglia in vitro. The inhibitory action of dopamine could have
been due to (a) Inhibition of GSH release;

(b) Stimulation of release of GSH antagonist, GIH; (or)
(c) Both (a) and (b).

Octopamine, another biogenic amine was identified in central
nervous system of H. americanus using thin layer chromatography. The
role of octopamine in reproduction appears to be atleast in part due to
stimulation of contraction of the ovarian walls, liberating oocytes.

Melatonin (N-acetyl-5-methoxy trypatamine) is an evolutionary
conserved molecule involved in the transduction of photoperiodic
information from environment to organisms and popularly known as
‘chemical of darkness’ [95]. The presence of melatonin in invertebrates
including crustaceans is well documented but its role in regulating
their physiology is not clear [96]. Melatonin in crustaceans was
first discovered in the visual system of crayfish, P. clarkii using
spectrophotoflurometry [97]. The role of melatonin in the regulation
of crustacean reproductive physiology is poorly understood. Recently,
it was reported that injection of melatonin into female intact crabs, O.
senex senex induced ovarian maturation [98] as evidenced by increase in
the weight of the ovary, oocyte size and increase in ovarian vitellogenin
levels over controls. From the results it is clear that melatonin is also
involved in the stimulation of ovarian growth and vitellogenesis and
regulation of melatonin synthesis can be used to manipulate crustacean
reproduction. The relative roles and interaction of these biogenic
amines in the regulation of reproduction remain to be elucidated.

Opioids: Opioids are the small peptides containing five amino
acids and their significance is well known in vertebrates [82]. The
search for the presence of endogenous opioids in invertebrates
initially met with some uncertainty. However, using techniques
like immunohistochemistry, radioimmunoassay (RIA) and high
performance liquid chromatography (HPLC), opioids were discovered
in several invertebrates, including crustaceans.

The potential role of opioids in the regulation of crustacean
reproduction was well-documented [85]. The putative involvement
of endogenous opioid system in the regulation of reproduction in the
crab U. pugilator was investigated in vivo [99]. Injection of methionine-
enkephalin caused significant dose dependent inhibition of ovarian
maturation, but the naloxone-injected crabs produced dose-dependent
ovarian maturation. Sarojini et al [100] incubated ovarian explants
of P. clarkii with methionine-enkephalin and thoracic ganglia and
found reduced ovarian development in a dose dependent manner as
compared with explants incubated with thoracic ganglia alone. Reddy
[84] reported the possible involvement of endogenous opioids in the
regulation of reproduction in the prawn P. indicus, where injection
of leucine-enkephalin caused significant increase in ovarian index
and oocyte diameter in a dose-dependent manner. Increased ovarian

growth has been observed in the ovarian explants of C. quadricarinatus
incubated with naloxone, an enkephalonergic angonist [94]. It is
clear from the literature that the opioid peptides are involved in the
regulation of crustacean reproduction. Additional research is needed
to clarify the molecular mechanism of action of opioid peptides in
regulating crustacean reproduction.

Fushi tarazu-factor (FTZ-F,)): The recently discovered another
eyestalk factor which is responsible for the promotion of reproduction
in crustaceans is fushi tarazu-factor (FTZ-F)). FTZ-F, titer is more in
late vitellogenic ovary as well as in early nauplius larvae of the shrimp
M. ensis [83]. Since the levels of FTZ-F, is more during vitellogenic
stage and larval stage it was concluded that FTZ-F, play a crucial role in
embryogenesis and larval development of the shrimp.

Extra-eyestalk hormones and their role in the regulation of
reproduction

Gonad-stimulating hormone (GSH): The brain and thoracic
ganglia have been identified as sources of a neurohormone called
gonad stimulating hormone (GSH). Although GSH has not yet been
isolated and purified to electrophoretic homogeneity, several in vivo
and in vitro studies demonstrated the stimulating effects of the brain
and thoracic ganglia extract on ovarian growth [13].

