
1.Introduction

Theaquacultureisknowntobeveryimpor-

tanttoworldfoodproduction.Theenhance-

mentofgrowthinculturedfish,therefore,has

beendesiredandresearched.Infish,growthis

regulatedtoamajorextentbyliver-derivedin-

sulin-likegrowthfactor（IGF）-Iinresponseto

pituitary-secretedgrowthhormone（GH）bind-

ingtoGHreceptors（GHR）ofliver.TheGH-

IGF-Iaxisisbelievedtoplayanimportantrole

intheregulationofgrowth.Infish,secretion

ofGH isknowntobeunderhypothalamic

regulationbymeansofmanymodulatorsThe

actionsofIGFsarecontrolledbyGHandIGF

bindingproteinandaspecificreceptoronthe

surfaceoftargetcells（DONALDSONetal.,1979;

DUAN,1998;MORIYAMAetal.,2000;DEANEand
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WOO,2009;REINECKE,2010）.

Growthinfishisgeneticallyregulatedandis

alsoinfluencedby cellular,endocrinological

andenvironmentalfactors.Theresponsesof

endocrinaltissueareaffectedbytheintegra-

tion of external stimuli（DUAN, 1998;

MORIYAMA etal.,2000;NAKANO etal.,2008;

DEANE andWOO,2009;REINECKE,2010）.The

environmentalfactorssuchasnutrition（food

availability）,temperatureandphotoperiodare

majorfactorsregardinggrowthanddevelop-

ment,andseemtoconditionbiologicalrhythms

infish.Inthenaturalenvironment,fishexhibit

feedingflexibilityaccordingtovariouscondi-

tions.Ontheotherhand,inaquaculture,feed-

inginfishiscontrolledartificiallyandthe

feedingrhythmsmightbemodified（AYSON

andTAKEMURA,2006;MONTOYAetal.,2010）.

Inmanyfish,growthcanbesignificantly

stimulatedbytreatmentwithexogenousGH

（DONALDSON etal.,1979）.Morerecently,GH

transgeneshavebeentransferredtofishwith

strongstimulationofgrowth（DEVLIN etal.,

1994）.ThelevelsofbothGH andIGF-Iin

plasmaareknowntobehighinGHtransgenic

fish.Growthabnormalities,andalteredmuscle

andpituitarystructures,highfeedingmotiva-

tion havebeen observed in GH transgenic

salmon relativeto normalwild typefish

（DEVLIN etal.,1995,2004;MORIandDEVLIN,

1999;RISEetal.,2006;HALLERMANetal.,2007）.

Accordingly,expressionoftransgenesmight

affectthemanyaspectsoffitnesssuchasme-

tabolism,behaviorandviabilityinthefish.

However,littleisknownaboutthedailyex-

pressionpatternsofgenesconcerningGH-IGF-

Iaxisintransgenicfish.Wehypothesizedthat

theexpressionsofgrowth-relatedgenesare

heldhighlevelsalldaylongandshowunique

charactersinGHtransgenicfish.

In thepresentstudy,weexamined the

changesinthemRNAexpressionpatternsof

GH,GHRandIGF-IgenesafterfeedinginGH

transgenic coho salmon （Oncorhynchus

kisutch）.

2.MaterialsandMethods

2.1.Fish,rearingconditionsandsampling

Transgeniccohosalmon（strainM77）con-

taining theGH geneconstructOnMTGH1

（DEVLINetal.,1994,2004）andnon-transgenic

wildtypecohosalmonfromtheChehalisRiver,

BC,CanadawererearedintheCAERAquar-

iumFacility.Thetwotypesoffish（transgenic

andnon-transgenic）werefedbyhandtoap-

parentsatiationtwiceadaywithcommercially

availablediets（Skretting Canada,Canada）

andmatchedtheirsizeaccordingtothemethod

reportedpreviously（RISEetal.,2006;RAVENet

al.2008）.Sixindividualsofeachoftransgenic

fishandoldernon-transgenicfishofsimilar

sizewereplacedintoeachoffivetankssupplied

withrunning10�11℃ wellwaterandacclima-

tizedfortwodaysundernaturalphotoperiod.

