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BACKGROUND

Rodentia isthelargestorderofmammals,encompassing 2,277species

(MusserandCarleton,2005).Fortypercentofmammalspeciesarerodents,

andtheyarefoundonallcontinentsbutAntarctica.Mostrodentseatvarious

plantsorseeds,thoughsomehavemorevarieddiets.Becausetheyarefast

growingmammalsandvectorsoffataldiseasessuchastheplague;humans

havestudiedthem forecology,evolution,andgenetics.

Since the mid-20th century,views on the size ofthe Rodentia have

appreciatedsubstantiallyfrom 1,591species(CorbetandHill,1980)to2,277

species(MusserandCarleton,2005).Rodentsincludemice,rats,porcupines,

beavers,squirrels,hamsters,andguineapigs.BeforethestudybyGrauret

al.(1991),RodentiawasbelievedtobeamonophyleticorderofMammalia.

Theyquestionedwhethertheguineapig,Caviaporcellus,isarodent.They

analyzedaminoacidsequencesandsuggestedthattheguineapigdiverged

beforetheseparationoftheprimatesandartiodactylsfrom themyomorph

rodents.In 1996,analysis ofthe complete guinea pig mitochondrial(mt)

genomeindicatedthatthespecieswasnotarodent(D’Erchiaetal.,1996).

Furthermore,hystricognathsincludingguineapigsweretreatedasaseparate

mammalianorder,andtheRodentiawasconventionallyviewedaspolyphyletic

(Grauretal.,1992;Lietal.,1992).However,many molecularstudies

stronglysupportedtheRodentiaasamonophyleticorder(FryeandHedges,

1995;Caoetal.,1997;Adkinsetal.,2001;Corneli,2002;WaddellandShelley,

2003),andLuckettandHartenberger(1993)proposedrodentmonophylybased

onmorphologicalandmoleculardata.Rodentiaiscurrentlybelievedtobea

monophyleticorder.

Rodentia consists of 5 suborders; Sciuromorpha, Castorimorpha,
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Myomorpha,Anomaluromorpha,and Hystricomorpha (Musserand Carleton,

2005).Sciuromorphahas3families(Aplodontiidae,Sciuridae,andGliridae),

Castorimorpha comprises 3 families (Castoridae, Geomyidae, and

Heteromyidae),Myomorphaconsistsof7families(Dipodidae,Calomyscidae,

Cricetidae, Muridae, Nesomyidae, Platacanthomyidae, and Spalacidae),

Anomaluromorphaincludesonly2families(AnomaluridaeandPedetidae),and

Hystricomorpha contains 18 families (Ctenodactylidae, Bathyergidae,

Hystricidae, Petromuridae, Thryonomyidae, Heptaxodontidae, Abrocomidae,

Capromyidae,Caviidae,Chinchillidae,Ctenomyidae,Dasyproctidae,Cuniculidae,

Dinomyidae,Echimyidae,Erethizontidae,Myocastoridae,andOctodontidae)and

anincertaesedisfamily(Diatomyidae).Among5suborders,Myomorphais

thelargest,containing 1,137 speciesofmouse-likerodents,i.e.,nearly a

quarterofallmammalspecies.Thissubordercontainsmice,rats,hamsters,

lemmings,gerbils,andvoles.MostmyomorphspeciesbelongtotheMuroidea

superfamily,whichisclassifiedinto6families,310genera,and1,518species

(MusserandCarleton,2005).Amongthe6familiesoftheMuroidea,Muridae

isthelargestwith150genera,withover700species(MusserandCarleton,

2005).In the Korean Peninsula and Jeju Island,4 genera (Apodemus,

Micromys,Mus,and Rattus)ofMuridaeare found (Yoon etal.,2004).

Muridaearerelativelysmallmammals,generallyaround10cm longexcluding

thetaillength.Somespeciesarelarger;thegiantbushy-tailedcloudrat,

Crateromysschadenbergi,isthelargestatover70cm.

Althoughmanyresearchershavetriedtoestablishphylogenyandevolution

ofrodents(Nedbaletal.,1996;Huchonetal.,1999,2000;Michauxetal.,

2001;Steppanetal.,2004),theevolutionofmanysmallmammalsincluding

muridsisunclearduetotheincongruencebetweenthemoleculardataand

morphologicalinformation.Againsttraditionalclassification,many molecular

taxonomists researched various nuclear and mt genes such as growth

hormonereceptor(GHR)gene,breastcancersusceptibility(BRCA1)gene,
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von Willebrand factor (vWF) gene,lecithin cholesterolacyltransferase

(LCAT) gene,interphotoreceptor retinoid-binding protein (IRBP) gene,

recombinationactivatinggene1(RAG1),12SribosomalRNA (rRNA)gene,

cytochromecoxidasesubunits1-3(CO1-3)gene,andcytochromeb(CYTB)

gene(ConroyandCook,2000;Robinson-Rechavietal.,2000;Suzukietal.,

2000;Adkinsetal.,2001;Michauxetal.,2001;Steppanetal.,2005).These

molecular studies broadened our knowledge of rodent phylogeny and

evolutionaryhistory.Forinstance,CYTB sequenceanalysissuggestedthat

NorthAmericanMicrotusarederivedfrom multipleinvasionsfrom Asiaor,

alternatively,as a single invasion followed by autochthonous speciation

(ConroyandCook,2000),andcombinedanalysisofnuclearandmtgenes

suggestedthatthemurinesoriginatedin SoutheastAsiaandthen rapidly

expandedacrosstheOldWorld(Steppanetal.,2005).

With therapid developmentofsequencing technology,phylogeneticand

evolutionarystudiesusingmtgenomesequenceshaveexplosivelyincreased.

