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Abstract

Abstract

Photoperiodic manipulation of reproductive events in fish is suggested to secure all-year
supply of fish fry in the Nepalese aquaculture. This could significantly improve food security
and decrease poverty in Nepal. In order to achieve this, knowledge about the teleost melatonin
system and reproduction is needed.

The present study examined blood plasma profiles of the hormone melatonin in silver carp
(Hypophthalmichthys molitrix) in Nepal during natural and manipulated photoperiods. Plasma
melatonin levels throughout the natural 24-hour light-dark cycle were low during the light
period, and increased several folds during the dark period. Peak level was reached early in the
dark period, 2.5 hours after onset of darkness. Thereafter levels decreased prior to sunrise.
When the silver carps were exposed to continuous darkness, the diurnal rhythmical melatonin
levels observed during natural light-dark cycle were sustained. The melatonin levels during
the time of the natural light period were low, and increased significantly during the time of
the natural dark period, even if the fish were deprived of time signals in the light-dark cycle.
In another experiment, silver carps were subjected to a period of two hours darkness at
different times during the natural light period. Darkness at morning and midday did not
increase plasma melatonin levels, whereas darkness during late light-phase gave a significant
increase in plasma melatonin levels. The findings in this study suggest that melatonin
synthesis from the pineal gland in silver carp is controlled by an endogenous biological clock.
Plasma cortisol levels were measured, and were relatively high. However, it is suggested that
cortisol may not have influenced the plasma melatonin levels and fluctuations in the silver
carps in the present study significantly.
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Sammendrag

Sammendrag

Manipulering av fotoperiode for a kontrollere reproduksjon hos teleoster kan vare med pa &
sikre heldrstilgang av fiskeyngel i nepalsk fiskeoppdrett. Dette kan bidra til ekt matsikkerhet
og a redusere fattigdom i Nepal. For & kunne oppné dette er det nedvendig med kunnskap om
fiskenes melatoninsystem og reproduksjon.

Dette studiet har undersgkt plasmaprofiler av hormonet melatonin hos selvkarpe
(Hypophthalmichthys molitrix) 1 Nepal under naturlig og manipulerte fotoperioder.
Melatoninnivaet gjennom et degn hos selvkarpe ved naturlig fotoperiode var lavt gjennom
dagen, og viste en flerdoblet gkning om natten. Det hoyeste melatoninnivaet ble funnet tidlig i
den naturlige merkeperioden, 2,5 timer etter at det ble morkt. Deretter sank melatoninnivaet
gradvis mot soloppgang. Da selvkarper ble eksponert for konstant merke, vekslet rytmen av
melatoninnivd i plasma gjennom et degn pa samme méte som for sglvkarper ved naturlig
fotoperiode. Melatoninnivdene var lave ved perioden for den naturlige lysfasen, og i perioden
for den naturlige moerkefasen var melatoninnivaene signifikant heyere, til tross for at fiskene
manglet signaler angdende tid pa degnet fra omgivelsene. I et annet eksperiment ble tre
grupper med selvkarper eksponert for en periode pa to timer merke til forskjellig tid under
den naturlige lysfasen. Eksponering for merke ved morgen og formiddag ferte ikke til noen
endring i melatoninniviene, mens merke ved ettermiddagen forte til en signifikant ekning 1
melatoninnivaet hos selvkarpe. Hovedfunnene i dette studiet indikerer at melatoninsyntesen i
pinealkjertelen til sglvkarpe kontrolleres av en endogen biologisk klokke. Niva av kortisol i
plasma ble ogsa malt. Kortisolkonsentrasjonen i sglvkarpene som ble brukt i eksperimentene
var haye. Det er foreslitt at de hoye kortisolkonsentrasjonene sannsynligvis ikke har hatt en
signifikant pavirkning pé melatoninnivaet og de rytmiske variasjonene av melatonin gjennom
degnet i plasma til sglvkarpe.
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Introduction

1 Introduction

Teleost fishes constitute a highly diverse group of vertebrates, with more than 25 000
different species. This single group thereby accounts for almost half of all known vertebrate
species today. According to Bone and Moore (2008), they inhabit almost all aquatic habitats
on earth, and are adapted to a variety of abiotic and biotic factors. Fish are found in
environments with remarkable differences in temperature. They are also adapted to extreme
variations in salinity, and several species are capable of inhabiting both freshwater and
saltwater environments. This diversity contributes to the great variety in life history strategies
and reproduction among teleosts, which is seen in events like gametogenesis, spawning, and
parental care. It is therefore interesting to elucidate reproductive mechanisms in teleost fishes
further.

Aquaculture is the fastest growing animal food production sector in the world. In 2006, total
fish production from global aquaculture was reported to be 47.3 million tons, and four years
later it increased to 59.9 million tons (FAO 2012a). Understanding teleost biology is
important for management and development of the aquaculture sector. Further productivity
increase is especially dependent on improved delivery of fish fry. Aquaculture is also
considered an important contributor to increase food security and reduce poverty in
developing countries. Accordingly, manipulation and control of teleost reproduction is
currently a topic for scientific studies.

1.1 Teleost reproduction

Teleost reproductive events show periodicity throughout an annual cycle, and are controlled
by the neuroendocrine system. In most fish species, reproduction is synchronized with
environmental changes, to ensure that spawning takes place at the time of optimum conditions
for survival of the offspring (Bromage et al. 2001, Carnevali et al. 2011). Important structures
involved in teleost reproduction are the brain, pituitary gland, gonad, and the pineal gland. In
females, the liver is additionally involved in reproductive events (fig. 1) (Kryvi and Totland
1997).

pineal gland

pituitary gland  liver gonad

Figure 1. Anatomical structures involved in teleost
reproduction (modified from Kryvi and Totland 1997).
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The hypothalamic-pituitary-gonadal- (HPG) axis releases hormones involved in control of
puberty, gametogenesis and spawning in fish (fig. 2). Stimuli from the external environment,
such as the light-dark cycle and food availability (Falcon et al. 2010a), and the internal
environment, such as nutritional status (Copeland ef al. 2011), are important cues regulating
the activity of the HPG-axis.

Gonadotropin-releasing hormone (GnRH), synthesized in the preoptic area (POA) of the
hypothalamus, is secreted by GnRH-neurons innervating the pituitary gland. This hormone
stimulates the adeno-pituitary to release the two gonadotropic hormones, follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) into the circulation (Yaron and Sivan 2006,
Kah and Dufour 2011). FSH and LH binds to receptors on the gonads, and are responsible for
regulating synthesis of sex steroids, the estrogen estradiol-178 (E2), the progestin 17,20B-
dihydroxy-4-pregnen-3-one (DHP) and the androgen 11-ketotestosterone (11-KT) (Kazeto et
al. 2011). These steroids are involved in controlling gamete growth, gamete maturation and
spawning (Thomas and Rahman 2009). The liver is stimulated by E2 to synthesize the
precursor of yolk proteins, vitellogenin (Vtg), which gives large increase in oocyte size
(Thomas and Rahman 2009). Both E2 and 11-KT exerts feedback regulation on the HPG-axis
(Van Der Kraak 2009).

...................... > - HYPOTHALAMUS

l

GnRH

l

............... N PITUITARY

l

LH
FSH

Vtg

GONAD <—— | LIVER

17, 20B-dihydroxy-4-pregnen-3-one (DHP)
17p-estradiol (E2)

feedback regulation

11-Ketotestosteron (11-KT)

Figure 2. The hypothalamic-pituitary-gonadal axis (HPG-axis) in
teleost fish (modified from Thomas and Rahman 2009).
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1.2 Biological rhythms

In addition to reproduction, teleosts display rhythmicity in several other physiological and
biochemical events throughout the day and year, such as food intake and growth (Falcon
1999, Cymborowski 2010). Most of these oscillations are endogenous rhythms controlled by
the activity of internal biological clocks. They are synchronized to daily and seasonal changes
in the surroundings by different environmental factors, called zeitgebers (Aschoff 1960). The
most important zeitgeber entraining the biological clocks are changes in the light-dark cycle
throughout the day and year (Roenneberg and Foster 1997, Falcon et al. 2011). Other factors
in the external environment, such as temperature, salinity and food availability may also
influence these internal oscillations (Falcén et al. 2007).

The biological clock functions as a timekeeper and makes the fishes capable of anticipating
and preparing for changes in the environment, and thus optimize survival (Roenneberg and
Foster 1997, Falcon et al. 2011). The clock activity continues even in the absence of time cues
in the external environment. Oscillations driven by the clock run in periods close to 24 hours
or a year, thus, they are called circadian or circannual rhythms, respectively (Cymborowski
2010, Falcon et al. 2010a). Sometimes the physiological rhythms follow the environmental
cues passively, and are not driven by an endogenous biological clock (Cahill 2002, Falcon et
al. 2010a).

The circadian system includes a clock (or pacemaker), located in the nervous system, an
entrainment pathway to the clock with receptors responding to environmental factors, and one
or more output signals (Falcon 1999). The clock controls processes through rhythmic
neuroendocrine and nervous outputs, which impacts on various cells and tissues. The activity
of the clock is based on auto-regulatory alternations between high or low levels of expression
of specific clock genes, in a period of approximately 24 hours. These clock proteins regulate
the activity of many other genes, which leads to a cyclical expression of their products (Cahill
2002, Falcon et al. 2010a). Neurons in the suprachiasmatic nucleus in the hypothalamus are
the major site for the master circadian clocks in mammals, with input and output pathways
located in separate areas (Falcon et al. 2007). In teleosts however, the master circadian clocks
resides in both the pineal gland and the eyes, where photoperiodic information synchronizes
the activity of the clocks (fig. 3). The two types of output signals from the clocks in the eyes
and pineal gland are neural information to the brain, and hormonal information through
synthesis of the hormone melatonin (N-acetyl-5-methoxytryptamine). It is also suggested that
master circadian clocks might be found in the hypothalamic area in the fish brain (fig. 3)
(Falcon et al. 2007).
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Figure 3. Photoneuroendocrine regulation in teleosts. Light synchronizes the activity of the
biological clocks (black circles) inside the teleost retina and pineal gland. Light may also act
on possible biological clocks in the hypothalamus. Output signals from the clocks are neural
information (blue arrows), which is sent to the brain, and hormonal information by melatonin
(red arrows). Pineal melatonin is released to the circulation and impacts on different target
sites through melatonin receptors (red circles) (modified from Falcén et al. 2007).

1.3 The pineal gland and melatonin

The pineal gland in teleost fishes is a neuroendocrine gland located just underneath the skull,
formed as an end-vesicle connected to diencephalon through a pineal stalk (Ekstrdm and
Meissl 1997). This gland is directly photosensitive (fig. 4) (Falcon 1999, Lauré et al. 2012).
The part of the skull covering the gland is often thinner, and the skin is less pigmented to
facilitate light penetration (Ekstrdom 1987). There are three types of cells in the pineal gland;
pinealocytes, nerve cells and interstitial cells (Ekstrom and Meissl 1997). The pinealocytes
are the site of production of the neural and hormonal information from the pineal gland. Both
of these output pathways shows rhythmicity (Erlich and Apuzzo 1985, Ekstrom and Meissl
1997, Boeuf and Falcén 2001).
fight pineal vesicle
pigmented pineal stalk and

meninges nerve tract

skull }’ -

Ay

ob

l‘l)lIL‘ tectum

optic nerve ol
parapineal organ
Figure 4. Fish brain cut in a sagittal plane showing the pineal
vesicle located just beneath the skull. ob: olfactory bulb, ch: cerebral
hemispheres, pl: pineal lumen (modified from Falcén ef al. 2011).
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Pinealocytes are photoreceptor cells, which convert light signals into electrical signals. In
response to darkness, these cells are depolarized and release neurotransmitters, as glutamate
and aspartate (McNulty et al. 1988, Vigh et al. 1995). This activates the nerve cells, and
hence photoperiodic information is sent to the brain through a nervous message. In response
to light, photoreceptors are hyperpolarized, inhibiting the release of neurotransmittors.
Consequently, nerve cells from the pineal gland are activated during darkness (Falcon 1999,
Boeuf and Falcon 2001).

Melatonin synthesized in the pinealocytes is released into the blood circulation. In teleosts,
and all other vertebrates studied, the plasma melatonin levels show rhythmicity throughout the
24—hour light-dark cycle (Migaud ef al. 2010). Plasma melatonin concentration in teleosts is
low during the light phase, and higher during the dark phase (Falcon et al. 1987, Bolliet et al.
1996). The shape of the diurnal melatonin rhythms varies throughout the year, as the duration
of nocturnal melatonin release and amplitude varies with season (Falcon et al. 2007).
Thereby, the melatonin levels provide the fish information about day-length, and season
(Reiter et al. 2010, Falcon et al. 2010a, Falcon ef al. 2011). Melatonin is considered to be
involved in regulating processes showing daily and annually rhythmicity, to make sure they
are synchronized to the environment (Falcon et al. 2011).

Many effects of melatonin are mediated through specific melatonin receptors that are widely
distributed in the organism. Three types of receptors have been identified in fish; the MT1,
MT2 and Mel Ic. They are found in the brain, liver, kidneys, intestine, gonads and gills. The
abundance of these receptors shows daily and annual variations. Thus, effects of melatonin
are dependent on the availability of binding sites throughout the day and year, as well as its
daily and annual rhythmic release from the pineal gland (Reiter ef al. 2010, Falcon et al.
2011).