The involvement of GSH in the regulation of reproduction was
demonstrated in different crustacean species. Gomez [25] implanted
the brain tissues into the crab P. hydrodromus and observed accelerated
oocyte development. The brain tissue induced ovarian growth was
also observed in Parapenaeopsis hardwickii, Macrobrachium kistnesis,
Paratya compressa and Penaeus vannamei [101-104]. Otsu [105]
observed the factors that are present in thoracic ganglion are involved
in the stimulation or acceleration of oocytes of sexually quiescent
female crab P. dehaani. Brain and thoracic ganglia induced ovarian
maturation were demonstrated in the red swamp crayfish P. clarkii
in in vitro [89,100]. Thoracic ganglion induced reproduction is also
reported in C. quadricarinatus [11].

GSH is a peptide regulates the onset of vitellogenesis by direct
action on vitellogenin synthesizing sites [89,101]. Recently Medasani et
al. [106] studied the role of heavy metals such as copper and cadmium
on GSH thereby gonad maturation. They incubated ovarian explants
along with thoracic ganglia and heavy metals, and found no change
in the ovarian growth. Based on the results, they hypothesized that
the copper and cadmium are having inhibitory effect on GSH release
thereby on reproduction. Though there are reports stating the presence
of GSH, but up to now it has not been characterized and it should be
one important area of crustacean endocrinology for future research.

Methyl farnesoate (MF): Recently, the role of MF, a sesquiterpene
secreted by the mandibular organs in the regulation of reproduction is
well acknowledged [3,6,15,107]. MF is structurally similar to the insect
JH III (Figure 2), only differing in the presence of an epoxide moiety
at the terminal end. MF is negatively regulated by mandibular organ
inhibiting hormone produced by the eyestalk [66,68,108-110]. The
levels of MF were determined in the hemolymph of the mud crab S.
serrata [111], American lobster H. americanus [62], crayfish P. clarkii
[112] and giant fresh water prawn M. rosenbergii [113,114]. MF binding
proteins which transport MF from synthesizing site to the target site
was also characterized in H. americanus [115] and L. emarginata [116].
The highest MF levels in the individuals with an active vitellogenic
stages, indicating the role of MF in the regulation of reproduction.
Whether these alterations in the MF titers are due to changes in the
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Figure 2: Structure of ecdysteroids, methyl farnesoate and insect juvenile
hormone llI.

rate of MF secretion by the MO or to some other mechanism, such as
differential degradation, remains to be elucidated.

The ecdysiotropic nature of MF was described in the crab Cancer
magister [117]. Tamone and Chang [117] have demonstrated the effect
of methyl farnesoate on ecdysteroid secretion from crab C. magister
Y-organ in in vitro. They found that Y-organs when incubated in
the presence of MF secreted significantly more ecdysteroids into the
medium after 24 hours incubation and also find the magnitude of this
stimulation increased with higher concentrations of MF and increasing
incubation times.

There is evidence that MF may have functions in addition to acting
as an ecdysiotropin. It may influence reproduction [118-121] and larval
development [62]. Tsukimura and Kamemoto [122] have studied the
effect of juvenile hormone III and MF on ovarian development in the
shrimp P. vannamei. Laufer et al. [121] observed accelerated ovarian
maturation in the red swamp crayfish P. clarkii after the administration
of MF and concluded that exogenous MF can stimulate ovarian
maturation in P. clarkii. Ovarian index and oocyte diameter were
significantly increased in MF injected P. indicus and the increase of the
ovary was 4 fold than those of controls [123]. They also observed that
the ovaries of MF received animals, entered into the late vitellogenic
stage (dark brown colour ovary). Reddy and Ramamurthi [124]
observed that the ovaries of the crab, O. senex senex injected with MF
had entered into the late vitellogenic stage (bright orange colour ovary)
but the ovaries of initial control and concurrent control crabs were in
the early vitellogenic stage (white colour ovary). Administration of MF,
incorporated in food, resulted in the stimulation of ovarian growth in
crayfish [121]. Similarly, pellets enriched with JHIII stimulated ovarian
growth in crabs [125]. In vitro stimulation of ovarian growth by MF has
also been reported for both penaeid shrimp [122] and crayfish [126].