Sincethefirstmtgenomewassequencedinhumans(Andersonetal.,1981),

mtgenomesequenceshavebeen reportedforvarioustaxa,including fish

(Miyaetal.,2003;Ohetal.,2007b),mammals(Mouchatyetal.,2001;Horner

etal.,2007),insects(Stewartetal.,2003;Covacin etal.,2006),reptiles

(DongandKumazawa,2005;Podnaretal.,2009),birds(Valverdeetal.,1994;

HarlidandArnason,1999),andamphibians(Zhangetal.,2006;Ohetal.,

2007a),aswellasotherspecies(MilburyandGaffney,2005;Sinnigeretal.,

2007).Remarkablestudieswereconductedusingmassmtgenomesequences

forvertebratephylogeny.Miyaetal.(2003)sequenced54mtfishgenomes

andestablishedhigherteleosteanphylogenywith100mtgenomesequences.

In amphibians,Zhang etal.(2006)sequenced 15 mtgenomes ofAsian

salamandersandproposedtheAsianhynobiidoriginatedfrom NorthChina.

Arnasonetal.(2008)analyzed109mtgenomesequencesincluding11newly

sequencedmtgenomesforplacentalmammalianphylogeny.Theiranalyses
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identified 4 basal monophyletic groups, Afroplacentalia, Xenarthra,

Archontoglires,andLaurasiaplacentalia.Theyalsoestimateddivergencetime

forbasalplacentaldivergence.Asinvariousvertebrates,completemtgenome

sequencesarerapidlybecomingavailable;nevertheless,only33mtgenomes

ofrodenthavebeensequenced(37mtgenomesincludingbelow subspecies)

untilnow.

Themtgenomehasseveralmerits,suchasitscompactsize(Cantatore

and Saccone,1987),lack ofrecombination (Clayton,1982,1992),maternal

inheritance(Kondoetal.,1990),fastevolutionaryratecomparedtonuclear

sequences(Brownetal.,1979),andmulticopystatus(Michaelsetal.,1982;

RobinandWong,1988),forresearchinpopulationgenetics,phylogenetics,and

evolution(e.g.,Serizawaetal.,2000;Liuetal.,2004;Suzukietal.,2008).

Comparisonsofcompletemtgenomesequencesaremuchmorepowerfulfor

phylogenetic reconstruction than comparative analysis of single gene

sequences(Ingmanetal.,2001;ParsonsandCoble,2001;Boore,Medina,and

Rosenberg,2004).In fact,phylogenetic analysis with enough sequences

decreasesstochasticuncertainty (Cao etal.,1994).Accordingly,moremt

genomesprovidehigherresolutionforphylogeneticanalysis.

Themtgenomesaregenerallycircular(Boore,1999),althoughCubozoa,

Scyphozoa,and Hydrozoa have linearmtgenomes (Bridge etal.,1992).

Animalmtgenomesareusuallyaround15,000–20,000basepairs(bp)insize

andcontainthesamesetof37genes,encoding13proteins,2rDNAs,22

transferRNAs(tRNA),andacontrolregion(Boore,1999).Commonly,mt

genecontentsareconstantandgenearrangementsarenearly identicalin

mammals. Various mammalian mt protein-coding genes end with an

incompleteterminationcodonasTA orT,ratherthanacompletetermination

codon(TAA orTAG).Suchincompleteterminationcodonscanbemodified

bypost-transcriptionalpolyadenylationtoacompleteterminationcodon(Ojala

etal.,1981).Among13protein-codinggenes,NADH dehydrogenasesubunit
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(ND)6isencodedbythelightstrand(L-strand);theothersareencodedby

theheavystrand(H-strand).tRNA-Phe,tRNA-Val,tRNA-Leu,tRNA-Ile,

tRNA-Met, tRNA-Trp, tRNA-Asp, tRNA-Lys, tRNA-Gly, tRNA-Arg,

tRNA-His,tRNA-Ser
(AGY)
,andtRNA-ThrareencodedbytheH-strandand

theremainderareencodedbytheL-strand(Wolstenholme,1992).A major

noncoding controlregion called thedisplacementloop (D-loop)islocated

betweentRNA-ProandtRNA-Phe.Thissequencehasseveralelementssuch

asatermination-associatedsequence(TAS)upstream ofthe3′ endofthe

controlregion in mammals(Dodaetal.,1981;Mackay etal.,1986)and

conservedsequenceblocks(CSBs)associatedwithmtDNA replicationand

transcription (Clayton,1991; Shadel and Clayton,1997).The L-strand

replicationorigin(OL)isbetweentRNA-AsnandtRNA-Cysandcomprises

approximately30nucleotides(Wolstenholme,1992).TheOL sequenceformsa

stablestem–loopstructure,andaconservedmotifislocatedinthebaseof

the stem oftRNA-Cys.This motifis found in various vertebrate mt

genomes(Ohetal.,2008;Ohetal.,2010).

Althoughthemtgenomestructureofhigheranimalssuchasmammalsis

almostconstant,someorganisms,closertotheloweranimals,haveuniquemt

genomestructures(Okimotoetal.,1991;Leetal.,2000;Helfenbeinetal.,

2004).Themtgenearrangementsarealmostthesamein majorgroups,

especiallythemammals(Boore,1999).Nevertheless,severalrearrangements

havebeenfoundinnematodes(Okimotoetal.,1991,1992),arthropods(Boore

etal.,1995),bivalves(Hoffmanetal.,1992),pulmonatemollusks(Yamazaki

etal.,1997),echinoderms(Cantatoreetal.,1987;Jacobsetal.,1988),and

fruitflies(ClaryandWolstenholme,1985).Thesemtgenerearrangementsare

consideredrareevolutionaryeventsandareusedtoreconstructthephylogeny

ofvariousorganisms(Singh,2008).