1.3.1 Melatonin synthesis and regulation
The basic mechanism of melatonin biosynthesis seems to be identical for all vertebrates (Seth

and Maitra 2011). Production of pineal melatonin takes place in the photoreceptor cells,
through a biosynthetic pathway consisting of four enzymatic steps (Falcon ef al. 2011). The
amino acid tryptophan is taken up from the blood, and by the action of four different
enzymes; tryptophan hydroxylase (TPOH) (Lovenberg et al. 1967), aromatic amino acid
decarboxylase (AAAD) (Lovenberg et al. 1962), arylalkylamin N-acetyltransferase (AANAT)
(Weissbach et al. 1960) and hydroxyindole-O-methyltransferase (HIOMT) (Axelrod and
Weissbach 1961) melatonin is synthesized.

Teleost fishes are unique because they express two different types of AANAT genes,
AANAT-1 mainly in retina, and AANAT-2 mainly in the pineal gland. In some teleosts, a
second type of AANAT1 gene has been detected (Coon and Klein 2006). It is well established
that the activity of AANAT-2 enzymes are responsible for driving the rhythmic production of
melatonin in the pineal gland (Cazaméa-Catalan ef al. 2012). AANAT-2 levels, and thereby
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also melatonin levels, are low during the light-phase and high during the dark-phase (Klein
and Weller 1970, Klein ef al. 1997).

In most teleost species studied, an intra-pineal biological clock system controls the rhythmic
melatonin secretion (Bolliet et al. 1996, Falcon 1999). During the dark-phase the clock
stimulates higher transcription of AANAT-2 mRNA, and the levels increase more than during
the light-phase in most teleost species investigated. Under constant darkness, the rhythm in
AANAT-2 mRNA levels is sustained, and melatonin levels continue to show internal
rhythmicity for days (Bégay et al. 1998, Coon et al. 1999, Falcén et al. 2011). The activity of
the enzyme AANAT-2 is directly inhibited by light, and thereby continuous light exposure
gives constant low melatonin levels throughout 24-hours, while the rhythmicity in mRNA
levels persists (Falcon et al. 2010a). The light-dark cycle modifies the activity of the
biological clock, which adjusts the AANAT-2 rhythm and determines the phase of the
melatonin rhythm (Falcon ef al. 2001). Any changes in this zeitgeber could give a phase-shift
in the oscillations of plasma melatonin (Falcon 1999, Falcon et al. 2010b).

Studies have demonstrated lack of circadian regulation of melatonin secretion from the pineal
gland in some salmonids (Bolliet et al. 1996, ligo et al. 1997, Masuda et al. 2003, Tigo et al.
2007). Without an intra-pineal biological clock controlling AANAT-2 mRNA levels, trout
(Oncorhynchus mykiss) showed a constant expression of AANAT-2 mRNA throughout the
24-hour cycle (Bégay ef al. 1998). In fishes lacking a biological clock, melatonin levels
follow the light-dark cycle passively, and are high during the dark, and low during light
possibly as a consequence of the lower stability of AANAT-2 proteins in light (Klein et al.
1997, Coon et al. 1998).

Non-photic factors such as temperature (Max and Menaker 1992, Zachmann ef al. 1992) and
various internal factors such as steroids, melatonin, adenosine, GABA, and catecholamines
(Falcén et al. 2010b) may also be involved in regulating pineal melatonin synthesis. However,
these non-photic factors are suggested to modulate the plasma amplitude melatonin, while the
photoperiod regulates the melatonin rhythmicity (Migaud et al. 2010, Falcon et al. 2011).

Three different species-specific melatonin profiles throughout 24-hour for vertebrates has
been described (fig. 5). These profiles are different in the time of nocturnal melatonin peak,
and the duration of the peak (Reiter 1987, Reiter 1991).
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Description of rhythm

Type A: Discrete peak in late dark phase

Species: Syrian Hamster
Mongoloian Gerbil
House Mouse
Cod
Haddock

Type B: Discrete peak in mid dark phase

Species: Albino Rat
Eastern Chipmunk
Turkish Hamster

Human

Melatonin levels

,' \ Nile Tilapia
—_— l—
Type C: Prolonged peak through the majority
of the dark pahse
Species: White - Foot Mouse
Djungarian Hamster
Domestic cat
Sheep
. - Atlantic salmon
I Rainbow trout
1300 17:00 2100 O1:00 05:00 09:00 13400 Atlantic halibat

time of day (hours)

Figure 5. Vertebrate melatonin profiles (adopted from Falcon et al. 2010a).

1.3.2 Regulation of reproduction and effects of melatonin
The activity of the HPG-axis in teleosts is regulated by different internal and external factors

(Bromage et al. 2001, Kah et al. 2010). They are unique among vertebrates because
regulation of the HPG-axis takes place at both the hypothalamus and the pituitary gland (Kah
and Dufour 2011).

Changes in photoperiod throughout the year are suggested to be the main environmental cue
synchronizing the reproductive events with seasonal changes in temperate teleost species
(Bromage et al. 2001). In this way, reproduction can take place at optimum environmental
conditions to increase survival of the offspring (Dey ef al. 2005). The timing of reproductive
events, such as gonadal maturation, has been changed in several species by experimental
manipulation of photoperiod (Bromage et al. 2001). Impacts from changes in photoperiod on
reproductive events in fish are suggested to be mediated mainly through the action of
melatonin. The changing patterns of plasma melatonin throughout the day and year, as a result
of changing photoperiod, are considered to influence the HPG-axis in the fish (Bromage et al.
2001). However, the mechanisms on how photoperiod and melatonin influence on
reproduction remains to be clarified and resolved (Bromage ef al. 2001, Migaud et al. 2010,
Falcon et al. 2011). In a review article on temperate teleost species, Migaud et al. (2010)
indicated that a possible biological clock might be involved in mediating the photoperiodic
effects on reproduction. The mechanisms of this clock, and its role in reproduction are unclear
(Migaud et al. 2010).

Several experimental studies have demonstrated the effect of melatonin on different levels of
the HPG-axis. It is considered to impact both directly and indirectly at different levels of the
axis (fig. 6, p. 9). Melatonin receptors are found in different areas in the brain, such as the
preoptic area, and the pituitary of some teleosts (Falcon et al. 2007, Sébert et al. 2008). It is
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also suggested to act directly on the gonads (Amano et al. 2004, Maitra et al. 2005, Carnevali
et al. 2011). Melatonin was indicated to be involved in oocyte maturation in Indian Carp
(Catla catla), and the effects of melatonin were pro-gonadal or anti-gonadal, dependent on the
stage of sexual development of the fish (Maitra et al. 2005). The impacts of melatonin were
suggested to operate through influence on the maturation-inducing hormone (MIH) (Chattoraj
et al. 2005, Maitra et al. 2005).

Treatment with melatonin increased the fecundity of zebrafish (Danio rerio) (Carnevali et al.
2011), and stimulated the release of LH in the Atlantic croaker (Micropogonias undulatus),
acting both at the preoptic hypothalamic area, and the pituitary gland. The effects of
melatonin varied with the reproductive status (Khan and Thomas 1996). In the case of
European sea bass (Dicentrarchus labrax), artificial light changed the melatonin levels and
the release of LH, and melatonin was considered to be involved in regulating reproduction
(Bayarri et al. 2004a). Melatonin treatment gave a reduction in the activity of the pituitary-
gonad axis in the eel (4dnguilla anguilla), suggesting a negative effect of melatonin (Sébert et
al. 2008).

Several experiments show that effects of melatonin on reproduction depend on the annual
developmental stage of the experimental fish. Whether it is a first time spawner, immature
veteran spawner, or maturing fish will give different endocrine settings and expectations for
the physiological effects of the melatonin molecule. The effects of melatonin may also depend
on other factors, such as the species, temperature and sex (Zachmann et al. 1992, Dufour et al.
2010). This could explain some of the different results from experiments investigating the
effect of melatonin on reproduction.

Recently, it is been indicated that some of the effects of melatonin on the HPG-axis are
mediated through interactions with the dopaminergic-system (Popek et al. 2005, Sébert et al.
2008, Dufour ef al. 2010). The dopaminergic system has inhibitory impact on the HPG-axis in
teleosts (Van Der Kraak 2009). Effects of dopamine (DA) are mediated through the DA-DI
and DA-D2 receptors found in the brain and the pituitary. The inhibitory effects from DA on
reproductive events are carried out through interactions with the GnRH-neurons, and direct
actions on gonadotropin release of FSH and LH (Peter et al. 1986, Vacher et al. 2000, Dufour
et al. 2010).

Kisspeptins are neuropeptides synthesized in the brain, and are involved in the regulation of
reproduction in vertebrates, including teleosts. Their effects are mediated through the
kisspeptin receptor GPR54 (Kah et al. 2010). The kisspeptidergic-system is assumed to be
important in mediating effects from environmental or internal cues on reproduction, such as
photoperiod and energetic status (Kah ef al. 2010). The kisspeptins may act on the HPG-axis
at both the hypothalamus and the pituitary (Elizur and Nocillado 2008, Martinez-Chavez et al.
2008a, Chang et al. 2012). A study on Nile tilapia (Oreochromis niloticus) indicated that
photoperiod could have an effect on the expression of GPR54 genes (Martinez-Chavez et al.
2008a). In another study, melatonin increased the gene transcription of kisspeptins, consistent
with an increase in fecundity of zebrafish (Carnevali et al. 2011). This supports the
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indications that melatonin mediates the effects from photoperiodic information on
reproduction through the kisspeptin system. However, potential interactions of melatonin with
the kisspeptidergic-system are far from clarified, and future studies are needed to confirm the
involvement of melatonin on kisspeptin neurons in teleost fishes (Migaud et al. 2010).

Gonadotropin-inhibitory hormone (GnlH) is a recent discovery in the field of reproduction,
and is considered to play a key role in regulation of the HPG-axis in vertebrates (Tsutsui et al.
2012). GnlIH is also demonstrated in teleosts, and acts on the HPG-axis (Zhang et al. 2010,
Moussavi et al. 2012). The mechanisms of GnIH are not clear, but GnIH is considered to be
involved in regulating release of hormones from the pituitary (Kah and Dufour 2011).
Ongoing investigations are looking at a possible effect from melatonin on GnIH function.
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Figure 6. Possible melatonin influence on the HPG-axis in teleost fish. (a) Hypothalamus
and pituitary (b) gonad (modified from Kah et al. 2010, and Kah and Dufour 2011).

The hormone leptin is involved in the regulation of food intake, body weight, and energy
balance. It has been suggested to synchronize the energetic status of the organism with
reproductive events through regulation of FSH and LH secretion (Weil et al. 2003). Stress is
also a factor demonstrated to influence on reproduction in teleosts (Bonga 1997). In response
to a stressor, catecholamines are released from the chromaffin tissue in head kidney, through
activation of the sympatic nervous system, and then the hypothalmus-pituitary-interrenal
(HPI)- axis is activated. This gives release of the hormone cortisol from the inter-renal tissue
(Bonga 1997). In teleosts, the HPG and HPI-axes interact at several levels (Fuzzen et al.
2011).
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1.4 Application of knowledge about the melatonin system

1.4.1 Photoperiodic manipulation
It has been known for a long time that changes in photoperiod is the primary event in

synchronizing the seasonality of reproduction in free living fish species in the temperate zones
(Maitra et al. 2006). Control of spawning through photoperiodic manipulation of reproduction
has made it possible to increase the supply of eggs and fry out of season. In this way, a steady
supply of fingerlings and fish production throughout the year to meet the demands of
continuous supply of fish from aquaculture can be ensured (Bromage et al. 2001).
Manipulation of photoperiod to change spawning time has been carried out in a range of
temperate fish species (Taranger et al. 1998, Hansen et al. 2001, Rodriguez et al. 2001,
Davies and Bromage 2002).

The main environmental factors influencing the seasonal variations in reproduction in sub-
tropical and tropical fish species are less distinct (Guerrero et al. 2009). Their environment
does not show the same considerable seasonal variations in the 24-hour light-dark cycle
throughout the year, as species living in mid- to high latitudes. Hence, photoperiod has not
been thought of as an effective cue in synchronizing reproductive events to the environment
in tropical fish species (Takemura ef al. 2004, Bapary et al. 2009). Some factors suggested to
be important are the lunar cycle, rainfall, food availability and physical factors, like pH and
salinity (Takemura et al. 2004, Guerrero et al. 2009).

Recently, however, several studies have indicated that photoperiod and temperature may be
important cues in the regulation of reproduction, also in some sub-tropical and tropical fish
species. Studies on the free-living Indian sub-tropical major carp, indicated that seasonal
variations in photoperiod, probably also in combination with changes in temperature
throughout the year, controlled the seasonal maturation of ovaries (Dey ef al. 2004). In the
same species, photoperiod was involved in regulation of seasonal events in the gonads (Dey et
al. 2005). A study by Sarkar et al. (2010) altered spawning time in the major carps rohu
(Labeo rohita), Indian carp and mrigal (Cirrhinus mrigala) through photothermal
manipulation. Photoperiodic manipulation was also likely to have a direct influence on the
maturation of the gonads in the tropical Nile tilapia (Campos-Mendoza et al. 2004) and the
sapphire devil (Chrysiptera cyanea) (Bapary et al. 2009, Bapary and Takemura 2010).

