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    Chapter 9   
 Lunar Clock in Fish Reproduction 

             Taro     Ikegami    ,     Yuki     Takeuchi    , and     Akihiro     Takemura    

    Abstract     Certain fi sh exhibit lunar and semilunar reproductive activities that are 
repeated at regular intervals of 1 month and 2 weeks, respectively. Fish with the 
lunar cycle exhibit spawning around a selective moon phase, whereas those with the 
semilunar cycle repeat spawnings twice within a month. Environmental changes in 
moonlight or tides may be involved in the synchronization of fi sh reproductive 
activity. Spawning of the goldlined spinefoot  Siganus guttatus , a lunar spawner 
around the fi rst quarter moon, is disrupted under constant moonlight conditions. 
Exposing fi sh to moonlight around the full moon resulted in suppression of melato-
nin, suggesting the perception and utilization of changes in moonlight for synchrony. 
Of the clock genes examined,  Period  ( Per2 ) in the pineal organ was higher at mid-
night around the full moon than the new moon, whereas  Cryptochrome  ( Cry1  and 
 Cry3 ) in the brain peaked around the fi rst quarter moon. Although circalunar- specifi c 
genes have not yet been identifi ed in any organism, some elements of the circadian 
system are likely involved in the exertion of lunar-related reproductive activities.  

  Keywords      Cryptochrome    •   Melatonin   •   Moonlight   •   Ovary   •   Spinefoot  

9.1         Introduction 

 Many organisms on the Earth possess endogenous clocks that respond to rhythmic 
changes in light and temperature (Pittendrigh  1993 ; Panda et al.  2002 ). Endogenous 
clocks help organisms to anticipate upcoming daily and annual environmental 
changes in their habitat and to adjust biochemical, physiological, and behavioral 
processes accordingly (Pittendrigh  1993 ). The acquisition of these clocks is closely 
related to long-term evolutionary and adaptation processes under constant repetition 
of the Earth’s rotation and revolution. In addition, the moon is also considered to 
affect the entrainment of endogenous clocks in organisms. Although information on 
lunar-related clocks is limited, rhythmic changes in a habitat arising from the 
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movement of the moon around the Earth undoubtedly are utilized for synchronization 
of various biological activities, including locomotion, migration, and reproduction. 
Some lunar-related activities even oscillate under constant conditions (Hsiao and 
Meier  1989 ; Motohashi et al.  2010 ), implying the involvement of endogenous 
clocks (e.g., circalunar, circasemilunar, or circatidal clocks). 

 Several lunar-related cycles exist: the lunar cycle, the semilunar cycle, and the 
tidal cycle. The lunar cycle involves a periodic change repeated at 1-month intervals, 
and biological activities of organisms peak around the species-selective lunar phase. 
The semilunar cycle is periodic activity that seems to appear at a 14.7-day interval. 
In many examples of this cycle, peaks of biological activity occur twice within a 
month. The tidal cycle also involves moon-related activity, which is well corre-
lated with a daily tidal cycle and caused by the combined effects of gravitational 
forces exerted by the moon and the sun and the rotation of the Earth (Leatherland 
et al.  1992 ). 

 Marine organisms inhabiting shallow waters in tropical and subtropical zones 
often exhibit various types of lunar-related rhythmicity (Harrison et al.  1984 ; 
Thresher  1984 ). One possible reason why such patterns are typical of these regions 
is that the lower variation in water temperature and photoperiod in these zones is 
correlated with a relative increase in the importance and reliability of cues from the 
moon (Takemura et al.  2010 ). In this chapter, we focus on the lunar and semilunar 
cycles occurring in the reproductive events of teleost fi shes and review physiologi-
cal processes of these lunar-related reproductive rhythms. Based on recent informa-
tion regarding the molecular mechanisms of circadian clocks, we propose a possible 
role of lunar-related clocks in the exertion of reproductive activities in fi sh.  