Since the developmentofsequence analysis tools,many evolutionary

studies using mtgenes orgenomes estimated divergence time between
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species.Themolecularclockisusedtoestimatethetimeofspeciationor

radiationandsignificantlyadvancedtheneutraltheoryofmolecularevolution

(Kimura,1968).Thedivergencetimeestimation ofrodents revealed their

evolutionaryhistories(JacobsandDowns,1994;Adkinsetal.,2001;Douzery

etal.,2003;Liuetal.,2004;Horneretal.,2007;Arnasonetal.,2008;Robins

etal.,2008).ThedivergencetimebetweenLagomorphaandRodentiawas

estimatedat93millionyearsago(Mya)andthedeepestRodentiadivergence

ataround88Mya(Arnasonetal.,2008).Bayesiandatinginferredfrom mt

genomesindicatearapidradiationwithinGliresaround60Mya,andthat

withinRodentiaoccurredapproximately63Mya(Horneretal.,2007).Horner

etal.(2007)alsosuggestedthatthedivergenceoftheMuroidea+Dipodidae

cladefrom theSciuridae+Myoxidaecladeoccurred53.4Mya(protein)or

51.8Mya(DNA).Inaddition,theyestimatedthedivergencebetweenMus

andRattus,representativespeciesofMuridae,occurred15.1(protein)or15.9

(DNA)Mya,whilethesplitbetween MusandRattuswasapproximately

13–19Mya(Douzeryetal.,2003),23Mya(Adkinsetal.,2001),or12Mya

(JacobsandDowns,1994).MolecularanalysesofRattussuggestthatthe

deepestdivergencewithinRattusoccurred3.5Mya(Robinsetal.,2008).For

Apodemus,A.peninsulaedivergedfrom theA.speciosus+A.chevrieri+A.

agrariuscladeabout8.39Mya,andA.agrariusdivergedfrom A.chevrieri

about2.68Mya,duringthefirstglacialperiodoftheQuaternary(Liuetal.,

2004).

Thewholespeciesnumberisestimatedfrom 10to100million(Wilson,

1998).Thiswiderangeisduetodifficultiesinspeciesdefinition.A speciesis

oneoftheprimaryunitsofbiologicalclassificationandataxonomicrank.A

biologicalspeciesconceptwasusedfirstbyJordan(1896)andlaterMayr

(1969).Theydefinedaspeciesas“groupofinterbreedingpopulationswhich

arereproductivelyisolatedfrom othergroups”.Later,thebiologicalspecies

conceptwasredefined by Mayr(1982)as “a reproductive community of
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populations(reproductivelyisolatedfrom others)thatoccupiesaspecificniche

innature.”BakerandBradley(2006)definegeneticspeciesasagroupof

genetically compatible interbreeding naturalpopulations thatis genetically

isolatedfrom othersuchgroups.SincerapiddevelopmentofDNA sequencing

technology,many researchershaverecognizedanddescribedspeciesusing

DNA sequencedata(Rocaetal.,2001;Bakeretal.,2002;Matocq 2002;

Piaggioetal.,2002),andtheaccumulationofDNA datasolidifytheadequacy

ofthegeneticspeciesconcept.
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ABSTRACT

Chapter1.Comparative analysis ofthe complete mitochondrial

genomesequencesofKoreanApodemus

The complete mitochondrial(mt)genomes ofApodemus agrarius,A.

chejuensis,andA.peninsulaeweredeterminedtobe16,260,16,261,and16,266

basepairs(bp)long,respectively,andhavebeendepositedintheGenBank

database(AccessionNos.HM034866,HM034867,andHQ660074,respectively).

Like other vertebrate mt genomes, the 3 mt genomes contain 13

protein-codinggenes,22tRNAs,2rDNAsandanoncodingcontrolregion.

ThemtgenomesofA.agrariusandA.chejuensishadprotein-codinggenes

thatusethemostcommoninitiationcodon,ATG,and2unusualinitiation

codons:GTG andATA.However,A.peninsulaehadanadditionalunusual

ATCcodonforinitiationintheNADH dehydrogenasesubunit(ND)2gene.

Overall,thenucleotidefrequenciesofallanalyzedmtprotein-coding genes

weresimilar.Codonusagepatternsbasedonmtprotein-codinggeneswere

similarinA.agrariusandA.chejuensis,whilethemtprotein-codinggenes

ofA.peninsulaewereslightlydifferent.The12SrRNAgenesequenceswere

955,955,and956bplonginA.agrarius,A.chejuensis,andA.peninsulae,

respectively,andthe16SrRNA genesequenceswere1,572,1,573,and1,571

bplong,respectively.tRNA-LeuandtRNA-Serwereidentifiedtwodistinct

forms,respectively.TheThreetRNAclusters,IQM (isoleucine,glutamine,and

methionine),WANCY (tryptophan,alanine,asparagine,cysteine,andtyrosine),

andHSL (histidine,serine,andleucine),wereconservedinA.agrarius,A.

chejuensis,andA.peninsulae,asin thetypicalmtgenomesofRodentia.
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Generally,themtgenomesofmammalshave2noncodingregions:OL and

CR,whichisalsocalledthedisplacementloop(D-loop).TheCR sequences

spanned 854,857,and 866 bp in A.agrarius,A.chejuensis,and A.