1.4.2 Aquaculture

In order to increase food security and to reduce poverty in developing countries, aquaculture
is considered a potentially significant contributor (Ahmed and Lorica 2002, Subasinghe 2005,
FAO 2011). Fish is particularly rich in animal proteins, micronutrients, minerals and essential
fatty acids, and is therefore an important food source to improve human nutrition
(Kawarazuka and Béné 2010). Small-scale aquaculture contributes to the livelihood of people
in developing countries, through generating increased supply of food with high nutritional
value, income and employment (Edwards 2000, Tacon 2001). A future increase in demand for
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fish in developing countries is expected (FAO/NACA 2012). Moreover, the fish farming
industry is more efficient and environmentally friendly, compared to other animal protein
industries such as the production of livestock (Hall ez al. 2011).

1.4.3 The Sustainable Poverty Reduction in Nepal Program (SPRN) and Nepal

SPRN started in 2006, with the Norwegian University of Science and Technology (NTNU) as
main initiator. The goal of the SPRN research program is to contribute to the reduction of
poverty, and increase food security in the rural hilly areas in Nepal (SPRN 2008).

Nepal is among some of the least developed countries of the world, and is ranked number 157
out of 187 countries in the Human Development Index from 2011 (UNDP 2011). In this part
of Asia, 43 % of children under the age of five are underweight, showing the highest numbers
of underweight children in the world (UNICEF 2009, UN 2011). The hunger situation in
Nepal is categorized as “serious”, and close to “alarming”, based on the number of 19.9 in the
Global Hunger Index score' (IFPRI 2011). Furthermore, the proportion of animal protein
intake is low, and the main food items in the Nepalese diet are cereals and root crops (Hirai et
al. 1993, Buhjel et al. 2008). Consequently, it is important to increase food security and the
living conditions in Nepal, and aquaculture could be an important contributor to achieve this.

In 2009, total output from Nepalese aquaculture was 26 730 tons, valued 45 million USD. In
comparison, another developing country, Bangladesh, had a production of 1 million tons
valued 2.35 billion USD in 2009 (FAO 2012b). This illustrates that the productivity in
Nepalese fish farming is low. With rich freshwater and fish resources, and a high demand for
fish and animal protein, there is a high potential for increasing the production of fish from
aquaculture in Nepal (Sharma and Leung 1998, Sharma and Leung 2000). In order to improve
the efficiency and productivity of this industry, the input of fish seed, fertilizer, labor and feed
have to be increased (Sharma and Leung 1998).

One of the major problems related to aquaculture in Nepal today is the lack of stable supply of
carp fingerlings (SPRN 2008). Manipulation of reproductive events in carps may be a
possible way to significantly increase access of fingerlings throughout the year, and thus be an
important contribution to increase productivity in the Nepalese aquaculture. In order to
achieve stable supply of fingerlings by manipulating reproduction, it is necessary to gain more
knowledge about the periodicity and regulation of reproduction in the species of interest, and
to look at possible ways to manipulate it (SPRN 2008).

Global Hunger Index Score combines three equally weighted indicators in one index number. The indicators are
undernourishment, child underweight and child mortality. It ranks countries on a 100-point scale in five categories: < 4.9 low,
5.0-9.9 moderate, 10.0-19.9 serious, 20.0-29.9 alarming, =30.0 extremely alarming (IFPR12011)
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1.5 Silver carp (Hypophthalmichthys molitrix)

Silver carp (Hypophthalmichthys molitrix) belongs to the family Cyprinidae, the largest
family of freshwater fish in the world. In 2010, global aquaculture production of silver carp
was reported to be 4.1 million tons, which makes silver carp among one of the most cultured
cyprinid species (FAO 2012c). They are planktivores, and feed mainly on phytoplankton and
organic particles (Spataru and Gophen 1985, Kolar et al. 2005). Being a planktivore, no
supplementary food is needed in the fish farming of silver carp. Fish farming of silver carp is
consequently considered an environmental friendly way of increasing production of animal
protein, at low manufacturing costs. People can afford to buy it frequently, due to low market
price (FAO 2012c). Silver carp is characterized by being a surface feeder, and is exposed to
natural changes in the surrounding light-dark cycle (Sukumaran et al. 1968). Hence, silver
carp is considered a well-suited candidate in both fish farming as well as studying the effects
of photoperiod in carps.

12
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1.6 Study aims

Securing all-year supply of fish fry is important to improve the productivity in Nepalese
aquaculture. The hormone melatonin gives the fish information about changes in photoperiod,
and may be involved in controlling reproductive events. Maturational control in teleost fish
from temperate zones is documented to involve both the HPG-axis, and the pineal complex.
Carp fish at low latitudes does also exhibit a melatonin producing pineal complex. Photo-
manipulation of these species may therefore contribute to secure stable supply of fish fry
throughout the year.

In order to improve our understanding of how photoperiodic manipulation can be used to
change the timing of cyclic reproductive events in silver carp, a fish commonly used in
Nepalese aquaculture, it is necessary to achieve knowledge about the melatonin system.

The main aims of the present thesis were to answer the following questions:

1. How do silver carp plasma melatonin levels change throughout natural or manipulated
photoperiod in silver carp?

2. Does the silver carp pineal melatonin synthesis involve a biological clock control
system?

3. Is there a correlation between silver carp plasma cortisol and melatonin levels?

13



Materials and methods

2 Materials and methods
2.1 Study site

Experiments were performed at Mandal Fish Farm, near Butwal City (27°42°N 83°26’E) in
Rupandehi District, Lumbini Zone, Nepal (map 1). Nepal is a country in South-Asia, located
between India and China. The country is climatically and topographically diverse with three
main climatic zones, the Himalayan range, Hilly midlands and Terai plain. Butwal is situated
in the Terai plain in Southern-Nepal, recognized by flat sub-tropical lowland (CIA 2012).
Fieldwork was carried out from the 27" to the 31 of March 2011, in collaboration with
Master student Ingun Naeve (Nave, 2012). The weather was mostly sunny, with air
temperatures around 30° C during midday.
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Map 1. Map of Nepal. Study site is indicated by a red
asterisk (modified from Discover Asia 2008).

Mandal fish farm is a privately operated carp hatchery producing fry and fingerlings for
commercial local sale. It has 16 fishponds and various indoor and outdoor tanks. All the
facilities were newly built and of good standard.

Six rectangle shaped concrete tanks (2.3 m x 1.0 m x 0.9 m) containing about 750 L water
were provided for the experiments in the present study. They were numbered one to six. The
tanks were situated outdoor under a ceiling (fig. 7). Continuously flow of water through (7
L/min) in the tanks secured stable oxygen levels throughout the experiments. Oxygen level
was 7.1 mg/L (YSI ProODO). The water temperature in the open tanks was 24° C at 12:00. In
tanks covered with black plastic the water temperatures were 25° C at 12:00, and 22° C at
05:00. Fishes were transferred to the tanks 24 hours prior to experimental start.
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P> .. |

Figure 7. Fish tanks one to six. Tanks were situated outdoor under a ceiling, exposed to natural
photoperiod. (a) Uncovered tanks used during experiments under natural photoperiod. (b) Covered
tanks used during experiments under manipulated photoperiod.

The intensity of light in ambient air and inside the fish tanks was measured using a lux meter
(INS-DX 200) to demonstrate daily changes in the light-dark cycle. Sunrise was at 06:00, and
sunset at 18:20 (fig. 8).
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Figure 8. (a) [lluminance (lux) in ambient light-dark cycle at the study site and (b) inside the
outdoor fish tanks.

2.2 Experimental animal

About 250 silver carps were bought from a local fish farmer. Randomly chosen fish were
dissected to determine reproductive status by examining the gonads, and all were shown to be
barren.

2.3 Blood sampling

Red light (Petzl Tikka XP?) was used during sampling in dark-phase to prevent degradation of
melatonin (Bayarri et al. 2002). Fish were anaesthetized in fresh water using 100 mg MS-222
/ L water (Tricaine Methane Sulphonate 100 % w/w, PHARMAQ Ltd). Heparinized syringes
(16.5 1IE, LEO Pharma AS) were used to collect blood from the carp caudal vein complex.
Fish were killed after blood sampling. Blood was centrifuged (3-4000 rpm, 5 min, Hettich
EBA 38), and plasma was obtained and stored in a freezer (-20 °C).
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2.4 Experimental design

2.4.1 Experiment 1: Plasma melatonin profile during natural photoperiod.

The purpose of experiment 1 was to establish the 24-hour plasma melatonin profile in silver
carp kept under natural (outdoor) photoperiod. Fish were distributed in groups of 14-18
individuals in each of the six outdoor tanks, one day prior to experimental start. At ten time
points during 24-hours (12:00, 17:00, 19:00, 21:00, 23:00, 01:00, 03:00, 05:00, 07:00 and
12:00) groups of six fish were taken from a tank and blood samples collected. Fish were
caught using hand net from the tanks in order one to six (tank one to four were used twice).
Average body weight and length of fish are given in Table 1(a) (p. 28). No food was provided
during the experiment.

2.4.2 Experiment 2: Plasma melatonin profile during continuous darkness

The purpose of experiment 2 was to establish a plasma melatonin profile during a 24-hour
period in silver carp exposed to continuous experimental darkness, and compare this
melatonin profile to the profile demonstrated under natural photoperiod. Fish were distributed
in groups of 14-18 individuals in each of the six outdoor tanks, 24 hours prior to start of
experiment. At sunset, 18 hours prior to the first time of blood sampling, all tanks were
covered with black plastic. Fish tanks were kept covered throughout the entire 24-hour period
when blood samples were collected. Light intensity in the covered tanks was measured to be
0.01 lux. At eight different time points during a time period of 24-hours (12:00, 15:30, 19:00,
22:00, 02:00, 05:00, 8:30 and 12:00) groups of six fish were collected from one tank using
hand nets, and blood samples were taken. To secure that no fish had been exposed to light
during the experiment, tanks used twice were those where fish was collected during natural
dark-phase the first time. During blood sampling carried out in the light-phase, head of fish
were covered with paper to prevent exposure of light. Average body weight and length of fish
are given in Table 1(b) (p. 28). No food was provided during the experiment.

2.4.3 Experiment 3: Short time (2 hours) darkness during natural light period
Experiment 3 was designed to investigate any changes in the daytime concentrations of
plasma melatonin in silver carp after exposure to two hours experimental darkness during the
natural light phase. Three groups of seven to eight fish were placed in three outdoor tanks.
Each tank was covered with black plastic two hours prior to blood sampling, at 10:00 (group
1), 13:00 (group 2) and 16:00 (group 3). After exposure to two hours experimental darkness,
six fish were caught using hand nets, and blood samples were collected. Blood sampling time
points were 12:00 (group 1), 15:00 (group 2) and 18:00 (group 3). Average body weight and
length of fish are given in table 1(c) (p. 29). No food was provided during the experiment.
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2.5 Plasma analysis

Plasma samples were analyzed to determine the concentration of melatonin. Concentration of
plasma cortisol was also measured in some samples from each experiment. Determination of
hormone levels in plasma samples was done using the radioimmunoassay (RIA) technique.
The analyses were performed at the Norwegian University of Science and Technology
(NTNU) in Trondheim, Norway.

2.5.1 Radioimmunoassay theory

Basic components in a radioimmunoassay are radioactive labeled antigen (Ag*), unlabeled
antigen (Ag) and antibody (Ab). Ag is the component to be quantitatively determined
(melatonin or cortisol) in the samples. The principle of this technique is based on a reversible
competitive reaction between known concentrations of Ag*, and unknown concentrations of
Ag. Ag* and Ag compete for binding to Ab, which is in limited amount in the mixture (1).
Ratio between bound and free Ag and Ag* is related to the total concentration of Ag in the
sample, and is used to determine its concentration. Higher concentration of Ag in a solution
gives fewer Ag*-Ab complexes and more free Ag* (Berson and Yalow 1968, Chard 1995,
Wild 2005).

[Ag] [Ag — Ab ] + [Ag"]
+ [Ab] s )
[Ag] [Ag* — Ab] + [Ag]

Bound and free fraction of Ag* in samples were separated using a precipitating agent.
Radioactivity (counts per minute) in bound fraction was measured in a gamma counter.
Radioimmunoassay does not determine concentrations of Ag directly. A standard curve (fig.
9) was made from solutions of known concentrations of Ag. This curve express percentage
bound Ag" at different concentrations of Ag. Results from measurement of percentage bound
Ag’ in a mixture of unknown Ag concentration, is compared to the standard curve. Thus, it is
possible to determine concentration of Ag in the sample. The steepest part of the standard
curve represents the most effective range (Chard 1995).
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Figure 9. (a) Standard curve from melatonin radioimmunoassay based on measure of bound fraction
of Ag* (radioactive labeled melatonin). Validation parameters were: Sensitivity: 17.5 pmol/L,
Recovery: 89.9 %, Parallelism: Samples were parallel to the standard curve (b) Standard curve from
cortisol radioimmunoassay based on measure of bound fraction of Ag* (radioactive labeled cortisol).

Determination of plasma melatonin concentration in the samples was carried out using I'*-

radioimmunoassay kit (Melatonin Research RIA, Labor Diagnostika Nord GmbH & Co. KG,
Germany) for direct quantitative determination of melatonin in biological fluids. Procedure
was done according to the standard protocol of the kit. A test run of the kit was performed
prior to analysis of the plasma samples.

Plasma cortisol concentration was determined using a commercial radioimmunoassay kit
(Coat-A-Count Cortisol, Siemens Healthcare Diagnostics, USA). Procedure was done
according to the standard protocol of the kit. Running random plasma samples in a test kit
demonstrated high cortisol levels (values were above the highest standard). Thus, samples
were diluted (1:2), using one portion sample and two portions standard zero solution. Cortisol
values presented are multiplied with the dilution factor three.