In order to know more about the MF mediated reproductive
regulation in crustaceans, the researchers are trying to exploit the
intermediates of MF biosynthetic pathway. In the female crab Charybdis
feriatus farnesoic acid, an intermediate of MF biosynthetic pathway
induced vitellogenin gene expression [127,128]. Mak et al. [127]
incubated hepatopancreas explants with farnesoic acid, MF and JH III
and observed upregulation of Vg gene expression in hepatopancreas
of farnesoic acid incubated explants. Whereas incubation of
hepatopancreas explants with MF and JH caused insignificant change
in Vg gene expression. The data suggests farnesoic acid may be the
potential candidate to induce reproduction in crustaceans, which
needs more focus in future.

Ecdysteroids: The Y-organs are paired non-neural endocrine
organs, homologous to prothoracic glands of insects are the sole source
of molting hormones, secreted as a precursor, ecdysone, into the
hemolymph, to be converted into the physiologically active hormone,
20-hydroxyecdysone by a 20-hydroxylase activity present in the
epidermis and other organs and tissues of crustaceans [4]. The structure
of 20-hydroxyecdysone (although originally called crustecdysone or
ecdysterone) was elucidated as 283, 383, 14a, 20R, 22R, 25-hexahydroxy-
583-cholest-7-en-6-one; Figure 2). Ecdysteroids stimulates ovarian
growth, especially in those crustaceans where reproduction occurs
just after molting. In other crustaceans also, ecdysteroids are involved
in the regulation of reproduction, but it is restricted to the first, i.e.,
proliferative stage of ovarian growth [129]. The primary function of
ecdysteroid in crustaceans is to induce precocious molting. Recent
studies indicate ecdysteroids also play an important role in the
regulation of crustacean reproduction [130,131].

Charniaux-Cotton and Touir [132] observed the failure of
folliculogenesis which is fundamental prerequisite for vitellogenin
uptake by oocytes during secondary vitellogenesis by Y-organectomy
in the shrimp Lysmata seticaudata. Removal of Y-organ also
resulted in decreased vitellogenin synthesis and ovarian growth
in the amphipod Orchestia gammarella [133]. A close correlation
between the hemolymph ecdysteroid levels and ovarian maturation
stages was observed in the prawn Macrobrachium nipponense [134]
High concentrations of hemolymph ecdysteroids were also observed
in reproducing females of terrestrial isopod Oniscus asellus [135].
However, situation is different in Brachyuran crab species where the
entire reproductive cycle is completed in the intermolt period, when the
ecdysteroid levels at very low [136]. The occurrence of different types
of ecdysteroids in large amounts within the ovary is another evidence,
to confirm the role of ecdysteroids in the regulation of reproduction in
many crustacean species [130,131]. Despite the fact that extensive work
has been carried out to establish the relationship between ecdysteroids
and reproduction, the functional role of ecdysteroids in the control
of reproduction is controversial and the mechanism of action on
vitellogenesis is yet to be determined.

Vertebrate-type steroids: Crustacean gonads have been shown
to possess steroids more typically acknowledged with vertebrates and
the enzymatic capacity to synthesize vertebrate sex steroids [137-139].
Progesterone, 17a-hydroxyprogesterone, estradiol (17p-estradiol), and
testosterone are the vertebrate-type steroids discovered from several
crustaceans (Figure 3). Progesterone and pregnenolone have been
identified in the gonads and hemolymph of Astacus leptodactylus and
H. americanus [140,141]. Fairs and colleagues [142] found high titers
of estrogens during vitellogenic stages, suggesting a possible role in the
stimulation of vitellogenesis.