9.2     Moon-Related Cycles in Fish Reproduction 

9.2.1     Lunar Spawning Cycle 

 This lunar-related periodicity is characterized by a relationship between a trigger 
point of a reproductive event and a lunar phase and can be observed in various 
reproductive events of teleost fi shes. For example, the downstream migration of the 
European eel  Anguilla anguilla  toward their spawning area, the Sargasso Sea, is 
initiated between the last quarter and new moon period (Miyai et al.  2004 ). In the 
North Equatorial Current to the west of the Mariana Islands, searches for hatched 
larvae of the Japanese eel  Anguilla japonica  by research cruises have suggested the 
possibility of synchronous spawning around the new moon period (Tsukamoto 
 2006 ). Cues peaking around the new moon period appear to trigger reproductive 
activities in eels. Lunar-related spawning migration has also been reported in certain 
groupers inhabiting coral reefs. Groupers aggregate at species-selective spawning 
sites and spawn around a peak of the lunar period; the honeycomb grouper 
 Epinephelus merra  spawns around the full moon period (Lee et al.  2002 ), whereas 
the coral trout  Plectropomus leopardus  releases its gametes around the new moon 
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period (Samoilys and Squire  1994 ). Following a synchronous spawning event, 
matured groupers return from the spawning site to the inner reef that they most com-
monly inhabit. This coming-and-going behavior around a specifi c lunar phase is 
repeated during the spawning season (Samoilys and Squire  1994 ), which occurs annu-
ally at a fi xed period of a year. Therefore, cues peaking toward a specifi c lunar phase 
may be transduced as internal stimuli and may consequently trigger lunar- related 
reproductive activities. 

 Comparative studies on lunar-related spawning rhythmicity have been conducted 
in four spinefoot species (formerly known as rabbitfi sh) inhabiting Okinawan 
waters, Japan, in the subtropical zone (Takemura et al.  2010 ). The white-spotted 
spinefoot  Siganus canaliculatus  spawns around the new moon from April to June, 
the little spinefoot  Siganus spinus  spawns around the new moon from May to July, 
the goldlined spinefoot  Siganus guttatus  spawns around the fi rst quarter moon from 
June to July, and the streamlined spinefoot  Siganus argenteus  spawns around the 
last quarter moon from May to July (Takemura et al.  2010 ). The spawning rhyth-
micity of the same four species distributed in the tropical zone has also been exam-
ined. Results of these studies have indicated that the goldlined spinefoot spawns 
around the fi rst quarter moon both from March to May and from September to 
November in waters around the Karimunjawa Islands, Indonesia (Susilo et al.  2009 ), 
and the little spinefoot spawns around the new moon both from January to March 
and from July to September in Chuuk Lagoon, Micronesia (Park et al.  2006 ). 
Although the spawning season of each species differs among habitats with different 
backgrounds of seasonal cues, exactly the same lunar phase is utilized for the same 
species in all regions of the Indo-Pacifi c Ocean. Notably, differences in the spawn-
ing lunar phase among these spinefoot species partially suggest the evolutionary 
acquisition of chronologically based reproductive isolation (Takemura et al.  2010 ). 