2.5.2 Radioimmunoassay validation

Using commercial radioimmunoassay kits requires a species-specific validation. This is to test
for any interference in the assay affecting the results. This could be components in plasma
interfering with the assay, and thus incorrectly give too high, or low, concentrations of the
substance to be measured (Irwin ef al. 1999, Vera et al. 2011). Validation was performed on
melatonin kit by testing sensitivity, recovery and parallelism of the system.

Sensitivity

Sensitivity is the lowest measurable amount of melatonin different from zero, the lower limit
detection of the assay. It was determined by calculating mean percentage bound melatonin* in
six samples stripped for melatonin, minus 2 standard deviation (SD). Lower limit detection
was then detected by using the standard curve. Lower limit detection was set to be 17.5
pmol/L. Detection limit calculated by gamma counter was 5.4 pmol/L.

18



Materials and methods

Recovery
Recovery examines if the system is able to detect the accurate concentration of a sample, thus

it gives information about the accuracy of the assay. Optimum recovery is 100 %, but
recovery > 50 % is acceptable. Six spiked plasma samples (200 pg/mL melatonin) were
measured, and percentage recovery calculated. Recovery of the assay was 89.8 %.

Parallelism

Parallelism tests if components in the kit respond to other substances than intended, thus it
tests the specificity of the kit. Serial diluted spiked plasma samples (1000 pg/mL, 500 pg/mL,
250 pg/mL, 125 pg/mL, 62.5 pg/mL, 0 pg/mL) were measured, and parallelism with the
standard curve was tested. Non-parallelism indicates cross-reactivity in the assay (Chard
1995, Welp et al. 2010). The diluted spiked plasma samples were parallel to the standard
curve.

2.6 Conversion factors
Hormone concentrations are given in SI-units. Conversions of values to conventional units in
the literature are demonstrated in (2) for melatonin and (3) for cortisol. In discussion, values

from literature are converted to the SI-units used in the present study.

e Melatonin:

pmol/L = pg/mL x 4.3 2)
* Cortisol:
nmol/ = ng/mL x 2.75 3)
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2.7 Statistical analysis

The statistical analyses and making of graphs were performed using the graphing and
statistical software SigmaPlot Version 12.0 (Systat Software, inc., San Jose California, USA).
Statistical significance was set at p < 0.05.

Data were analyzed using the parametric One-Way Analysis of Variance (ANOVA), to
determine any significant differences in hormone concentrations at the different times in an
experiment. Data that did not meet the underlying assumptions for One-Way ANOVA
(normality and homogeneity of variances), were analyzed using a nonparametric analysis of
variance (ANOVA on ranks), the Kruskal-Wallis One Way Analysis of Variance on Ranks
test (Zar 1984). If significant differences were found, the ANOVA tests were followed by a
parametric or non-parametric Tukey Test. This is a post-hoc multiple comparison procedure
used to detect between which groups the significant difference occurred.

Results from the ANOVA are presented as: H or F-value, (Degrees of Freedom), p-value.

The non-parametric Spearman Rank Order Correlation test was used to test for any correlation
between plasma melatonin and cortisol concentrations.

Plasma melatonin and cortisol concentrations are presented as mean values + standard
deviations (SD).
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3 Results

3.1 Experiment 1: Plasma melatonin profile during natural photoperiod

Blood plasma melatonin concentrations in silver carp were low during light-phase, and
increased rapidly following onset of darkness (fig. 10). Maximum plasma melatonin
concentration was reached in early dark-phase, at 21:00 (1717 = 2193 pmol/L). Thereafter,
melatonin levels gradually decreased to a low level of 82 + 67 pmol/L at sunrise. A significant
difference among samples in dark-phase and light-phase was detected (Kruskal-Wallis: H (9)
=36.370, p < 0.001). The melatonin level at 12:00 in the second photoperiod was significantly
different from the levels at 19:00, 21:00 and 23:00. Level of melatonin at 07:00 was
statistically significant different from levels sampled at 21:00 and 23:00 (Tukey test).
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Figure 10. Plasma melatonin concentrations in silver carp (Hypophthalmichthys molitrix)
kept under natural photoperiod. Values are mean +SD (N=6). Bar on top of graph illustrates
light-dark phases. Stippled lines denote sunset and sunrise.
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3.1.1 Plasma cortisol levels during natural photoperiod

The plasma cortisol levels in silver carp kept under natural photoperiod were high during the
light-phase, and low during the dark-phase (fig. 11). In fish from the first light period at
12:00, the cortisol level was 1352 + 607 nmol/L. One hour after sunset, cortisol levels
decreased to 662 = 426 nmol/L. A comparable cortisol level was seen at end of the dark
period, followed by another high level of 1418 + 380 nmol/L in the next light period. A
statistically significant difference was detected (ANOVA: F (4) = 2.768, p = 0.049). Tukey
test could not detect at which times cortisol levels were significantly different.

There was a significant negative correlation between melatonin and cortisol (r = -0.407, p =
0.0258, n = 30).
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Figure 11. Plasma cortisol concentrations in silver carp (Hypophthalmichthys molitrix) under
natural photoperiod. Values are mean +SD (N=6). Bar on top of graph illustrates natural light-
dark phases. Stippled lines denote sunset and sunrise
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3.2 Experiment 2: Plasma melatonin profile during continuous darkness

Melatonin levels in silver carp exposed to continuous darkness were low throughout the
natural light period, and increased significantly during the natural dark period (fig. 12). The
lowest level was at 12:00 (102 = 40 pmol/L) in the initial light-phase. After onset of darkness,
melatonin peaked at 05:00 (1651 = 657 pmol/L). Subsequently, melatonin levels quickly
decreased to 124 + 30 pmol/L at 08:30. Differences between melatonin concentrations from
samples in dark-phase and light-phase were significant (Kruskal-Wallis: H (7) = 38.726, p <
0.001). The peak level of melatonin at 05:00 was significantly different from all melatonin
levels during the natural light-phase. Melatonin level at 22:00 was significantly different from
12:00, 8:30 and 12:00. At 02:00, the melatonin level was significant different from the levels
at 12:00 in both of the natural light periods.
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Figure 12. Plasma melatonin concentrations silver carp (Hypophthalmichthys molitrix)
under continuous darkness. The two bars on top of the graph illustrate the manipulated
photoperiod and the natural photoperiod. Stippled lines denote sunset and sunrise. Values
are mean =SD (N=6).
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3.2.1 Plasma cortisol levels during continuous darkness

The highest cortisol level in silver carps exposed to continuous darkness was at 12:00 in the
initial light period (1238 + 567 nmol/L). Levels decreased to 668 = 186 nmol/L and 627 + 272
nmol/L during the dark period. In the following light-phase, lowest concentration of cortisol
in the experiment was at 12:00 (478 = 211 nmol/L) (fig. 13). A significant difference was
detected between cortisol level at 12:00 in first photoperiod and 12:00 in second photoperiod
(Kruskal-Wallis: H (3) =9.213, p=0.027).

No correlation was found between melatonin and cortisol concentrations in experiment 2 (r =
0.251,p=0.233, n =24).
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Figure 13. Plasma cortisol concentrations in silver carp (Hypophthalmichthys molitrix) under
continuous darkness. The two bars on the top of the graph represent the manipulated
photoperiod and the natural photoperiod. Stippled lines denote sunset and sunrise. Values are
mean +SD (N=6). Different letters indicate statistically significant difference.
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3.3 Experiment 3: Melatonin levels after 2 hours darkness during natural
light period

The melatonin levels in silver carp were low after two hours exposure of darkness at both
12:00 (132 = 52 pmol/L) and 15:00 (109 = 80 pmol/L). At 18:00, the melatonin levels
increased significantly to 376 = 77 pmol/L (fig. 14) (ANOVA: F (2) = 26.332, p < 0.001,
followed by Tukey test).
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Figure 14. Plasma melatonin concentrations in silver carp (Hypophthalmichthys molitrix)
after exposure to two hours darkness during natural light phase. Each of the three groups of
carps was exposed to darkness at different times. Samples were collected at 12:00 (group
1), 15:00 (group 2) and 18:00 (group 3). Values are mean + SD (N=6). Bar on top of graph
illustrates changes in natural photoperiod, and the three following bars below demonstrate
light exposure of the different groups. Stippled lines denote sunrise and sunset. Different
letters indicate statistically significant differences between the groups.
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3.3.1 Cortisol levels after 2 hours darkness during the natural light period

Plasma cortisol levels in silver carp showed no significant differences throughout experiment
3 (fig. 15). Levels at 12:00 (1239 + 567 nmol/L), 15:00 (1066 = 664 nmol/L) and 18:00

(1176 = 475 nmol/L) remained high, and showed little variation. No statistical difference was
found (ANOVA: F (2)=0.139, p=0.872).
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Figure 15. Plasma cortisol concentrations in silver carp (Hypophthalmichthys molitrix) after
exposure to two hours darkness during natural light-phase. Each of the three groups of carps
was exposed to darkness at different times. Samples were collected at 12:00 (group 1), 15:00
(group 2) and 18:00 (group 3). Values are mean + SD (N=6). Bar on top of graph illustrates
changes in natural photoperiod, and the three following bars demonstrate light exposure of the
different groups. Stippled lines denote sunrise and sunset.
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3.4 Correlation between melatonin and cortisol

The regression line between individual plasma melatonin (pmol/L) and cortisol (nmol/L)
concentrations in silver carp from all three experiments showed a low and non-significant
decrease (R?=0.119) (fig.16).
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Figure 16. Correlation between melatonin and cortisol. Individual melatonin (pmol/L)
and cortisol (nmol/L) levels in silver carp (Hypophthalmichthys molitrix) in samples from
all three experiments.
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3.5 Body length and weight of silver carp

Average length ranged between 24 = 4 cm and 32 + 2 cm, and average weight ranged between
185 + 35 g and 304 = 80 g in silver carp during natural photoperiod (experiment 1) (Table 1a).
No statistical significant difference was found between groups in length (Kruskal-Wallis: H
(9)=10.759, p=0.293). A significant difference was found between weight of fish from
sampling time 12:00 and 21:00 (ANOVA: F (9)=2.658, p=0.013, followed by Tukey test).

Table 1 (a) Body length (cm) and weight (g) of silver carp (Hypophthalmichthys
molitrix) under natural photoperiod (experiment 1). Values are mean = SD (N=6).

Sampling time (h) Length (cm) Weight (g)
12:00 322 304 = 80
17:00 28 £ 4 245 + 35
19:00 302 258 £ 50
21:00 301 185 + 35
23:00 29+ 1 258 + 27
01:00 29+ 1 258 =45
03:00 29+ 1 241 =22
05:00 29 +£2 271 =69
07:00 28 =1 238 £ 21
12:00 29 + 1 235+ 26

Average length ranged between 30 = 1 cm and 31 = 1 cm, and average weight ranged between
243 + 44 g and 272 + 28 g in silver carp subjected to continuous darkness (experiment 2)
(Table 1b). No significant differences were found between groups in length (ANOVA: F (7) =
1.146, p=0.355), or weight (ANOVA: F (7)=1.067, p=0.402)

Table 1 (b). Body length (cm) and weight (g) of silver carp
(Hypophthalmichthys molitrix) subjected to continuous darkness (experiment
2). Values are mean = SD (N=6).

Sampling time (h)  Length (cm) Weight (g)
12:00 31x1 264 + 19
15:30 31x1 269 + 28
19:00 31 248 + 11
22:00 31x1 253 £33
02:00 301 243 + 44
05:00 31x1 251 =35
08:30 31x1 272 + 28
12:00 301 258 + 24
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Average length ranged between 28 = 1 cm and 29 + 2 cm, and average weight ranged between
241 = 32 g and 262 = 74 g in silver carp exposed to short time darkness (2 hours) during the
natural light-phase (experiment 3) (table 1c¢). No significant differences were found between
groups in length (Kruskal-Wallis: H (9)= 0.667, p=0.716) or weight (Kruskal-Wallis: H (9)=
0.636, p=0.728).

Table 1(c). Body length (cm) and weight (g) of Silver carp (Hypophthalmichthys
molitrix) exposed to short time (2 hours) darkness during daytime (experiment
3). Values are mean + SD (N=6).

Sampling time (h) Length (cm) Weight (g)
12:00 29+2 241 = 32
15:00 29+3 262 + 74
18:00 28 + 1 255 £ 21
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4 Discussion

4.1 The silver carp melatonin profile under different photoperiods

4.1.1 Natural photoperiod

Blood plasma melatonin concentration in silver carp under natural photoperiod was low
during daytime (photophase), and increased considerably during nighttime (scotophase).
Similar melatonin levels and rhythmicity during the natural 24-hour light-dark cycle have
been documented in other teleost species (Pavlidis et al. 1999, Migaud et al. 2010). This
indicates that changes in pineal melatonin release provide the silver carp with temporal
information used in the timing and control of physiological and behavioral mechanisms, as
previously suggested in other fish species (Reiter 1987, Maitra et al. 2006, Vera et al. 2007).

After peak level of melatonin in early scotophase, the levels decreased noticeably prior to
onset of light in the following photophase. These results are in accordance with findings in
recent studies on other carp species from Nepal (Guttu 2011, Holtan 2011, Nave 2012), in
Nile tilapia (Martinez-Chavez et al. 2008b) and in European sea bass (Migaud et al. 2006).