Tissuesfrom transgenicfish（mean± SD,

20.34± 3.32g）andnon-transgenicfish（19.27

±2.15g）weresampledat0,2,4,8and24haf-

terfeeding（at9:00AM）.Fishweresampled

fromseparateexperimentaltanksateachtime

period,thereby avoiding repeated sampling

from thesametank.Fishwereanaesthetized

with100mg/L tricanemethanesulphonate

buffered with NaHCO3 and rapidly team-

sampledforbloodandtissues.Plasmawas

storedfrozenat－80℃,andalltissueswere

immediatelyimmersedinRNAlater（Ambion-

ABI,USA）andthenstoredat－80℃ until

analysis.Alltheprotocolsoffishtreatment

wereapprovedbytheDFOPacificRegionAni-

malCareCommittee.

2.2.TotalRNAextractionandcDNAsynthesis

TotalRNAwasextractedfromtissueusing

TRIzol（Invitrogen,USA）andcomplementary

DNA（cDNA） was synthesized using the

ReverTraAcereagentkit（Toyobo,Japan）

werecarriedoutfollowingthemanufacturer・s

protocolandRavenetal.（2008）.

2.3.DeterminationofGH,GHR,IGF-Iandβ-

actinmRNAlevels

ThelevelsofGH,GHRandIGF-ImRNAex-

pressionsinthetissuesweredeterminedby

real-timequantitativePCR（qPCR）withan

equipmentofAppliedBiosystemsPrism 7300

Sequence Detection System （USA） using

β-actinasaninternalstandardaccordingto

Ravenetal.（2008）.Genespecificprimersand

TaqManprobeswereusedastheqPCRassays

（Table1）.ValuesforGH,GHRandIGF-Iwere

normalizedwiththoseofβ-actin.Levelsofβ-

actin wereconfirmed notto changewith
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respecttotreatment.

2.4.Measurementsofglucoselevelsinplasma

Plasmaglucosewasmeasuredusinganenzy-

maticassaymethodavailableinakit（Wako

PureChemicalIndustries,Ltd.,Japan）.

2.5.Statisticalanalysis

Allsampleswereruninduplicateandresults

arereportedasmean± SD.Alldataweresub-

jected to one-way analysis of variance

（ANOVA）. Multiple comparisons between

groupsweremadebyTukey-Kramermethod

andresultsweredeterminedstatisticallysig-

nificantatP＜ 0.05.

3.Results

3.1.GH,GHRandIGF-ImRNAlevels

GHmRNAwasdetectedinnon-pituitarytis-

suessuchasliverandmusclefromtransgenic

fishaswellasinthepituitary.GHmRNAlevel

inpituitarywashigherthaninothertissues.

ThedailyGHmRNAexpressionpatterninpi-

tuitaryandothertissueswasobservedtopeak

atroughly4�8hafterfeeding（Fig.1）.This

tendencyregardingexpressionpatternofGH

mRNAwasalmostsamewithliverandmuscle

intransgenicfish（datanotshown）.

AsshowninFig.2,GHRmRNA levelsin

liverandmusclewerefoundtobehigherin

transgenicfishthaninnon-transgenicfish.In

contrast,pituitaryGHRmRNAlevelswerelow

in transgenic fish, compared with non-

transgenicfish（datanotshown）.Thedailyex-

pression pattern ofGHR mRNA revealed

relativelyhighlevelintransgenicfish,inboth

pituitaryandmuscle8hafterfeeding,andin

theliver4hafterfeeding.GHRmRNAlevels

werenotsignificantlydifferentthroughoutaf-

terfeedinginnon-transgenicfish.