peninsulae,respectively,and was positioned between the tRNA-Pro and

tRNA-Phe genes.The phylogenetic analysis of Rodentia using mt 13

protein-coding genes suggested thatSciurus and Myoxus was diverged

earlierthanotherrodents,andRattusconsistedoftwodistinctclades.Korean

ApodemuswascloselyrelatedtoMusassistergroup.Althoughphylogenetic

relationshipsofApodemusspp.havebeenstudiedbymanyresearchers,some

speciesremaincontroversialowingtowidedistribution,subspeciesproblems,

andfragmentarydata.Thus,themtgenomeofKoreanApodemusspp.will

beusefulinformationtoclarifyrodent,especiallytheApodemus,phylogeny.
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Chapter 2.Possible historicalmigration routes of Apodemus

chejuensis

NineteenCYTBsequencehaplotypesweredefinedin24Apodemusagrarius

individuals,and25weredefinedin49A.chejuensisindividuals.Themost

frequenthaplotypegroupwasHap27,whichwassharedby6A.chejuensis

individuals.ThemostfrequenthaplotypegroupintheA.agrariuswasHap15,

whichwassharedby3individuals.Fu’sFstestshowedthatCOR-IIand

CHE hadsignificantlynegativeFsvalues(-4.462and-5.703,respectively),

whereas the COR-Ihad a positive value (0.613).Mismatch distribution

analysessuggestedpopulationexpansioninCOR-IIandCHE andastable

COR-Ipopulation.Median-joiningnetworkdataindicatedthatA.chejuensisis

aclearlyseparatespeciescontaining4subgroups,butthesesubgroupsdid

notcorrespond to localdistribution patterns on Jeju Island.Interestingly,

Hap42oftheCHEpopulationwascloselyrelatedtoHap9oftheCOR-I.In

addition,molecularclockcalculationsthatestimatethetimeofdivergenceof

A.agrarius and A.chejuensis suggest thatthose species diverged at

approximately 0.3 million years ago (Mya).Based on these data,three

historicalmigrationrouteswerehypothesized.(1)TheancestrallineageofA.

agrariusmightmigrateintotheKoreanPeninsulaviaNorthKorea;then,a

groupmigratedtoJejuIslandviatheYellow Seabasinwhenthesealevel

waslower.(2)TheancestrallineageofA.chejuensismightmigratetoJeju

IslandviatheYellow Seabasin,followedbyasecondmigrationintothe

westernisletoftheKoreanPeninsulaviatheYellow Seabasinwhenthesea

levelwaslower.(3)ThecommonancestorofA.agrariusandA.chejuensis

mighthaveoriginatedineasternChina,whereitsplitinto2lineages;one

lineagemovedtothewesternisletoftheKoreanPeninsula,andtheother

movedtoJejuIsland.TheestimationofdivergencetimesuggestedthatA.
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agrariusandA.chejuensisdivergedatapproximately0.3Mya.BecauseA.

chejuensis has been geographically and reproductively isolated from A.

agrariussincethelastglacialage,many researchershaveproposed that

populations diverged as species.This study supports the notion thatA.

chejuensisshouldbetreatedasaspecies;however,furtherstudyofNorth

Korea and Chinese samples is needed to understand theirbiogeographic

historyfully.
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CHAPTER1

Comparativeanalysisofthecompletemitochondrial

genomesequencesofKoreanApodemus
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1.1.INTRODUCTION

Rodentiaisthelargestorderofmammals,encompassing 2,277species

(MusserandCarleton,2005).Amongthem,Muridaeisthelargestfamilywith

over700species(MusserandCarleton,2005)andisoftenemployedasa

laboratorymodelforstudiesofhumandiseases.OntheKoreanPeninsulaand

JejuIsland,4genera(Apodemus,Micromys,Mus,andRattus)ofMuridae

arefound(Yoonetal.,2004a).

ThegenusApodemuscontainsatleast20rodentspecies(Musserand

Carleton,2005),includingseveralofthemostcommonsmallrodentspecies

andiswidelydistributedinthePalearcticregion(thezoogeographicalregion

consistingofEurope,AfricanorthoftheSahara,andmostofAsianorthof

theHimalayas).Apodemusspeciesaredistributedinavarietyofhabitats,

includingwoodlands,forests,andgrasslands.Somespeciesareoftenfoundin

thesamehabitat,showingresourcepartitioningamongsyntopicspecies.This

ecologicalfeaturecouldbeassociatedwiththebiogeographichistoryofthe

genus and its speciation processes.The striped field mouse Apodemus

agrariusandKoreanFieldmouseA.peninsulaearedistributedthroughoutthe

KoreanPeninsulaandarethemostcommonrodentspeciesthere,whereasthe

JejuStripedFieldmouse,A.chejuensis,isfoundonlyonJejuIsland(Won

andSmith,1999).Generally,A.agrariusinhabitsruralflatlands,rivers,and

agriculturalfarmlands,whiletheJejuStripedFieldmouse,A.chejuensis,is

oftenfoundinbushyareasrichwithsmalltreesinmountainousareas.They

aredistributedfrom thecoastalregionstothehigh-altituderegionsofMt.

Halla.

The wide distribution,subspecies problems,and fragmentary data of

Apodemusspp.weresocomplicatedthatevenexpertshavebeenunableto
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comprehenditsphylogeneticrelationships(Suzukietal.,2008).Molecularand

morphologicalanalysesimprovedthetaxonomicsituationofApodemusspp.;

however,thedifficultcasescontinuetocomplicatetherelationshipsbetween

closely related species (Musser and Carleton 2005).In particular,the

taxonomicstatusofsomespeciesinhabiting thewestern Palearcticregion

includingsubgenusSylvaemusarecomplicatedowingtoseveralnew species

insouthernEuropeandtheMiddleEast(MusserandCarleton2005).Their

phylogeneticrelationshipsarenotestablished,andthespeciesA.sylvaticus

andA.flavicollisremainuncertain(Suzukietal.,2008).Previousphylogenetic

resultsinferredfrom morphologicalandmoleculardata(Serizawaetal.,2000;

Filippuccietal.,2002;Michauxetal.,2002;Suzukietal.,2003;Liuetal.,

2004;Suzukietal.,2008),suggestedthatthegenusApodemusconsistsof8

distinctlineages;nevertheless,previousdataareinsufficienttosolvetheir

phylogeneticcomplexity.