 Lunar cyclic ovarian development has been histologically examined in certain 
spinefoot species. In all cases reported so far, a clutch of oocytes in an ovary syn-
chronously develops from the immature to mature stage toward a species-selective 
lunar phase. In the case of the goldlined spinefoot, for example, oocytes at vitello-
genic stages appear among immature oocytes around the full moon period and 
develop fully around the new moon period. Following fi nal oocyte maturation, ovu-
lation and release of gametes from the maternal body occur around the fi rst quarter 
moon (Fig.  9.1a ) (Rahman et al.  2000 ). When weekly changes in plasma steroid 
hormone levels were measured, we found lunar patterns in estradiol-17β (E 2 ) and 
17α,20β-dihydroxy-4-pregnen-3-one (DHP), which are responsible for induction of 
vitellogenesis and fi nal oocyte maturation, respectively (Nagahama  1994 ). Both ste-
roid hormones increased toward the fi rst quarter moon period. More precise experi-
ments using an in vitro culture technique showed that under the presence of human 
chorionic gonadotropin (hCG) used as a stimulator of steroidogenesis, synthesis of 
E 2  and DHP in ovarian segments increased around the new moon period (1 week 
before spawning) and the fi rst quarter moon period (just before spawning), 
 respectively (Fig.  9.2 ) (Rahman et al.  2002 ). Therefore, profi les of these steroid 
hormones are clearly in accordance with sequenced events in the ovary based on 
lunar phases. Biological characterizations of fi sh with lunar reproductive cycles 
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have shown that an entire cycle in relationship to ovarian development and  spawning 
proceeds to a species-selective lunar phase and is completed within 1 lunar month.   

 How do fi sh recognize a species-selective moon phase for their spawning rhyth-
micity? Because the goldlined spinefoot repeats spawning at the selective moon 

  Fig. 9.1    Schema of ovarian development according to lunar spawning cycle in the goldlined spine-
foot ( a ) and semilunar spawning cycle in the brackish damsel ( b ). The lunar spawning cycle com-
pletes the whole processes of ovarian development within a month and spawning at 1-month 
intervals. In the semilunar spawning cycle, a clutch of oocytes develops from vitellogenic oocytes 
and spawning is repeated at intervals of 2 weeks.  FM  full moon,  FQM  fi rst quarter moon,  LQM  last 
quarter moon,  NM  new moon,  NT  neap tide,  ST  spring tide. (Redrawn from Takemura et al.  2010 )       
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phase (the fi rst quarter moon), even in tanks without tidal changes for several years 
(Rahman et al.  2000 ), this species likely does not require tidal stimuli for the conti-
nuity of the lunar-related spawning cycle. The fi sh may be able to perceive and 
utilize dynamic changes such as moonlight illumination (Horning and Trillmich 
 1999 ) and geomagnetic fi elds (Stolov  1965 ; Bell and Defouw  1966 ), which peak 
around the full moon and the last quarter moon, respectively, at 1-month intervals 
(Fig.  9.3 ). When the goldlined spinefoot is reared in tanks under artifi cial constant 
full moon and new moon conditions, the expected spawning during the spawning 
season is disrupted or delayed (Takemura et al.  2004 ). This observation indicates 
that cyclic changes in moonlight intensity play at least a partial role in the synchro-
nization of the timing of spawning in this species. In contrast, a 4-year tagging study 
on the migration behavior of smolts of the chinook salmon  Oncorhynchus tshawyts-
cha  demonstrated that the timing of saltwater entry from a river was closely related 
to the date of lunar apogee (the farthest distance from the earth to the moon), fol-
lowed by the date of quarter moons (Fig.  9.3 ) (DeVries et al.  2004 ). Salmonid fi sh 
may thus perceive changes in lunar gravitation for the start of migration.   

  Fig. 9.2    In vitro production of steroid hormones by intact follicles of oocytes of the goldlined 
spinefoot in response to different concentrations of human chorionic gonadotropin (hCG). 
Estradiol-17β (E 2 ) production at ( a ) 1 week before spawning ( NM  new moon) and ( b ) just before 
spawning ( FQM  fi rst quarter moon). 17α,20β-Dihydroxy-4-pregnen-3-one (DHP) production at 
( c ) 1 week before spawning ( NM  new moon) and ( d ) just before spawning ( FQM  fi rst quarter 
moon).  Asterisks  indicate signifi cant difference ( P  < 0.05) in E 2  and DHP productions between the 
new moon and the fi rst quarter moon. (Modifi ed from Rahman et al.  2002 )       
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9.2.2     Semilunar Spawning Cycle 