TheexpressionlevelsofIGF-ImRNAinthe

liverwerefoundtobegreaterintransgenic

fish,withapeakat4hafterfeeding.Onthe

otherhand,theexpressionpatternofIGF-I

mRNA innon-transgenicfishwasirregular

andtherewasnosignificantdifferenceinlevels
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Table1.SequencesofprimersandprobesusedinqPCRanalysis.

Gene ForwardPrimer（5・�3・） ReversePrimer（5・�3・） TaqManProbe（5・�3・）

GH
GHR
IGF-I

β-actin

CAAGATATTCCTGCTGGACTT
CACTGTGGAAGACATCGTGGAA
GGCATTTATGTGATGTCTTCAAGAGT
ACGGCCGAGAGGGAAATC

GGGTACTCCCAGGATTCAATCA
CAAAGTGGCTCCCGGTTAGA
CCTGTTGCCGCCGAAGT
CAAAGTCCAGCGCCACGTA

CAGTCCTGAAGCTGC
AACTGGACCCTGCTGAA
TCTCACTGCTGCTGTGC
CACAGCTTCTCCTTGATGT

Fig.1.GHmRNAlevelsinthepituitaryofnon-transgenic（A）andGHtransgenic（B）cohosalmon.Values
withdifferentlettersuperscriptsaresignificantlydifferent（P＜ 0.05）.Barsaremeans± SD,n＝4.



atanytimeduringthe24hsamplingperiodaf-

terfeeding（Fig.3）.

3.2.Glucoselevelsinplasma

Plasmaglucoselevelsintransgenicfishwere

higherthanthoseinnon-transgenicfish,al-

thoughinbothgroupstheyincreasedgradu-

allyafterfeeding（datanotshown）.

4.Discussion

Inthepresentstudy,theresultsindicatefor

thefirsttimethattherhythmsintheexpres-

sionpatternsforgrowth-relatedgenesexistac-

cordingtothetimeoffeedinginGHtransgenic

fishandseem tobepronouncedintransgenic

fishcomparedtonon-transgenicfish.

AsshowninFig.1,significantdifferences
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Fig.2.GHRmRNAlevelsintheliverofnon-transgenic（A）andGHtransgenic（B）cohosalmon.Values
withdifferentlettersuperscriptsaresignificantlydifferent（P＜ 0.05）.Barsaremeans± SD,n＝4.

Fig.3.IGF-ImRNAlevelsintheliverofnon-transgenic（A）andGHtransgenic（B）cohosalmon.Values
withdifferentlettersuperscriptsaresignificantlydifferent（P＜ 0.05）.Barsaremeans± SD,n＝4.



wereobservedinpituitaryGH mRNA levels

duringthe24hperiodafterfeedinginboth

transgenicandnon-transgenicfish.Inliver

andmusclefromtransgenicfish,therewereno

significantdifferencesinGH mRNA expres-

sionsduringthepost-feeding24hperiod,al-

thoughthehighestGHmRNAlevelsoccurred

4�8hafterfeeding.Thisexpressionpatterns

suggestthepresenceofadiurnalpatternofGH

expressionincohosalmon,whichthereforedif-

fersfromresultsobtainedforseveralfishspe-

cies（GOMEZetal.,1996;AYSONetal.,2007）.In

rabbitfish,GHmRNAlevelsduringdaytime

werelowercomparedwiththelevelsduring

nighttime（AYSON etal.,2007）,andplasma

GHlevelsinfastingfishincreased（THISSENet

al.,1999）.