Thelow resolutionofmolecularphylogeniesinferredfrom fragmentary

datahaspromptedmanyresearcherstoanalyzemitochondrial(mt)genome

sequences.Themtaresmallorganellesfoundinmosteukaryoticcellsand

playanimportantroleinmetabolism (Brand,1997),celldeathviaapoptosis

(Kroemeretal.,1998),variousdiseases(GraeberandMuller,1998),andaging

(Wei,1998).The mtis essentialforATP production and has its own

genome.Ingeneral,thevertebratemtgenomeconsistsof16–18kilobase

pairs (kbp)and contains 22 transfer RNAs (tRNAs)necessary for the

translation ofmtproteins,2ribosomalDNAs(rDNAs),13protein-coding

genesrelatedtooxidativephosphorylation,andamajornoncodingregionfor

replicationandtranscriptioninitiation(Andersonetal.,1981;Boore,1999).Of

the13protein-codinggenes,12areencodedontheheavystrand(H-strand),

and1gene,NADH dehydrogenasesubunit6(ND)gene,isencodedonthe

lightstrand(L-strand).FourteenmttRNAsareencodedontheH-strandand

the rest are encoded on the L-strand (Wolstenholme,1992).The mt
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protein-coding genesin mostanimalshaveincompletetermination codons

suchasTA orT.Theseabnormalterminationcodonscanbemodifiedtoa

completeterminationcodonbypost-transcriptionalpolyadenylation(Ojalaet

al.,1981).Themtgenomehas2noncoding regions:themajornoncoding

controlregion(CR)calledthedisplacementloop(D-loop)andtheL-strand

replicationorigin(OL),whichmediatesreplicationofthemtgenome(Clayton,

1991;ShadelandClayton,1997).

Themtgenomehasseveralmeritsforresearchinpopulationgenetics;

phylogenetics;andevolution,suchasitscompactsize;fastevolutionaryrate;

shortcoalescencetime;andmaternalinheritance(e.g.,Serizawaetal.,2000;

Liuetal.,2004;Suzukietal.,2008).MammalianmtDNA hasbeenusedfor

phylogenetic and evolutionary studies since the development of DNA

sequencingtechniques.Inthelastdecade,mtgenomesequenceshavebeen

reportedforvarioustaxa,includingfish(Miyaetal.,2003;Ohetal.,2007b),

mammals(Mouchatyetal.,2001;Horneretal.,2007),insects(Stewartetal.,

2003;Covacinetal.,2006),reptiles(DongandKumazawa,2005;Podnaret

al.,2009),andamphibians(Zhangetal.,2006;Ohetal.,2007a),aswellas

otherspecies(Milbury andGaffney,2005;Sinnigeretal.,2007).Although

Rodentiacontainsthemostmammalspeciesand themtgenomesofthe

mouseandratweresequencedfirst(Bibbetal.,1981;Gadaletaetal.,1989),

andonlyasmallproportionofmtgenomesequencesofRodentiahavebeen

reported.Themtgenomesequencesof33species(excludingsubspecies)in

Rodentiahavebeendetermined(or1.5% ofthe2,277speciesofRodentia).

ToprovidethebasaldatasetforApodemusandallrodentphylogeny,the

completemtgenomesequencesofKoreanApodemus.weresequencedand

theirgeneralfeaturesanalyzed,including nucleotidecomposition,nucleotide

frequency,codonusage,secondarycloverleaftRNA structures,theOL,and

CR.
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1.2.MATERIALSAND METHODS

1.2.1.SamplingandDNA extraction

ApodemusagrariusandA.peninsulaewerecollectedintrapsinCheongdo,

Gyeongsangbuk-do;A.chejuensis was caughtatMt.Halla,Jeju,Korea.

GenomicDNA wasextracted from smallpieces oftailormuscle using

NucleoSpin
®
TissueKit(Macherey-Nagel,Germany).First,smallpiecesof

tailormusclewasplaced in amicrocentrifugetubewith bufferT1and

proteinaseK solution,thenvortexedandincubatedat56°C untillysiswas

complete.ThelysedsampleswerevortexedandbufferB3wasadded.The

tubeswerevortexedandincubatedat70°C for10min.Ethanollwasadded

andvortexed.Foreachsample,aNucleoSpin
®
TissueColumnwasplacedinto

acollectiontubeandthesamplesappliedtothecolumn.Theassemblywas

centrifugedfor1minat11,000g.Theflow-throughwasdiscarded,andthe

columnwasreturnedtothecollectiontube.Towashthesilicamembrane,

bufferBW andbufferB5wereaddedinturn.Thecolumn-collectiontube

assemblywascentrifugedfor1minat11,000gaftereachwashstep.The

silicamembranewasdriedbycentrifugation.Last,thecolumnwasplaced

intoanew 1.5mltubeandprewarmedbufferBEwasadded,thenincubated

atroom temperaturefor1min.Thetubewascentrifuged for1min at

11,000g,andtheextractedDNAwasstoredat-20°C.

1.2.2.PCR,cloning,andsequencing

To amplify the complete mtgenome,long PCR was performed with

primerscomplementarytothealignedandcompletenucleotidesequencesof

the mtgenomes ofseveralmouse species (Table 1.1).The long PCR

reactions were carried out using Maxime
™
PCR PreMix (iNtRON
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Biotechnology,Korea)accordingtothemanufacturer’sprotocol.50-100ngof

genomicDNA and1µlofeachprimerwasaddedintoMaxime
™
PCRPreMix

tubes.Reaction conditionsincluded an initial3min denaturation at95°C,

followedby35cycleswithdenaturationat95°Cfor30s,annealingfor30s

at55°Candextensionat72°Cfor2-5min,andafinalextensionof10min

at72°C.Amplificationproductswereconfirmedbyelectrophoresiswith100bp

PlusDNA Ladder(Bioneer,Korea)asasizemarkerin1% agarosegels,

stainedwithethidium bromide(EtBr),andvisualizedunderultraviolet(UV)

light.