 Semilunar reproductive events are explained as apparent spawning cycles at a 14.7- day 
interval at a selective lunar phase; these cycles have been observed in many fi sh 
species that, in most cases, inhabit coastal areas. For example, the grass puffer 
 Takifugu niphobles , a common coastal puffer species in Japan, aggregates at certain 
seashore locations and spawns several hours before the morning or evening high 
tide, only during the spring tide (Yamahira  1994 ,  2004 ). The group spawning of the 
grass puffer occurs at the same location every year and every 2 weeks during a 
spawning season (Motohashi et al.  2010 ). Similar spawning behavior at spring tide 
has been reported in the California grunion  Leuresthes tenuis  (Clark  1925 ) and the 
killifi shes ( Fundulus heteroclitus  or  F. grandis ) (Hsiao and Meier  1989 ). In these 
cases, the fertilized eggs or hatched larvae are washed out from the coast to the 

  Fig. 9.3    Lunar effects on the Earth. Moonlight illumination and geomagnetic fi eld fl uctuate at 
1-month intervals and peak around the full moon and the last quarter moon, respectively. Gravitational 
pull and tidal amplitude fl uctuate at a 14.7-day interval and peak around the full moon and the new 
moon.  FM  full moon,  FQM  fi rst quarter moon,  LQM  last quarter moon,  NM  new moon       
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open sea until the high tide of the next spring tide. One advantage of this reproductive 
strategy is that it appears to reduce predation risk by aquatic predators for offspring 
(Leatherland et al.  1992 ). 

 Details on ovarian development in terms of semilunar spawning cycles have been 
reported in two species, the brackish damsel  Pomacentrus taeniometopon  and the 
amboina cardinalfi sh  Apogon amboinensis . Both are brackish species exposed to 
vigorous changes in tidal stimuli. Females of the brackish damsel spawn around the 
fi rst quarter moon and the last quarter moon (Fig.  9.1b ). Because territorial males 
protect fertilized eggs for 1 week, hatching occurs around the new moon and full 
moon periods (Pisingan et al.  2006 ). In the brackish damsel, vitellogenic oocytes 
can always be found in an ovary during the spawning season. A clutch of vitello-
genic oocytes starts to mature and is spawned around both quarter moons. Females 
of the amboina cardinalfi sh spawn around the fi rst quarter moon and the last quarter 
moon period. Because this species is a mouth-brooder, the fertilized eggs are incu-
bated in the mouth of males for 2 weeks until hatching. The release of hatched 
larvae from the male mouth occurs around the fi rst quarter moon and the last quarter 
moon period (Pisingan and Takemura  2007 ). In the amboina cardinalfi sh, a clutch 
of yolk-laden oocytes appears among immature oocytes after spawning and then 
develop synchronously toward the fi rst or last quarter moon. When ovarian seg-
ments of the amboina cardinalfi sh were cultured in medium with hCG, the synthesis 
of E 2  increased around the new and full moon periods, whereas that of DHP 
increased around the fi rst and last quarter moon (Fig.  9.4a, b ). These studies indi-
cated at least two types of semilunar spawners, which may be categorized as the true 
or apparent spawner. The former (e.g., brackish damsel) repeats oocyte develop-
ment and spawning at an interval of 2 weeks; thus, an individual experiences two 
spawnings within a month during the spawning season (true semilunar spawner). 
On the other hand, the latter (e.g., amboina cardinalfi sh) undergoes one-time oocyte 
development and spawning within a month. In this case, therefore, there may be two 
populations spawning around the fi rst quarter moon or last quarter moon period 
(Takemura et al.  2010 ).  