The reduction in melatonin concentration during late scotophase indicates either a decreased
pineal melatonin synthesis, or increased melatonin removal from the circulation. A diurnal
change in melatonin half-life (t;2) seems unlikely, but should be tested in future experiments
by determination of melatonin t;,, at different times throughout the 24-hour light-dark cycle.
Melatonin drop during the scotophase is more likely the result of reduced hormonal release
from the pineal complex. This could be caused by exhaustion of components involved in
biosynthesis of melatonin during the first half of scotophase. Alternatively, reduced melatonin
synthesis might be the result of an internal timed control mechanism blocking the pineal
melatonin synthesis in the late part of the scotophase.

4.1.2 Continuous darkness

During the time of the natural photophase, melatonin levels in silver carp subjected to an 18-
hour period of continuous darkness were low, and during the time of natural scotophase the
melatonin levels increased significantly. The diurnal rhythmical melatonin levels observed
during the natural light-dark cycle were consequently sustained in silver carps subjected to
continuous darkness, even if the fish were deprived of time signals in the light-dark cycle.

In accordance with the results in this study, several other studies have shown that fish pineal
melatonin synthesis during constant darkness may continue in the same rhythmical manner as
observed during natural photoperiod (Bolliet et al. 1996, Falcon et al. 2011). Maintained
rhythmicity in plasma melatonin during a natural light-dark cycle have also been shown in
other carps from Nepal subjected to an extended dark-phase (Guttu 2011, Holtan 2011, Nave
2012). In vitro studies on pineal glands from several teleost species have also demonstrated
that rhythmical melatonin secretion persisted when exposed to constant darkness (ligo et al.
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1991, Bolliet ef al. 1996, Cahill 1996, Oliveira et al. 2009). In Nile tilapia, melatonin rhythms
were maintained for 18 days under constant darkness (Martinez-Chavez et al. 2008b).

If the synthesis of melatonin followed the changes in the light-dark cycle without any control
mechanism, it would have been expected that melatonin levels remained continuously high
throughout the 24-h cycle when exposed to continuous darkness. However, the diurnal
rhythmicity in melatonin release during natural photoperiod was maintained even at the end of
the period of constant darkness. This sustained diurnal rhythmicity during continuous
darkness indicates that exhaustion of the pineal system, or changes in melatonin metabolism,
may not be factors involved in affecting the plasma melatonin levels in the silver carps. Based
on this, these factors are suggested not to have contributed to the observed melatonin drop
during late scotophase in fish under natural photoperiod. Rather, the findings indicates the
presence of an endogenous control mechanism involved in regulating the rhythmical
melatonin synthesis in the pineal gland of silver carp through the 24-hour light-dark cycle.
This mechanism must be partly independent of direct information from the ambient light
cycle in the control of the rhythmic melatonin secretion.

4.1.3 Short time (2 hours) darkness during natural light period

Melatonin levels in silver carps exposed to two hours experimental darkness at morning
(10:00-12:00) or midday (13:00-15:00) did not increase. These results suggest that silver carp
pineal gland does not respond to darkness by increased melatonin synthesis during morning
and midday. Exposure to darkness during the evening (16:00-18:00), however, significantly
increased the plasma melatonin levels. This indicates that the pineal gland is refractory during
parts of the natural light-phase, which is in accordance of findings in other teleost species
(Falcon et al. 1989, Nave 2012). This observed refractory period of the silver carp pineal
gland also suggests a pineal timing mechanism regulating the synthesis of pineal melatonin.

4.1.4 Control of silver carp melatonin release and profile

Altogether, the results from the three experiments indicate the presence of a control
mechanism regulating pineal melatonin synthesis in silver carp. This mechanism is able to
sustain the diurnal rhythmical pineal melatonin synthesis observed during natural
photoperiod, even when subjected to constant darkness. Thus, the presence of an intra-pineal
biological clock controlling the pineal melatonin synthesis in silver carp is suggested. This
proposition is in accordance with most teleost species investigated, including goldfish
(Carassius auratus) (ligo et al. 1991), zebrafish (Danio rerio) (Cahill 1996), European sea
bass (Bayarri et al. 2004b), Nile tilapia (Oreochromis niloticus) (Martinez-Chavez et al.
2008b) and tench (Tinca tinca) (Oliveira et al. 2009).

Based on knowledge from studies of other teleost species described in the introduction, and
the findings in silver carp in the present study, it can be assumed that a biological clock is
controlling the AANAT-2 mRNA levels in the pineal gland of the silver carp. The clock is
partly independent of the light-dark cycle in controlling melatonin synthesis. Activity of the
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biological clock is suggested to give low AANAT-2 mRNA levels during the natural light-
phase, and increased levels during the natural dark-phase. This rhythm sustains during
constant conditions, and could explain why the rhythmical diurnal melatonin patterns persist
in fish subjected to continuous darkness. The activity of a biological clock could have caused
reduction in AANAT-2 mRNA levels, causing the decrease in melatonin levels in late
scotophase during the natural photoperiod. The observed refractory period during natural
light-phase could also be explained by the presence of an intra-pineal biological clock. At
morning and midday, the clock may give low levels of mRNA AANAT-2, and exposure to
darkness will not increase melatonin levels. In late day/beginning of evening, however, the
system may be preparing for the following scotophase by increasing the level of AANAT-2
mRNA present. When silver carp is exposed to experimental darkness at this time of the day,
AANATS-2 levels increases, and consequently there is an increase in plasma melatonin levels.

The observed melatonin levels throughout 24-hours in silver carp kept under natural
photoperiod display a melatonin profile resembling the type B melatonin profile (Reiter
1987). This profile is characterized by a peak in mid dark-phase, followed by a gradual
decrease of melatonin levels prior to onset of light (fig. 5, p. 7). However, the nocturnal
melatonin levels in silver carp exposed to the manipulated photoperiod showed more
resemblance to a type A melatonin profile, described by a peak of melatonin in late dark-
phase. This may indicate that there has been a shift in the thythm of melatonin secretion when
there is no synchronization to the light-dark cycle. This indicates that it may be possible to
change the rhythm of melatonin synthesis in silver carp by photoperiodic manipulation.

Some teleost species do not have an intra-pineal biological clock (Falcon ef al. 2011). Isolated
pineal glands of rainbow trout (Salmo gairdneri) showed no endogenous rhythmicity in
melatonin synthesis when subjected continuous darkness (Gern and Greenhouse 1988). In the
sockeye salmon (Oncorhynchus nerka) the pineal gland released constant high levels of
melatonin during continuous darkness (ligo et al. 2007). According to the descriptions of
different melatonin patterns by Reiter (1987), a type C melatonin synthesis pattern is
characteristic of the salmonids. Thus, photomanipulation regimes used in farming of
salmonids might not be useful in silver carp, and development of photomanipualtion regimes
should be further investigated in silver carp.

4.2 Non-photic influence on plasma melatonin levels

In addition to photoperiod, various other factors may have an impact on pineal melatonin
synthesis in teleost fishes.

4.2.1 Season and temperature

Changes in ambient temperature may affect the synthesis of melatonin from the teleost pineal
gland, especially the amplitude of melatonin levels (Garcia-Allegue et al. 2001, Popek and
Cwioro 2010, Falcon et al. 2011). A specific combination of photoperiod and temperature is
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believed to give the fish precise information about season. This is seen in Atlantic salmon
(Salmo salar), where diurnal variations in both amplitude and time of peak were (in addition
to photoperiod) influenced by temperature (Randall ef al. 1995). Different seasonal melatonin
profiles were also described in the sea bass (Garcia-Allegue ef al. 2001) and Senegal sole
(Solea senegalensis) (Vera et al. 2007). In the case of Indian carp, temperature was involved
in the changes in melatonin secretion observed throughout an annual cycle (Chattoraj et al.
2009). These results illustrate the importance of considering season and temperature when
studying melatonin profiles in teleost fishes. The silver carp melatonin profile could
consequently be different at the different times of the year.

4.2.2 Maturation and sex steroids

Several studies indicate that sex steroids may influence the pineal gland melatonin synthesis
in fish (Bégay et al. 1994, Yanthan and Gupta 2007). Some cyprinids changed melatonin
profile according to maturation status. The annual variations in melatonin profiles in maturing
Indian carps were in addition to photoperiod and temperature, influenced by the endocrine
activity of the ovary, as an inverse relationship between gonad and pineal gland was reported
(Maitra et al. 2005, Chattoraj et al. 2009). Consequently, sex steroids might also be involved
in the seasonal changes observed in melatonin profiles in maturing carps.

4.2.3 Stress

Handling and transport may initiate stress responses in fish, which gives elevated levels of
circulating catecholamines (adrenaline and noradrenaline), and cortisol (Barton and Iwama
1991). To prevent initiating a stress response during handling of silver carps, the fish were
sedated using the anesthetic agent MS-222 upon netting from the tanks. It is reported that MS-
222 inhibits the stress response during handling by suppressing the nervous system. This
results in paralysis and reduces the perception of stress (Carter ef al. 2011, Zahl et al. 2012).

The basal plasma cortisol levels in non-stressed fish are generally reported to be less than 80
nmol/L (Barton and Iwama 1991). In response to exposure of an acute stressor, an increase in
plasma cortisol levels between 80-825 nmol/L is representative for various teleost species
(Barton and Iwama 1991). The levels in silver carps in this study were ranging between 500-
1400 nmol/L, and 600-800 nmol/L during light and dark periods, respectively. These high
values indicate that the experimental fishes were somewhat stressed. During a transport
experiment, the cortisol levels were 300-550 in unstressed silver carps, and 700-800 nmol/L
in stressed silver carps (Hasan and Bart 2007). The stress response, and magnitude of cortisol
release during exposure of a stressor is found to vary between different species, and also
within the same species (Barton 2002). Holtan (2011), Guttu (2011) and Nave (2012)
reported similar high cortisol levels as reported in this study in other carp species from Nepal.

The high cortisol levels reported in the silver carps could have been caused by a change of
environment from fishponds to the experimental tanks. However, MS-222 may cause an
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increase in cortisol levels in some teleosts (Small 2003, Davis and Griffin 2004, King et al.
2005), and the use of this anesthetic could have contributed to elevate the cortisol levels.

Cortisol and melatonin concentrations in the silver carps showed a weak inverse correlation
during natural photoperiod. This could indicate a relationship between melatonin and cortisol.
However, no such correlation was found in fish exposed to continuous darkness. The low and
non-significant correlation based on individual cortisol and melatonin levels from all three
experiments, indicates spurious relationship between melatonin and cortisol. In any case, a
correlation analysis does not tell anything about causality between the two factors. The
correlation found in fish under natural photoperiod, could be a result of the natural diurnal
variations in the two hormones, and not because of interactions between them.

Cortisol and catecholamines can influence pineal melatonin synthesis in teleosts, as some
species has receptors for catecholamines and glucocorticoids in the pineal gland (Benyassi et
al. 2001, Nikaido ef al. 2010). It has been shown that corticosteroids could directly inhibit
AANAT activity, and thus melatonin synthesis (Yanthan and Gupta 2007). Nikaido et al.
(2010) showed that cortisol reduced pineal melatonin synthesis. In contrast, social stressed
rainbow trout had significantly higher levels of nocturnal melatonin compared to non-stressed
individuals (Larson et al. 2004).

The high cortisol levels reported in the silver carps during the experiments might thus have
influenced the results concerning melatonin. However, the lack of correlation between the
plasma levels of the two hormones indicated that has not influenced on the melatonin levels.
Even though cortisol might have had an effect, it is the fluctuations occurring in melatonin
levels throughout the 24-hour cycle that is the important findings of this study. The
rhythmicity in melatonin levels through 24-hours in silver carp was similar to what has been
reported in other teleost fish. Highest levels of cortisol were found in the light phase, while in
this study the nocturnal levels of melatonin were of importance. All of the fishes were treated
the same way during the different experiments, and a possible effect from cortisol is thus
considered not to impair the significance of the melatonin profiles. Consequently, it is
suggested that cortisol and stress may not have influenced plasma melatonin levels and
fluctuations in the silver carps significantly.

4.2.4 Extra-pineal melatonin

The retina is an important extra-pineal site of melatonin synthesis in fish. The main effects of
retinal melatonin are believed to be local in the retina, through autocrine and paracrine effects
(Falcon et al. 2011). A high deacetylase activity exists in retina, which breaks down
melatonin. This prevents melatonin release into the general blood circulation (Grace et al.
1991).

The gastrointestinal tract (GIT) is also found to be a site for extra-pineal-melatonin synthesis
in teleosts (Bubenik and Pang 1997, Velarde et al. 2010). Melatonin synthesis in the GIT is
probably linked to food intake (Bubenik 2002). Little is known about the effects of
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gastrointestinal melatonin in fish. However, it is suggested to mainly show autocrine or
paracrine actions (Velarde et al. 2010). Melatonin from the GIT may circulate from the
intestine to the liver for degradation (Herrero et al. 2007). Hence, intestinal melatonin may
most likely not be released into the circulation.

Since melatonin from other tissues than the pineal gland are suggested to have local effects,
and may not be released into the circulation, melatonin released from the pineal gland is
considered to be the main source of this hormone in the blood circulation of fish (Falcon et al.
1989, Reiter 1993, Hardeland et al. 2006, Falcon et al. 2010a). If pineal-melatonin is mixed
with melatonin from extra-pineal sites in the circulation, the effects of melatonin as a signal to
the organism about time of the day and season could be disturbed.

4.3 The validity of melatonin results

4.3.1 Assay performance

Results from the plasma melatonin analyses were considered to be accurate, as the different
validation parameters, sensitivity, recovery and parallelism, fulfilled the criteria to verify the
validity of the assay.