A positive relationship between Vg levels in hemolymph and
circulatory levels of both progesterone and 17f-estradiol has been
observed in shrimps [143], prawns [144] and crabs [145]. Fluctuating
levels of estradiol and progesterone in the ovary and hemolymph
at different vitellogenic stages of the crab Scylla serrata were also
reported [146]. In contrast, Okumura and Sakiyama [24] observed a
negative relationship between ovarian maturation and hemolymph
levels of steroids in M. japonicus. Injection of progesterone induced
ovarian development in the shrimp P. hardwickii [147]. Progesterone
and estradiol apparently stimulated Vg gene expression in both
hepatopancreas and ovary explants of M. ensis [148]. Administration
of 17a-hydroxyprogesterone stimulated ovarian growth and
vitellogenesis in the kuruma prawn M. japonicus [149]. 17p-Estradiol
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stimulated vitellogenesis in ovary explants in vitro [144] and in vivo
in crayfish [150]. It is also known that injection of progesterone and
17a-hydroxyprogesterone are able to induce ovarian maturation in the
shrimp M. ensis [151] and in the crab O. senex senex [8] respectively.
17a-hydroxyprogesterone administered both by injection and by
incorporation into the food, increased gonadosomatic index in pre-
reproductive and post-reproductive periods of female estuarine
crab Chasmagnathus granulate [125]. They also observed increased
uptake of the amino acid L-Leucine by the ovaries incubated with
17a-hydroxyprogesterone in vitro.

Vertebrate-type steroids are also found in the shrimp P. monodon
and the levels of some of these steroids (progesterone and 17p-estradiol)
are high in the ovaries at the mature stage of the animal [143], suggesting
the role of steroids in crustacean reproduction. In the red mud crab S.
serrata the levels of 17B-estradiol and progesterone increased steeply
in the tissues at the onset of vitellogenesis (vitellogenesis stage I) [146].
Rodriguez et al. [126] also reported the stimulatory role of steroids in
the regulation of reproduction in the crayfish P. clarkii.

Some studies also showed circulating levels of progesterone and
estradiol-like steroids that correlated with the vitellogenesis cycles
of several crustaceans [143,145]. Both in vivo [125,152] and in vitro
[122,125] stimulation of ovarian growth by 17a-hydroxyprogesterone
have been reported. The precise role of steroid hormones in crustaceans
is still unknown; however, stimulation of vitellogenin production
within the ovary itself or in extra-ovarian sites has been suggested
[144,152,153].

Atpresent, itis not known whether crustaceans obtain the vertebrate
type steroids from the environment i.e., via feed or synthesize internally.
Additional studies are necessary to examine the mode and action of
steroid hormones. Steroid hormones have to bind to nuclear receptors
in order to generate physiological action. Progesterone and estradiol
receptors have been detected in the hepatopancreas and gonad of the
freshwater crayfish Austropotamobius pallipes using immunodiagnostic
kits [154]. Though classical vertebrate steroid hormones and their
receptors were identified from limited number of crustaceans, the
manner by which they exert their effect on crustacean reproduction is
less clear than steroid-induced responses in mammals. However, the
general scheme seems remarkably similar in all organisms.

Involvement of other vertebrate hormones: Besides the presence

and effects of vertebrate steroid hormones, the effects of other classical
vertebrate gonadotropic hormones (follicle stimulating hormone,
FSH, and luteinizing hormone, LH) were also studied in crustaceans.
Zukowska-Arendarczyk [155] reported that administration of
hypophysis gonadotropins induced ovarian maturation in Crangon
crangon. However, to date no structurally similar peptides have
been isolated from any invertebrate. Injection of human chorionic
gonadotropin (hCG) stimulated maturation and spawning in
shrimp and prawn [156,157]. Laufer and Landau [158] also observed
ovarian maturation in P. indicus fed with food containing hCG. hCG
administration also stimulated vitellogenin synthesis in the isopod,
Idotea balthica [159], in the prawn Crangon crangon [160], and in
the sand shrimp, C. crangon [158]. A molecule very similar to hCG
has been identified in the prawn Penaeus serratus with the aid of a
radioimmunoassay using hCG antibodies [161]. Further studies are
required to fully understand the effects of mammalian gonadotropins
on regulation of reproduction in crustaceans.