The amplified fragments were cloned using TOPO TA Cloning Kit

(Invitrogen,USA).PCR productswereligatedintothepCR2.1TOPO vector

accordingtothemanufacturer’sprotocol.Theligationmixturesweremixed

gentlyandincubatedfor5minatroom temperature.Thereactionmixtures

wereputoniceimmediatelyandincubatedfor2min.Followingligation,30

µlofcompetentcellsweredefrostediniceandaddedtothereaction,which

washeatshockedat42°Cfor30sthenputonicefor2min.SOCmedium

wasaddedandthereactionmixtureswereshakenat37°C for90min.The

reactionmixtureswerespreadonLB agarplatescontainingX-Gal,IPTG,

andampicillin.Theplateswereincubatedat37°C for18h.Whitecolonies

werepickedintoLBmedium containingampicillinandincubatedat37°Cwith

shakingovernight.

Positive clones were verified by PCR with the originalamplification

primersand1µlofculturedcellsastemplate.Reactionconditionsincludedan

initial3mindenaturationat95°C,followedby25cycleswithdenaturationat

95°Cfor30s,annealingfor30sat55°C,andextensionat72°Cfor2-5min,

and a finalextension of10 min at72°C.Amplification products were

confirmedbyelectrophoresiswith100bpPlusDNA Ladder(Bioneer,Korea)

assizestandardmarkerin1% agarosegels,stainedwithEtBr,andvisualized

underUVlight.PlasmidDNAwasextractedfrom thepositiveclones.
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PlasmidDNA wasextractedwiththeAccuPrep
®
Nano-PlusPlasmidMini

ExtractionKit(Bioneer,Korea).Theculturedcellswerecentrifugedat13,000

rpm for1minandthemediawasremovedbypipetting.Resuspensionbuffer

containingnanoparticleswasaddedandthepelletwascompletelyresuspended

bypipetting.Celllysisbufferwasaddedandmixedbygentlyinvertingthe

tube3-4times.Neutralizationbufferwasaddedandimmediatelymixedby

gently inverting the tube 3-4 times. Cell debris was removed by

centrifugationat4°C and13,000rpm for1minandtheclearedlysatewas

transferredtotheDNA binding column.Thecolumnswerecentrifugedat

13,000rpm for1minandtheflow-throughwasdiscarded.Towashthesilica

membrane,washingbufferwasaddedtothecolumntubeandcentrifugedat

13,000rpm for1min.Additionalcentrifugationwascarriedoutat13,000rpm

for1mintodrythesilicamembraneinthecolumn.TheDNA bindingfilter

columnwastransferredtonew 1.5mlmicrocentrifugetubeandelutionbuffer

wasaddedandincubatedatroom temperaturefor1min.Torecoverthe

elutedplasmidDNA,thetubewascentrifugedat13,000rpm for1min,and

theDNAwastransferredtoanew 1.5mlmicrocentrifugetube.

Each clonedfragmentwassequenced with TOPO vectorinnerprimers

(Invitrogen,USA)usinganautomaticDNA sequencer(ABI3730xl;Applied

Biosystems,USA) according to the manufacturer’s protocol,and nested

flankingsequencingprimerswereusedtowalkinbothdirections.
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Table1.1.PCRprimersusedinthisstudy

Name Sequences(5’→ 3’)

Apomt-1F TACCCTCACCTGAATTGGAGGC

Apomt-1R GGGTTAATCGTATGACCGCG

Apomt-2F CGCGGTCATACGATTAACCC

Apomt-2-1F* GCAATGAAGTACGCACACACC

Apomt-2R AGATAGAAACCGACCTGGATTGC

Apomt-3F ACATCCCAATGGTGCAGAAG

Apomt-3-1F* CCACTACCAATACCTCACCCTC

Apomt-3-2F* TCATAGCGAGTATCCCACCAT

Apomt-3-3F* ATTGGAGCATGAGGTGGACT

Apomt-3-2R* CGTGGAAATGCTATGTCTGG

Apomt-3-1R* GGCAGATGTGAAGTAAGCTCG

Apomt-3R GGGGTTCGAWTCCTTCCTTTC

Apomt-4F GAAAGGAAGGAATCGAACCCC

Apomt-4-1R* GAATGAGTGAAGGCGGTTGT

Apomt-4R GCATGRGTTTGGTGKGTCAT

Apnmt-5F ATGACACACCAAACCCATGC

Apomt-5-1F* GGATTTGAAGCAGCAGCATG

Apomt-5-1R* CTGTTTGGCGTAAGCAGATTG

Apomt-5R GGYTCCTAAGACCAAYGGAT

Apomt-6F ATCCATTGGTCTTAGGAACC

Apomt-6-1F* TGGACGATCAGACGCAAATAC

Apomt-6-2F* CAACGCCTGAGCCCTAATAAT

Apomt-6-2R* ATGAGCGGGTTTGTAGGTTG

Apomt-6-1R* AGAAGCCCCCTCAGATTCAT

Apomt-6R GCCTCCAATTCAGGTGAGGGTA

Asteriskindicatesnestedflankingprimers.
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1.2.3.SequenceanalysisofmtgenomesofKoreanApodemus

ThecompletemtgenomesequencesofApodemusagrarius,A.chejuensis,

andA.peninsulaewerecomparedwiththemtgenomesequencesofother

rodentsin theGenBank database.Thelocationsofthe13protein-coding

genesweredeterminedbycomparingnucleotideoraminoacidsequencesand

identified2rDNAsandtheCR.The22tRNA geneswereidentifiedusing

tRNAscan-SE (LoweandEddy,1997)andARWEN (LaslettandCanbäck,

2008).