GHRmRNAexpressionintransgenicfishis

regularandincreasesgraduallyafterfeeding

comparedtonon-transgenicfish（Fig.2）.Both

mRNAandproteinlevelsofGHRareaffected

byseveralfactors,suchasexogenouscortisol,

stressand fasting,in fish and mammals

（MORIYAMAetal.,2000;FOXetal.,2006;SMALL

etal.,2006;NAKANOetal.,2008;KAMEDAetal.,

2008;DEANE andWOO,2009）.Inthepresent

study,aclearincreaseinGHRmRNAlevelsaf-

terfeedingwasobservedinalltissuesanalyzed

from transgenicfish.Consequently,foodap-

pearstobeoneoftheimportantfactorsinflu-

encingtheexpressionsofGHandGHRmRNAs

inGHtransgenicfish.

ThemRNAexpressionofIGF-Iintheliverof

transgenicfishreacheditspeakat4hafter

feeding（Fig.3）.IGF-Igeneexpressioninthe

liveroffishhasalsobeenreportedtobeinflu-

encedbyenvironmentalfactors（LEUNGetal.,

2008;NAKANOetal.,2008）.Liverexpressionof

IGF-IisregulatedbyGHandGHRlocatedon

thesurfaceofhepatocytes（MORIYAMA etal.,

2000）.Hence,thepatternsofIGF-ImRNAliver

expressionwouldsynchronizewiththemRNA

expressionsofbothGH andGHR incoho

salmon.Thisphenomenonseemstobeobvious

intransgeniccohosalmon（Figs.1�3）,and

higher expression levels ofgrowth-related

genesin GH transgenicfish than in non-

transgenicfishisconsistentwithRAVENetal

（2008）.

Atpresent,thereasonfortheirregularityof

GHRandIGF-Igeneexpressionsintheliverof

non-transgenicfishisnotclear.Thedailyex-

pressionpatternsofgrowth-relatedgenesalter

underseveralconditionsinfish（AYSON,etal.,

2006;AYSON,etal.,2007）.

Thehigherplasmaglucoselevelsin GH

transgenicfishthaninnon-transgenicfishob-

servedinthepresentstudyhavebeenreported

（EBERTetal.,1988;JHINGANetal.,2003）.High

levelsofGHinGHtransgenicanimalsshould

promotelipolyticandgluconeogenicmetabo-

lism,soenhancingtheutilizationofglycogen

stores（JHINGANetal.,2003）.Higherglycolysis

in muscleisobserved in growth-enhanced

transgenicfishowingtoahigherenergyre-

quirement（KRASNOV etal.,1999;HILLetal.,

2000）.Indeed,thefood（energy）intakes,food

conversionefficiency,carbohydratedegrada-

tion,utilizationoflipidsandproteinsofGH

transgenicfisharegreaterthanthoseofnon-

transgenicfish（HUANGetal.,2004;RAVEN et

al.,2006;LEGGATTetal.,2009）.Accordingly,

GH transgenicfisharecharacterizedbyen-

hancedmetabolismandenergyavailabilitydue

totheirhighlevelsofcirculatingGH.

Inconclusion,thedailyexpressionpatterns

forgrowth-relatedgenesin GH transgenic

cohosalmonwerefoundtoberhythmic.Most

organismsdisplaydailyrhythmsinbiological

and physiological functions, which affect

growth,developmentandabilitytoadaptto

environmental conditions （AYSON and

TAKEMURA,2006;MONTOYA etal.,2010）.Our

resultsrevealthatfeedingtimeshouldalsobe

importantasamajorsynchronizerofgrowth-

related gene expression rhythms in GH

transgenicfish.

Studiesofthebeneficialeffectofnutritional

conditionsongrowth-relatedgeneexpression

arenowinprogresstoenhancetheperform-

anceofGHtransgenicfish.Alsounderconsid-

erationareexperimentswithcohosalmonto

determinetheeffectsofenvironmentalfactors

suchasstressandphotoperiodonphysiological

rhythms,sincethereismuchyettolearnabout

therelationshipbetweenphysiologicalanden-

vironmentalfactors,growth-relatedgeneex-

pressionandgrowthinGHtransgenicfish.

Expressionpatternsforgrowth-relatedgenesintransgenicfish 115
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