4.3.2 Individual variations

Plasma melatonin and cortisol levels varied considerably between individual fishes sampled at
the same time during the experiments. Natural biological variations are commonly observed.
This is likely to have contributed to the high SD reported in this study. Future studies should
investigate the melatonin release in individual fishes throughout the 24-hour light-dark cycle.

4.3.3 Silver carp body size

A significant difference was found between the weights of fish sampled at 12:00 and 21:00
under natural photoperiod. However, this is not considered to have an impact on the results as
this significance only occurred between two groups.

4.3.4 Light intensity in fish tanks

The measured light intensity inside the fish tanks was considerably lower than the
surroundings. However, melatonin synthesis is highly sensitive to light, with a threshold of
about 10 lux (Bayarri ef al. 2002). The levels measured in silver carps during natural light
phase were low. Consequently, light intensity inside the tanks was sufficient to reduce
melatonin synthesis under natural light.
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4.4 Experimental summary

The main results in the present study can be summarized as:

4.5

1.

36

Plasma melatonin levels were low during the natural light phase, and increased during
the natural dark-phase. Melatonin levels started to decrease during late scotophase,
prior to onset of light.

The rhythmicity in plasma melatonin throughout 24-hours during the natural
photoperiod was maintained during extended period of darkness.

A pineal refractory period was observed during early and mid photophase, but not in
late photophase just prior to onset of natural darkness.

Conclusions

Plasma melatonin levels in silver carps under natural photoperiod were low during the
photophase, and increased significantly during the scotophase. During exposure to
continuous darkness this diurnal rhythmicity in melatonin persisted. Silver carp pineal
gland is refractory during parts of the photophase.

A biological clock is suggested to control pineal melatonin synthesis in silver carp.

There was no correlation between cortisol and melatonin in silver carp, and cortisol
was not assumed to influence on the melatonin levels significantly.
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4.6 Perspectives and recommendations

The suggested intra-pineal biological clock in silver carps provide relevant information to
future studies on how to develop photomanipulation regimes which could control the timing
of reproductive events in this species. These studies should examine how the suggested
endogenous rhythm controlling melatonin secretion could be manipulated by changing the
photoperiod. Impacts from non-photic factors, such as season, temperature, and sex steroids
on the melatonin system must also be investigated. Future experiments should then investigate
if photoperiodic manipulation could change the timing of maturation.

Further studies are needed to understand the impacts of photoperiod and melatonin on the
teleost HPG-axis. Improvement of knowledge about regulation of the HPG-axis by melatonin
through different factors like the kisspetidergic and dopaminergic-systems is suggested. It
should also be important to explore if melatonin is involved in influencing on teleost
reproduction through the recently discovered GnIH. Furthermore, examining the effects of
other factors influencing on reproductive events is important in future studies on
photoperiodic manipulation. One such factor is indicated to be the energetic status of the fish.
In order to achieve a successful initiation of maturation by photoperiodic manipulation, it is
important to improve our understanding on how the energetic condition of the fish impacts on
maturation.

37



References

5 References

AHMED, M. & LORICA, M. H. (2002). Improving developing country food security through
aquaculture development-lessons from asia. Food Policy, 27, 125-141.

AMANO, M., IIGO, M., IKUTA, K., KITAMURA, S., OKUZAWA, K., YAMADA, H. &
YAMAMORI, K. (2004). Disturbance of plasma melatonin profile by high dose
melatonin administration inhibits testicular maturation of precocious male masu
salmon. Zoological Science, 21, 79-85.

ASCHOFF, J. (1960). Exogenous and endogenous components in circadian rthythms. Cold
Spring Harbor Symposia on Quantitative Biology, 25.

AXELROD, J. & WEISSBACH, H. (1961). Purification and properties of hydroxyindole-O-
methyl transferase. Journal of Biological Chemistry, 236,211-213.

BAPARY, M. A.J. & TAKEMURA, A. (2010). Effect of temperature and photoperiod on the
reproductive condition and performance of a tropical damselfish Chrysiptera cyanea
during different phases of the reproductive season. Fisheries Science, 76, 769-776.

BAPARY, M. A. J., FAINUULELEI, P. & TAKEMURA, A. (2009). Environmental control
of gonadal development in the tropical damselfish Chrysiptera cyanea. Marine
Biology Research, 5,462-469.

BARTON, B. A. (2002). Stress in fishes: A diversity of responses with particular reference to
changes in circulating corticosteroids. Integrative and Comparative Biology, 42, 517-
525.

BARTON, B. A. & IWAMA, G. K. (1991). Physiological changes in fish from stress in
aquaculture with emphasis on the response and effects of corticosteroids. Annual
Review of Fish Diseases, 1, 3-26.

BAYARRI, M. J., MADRID, J. A. & SANCHEZ-VAZQUEZ, F. J. (2002). Influence of light
intensity, spectrum and orientation on sea bass plasma and ocular melatonin. Journal
of Pineal Research, 32, 34-40.

BAYARRI, M. J., RODRIGUEZ, L., ZANUY, S., MADRID, J. A., SANCHEZ-VAZQUEZ,
F.J., KAGAWA, H., OKUZAWA, K. & CARRILLO, M. (2004a). Effect of
photoperiod manipulation on the daily rhythms of melatonin and reproductive
hormones in caged European sea bass (Dicentrarchus labrax). General and
Comparative Endocrinology, 136, 72-81.

BAYARRI, M. J., GARCIA-ALLEGUE, R., LOPEZ-OLMEDA, J., MADRID, J. &
SANCHEZ-VAZQUEZ, F. (2004b). Circadian melatonin release in vitro by European
sea bass pineal. Fish Physiology and Biochemistry, 30, 87-89.

BEGAY, V., VALOTAIRE, Y., RAVAULT, J. P., COLLIN, J. P. & FALCON, J. (1994).
Detection of estrogen-receptor messenger-RNA in trout pineal and retina - estradiol-
17-beta modulates melatonin production by cultured pineal photoreceptor cells.
General and Comparative Endocrinology, 93, 61-69.

BEGAY, V., FALCON, I., CAHILL, G. M., KLEIN, D. C. & COON, S. L. (1998).
Transcripts encoding two melatonin synthesis enzymes in the teleost pineal organ:
Circadian regulation in pike and zebrafish, but not in trout. Endocrinology, 139, 905-
912.

BENYASSI, A., SCHWARTZ, C., DUCOURET, B. & FALCON, J. (2001). Glucocorticoid
receptors and serotonin N-acetyltransferase activity in the fish pineal organ.
Neuroreport, 12, 889-892.

BERSON, S. A. & YALOW, R. S. (1968). General principles of radioimmunoassay. Clinica
Chimica Acta, 22, 51-68.

38



References

BOEUF, G. & FALCON, J. (2001). Photoperiod and growth in fish. Vie Et Milieu-Life and
Environment, 51, 247-266.

BOLLIET, V., ALL, M. A., LAPOINTE, F. J. & FALCON, J. (1996). Rhythmic melatonin
secretion in different teleost species: An in vitro study. Journal of Comparative
Physiology B-Biochemical Systemic and Environmental Physiology, 165, 677-683.

BONE, Q. & MOORE, R. H. (2008). Biology of fishes. 3rd ed. New York: Taylor & Francis.

BONGA, S. E. W. (1997). The stress response in fish. Physiological Reviews, 77, 591-625.

BROMAGE, N., PORTER, M. & RANDALL, C. (2001). The environmental regulation of
maturation in farmed finfish with special reference to the role of photoperiod and
melatonin Aquaculture, 197, 63-98.

BUBENIK, G. A. (2002). Gastrointestinal melatonin: Localization, function, and clinical
relevance. Digestive Diseases and Sciences, 47, 2336-2348.

BUBENIK, G. A. & PANG, S. F. (1997). Melatonin levels in the gastrointestinal tissues of
fish, amphibians, and a reptile. General and Comparative Endocrinology, 106, 415-
419.

BUHIJEL, R. C., SHRESTHA, M. K., PANT, J. & BURANROM, S. (2008). Ethnic women in
aquaculture in Nepal. Development, 51, 259-264.

CAHILL, G. M. (1996). Circadian regulation of melatonin production in cultured zebrafish
pineal and retina. Brain Research, 708, 177-181.

CAHILL, G. M. (2002). Clock mechanisms in zebrafish. Cell and Tissue Research, 309, 27-
34.

CAMPOS-MENDOZA, A., MCANDREW, B. J., COWARD, K. & BROMAGE, N. (2004).
Reproductive response of Nile tilapia (Oreochromis niloticus) to photoperiodic
manipulation; effects on spawning periodicity, fecundity and egg size. Aquaculture,
231,299-314.

CARNEVALLI O., GIOACCHINI, G., MARADONNA, F., OLIVOTTO, I. & MIGLIARINI,
B. (2011). Melatonin induces follicle maturation in Danio rerio. Plos One, 6, 9.

CARTER, K. M., WOODLEY, C. M. & BROWN, R. S. (2011). A review of tricaine
methanesulfonate for anesthesia of fish. Reviews in Fish Biology and Fisheries, 21,
51-59.

CAZAMEA-CATALAN, D., MAGNANOU, E., HELLAND, R., VANEGAS, G.,
BESSEAU, L., BOEUF, G., PAULIN, C. H., JORGENSEN, E. H. & FALCON, J.
(2012). Functional diversity of Teleost arylalkylamine N-acetyltransferase-2: Is the
timezyme evolution driven by habitat temperature? Molecular ecology, 21, 5027-41.

CHANG, J. P.,, MAR, A., WLASICHUK, M. & WONG, A. O. L. (2012). Kisspeptin-1
directly stimulates LH and GH secretion from goldfish pituitary cells in a ca®'-
dependent manner. General and Comparative Endocrinology, 179, 38-46.

CHARD, T. (1995). An introduction to radioimmunoassay and related techniques.
Amsterdam: Elsevier Science B.V.

CHATTORAIJ, A., BHATTACHARYYA, S., BASU, D., BHATTACHARYA, S. &
MAITRA, S. K. (2005). Melatonin accelerates maturation inducing hormone (MIH):
Induced oocyte maturation in carps. General and Comparative Endocrinology, 140,
145-155.

CHATTORAIJ, A., SETH, M., BASU, A., SHRIVASTAV, T. G., PORTA, S. & MAITRA, S.
K. (2009). Temporal relationship between the circulating profiles of melatonin and
ovarian steroids under natural photo-thermal conditions in an annual reproductive
cycle in carp Catla catla. Biological Rhythm Research, 40, 347-359.

CIA. (2012). The world fact book [Online]. Central Intelligence Agency (CIA). Available:
https://http://www.cia.gov/library/publications/the-world-factbook/geos/np.html
[Accessed 22.05.2012 2012].

39



References

COON, S. L. & KLEIN, D. C. (2006). Evolution of arylalkylamine N-acetyltransferase:
Emergence and divergence. Molecular and Cellular Endocrinology, 252, 2-10.

COON, S. L., BEGAY, V., FALCON, J. & KLEIN, D. C. (1998). Expression of melatonin
synthesis genes is controlled by a circadian clock in the pike pineal organ but not in
the trout. Biology of the Cell, 90, 399-405.

COON, S. L., BEGAY, V., DEURLOO, D., FALCON, J. & KLEIN, D. C. (1999). Two
arylalkylamine N-acetyltransferase genes mediate melatonin synthesis in fish. Journal
of Biological Chemistry, 274, 9076-9082.

COPELAND, D. L., DUFF, R.J., LIU, Q., PROKOP, J. & LONDRAVILLE, R. L. (2011).
Leptin in teleost fishes: An argument for comparative study. Frontiers in physiology,
2, 26.

CYMBOROWSKI, B. (2010). Introduction to circadian rhythms. /n: KULCZYKOWSKA,
E., POPEK, W. & KAPOOR, B. G. (eds.) Biological clock in fish. Enfield: CRC
Press.

DAVIES, B. & BROMAGE, N. (2002). The effects of fluctuating seasonal and constant water
temperatures on the photoperiodic advancement of reproduction in female rainbow
trout Oncorhynchus mykiss. Aquaculture, 205, 183-200.

DAVIS, K. B. & GRIFFIN, B. R. (2004). Physiological responses of hybrid striped bass
under sedation by several anesthetics. Aquaculture, 233, 531-548.

DEY, R.,, BHATTACHARYA, S. & MAITRA, S. K. (2004). Temporal pattern of ovarian
activity in a major carp Catla catla and its possible environmental correlate in an
annual cycle. Biological Rhythm Research, 35,329-353.

DEY, R.,, BHATTACHARYA, S. & MAITRA, S. K. (2005). Importance of photoperiods in
the regulation of ovarian activities in indian major carp Catla catla in an annual cycle.
Journal of Biological Rhythms, 20, 145-158.

DISCOVERASIA. (2008). Nepal & tibet [Online]. Available:
http://www.discoverasia.com.au/country.php?country id=14 [Accessed 18.03.2012
2012].

DUFOUR, S., SEBERT, M. E., WELTZIEN, F. A., ROUSSEAU, K. & PASQUALINI, C.
(2010). Neuroendocrine control by dopamine of teleost reproduction Journal of Fish
Biology, 76, 129-160.

EDWARDS, P. (2000). Aquaculture, poverty impacts and livelihood. Natural Resource
perspectives.

EKSTROM, P. (1987). Photoreceptors and CSF-contacting neurons in the pineal organ of a
teleost fish have direct axonal connections with the brain - an HRP-electron-
microscopic study. Journal of Neuroscience, 7, 987-995.

EKSTROM, P. & MEISSL, H. (1997). The pineal organ of teleost fishes. Reviews in Fish
Biology and Fisheries, 7, 199-284.