The size of complete mt genome,gene lengths,and initiation and

terminationcodonsofthe13protein-codinggeneswerecompared.Inaddition,

nucleotide composition,nucleotide frequency,and codon usage ofthe 13

protein-codinggenes,OL,andtheputativetRNA cloverleafstructuresof3

KoreanApodemusmtgenomeswerecompared.

1.2.4.Phylogeneticanalysis

Phylogenetic relationships were analyzed by maximum likelihood (ML)

methods.Themt13protein-codinggenesofotherRodentiawereavailablein

GenBankdatabase(Table1.2)andalignedwiththoseofKoreanApodemus

usingMEGA5software(Tamuraetal.,2011).Thebestmodelofnucleotide

evolution was determined using jmodeltest(Posada,2008).TheGTR+I+G

modelwasdeterminedbasedontheAkaikeInformation Criterion(Akaike,

1973).Tree reconstruction was conducted using MEGA5 software and

bootstrap analysis were conducted with 1,000 replications. Oryctolagus

cuniculus(AJ001588;Lagomorpha,Leporidae)wasusedasoutgroupspecies.
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Table1.2.ListofRodentiamitochondrialgenomes

Order Family Species Size
Accession

Num.
LagomorphaLeporidae Oryctolaguscuniculus 17,245 AJ001588

Rodentia Anomaluridae Anomalurussp. 16,923 AM159537

Caviidae Caviaporcellus 16,801 AJ222767

Cricetidae Cricetulusgriseus 16,284 DQ390542

Cricetidae Eothenomyschinensis 16,362 FJ483847

Cricetidae Eothenomysregulus 16,379 JN629046

Cricetidae Mesocricetusauratus 16,264 EU660218

Cricetidae Microtuskikuchii 16,312 AF348082

Cricetidae Microtuslevis 16,283 DQ015676

Cricetidae Proedromyssp. 16,296 FJ463038

Cricetidae Tscherskiatriton 16,488 EU031048

Cricetidae Microtusfortis 16,310 JF261174

Dipodidae Jaculusjaculus 16,546 AJ416890

Gliridae Myoxusglis 16,602 AJ001562

Muridae Leggadinalakedownensis 16,262 EU305668

Muridae Musmusculus 16,299 AY172335

Muridae Musterricolor 16,310 EU352649

Muridae Pseudomyschapmani 16,249 EU305669

Muridae Rattusexulans 16,307 EU273710

Muridae Rattusfuscipes 16,301 GU570664

Muridae Rattusleucopus 16,297 GU570659

Muridae Rattusnorvegicus 16,313 AY172581

Muridae Rattuspraetor 16,293 EU273708

Muridae Rattusrattus 16,305 EU273707

Muridae Rattussordidus 16,309 GU570665

Muridae Rattustanezumi 16,306 EU273712

Muridae Rattustunneyi 16,292 GU570662

Muridae Rattusvillosissimus 16,303 GU570663

Sciuridae Sciurusvulgaris 16,507 AJ238588

Spalacidae Spalaxehrenbergi 16,408 AJ416891

ThryonomyidaeThryonomysswinderianus 16,626 AJ301644

Muridae Apodemusagrarius 16,260 Thisstudy

Muridae Apodemuschejuensis 16,261 Thisstudy

Muridae Apodemuspeninsulae 16,266 Thisstudy
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1.3.RESULTS

1.3.1.MitochondrialgenomesofKoreanApodemus

ThecompletemtgenomesofApodemusagrarius,A.chejuensis,andA.

peninsulae were determined to be 16,260,16,261,and 16,266 bp long,

respectively (Fig.1.1 and Table 1.3-5),and have been deposited in the

GenBank database (Accession Nos.HM034866,HM034867,and HQ660074,

respectively).Likeothervertebratemtgenomes,theApodemusmtgenomes

contain 13 protein-coding genes,22 tRNAs,2 rDNAs,and a noncoding

controlregion(Fig.1.1).

1.3.2.Protein-codinggenes

The mt genomes of Apodemus agrarius and A. chejuensis had

protein-codinggenesthatusethemostcommoninitiationcodon,ATG,and2

unusualinitiationcodons:GTGandATA (Table1.3-5).A.peninsulaehadan

additionalunusualATCinitiationcodonintheND2gene(Table1.5).

Four termination codons were found in the Apodemus agrarius,A.

chejuensis,and A.peninsulae mt protein-encoding genes:TAA,TAG,

incompleteTA,andT(Table1.3-5).
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Figure1.1.ThemitochondrialgenomestructureofKoreanApodemus.

Thecompletemtgenomehave13protein-codinggenes,22tRNAs,2rDNAs,

and controlregion.The mtgene order is identicalto those ofother

mammalianmtgenomes.
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Table1.3.LocationoffeatureinthemtgenomeofA.agrarius

Feature
a Position

Size(bp)
Codon

5’ 3’ Initiaton Termination

tRNA-Phe 1 67 67

12SrRNA 68 1022 955

tRNA-Val 1023 1091 69

16SrRNA 1092 2663 1572

tRNA-Leu
(UUR)

2664 2738 75

ND1 2739 3695 957 GTG T--

tRNA-Ile 3694 3762 69

tRNA-Gln 3760 3834 75

tRNA-Met 3835 3903 69

ND2 3904 4941 1038 ATA T--

tRNA-Trp 4940 5007 68

tRNA-Ala 5009 5077 69

tRNA-Asn 5079 5149 71

OL 5150 5180 31

tRNA-Cys 5181 5248 68

tRNA-Tyr 5249 5315 67

CO1 5317 6861 1545 ATG TAA

tRNA-Ser(UCN) 6859 6927 69

tRNA-Asp 6931 6999 69

CO2 7000 7683 684 ATG TAA

tRNA-Lys 7687 7750 64

ATPase8 7752 7955 204 ATG TAA

ATPase6 7913 8593 681 ATG TAA

CO3 8593 9377 785 ATG T--

tRNA-Gly 9377 9445 69

ND3 9445 9792 348 ATA TAA

tRNA-Arg 9794 9861 68

ND4L 9864 10160 297 ATG TAA

ND4 10154 11531 1378 ATG T--

tRNA-His 11532 11599 68

tRNA-Ser
(AGY)