 Because the timing of larval dispersal from the male’s territory or mouth is cor-
related with the peak of spring tides (Fig.  9.3 ), tidal stimuli appear to be perceived 
by fi sh species to synchronize gonadal development and spawning. Notably, females 
of the red-clawed crab  Chiromantes haematocheir  repeat the release of zoea larvae 
to the sea during high tide around the spring tide. This semilunar spawning rhythm 
has been suggested to be induced not only by cyclic changes in tides but also by 
changes in moonlight illumination (Saigusa  1988 ). Therefore, the semilunar rhyth-
micity of organisms is likely affected by a conjugated system of cues from the 
moon.    Robertson et al. ( 1990 ) hypothesized that the release of hatched larvae with 
the spring tide is likely related to the rapid dispersal of the offspring from the coast to 
the open sea, consequently reducing predation pressure and enhancing the survival 
of the offspring (Robertson et al.  1990 ). 

 Hsiao and Meier ( 1989 ) collected the gulf killifi sh  F. grandis  and the mummi-
chog  F. heteroclitus  from the Gulf Coast and the Atlantic Coast, respectively, and 
reared them under standard laboratory conditions. They found that several spawning 
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cycles were maintained at a mean duration of 13.7 days for the gulf killifi sh and 
14.8 days for the mummichog, and the spawning cycle of these two species was 
synchronized with the moonlight and tidal cycle in their respective habitats (Hsiao 
and Meier  1989 ). Motohashi et al. ( 2010 ) observed the aggregating and spawning 
behaviors of the grass puffer in an aquarium lacking tidal changes. Although spawn-
ing was not confi rmed in the aquarium mimicking fi eld conditions, the small group 
of mature fi sh only aggregated repeatedly in the rising tidal phase during and after 
the spring tides (Motohashi et al.  2010 ). Furthermore, in the mudskipper 
 Boleophthalmus pectinirostris , the synthesis of plasma steroid hormones (i.e., tes-
tosterone, E 2 , and 17α-hydroxyprogesterone) was regulated by a biological clock; 
these steroids peaked twice on the third day after the fi rst quarter moon and on the 

  Fig. 9.4    Comparisons of 
( a ) estradiol-17β ( E2 ) and 
( b ) 17α,20β-dihydroxy-4- 
pregnen-3-one ( DHP ) from 
the cultured ovarian segments 
of the amboina cardinalfi sh in 
response to human chorionic 
gonadotropin (hCG) between 
the new and full moon (NM 
and FM) and the fi rst and last 
quarter moon (FQM and 
LQM). E 2  and DHP were 
measured using ELISA. 
 Asterisks  indicate signifi cant 
difference ( P  < 0.05) between 
the new and full moon (NM 
and FM,  open columns ) and 
the fi rst and last quarter moon 
(FQM and LQM,  fi lled 
columns ). (Modifi ed from 
Pisingan and Takemura  2007 )       
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fourth day after the last quarter moon, although steroid hormone profi les and gonadal 
development were not positively correlated (Wang et al.  2008 ). These fi ndings suggest 
that an endogenous clock controls spawning periodicity and that this clock can 
oscillate temporarily without external moon-related stimuli. Interestingly, mummi-
chogs (the Arasaki strain) reared for generations under laboratory conditions became 
daily spawners during the spawning season (Shimizu  1997 ). Exposing the fi sh to 
moon-related stimuli at specifi c stages of their life cycle may be necessary to exert 
the semilunar spawning rhythmicity.   

9.3     Melatonin as a Possible Transducer in Lunar Spawners 

 Melatonin is an indoleamine hormone synthesized mainly in the pineal organ and the 
retina (Zachmann et al.  1992 ). This hormone is believed to be a transmitter of pho-
toperiodic information to central and peripheral organs, as its level in the blood 
increases during the nighttime and decreases during the daytime (Bromage et al. 
 2001 ). The pineal organ of teleost fi shes serves a dual biological function as a 
neuroendocrine organ and photoreceptive organ. With the exception of salmonid 
species, the pineal organ of most fi sh species can release melatonin in a circadian 
manner under constant dark conditions of in vivo and in vitro experiments, implying 
that the entire system of the circadian clock functions in the pineal organ (Iigo et al. 
 1991 ,  2004 ; Molina-Borja et al.  1996 ). 