Interaction of Environmental and Internal Factors in the
Regulation of Reproduction

Crustacean reproduction is controlled by hormones of diversified
chemical nature (peptide, steroid, terpenoid, biogenic amines,
prostaglandins etc.) which aid in evaluating environmental conditions
to determine the best time to reproduce. Environmental variables such
as salinity, temperature, photoperiod and availability of food play vital
roles in regulating crustacean physiology, including reproduction
[13,16,162,163]. Lovett et al. [164] observed 5- to 10 fold increase in
hemolymph MF level in the crab C. maenas when the crabs transferred
from isosmotic sea water to 5 ppt seawater. Similar results were also
observed in crabs when they were treated with low saline water at 11°C
[165]. In contrast, exposure of another euryhaline crab, C. sapidus, to
low salinity sea water (15 ppt) did not increase its hemolymph levels of
MF [166]. Significant increase in hemolymph MF level was observed
in the crab C. maenas after exposure to elevated temperature (32°C)
and anoxia (0.25 ppm O,). Olmstead and LeBlanc [167] observed
that environmental factors can cause aberrant sex determination
via perturbations in MF signaling in D. magna. Neuroendocrine
coordination of the appropriate environmental factor is essential to
ensure that seasonal reproductive events takes place in the appropriate
temporal sequence. Information about the environmental and
endogenous factors that control crustacean reproduction is required to
enhance profitable aquaculture programs.

Conclusions and Prospectives

The neuroendocrine and non-neuroendocrine regulation of
reproduction in decapods has been the basis of study and a topic of
debate for the past six decades because of interest in aquacultural
activities. Various X-organ borne neurohormones are suggested to
affect several physiological events, including the activity of peripheral
endocrine glands, production of vitellogenin, the precursor of the main
yolk protein, and gonad development. Due to multitropic nature and
existence of different isomorphs of eyestalk peptides, it is also possible
that other members of CHH-family (excluding VIH) may have
influence on the reproduction. CHH receptors were detected on the
oocyte membranes of C. maenas and C. pagurus [58]. CHH mediated
reproduction was studied in H. americanus [34,43], P. semisulcatus [54]
and M. ensis [53]. The reproductive inhibition was also observed by the
eyestalk peptide MOIH in C. pagurus [64]. It affects the reproduction
by inhibiting the synthesis and secretion of MF by mandibular organs
in the crab O. senex senex [8]. The possible explanation for isoforms
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with multiple activities in CHH-family peptides is that they may be
originated from single ancestral gene during evolution. This is in
support with the highest % of structural similarity and amino acid
homologies between CHH-family peptides isolated from intra and
inter species. Furthermore, detection of specific target structures by
means of identification and colocalization of hormone receptors has
not been carried out. In addition to CHH-family peptides, RPCH
belongs to chromatophores of eyestalk has stimulatory activity on
ovary by releasing the GSH from the brain and thoracic ganglion [79].
The other eyestalk factors, like 5-HT [89], DA [168], Opioids [84,85]
and FTZ-F, [83] also influences the reproduction in crustaceans.

GSH which possesses antagonistic activity to VIH is involved
in the stimulation of reproduciton [100,104,105] and it is not yet
characterized. In addition to the above hormones, the terpenoid,
methyl farnesoate [118,169,170] and the steroid molting hormone,
20-hydroxyecdysone [130,131,171], are suggested to be involved in
the expression of vitellogenin. More recently the farnesoic acid [127]
and vertebrate-type steroids [8,125,146] have attracted the attention of
crustacean reproductive endocrinologists. Though the hormones and
neuromodulators involved in the regulation of vitellogenesis are well
recognized, the cross-talk between them as well as overlapping and
multiple functions of hormones, remain unclear.