ELIZUR, A. & NOCILLADO, J. N. (2008). Neuroendocrine regulation of puberty in fish:
Insights from the grey mullet (Mugil cephalus) model 10. Molecular reproduction and
development, 75, 355-361.

ERLICH, S. S. & APUZZO, M. L. J. (1985). The pineal-gland - anatomy, physiology, and
clinical-significance. Journal of Neurosurgery, 63, 321-341.

FALCON, J. (1999). Cellular circadian clocks in the pineal. Progress in Neurobiology, 58,
121-162.

FALCON, J., GUERLOTTE, J. F., VOISIN, P. & COLLIN, J. P. H. (1987). Rhythmic
melatonin biosynthesis in a photoreceptive pineal organ - a study in the pike.
Neuroendocrinology, 45, 479-486.

40



References

FALCON, J., MARMILLON, J. B., CLAUSTRAT, B. & COLLIN, J. P. (1989). Regulation
of melatonin secretion in a photoreceptive pineal organ - an invitro study in the pike.
Journal of Neuroscience, 9, 1943-1950.

FALCON, J., GALARNEAU, K. M., WELLER, J. L., RON, B, CHEN, G., COON, S. L. &
KLEIN, D. C. (2001). Regulation of arylalkylamine N-acetyltransferase-2 (AANAT2,
EC 2.3.1.87) in the fish pineal organ: Evidence for a role of proteasomal proteolysis.
Endocrinology, 142, 1804-1813.

FALCON, J., BESSEAU, L., SAUZET, S. & BOEUF, G. (2007). Melatonin effects on the
hypothalamo-pituitary axis in fish Trends in Endocrinology and Metabolism, 18, 81-
88.

FALCON, J., MIGAUD, H., MUNOZ-CUETO, J. A. & CARRILLO, M. (2010a). Current
knowledge on the melatonin system in teleost fish General and Comparative
Endocrinology, 165, 469-482.

FALCON, J., BESSEAU, L., MAGNANOU, E., SAUZET, S., FUENTES, M. & BOEUF, G.
(2010b). The pineal organ of fish. /n: KULCZYKOWSKA, E., POPEK, W. &
KAPOOR, B. G. (eds.) Biological clock in fish. CRC Press.

FALCON, J., BESSEAU, L., MAGNANOU, E., HERRERO, M. J., NAGAI, M. & BOEUF,
G. (2011). Melatonin, the time keeper: Biosynthesis and effects in fish. Cybium, 35, 3-
18.

FAO. (2011). World aquaculture 2010, Rome, Food and Agriculture Organization of the
United Nations.

FAO. (2012a). The state of world fisheries and aquaculture, Rome, Food and Agriculture
Organization of the United Nations.

FAO. (2012b). Global aqualculture production 1950-2009 [Online]. Available:
http://www.fao.org/fishery/statistics/global-aquaculture-production/query/en
[Accessed 07.02 2012].

FAO. (2012c). Cultured aquatic species information programme: Hypophthalmichthys
molitrix [Online]. Food and Agriculture Organization of the United Nations.
Available:
http://www.fao.org/fishery/culturedspecies/Hypophthalmichthys molitrix/en
[Accessed 20.05.2012 2012].

FAO/NACA. (2012). Farming the waters for people and food. SUBASINGHE, R. P., Arthur,
J. R., Bartley, D. M., DE SILVA, S. S., HALWART, M., HISHAMUNDA, N.,
MOHAN, C. V., & SORGELOOS, P (Eds.) Proceedings of the global conference of
aquaculture 2010, Phuket, Thailand. FAO, Rome and NACA, Bangkok.

FUZZEN, M. L. M., BERNIER, N. J. & GLEN, V. D. K. (2011). Stress and reproduction. /n:
DAVID O, N. & KRISTIN H, L. (eds.) Hormones and reproduction of vertebrates.
Academic Press.

GARCIA-ALLEGUE, R., MADRID, J. A. & SANCHEZ-VAZQUEZ, F. J. (2001). Melatonin
rhythms in European sea bass plasma and eye: Influence of seasonal photoperiod and
water temperature. Journal of Pineal Research, 31, 68-75.

GERN, W. A. & GREENHOUSE, S. S. (1988). Examination of in vitro melatonin secretion
from superfused trout (Salmo-gairdneri) pineal organs maintained under diel
illumination or continuous darkness. General and Comparative Endocrinology, 71,
163-174.

GRACE, M. S., CAHILL, G. M. & BESHARSE, J. C. (1991). Melatonin deacetylation -
retinal vertebrate class distribution and Xenopus-laevis tissue distribution. Brain
Research, 559, 56-63.

41



References

GUERRERO, H. Y., CARDILLO, E., POLEO, G. & MARCANO, D. (2009). Reproductive
biology of freshwater fishes from the Venezuelan floodplains. Fish Physiology and
Biochemistry, 35, 189-196.

GUTTU, A. M. (2011). Plasma melatonin profiles in copper masheer (Neolissochilus
hexagonolepis) kept under natural and manipulated photoperiods. master’s degree,
Norwegian University of Science and Technology.

HALL, S. J., DELAPORTE, A., PHILLIPS, M. J., BEVERIDGE, M. & O’KEEFE, M.
(2011). Blue frontiers: Managing the environmental costs of aquaculture, Penang,
Malaysia, The WorldFish centre.

HANSEN, T., KARLSEN, O., TARANGER, G. L., HEMRE, G. 1., HOLM, J. C. & KJESBU,
0. S. (2001). Growth, gonadal development and spawning time of Atlantic cod
(Gadus morhua) reared under different photoperiods. Aquaculture, 203, 51-67.

HARDELAND, R., PANDI-PERUMAL, S. R. & CARDINALLI, D. P. (2006). Melatonin.
International Journal of Biochemistry & Cell Biology, 38,313-316.

HASAN, M. & BART, A. N. (2007). Improved survival of rohu, Labeo rohita (hamilton-
buchanan) and silver carp, Hypophthalmichthys molitrix (valenciennes) fingerlings
using low-dose quinaldine and benzocaine during transport. Aquaculture Research,
38, 50-58.

HERRERO, M. I., MARTINEZ, F. J., MIGUEZ, J. M. & MADRID, J. A. (2007). Response
of plasma and gastrointestinal melatonin, plasma cortisol and activity rthythms of
European sea bass (Dicentrarchus labrax) to dietary supplementation with tryptophan
and melatonin. Journal of Comparative Physiology B-Biochemical Systemic and
Environmental Physiology, 177, 319-326.

HIRAIL K., NAKAYAMA, J., SONODA, M., OHNO, Y., OKUNO, Y., NAGATA, K.,
TAMURA, T., SAKYA, H. N. & SHRESTHA, M. P. (1993). Food-consumption and
nutrient intake and their relationship among nepalese. Nutrition Research, 13, 987-
994.

HOLTAN, B. M. (2011). Plasma melatonin profiles in common carp (Cyprinus carpio)
exposed to indoor photoperiods. master’s degree, Norwegian University of Science
and Technology.

IFPRI. (2011).2011 Global hunger index, the challenge of hunger: Taming price spikes and
excessive food price volatility, Bonn, Washington, DC, Dublin.

IIGO, M., KEZUKA, H., AIDA, K. & HANYU, L. (1991). Circadian-rhythms of melatonin
secretion from superfused goldfish (Carassius-auratus) pineal glands in vitro. General
and Comparative Endocrinology, 83, 152-158.

I[IGO, M., HARA, M., OHTANI-KANEKO, R., HIRATA, K., TABATA, M. & AIDA, K.
(1997). Photic and circadian regulations of melatonin rhythms in fishes. Biological
Signals, 6,225-232.

IIGO, M., ABE, T., KAMBAYASHI, S., OIKAWA, K., MASUDA, T., MIZUSAWA, K.,
KITAMURA, S., AZUMA, T., TAKAGI, Y., AIDA, K. & YANAGISAWA, T.
(2007). Lack of circadian regulation of in vitro melatonin release from the pineal
organ of salmonid teleosts. General and Comparative Endocrinology, 154, 91-97.

IRWIN, S., KENNY, A. P., OHALLORAN, J., FITZGERALD, R. D. & DUGGAN, P. F.
(1999). Adaptation and validation of a radioimmunoassay kit for measuring plasma
cortisol in turbot. Comparative Biochemistry and Physiology C-Pharmacology
Toxicology & Endocrinology, 124,27-31.

KAH, O. & DUFOUR, S. (2011). Conserved and divergent features of reproductive
neuroendocrinology in teleost fishes. /n: NORRIS, D. O. & LOPEZ, K. H. (eds.)
Hormones and reproduction of vertebrates. Volume 1: Fishes.: Academic Press.

42



References

KAH, O., ZOHAR, Y., MUNOZ-CUETO, J. A. & ELIZUR, A. (2010). Neuroendocrinology
of reproduction in teleost fish. General and Comparative Endocrinology, 165, 438-
455.

KAWARAZUKA, N. & BENE, C. (2010). Linking small-scale fisheries and aquaculture to
household nutritional security: An overview. Food Security, 2, 343-357.

KAZETO, Y., TOSAKA, R., MATSUBARA, H., IJIRL, S. & ADACH]I, S. (2011). Ovarian
steroidogenesis and the role of sex steroid hormones on ovarian growth and
maturation of the Japanese eel. Journal of Steroid Biochemistry and Molecular
Biology, 127, 149-154.

KHAN, I. A. & THOMAS, P. (1996). Melatonin influences Gonadotropin II secretion in the
Atlantic croaker (micropogonias undulatus). General and Comparative
Endocrinology, 104, 231-242.

KING, W. V., HOOPER, B., HILLSGROVE, S., BENTON, C. & BERLINSKY, D. L.
(2005). The use of clove oil, metomidate, tricaine methanesulphonate and 2-
phenoxyethanol for inducing anaesthesia and their effect on the cortisol stress
response in black sea bass (Centropristis striata l.). Aquaculture Research, 36, 1442-
1449.

KLEIN, D. C. & WELLER, J. L. (1970). Indole metabolism in pineal gland - a circadian
rhythm in N-acetyltransferase. Science, 169, 1093-&.

KLEIN, D. C., COON, S. L., ROSEBOOM, P. H., WELLER, J. L., BERNARD, M.,
GASTEL, J. A., ZATZ, M., IUVONE, P. M., RODRIGUEZ, I. R., BEGAY, V.,
FALCON, J., CAHILL, G. M., CASSONE, V. M. & BALER, R. (1997). The
melatonin rhythm-generating enzyme: Molecular regulation of serotonin N-
acetyltransferase in the pineal gland. Recent Progress in Hormone Research,
Proceedings of the 1996 Conference, Vol 52, 52, 307-358.

KOLAR, C. S., CHAPMAN, D. C., COURTENAY JR., W. R., HOUSEL, C. M.,
WILLIAMS, J. D. & JENNINGS, D. P.(2005). Asian carps of the genus
hypophthalmichthys (pisces, cyprinidae) — a biological synopsis and environmental
risk assessment, Report to U.S. Fish and Wildlife Service

KRYVI, H. & TOTLAND, G. K. (1997). Fiskeanatomi, Kristiansand, Hoyskoleforlaget.

LARSON, E. T., WINBERG, S., MAYER, I., LEPAGE, O., SUMMERS, C. H. & OVERLI,
0. (2004). Social stress affects circulating melatonin levels in rainbow trout. General
and Comparative Endocrinology, 136, 322-327.

LAURA, R., MAGNOLL, D., ZICHICHI, R., GUERRERA, M. C., DE CARLOS, F.,
SUAREZ, A. A., ABBATE, F., CIRIACO, E., VEGA, J. A. & GERMANA, A.
(2012). The photoreceptive cells of the pineal gland in adult zebrafish (Danio rerio).
Microscopy Research and Technique, 75, 359-366.

LOVENBERG, W., WEISSBACH, H. & UDENFRIEND, S. (1962). Aromatic L-amino acid
decarboxylase. Journal of Biological Chemistry, 237, 89-93.

LOVENBERG, W., JEQUIER, E. & SJOERDSM.A (1967). Tryptophan hydroxylation -
measurement in pineal gland brainstem and carcinoid tumor. Science, 155, 217-219.

MAITRA, S., SETH, M. & CHATTORAJ, A. (2006). Photoperiod, pineal photoreceptors and
melatonin as the signal of photoperiod in the regulation of reproduction in fish.
Journal of Endocrinology Reproduction, 10, 73-87.

MAITRA, S. K., CHATTORAIJ, A. & BHATTACHARYYA, S. (2005). Implication of
melatonin in oocyte maturation in indian major carp Catla catla. Fish Physiology and
Biochemistry, 31,201-207.

MARTINEZ-CHAVEZ, C. C., MINGLIETTI, M. & MIGAUD, H. (2008a). GPR54 and
rGnRH I gene expression during the onset of puberty in Nile tilapia. General and
Comparative Endocrinology, 156, 224-233.

43



References

MARTINEZ-CHAVEZ, C. C., AL-KHAMEES, S., CAMPOS-MENDOZA, A., PENMAN,
D. J. & MIGAUD, H. (2008b). Clock-controlled endogenous melatonin rhythms in
Nile tilapia (Oreochromis niloticus niloticus) and African catfish (Clarias gariepinus).
Chronobiology International, 25, 31-49.

MASUDA, T., IIGO, M., MIZUSAWA, K., NARUSE, M., OISHI, T., AIDA, K. &
TABATA, M. (2003). Variations in plasma melatonin levels of the rainbow trout
(Oncorhynchus mykiss) under various light and temperature conditions. Zoological
Science, 20, 1011-1016.