 A daytime-low and nighttime-high fl uctuation persisted in plasma melatonin levels 
under light–dark (LD) conditions in the goldlined spinefoot (Takemura et al.  2004 ), 
suggesting that melatonin also serves a common role in transducing daily variation 
in environmental photoperiodic information into the central and peripheral organs 
in this lunar spawner. Moreover, nocturnal plasma melatonin levels during the new 
moon period were higher than those during the full moon period (Fig.  9.5a ) 
(Takemura et al.  2004 ). This result was supported by in vitro experiments; when the 
pineal organ of the goldlined spinefoot was cultured under natural illumination dur-
ing the full and new moon periods, secretion of melatonin into the culture medium 
was higher during the new moon period than during the full moon period (Takemura 
et al.  2006 ). In addition, exposing spinefoots to “brightness at the full moon or new 
moon night” resulted in a rapid suppression of plasma melatonin levels (Rahman 
et al.  2004 ; Takemura et al.  2004 ). Therefore, the melatonin profi le in a lunar 
spawner would likely show a composite pattern at 1-month intervals: the amplitude 
in melatonin levels between daytime and nighttime during the new moon period 
would be large, whereas that during the full moon period would be small.  

 The actions of melatonin are mediated via melatonin receptors belonging to the G 
protein-coupled receptor superfamily. Melatonin receptors are also expected to be 
involved in the exertion of lunar rhythmicity in fi sh. Because three subtypes of mela-
tonin receptors are known in lower vertebrates, the MT1 (formerly known as Mel 1a ), 
MT2 (formerly known as Mel 1b ), and Mel 1c  (Ikegami et al.  2009a ,  b ), the cDNAs of 
MT1 and Mel 1c  have been cloned in the goldlined spinefoot and their expression 
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 patterns in the pineal organ have been examined using quantitative real-time poly-
merase chain reaction (qPCR) (Park et al.  2007a ,  b ). The mRNA abundance of MT1 
and Mel 1c  exhibited diurnal variation, with an increase during nighttime and a 
decrease during daytime under light and dark conditions (Park et al.  2007a ,  b ). An 
in vitro experiment using the goldlined spinefoot pineal organ revealed that melato-
nin production is strongly correlated with melatonin receptor mRNA expression 
(Park et al.  2007a ), suggesting that melatonin regulates the expression of these mela-
tonin receptors. These results raise the possibility that melatonin receptors  fl uctuate 
according to changes in the intensity of moonlight illumination under regulation of 
melatonin. In fact, MT1 and Mel 1c  mRNA abundance was higher at midnight of the 
new moon than midnight of the full moon (Park et al.  2014 ). As demonstrated with 
plasma melatonin levels, exposing fi sh to “brightness at the full moon night” resulted 

  Fig. 9.5    Comparisons of 
melatonin concentration in 
the plasma ( a ) and clock gene 
expression in the pineal organ 
( b ) of the goldlined spinefoot 
between the new moon (NM) 
and the full moon (FM). The 
plasma sample and the pineal 
organ were taken from the 
fi sh at midnight during the 
new moon ( fi lled columns ) 
and full moon ( open 
columns ). Melatonin levels in 
the plasma were measured by 
time- resolved immunofl uoro-
assay. Expression of  Period2  
( SgPer2 ) mRNA in the pineal 
organ was determined by 
quantitative real-time 
polymerase chain reaction 
(PCR) and normalized by the 
amount of  Sgβ - actin  
mRNA. Each  bar  represents 
mean ± SE.  Asterisk  indicates 
signifi cant difference 
( P  < 0.05) between the new 
moon and the full moon. 
(Modifi ed from Takemura 
et al.  2004  and Sugama et al. 
 2008 )       
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in downregulation of Mel 1c  mRNA in the pineal organ (Park et al.  2014 ). Therefore, 
the melatonin–melatonin receptor system is potentially involved in generating 
1-month periodicity in certain lunar synchronized spawners. 