Little is known about the role of eicosanoids in the regulation of
reproduction in crustaceans, although considerable evidence has been
collected during the last three decades pertaining to their synthesis
and mode of action. In many cases, the evidence for an eicosanoid
function is based on treatment of animals with a single compound and
observation of the response. At this level of observation, it remains to be
established that eicosanoids are physiologically involved. Eicosanoids
are derived from fatty acids acquired through diet. It is well known
that eicosanoids are produced to act at local, tissue, or cellular level
in mammals. They play a very important role in the regulation of
reproduction throughout animal kingdom. Martin-Creuzburg et al.
[172] reported that population growth of D. magna is improved more
by the addition of sterols and eicosapentaenoic acid (EPA) together
than by adding either nutrient separately, which implies a synergistic
effect of sterol and EPA on reproduction. Further, they also found in D.
magna that somatic growth is primarily constrained by the availability
of sterols, and reproduction is primarily constrained by the availability
of EPA. Current evidence suggests that the effect of nonsteroidal anti-
inflammatory drug ibuprofen in D. magna is interruption of eicosanoid
biosynthesis, thereby reduces fecundity [173], where both prostanoids
and lipoxygenase products appear to be important agents in oogenesis
and embryogenesis [174]. One can assume that as details of eicosanoid
action in crustaceans become known they will contribute greatly to our
understanding of crustacean reproduction. Our earlier work suggested
that administration of PGE, induced ovarian growth and ovarian
vitellogenin levels in fresh water crab, Oziotelphusa [67]. Studies on
decapod eicosanoids may generate information on fundamental
aspects of eicosanoid biosynthesis and mechanisms of action, and may
yield information of practical importance in hatchery industry. Young
scientists are entering this emerging field, and these investigators will
surely make truly exciting discoveries in the future.

The field of crustacean reproductive endocrinology is entering an
exciting period with the introduction of modern techniques which
permit detailed studies on the complexity of endocrine control of
reproduction. Modern methodologies such as immunohistochemistry
and molecular and biochemical methods have to be extended to
crustaceans to elucidate the cellular dynamics of the neuroendocrine
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Figure 4: Diagrammatic representation of external and internal factors
regulating crustacean reproduction.

cell systems synthesizing VIH, MIH, MOIH and CHH. Using
polyclonal/monoclonal antibodies, some studies have already been
described the quantification methods for GIH [175] and CHH [176].
Based on the titers of circulatory hormones it might be possible to
develop simple immunodiognostic kits which can be used in hatcheries
for determining the conditions of the cultured females and even to
manipulate their reproductive cycle by controlling external conditions
such as temperature and photoperiod.

Several crustacean hormones exhibit multifunctional activities.
Members of CHH family of neuropeptides not only present from
embryos to adults and a single peptide can have multiple biological
functions. Ecdysteroids may serve as morphogens during embryonic
development, function as molting hormones during larval to adult life
and also act as gonadotropins in adults. Methyl farnesoate also function
as developmental hormone in larvae and as a gonadotropin in adults.
These examples illustrate the complexity of crustacean endocrine
system that several chemically diverse hormones can mediate different
functions at different life stages. Understanding the cross-talk of these
molecules in the internal milieu may provide rewarding insights into
the regulation of crustacean reproduction. However, as crustacean
endocrinologists probe deeper and deeper into the hormonal regulation
of reproduction, they eventually will have to return to the whole
animal to examine the ultimate stimulus to reproduction, namely, how
the animal translates environmental cues viz., temperature, salinity,
photoperiod, availability of food etc. into information that is utilized
in the regulation of endocrine axis? Several workers acknowledged the
importance of temperature, photoperiod and availability of food for
breeding. This and other hypothetical and epithetical aspects of cross-
talk between different internal molecules are summarized in Figure 4.
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