MAX, M. & MENAKER, M. (1992). Regulation of melatonin production by light, darkness,
and temperature in the trout pineal. Journal of Comparative Physiology A-Sensory
Neural and Behavioral Physiology, 170, 479-489.

McNULTY, J. A.,, RATHBUN, W. E. & DRUSE, M. J. (1988). Ultrastructural and
biochemical responses of photoreceptor pinealocytes to light and dark in vivo and in
vitro. Life Sciences, 43, 845-850.

MIGAUD, H., DAVIE, A. & TAYLOR, J. F. (2010). Current knowledge on the
photoneuroendocrine regulation of reproduction in temperate fish species Journal of
Fish Biology, 76, 27-68.

MIGAUD, H., TAYLOR, J. F., TARANGER, G. L., DAVIE, A., CERDA-REVERTER, J.
M., CARRILLO, M., HANSEN, T. & BROMAGE, N. R. (2006). A comparative ex
vivo and in vivo study of day and night perception in teleosts species using the
melatonin rhythm. Journal of Pineal Research, 41, 42-52.

MOUSSAVI, M., WLASICHUK, M., CHANG, J. P. & HABIBI, H. R. (2012). Seasonal
effect of GnlH on gonadotrope functions in the pituitary of goldfish. Molecular and
Cellular Endocrinology, 350, 53-60.

NIKAIDO, Y., ALURU, N., MCGUIRE, A., PARK, Y. J., VIJAYAN, M. M. &
TAKEMURA, A. (2010). Effect of cortisol on melatonin production by the pineal
organ of tilapia, Oreochromis mossambicus. Comparative Biochemistry and
Physiology a-Molecular & Integrative Physiology, 155, 84-90.

NAVE, 1. (2012). Plasma melatonin profiles in mrigal carp (Cirrhinus mrigala) kept under
natural and manipulated photoperiods. master’s degree, Norwegian University of
Science and Technology.

OLIVEIRA, C., GARCIA, E. M., FERNANDO LOPEZ-OLMEDA, J. & JAVIER
SANCHEZ-VAZQUEZ, F. (2009). Daily and circadian melatonin release in vitro by
the pineal organ of two nocturnal teleost species: Senegal sole (Solea senegalensis)
and tench (Tinca tinca). Comparative Biochemistry and Physiology A -Molecular &
Integrative Physiology, 153,297-302.

PAVLIDIS, M., GREENWOOD, L., PAALAVUO, M., MOLSA, H. & LAITINEN, J. T.
(1999). The effect of photoperiod on diel rhythms in serum melatonin, cortisol,
glucose, and electrolytes in the common dentex, Dentex dentex. General and
Comparative Endocrinology, 113, 240-250.

PETER, R. E., CHANG, J. P., NAHORNIAK, C. S., OMELJANIUK, R. J.,
SOKOLOWSKA, M., SHIH, S. H. & BILLARD, R. (1986). Interactions of
catecholamines and GnRH in regulation of gonadotropin-secretion in teleost fish.
Recent Progress in Hormone Research, 42, 513-548.

POPEK, W. & CWIORO, E. (2010). The pineal gland as a source of melatonin in fish;
influence of light and temperature. /n. KULCZYKOWSKA, E., POPEK, W. &
KAPOOR, B. G. (eds.) Biological clock in fish. CRC Press.

POPEK, W., LUSZCZEK-TROJNAR, E., DRAG-KOZAK, E., FORTUNA-WRONSKA, D.
& EPLER, P. (2005). Effect of the pineal gland and melatonin on dopamine release

44



References

from perifused hypothalamus of mature female carp during spawning and winter
regression. Acta Ichtthyologia et Piscatoria, 35, 65-71.

RANDALL, C. F.,, BROMAGE, N. R., THORPE, J. E., MILES, M. S. & MUIR, J. S. (1995).
Melatonin rhythms in Atlantic salmon (Salmo-salar) maintained under natural and
out-of-phase photoperiods. General and Comparative Endocrinology, 98, 73-86.

REITER, R. J. (1987). The melatonin message - duration versus coincidence hypotheses. Life
Sciences, 40,2119-2131.

REITER, R. J. (1991). Neuroendocrine effects of light. International Journal of
Biometeorology, 35, 169-175.

REITER, R. J. (1993). The melatonin rhythm - both a clock and a calendar. Experientia, 49,
654-664.

REITER, R. J.,, TAN, D. X. & MANCHESTER, L. C. (2010). Melatonin in fish: Circadian
rhythm and function. /n: KULCZYKOWSKA, E., POPEK, W. & KAPOOR, B. G.
(eds.) Biological clock in fish. Enfield: CRC Press.

RODRIGUEZ, L., ZANUY, S. & CARRILLO, M. (2001). Influence of daylength on the age
at first maturity and somatic growth in male sea bass (Dicentrarchus labrax, 1.).
Aquaculture, 196, 159-175.

ROENNEBERG, T. & FOSTER, R. G. (1997). Twilight times: Light and the circadian
system. Photochemistry and Photobiology, 66, 549-561.

SARKAR, S. K., SAHA, A., DASGUPTA, S., NANDI, S., VERMA, D. K., ROUTRAY, P.,
DEVARAIJ, C., MOHANTY, J., SARANGI, N., EKNATH, A. E. & AYYAPPAN, S.
(2010). Photothermal manipulation of reproduction in indian major carp: A step
forward for off-season breeding and seed production Current Science, 99, 960-964.

SEBERT, M. E., LEGROS, C., WELTZIEN, F. A., MALPAUX, B., CHEMINEAU, P. &
DUFOUR, S. (2008). Melatonin activates brain dopaminergic systems in the eel with
an inhibitory impact on reproductive function. Journal of Neuroendocrinology, 20,
917-929.

SETH, M. & MAITRA, S. K. (2011). Photoreception and melatonin synthesis in fish pineal
organ: A review. Proceedings of the National Academy of Sciences India Section B-
Biological Sciences, 81, 1-22.

SHARMA, K. R. & LEUNG, P. S. (1998). Technical efficiency of carp production in Nepal:
An application of stochastic frontier production function approach. Aquacultural
Economics and Management, 2, 129-140.

SHARMA, K. R. & LEUNG, P. (2000). Technical efficiency of carp pond culture in South
Asia: An application of a stochastic meta-production frontier model. Aquaculture
Economics & Management 4, 169-189.

SMALL, B. C. (2003). Anesthetic efficacy of metomidate and comparison of plasma cortisol
responses to tricaine methanesulfonate, quinaldine and clove oil anesthetized channel
catfish Ictalurus punctatus. Aquaculture, 218, 177-185.

SPATARU, P. & GOPHEN, M. (1985). Feeding-behavior of silver carp Hypophthalmichthys-
molitrix val and its impact on the food web in Lake Kinneret, Israel. Hydrobiologia,
120, 53-61.

SPRN. (2008).Sustainable poverty reduction in nepal by combining fish farming and
education with eco-friendly hydropower (2009-2012), Kathmandu, Sustainable
Poverty Reduction in Nepal (SPRN) Program.

SUBASINGHE, R. R. (2005). Epidemiological approach to aquatic animal health
management: Opportunities and challenges for developing countries to increase
aquatic production through aquaculture. Preventive Veterinary Medicine, 67, 117-124.

SUKUMARAN, K. K., SINGH, S., MURTY, D. S. & CHAKRABARTI, P. C. (1968).
Studies on compatibilty and competition between silver carp (Hypophthalmichthys

45



References

molitrix) and catla catla (Catla catla). Proceedings Indo-Pacific Fisheries Council.,
13, 185-194.

TACON, A. G.J. (2001). Increasing the contribution of aquaculture for food security and
poverty alleviation, Rome, NACA/FAO.

TAKEMURA, A., RAHMAN, S., NAKAMURA, S., PARK, Y. J. & TAKANO, K. (2004).
Lunar cycles and reproductive activity in reef fishes with particular attention to
rabbitfishes. Fish and Fisheries, 5,317-328.

TARANGER, G. L., HAUX, C., STEFANSSON, S. O., BIORNSSON, B. T., WALTHER, B.
T. & HANSEN, T. (1998). Abrupt changes in photoperiod affect age at maturity,
timing of ovulation and plasma testosterone and oestradiol-17 beta profiles in Atlantic
salmon, Salmo salar. Aquaculture, 162, 85-98.

THOMAS, P. & RAHMAN, M. S. (2009). Biomarkers of hypoxia exposure and reproductive
function in Atlantic croaker: A review with some preliminary findings from the
northern Gulf of Mexico hypoxic zone. Journal of Experimental Marine Biology and
Ecology, 381.

TSUTSUIL K., UBUKA, T., BENTLEY, G. E. & KRIEGSFELD, L. J. (2012). Gonadotropin-
inhibitory hormone (GnIH): Discovery, progress and prospect. General and
Comparative Endocrinology, 177.

UN. (2011). The millennium development goals report 2011, New York, United Nations.

UNDP. (2011). Human development report 2011: Sustainability and equity: A better future
for all, New York, United Nations Development Program.

UNICEEF. (2009). Tracking progress on child and maternal nutrition: A survival and
development priority, New York, the United Nations children’s fund.

VACHER, C., MANANOS, E. L., BRETON, B., MARMIGNON, M. H. & SALIGAUT, C.
(2000). Modulation of pituitary dopamine D-1 or D-2 receptors and secretion of
follicle stimulating hormone and luteinizing hormone during the annual reproductive
cycle of female rainbow trout. Journal of Neuroendocrinology, 12, 1219-1226.

VAN DER KRAAK, G. (2009). The GnRH system and the neuroendocrine regulation of
reproduction. /n: BERNIER, N. J., VAN DER KRAAK, G., FARRELL, A.P. &
BRAUNER, C. J. (eds.) Fish neuroendocrinology. Amsterdam: Academic Press.

VELARDE, E., DELGADO, M. J. & ALONSO-GOMEZ, A. L. (2010). Serotonin-induced
contraction in isolated intestine from a teleost fish (Carassius auratus):
Characterization and interactions with melatonin. Neurogastroenterology and Motility,
22, E364-E373.

VERA, F., ZENUTO, R. R., ANTENUCCI, C. D., BUSSO, J. M. & MARIN, R. H. (2011).
Validation of a radioimmunoassay for measuring testosterone concentrations in
plasma samples of the subterranean rodent Ctenomys talarum: Outstandingly elevated
levels in the wild and the effect of captivity. Journal of Experimental Zoology Part a-
Ecological Genetics and Physiology, 315A, 572-583.

VERA, L. M., DE OLIVEIRA, C., LOPEZ-OLMEDA, J. F., RAMOS, J., MANANOS, E.,
MADRID, J. A. & SANCHEZ-VAZQUEZ, F. J. (2007). Seasonal and daily plasma
melatonin rhythms and reproduction in Senegal sole kept under natural photoperiod
and natural or controlled water temperature. Journal of Pineal Research, 43, 50-55.

VIGH, B., DEBRECENI, K., MANZANO, M. J. & SILVA, E. (1995). Similar localization of
immunoreactive glutamate and aspartate in the pineal organ and retina of various
nonmammalian vertebrates. Acta Biologica Hungarica, 46, 99-106.

WEIL, C., LE BAIL, P. Y., SABIN, N. & LE GAC, F. (2003). In vitro action of leptin on
FSH and LH production in rainbow trout (Onchorynchus mykiss) at different stages of
the sexual cycle. General and Comparative Endocrinology, 130.

46



References

WEISSBACH, H., REDFIELD, B. G. & AXELROD, J. (1960). Biosynthesis of melatonin -
enzymic conversion of serotonin to N-acetylserotonin. Biochimica Et Biophysica Acta,
43, 352-353.

WELP, A., MANZ, B. & PESCHKE, E. (2010). Development and validation of a high
throughput direct radioimmunoassay for the quantitative determination of serum and
plasma melatonin (N-acetyl-5-methoxytryptamine) in mice. Journal of Immunological
Methods, 358, 1-8.

WILD, D. (2005). The immunoassay handbook, Elsevier.

YANTHAN, L. & GUPTA, B. B. P. (2007). In vitro effects of steroid hormones on
arylalkylamine N-acetyltransferase (AA-NAT) activity in the pineal of fish, Clarias
gariepinus (burchell, 1822) during different phases of breeding cycle. Indian Journal
of Experimental Biology, 45, 676-682.

YARON, Z. & SIVAN, B. (2006). Reproduction. /n: EVANS, D. H. & CLAIBORNE, J. B.
(eds.) The physiology of fishes. Taylor & Francis Group.

ZACHMANN, A., ALI, M. A. & FALCON, J. (1992). Melatonin and its effects in fishes - an
overview. In: ALI, M. A. (ed.) Rhythms in fishes.

ZAHL, I. H., SAMUELSEN, O. & KIESSLING, A. (2012). Anaesthesia of farmed fish:
Implications for welfare. Fish Physiology and Biochemistry, 38,201-218.

ZAR, J. H. (1984). Biostatistical analysis, New Jersey, Prentice-Hall, Inc. .

ZHANG, Y. LI, S. S, LIU, Y., LU, D. Q., CHEN, H. P., HUANG, X. G, LIU, X. C.,
MENG, Z. N., LIN, H. R. & CHENG, C. H. K. (2010). Structural diversity of the
GnIH/GnlH receptor system in teleost: Its involvement in early development and the
negative control of LH release. Peptides, 31, 1034-1043.

47



	Title Page
	