 Melatonin likely becomes a useful messenger of various lunar-related environ-
mental changes (Takemura et al.  2010 ). In fact, a magnetic fi eld generated by 
Helmholtz coils (maximum fl ux density 40 mT, frequency 1 Hz, 200 ms on, 800 ms 
off) resulted in increases in nocturnal pineal and serum melatonin levels of brook 
trout  Salvelinus fontinalis  (Lerchl et al.  1998 ). This stimulatory effect of a magnetic 
fi eld on melatonin production may be attributable to an increased Ca 2+  infl ux into 
pineal photoreceptors (direct effect;    Gasser and Gern  1997 ) or to secondary stress 
responses (indirect effect; Bullock  1977 ). Wagner et al. ( 2007 ) cultured the pineal 
organ of two abyssal fi sh species,  Coryphaenoides armatus  and  Synaphobranchus 
kaupii , whose habitats in deep seas experience rhythmic changes in current velocity 
and direction at intervals of 12.4 h. Melatonin release tended to increase at the 
beginning of the lunar day and night and was lower during the second half of the 
lunar day and night and during moonrise and moonset. Thus, tidal currents may act 
as a zeitgeber at the bottom of the deep sea, and melatonin metabolism with tidal 
periodicity may be a possible sign of the transduction of tidal periodicity in deep- sea 
fi shes (Wagner et al.  2007 ).  

9.4     Clock Genes in Lunar Rhythmicity 

 As noted, circumstantial evidence exists that endogenous clocks are involved in the 
semilunar reproductive cycle in certain teleost fi shes. However, how circasemilunar 
and circalunar cycles are regulated endogenously and what types of biological clocks 
are involved in oscillating such cycles remain unclear. A pioneer study on the involve-
ment of clock genes in lunar spawning synchrony was performed in the reef- building 
coral  Acropora millepora , which spawns around the full moon period (Levy et al. 
 2007 ). The mRNA abundance of light-responsible genes,  Cryptochrome  ( Cry1  and 
 Cry2 ), exhibited daily variation with a peak during daytime under light–dark cycles, 
and  Cry2  mRNA abundance at night was higher during the full moon period than 
during the new moon. These results suggest that an element of the circadian system 
is involved in the lunar-related mass spawning in corals. 

 Initially,  Period  and  Cryptochrome  received the most attention in terms of the 
genetics of lunar clocks in fi sh because the family of these elements is believed 
to include photo-responsible genes in lower vertebrates (Cahill  2002 ; Yasuo et al. 
 2004 ). In the goldlined spinefoot, following the cloning of cDNA, the expression 
patterns of  Period  ( SgPer2 ) and  Cryptochrome  ( SgCry1  and  SgCry3 ) mRNAs were 
examined in the pineal organ and the medial part of the brain (mesencephalon and 
diencephalon), respectively (Fukushiro et al.  2011 ; Sugama et al.  2008 ). The abun-
dance of  SgPer2  mRNA displayed a daily expression pattern with increases during 
photophase. The abundance of this gene was higher at the culmination of the full 
moon period than during the new moon period (Fig.  9.5b ). Additionally, exposing 
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the fi sh to moonlight irradiation around the full moon period resulted in upregulation 
of  SgPer2  mRNA abundance, suggesting that the expression of  SgPer2  mRNA in 
the pineal organ was affected not only by daylight, but also by moonlight (Sugama 
et al.  2008 ). On the other hand, the mRNA abundance of  SgCry1 , but not  SgCry3 , 
exhibited daily fl uctuations, with a peak at dawn and gradual decreases during day-
time. Notably, the expression of both genes showed lunar-dependent variation; their 
abundance increased around the fi rst quarter moon and decreased around the full 
moon and the last quarter moon period (Fig.  9.6 ) (Fukushiro et al.  2011 ). Thereby, 
an increase in  SgCry  mRNA abundance occurred around the spawning lunar phase 
of the goldlined spinefoot.  

  Fig. 9.6    Lunar-dependent 
variations in the expression of 
genes encoding  crypto-
chrome ,  SgCry1  ( a ), and 
 SgCry3  ( b ) in the brain of the 
goldlined spinefoot. Each  Cry  
mRNA was calculated as a 
value relative to that of 
 Sgβ - actin     gene. Each  bar  
represents mean ± SD. Lunar 
phases are indicated above 
the graph by schematic moon 
images. Probability values 
( P ) of ANOVA for statisti-
cally signifi cant difference 
among dates are indicated. 
Second peak of mRNA 
expressions of SgCry1 and 
SgCry3 coincided with 
spawning day (June 29) 
whereas the fi rst peak of 
those existed before 
spawning season. (Modifi ed 
from Fukushiro et al.  2011 )       
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 Despite the lack of information for characterizing the fi sh lunar clock system in 
detail, further research should address hypotheses that test whether certain elements 
of the circadian system are involved in oscillations of lunar-dependent rhythmicity 
and if periodic changes in moonlight irradiation act as a possible zeitgeber to syn-
chronize this rhythm. Differences in moonlight irradiation between the new moon 
and full moon period may simply affect the expression patterns of clock genes. 
Alternatively, lunar phase-dependent gene expression is presumably controlled by 
moonlight signals around a putative “photo-responsible phase,” which is expected 
to appear at a certain point of the night (ZT18‒ZT21). This hypothesis was derived 
from comparisons between a transient pattern of moonlight irradiation at night 
(Fig.  9.7 ) and weekly changes in  SgCry  mRNA expression.   

9.5     Closing Remarks 

 The purpose of this chapter was to provide an outline of the physiological and 
molecular mechanisms infl uencing lunar and semilunar rhythmicity in fi sh repro-
duction. To date, whether lunar- or semilunar-specifi c genes are expressed in the 
central nervous system and are involved in regulating lunar-related rhythms in fi sh 
remains unknown. However, the fi ndings detailed in this chapter reveal that the 
main players, melatonin and clock genes, of the circadian system are associated 
with the entrainment of fi sh reproduction to a peak point of cues from the moon. 
Lunar and semilunar rhythmicity in fi sh has presumably evolved as an applicable 
form of the circadian system, particularly if fi sh share a common transduction 
system for sensing photic information such as daylight as well as moonlight. 
Alternatively, the lunar/semilunar rhythmicity is a potentially innate characteristic 
in most fi sh but one that oscillates robustly in only certain fi sh species after 

  Fig. 9.7    Schematic pattern of solar light phase, moonlight phase, and moonlight intensity in 
Okinawa, Japan (26°38′N, 127°51′E) during the spawning season (June) of the goldlined spine-
foot. A putative photo-responsible phase is indicated by the  white outline. Shading  indicates differ-
ences in light intensity. (Modifi ed from Fukushiro et al.  2011 )       
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adaptation to aquatic environments. If so, it is not necessary for fi sh to evolve a 
novel system for lunar/semilunar rhythmicity. 

 The genome project of the tiger puffer  Takifugu rubripes  was completed in 2002 
(Aparicio et al.  2002 ). Because  Takifugu  species share very high similarity in their 
genome sequences (Yamanoue et al.  2009 ), the grass puffer offers a particular 
advantage for elucidating the molecular mechanisms of the semilunar cycle using 
the genome resources of the tiger puffer. Despite vigorous accumulation of ecological 
evidence, physiological and molecular studies on lunar and semilunar cycles in fi sh 
have been limited. Advances in genome-wide search might allow us to identify 
novel clock genes in relationship to the circalunar/circasemilunar cycle or to fi nd 
new functions of known molecules in oscillating lunar/semilunar cycles. By capital-
izing upon new approaches, further studies can help to achieve an overall under-
standing of lunar and semilunar cycles in fi sh.     
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