11600 11658 59

tRNA-Leu
(CUN)

11658 11729 72

ND5 11729 13558 1830 ATA TAA

ND6 13536 14054 519 ATG TAA

tRNA-Glu 14055 14123 69

CYTB 14127 15270 1144 ATG T--

tRNA-Thr 15271 15339 69

tRNA-Pro 15340 15406 67

Controlregion 15407 16260 854
a
ND1-6,NADH dehydrogenasesubunit1-6gene;CO1-3,cytochromecoxidasesubunit
1-3gene;ATPase6and8,ATPasesubunit6and8gene;CYTB,cytochromebgene;OL,
L-strandreplicationorigin;CR,controlregion.
UnderlinesindicateageneencodedontheL-strand.
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Table1.4.LocationoffeatureinthemtgenomeofA.chejuensis

Feature
a Position

Size(bp)
Codon

5’ 3’ Initiaton Termination

tRNA-Phe 1 67 67

12SrRNA 68 1022 955

tRNA-Val 1023 1091 69

16SrRNA 1091 2663 1573

tRNA-Leu
(UUR)

2664 2738 75

ND1 2739 3695 957 GTG T--

tRNA-Ile 3694 3762 69

tRNA-Gln 3760 3830 71

tRNA-Met 3835 3903 69

ND2 3904 4941 1038 ATA T--

tRNA-Trp 4940 5007 68

tRNA-Ala 5009 5077 69

tRNA-Asn 5079 5149 71

OL 5150 5180 31

tRNA-Cys 5181 5248 68

tRNA-Tyr 5249 5315 67

CO1 5317 6861 1545 ATG TAA

tRNA-Ser(UCN) 6859 6927 69

tRNA-Asp 6931 6998 68

CO2 7000 7683 684 ATG T--

tRNA-Lys 7687 7750 64

ATPase8 7752 7955 204 ATG TAA

ATPase6 7913 8593 681 ATG TA-

CO3 8593 9377 785 ATG T--

tRNA-Gly 9377 9444 68

ND3 9445 9792 348 ATA TAG

tRNA-Arg 9794 9861 68

ND4L 9864 10160 297 ATG TAA

ND4 10154 11531 1378 ATG T--

tRNA-His 11532 11599 68

tRNA-Ser
(AGY)

11600 11658 59

tRNA-Leu
(CUN)

11658 11728 71

ND5 11729 13558 1830 ATA TAA

ND6 13536 14054 519 ATG TAA

tRNA-Glu 14055 14123 69

CYTB 14127 15270 1144 ATG T--

tRNA-Thr 15271 15338 68

tRNA-Pro 15339 15404 66

Controlregion 15405 16261 857
a
ND1-6,NADH dehydrogenasesubunit1-6gene;CO1-3,cytochromecoxidasesubunit
1-3gene;ATPase6and8,ATPasesubunit6and8gene;CYTB,cytochromebgene;OL,
L-strandreplicationorigin;CR,controlregion.
UnderlinesindicateageneencodedontheL-strand.
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Table1.5.LocationoffeatureinthemtgenomeofA.peninsulae

Feature
a Position

Size(bp)
Codon

5’ 3’ Initiaton Termination

tRNA-Phe 1 67 67

12SrRNA 68 1023 956

tRNA-Val 1024 1092 69

16SrRNA 1093 2663 1571

tRNA-Leu
(UUR)

2664 2738 75

ND1 2739 3695 955 GTG TAG

tRNA-Ile 3694 3762 69

tRNA-Gln 3760 3830 71

tRNA-Met 3834 3902 69

ND2 3903 4940 1038 ATC TAG

tRNA-Trp 4939 5006 68

tRNA-Ala 5008 5076 69

tRNA-Asn 5078 5148 71

OL 5149 5179 31

tRNA-Cys 5180 5245 66

tRNA-Tyr 5246 5312 67

CO1 5314 6858 1545 ATG TAA

tRNA-Ser(UCN) 6856 6924 69

tRNA-Asp 6928 6995 68

CO2 6997 7680 684 ATG TAG

tRNA-Lys 7684 7747 64

ATPase8 7749 7952 204 ATG TAA

ATPase6 7910 8590 681 ATG TAA

CO3 8590 9374 785 ATG TA-

tRNA-Gly 9374 9441 68

ND3 9442 9789 348 ATA TAA

tRNA-Arg 9791 9858 68

ND4L 9861 10157 297 ATG TAA

ND4 10151 11528 1378 ATG T--

tRNA-His 11529 11595 67

tRNA-Ser
(AGY)

11596 11654 59

tRNA-Leu
(CUN)

11654 11724 71

ND5 11725 13554 1830 ATA TAA

ND6 13532 14050 519 ATG TAA

tRNA-Glu 14051 14119 69

CYTB 14123 15266 1144 ATG T--

tRNA-Thr 15267 15333 67

tRNA-Pro 15334 15400 67

Controlregion 15401 16266 866
a
ND1-6,NADH dehydrogenasesubunit1-6gene;CO1-3,cytochromecoxidasesubunit
1-3gene;ATPase6and8,ATPasesubunit6and8gene;CYTB,cytochromebgene;OL,
L-strandreplicationorigin;CR,controlregion.
UnderlinesindicateageneencodedontheL-strand.
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Overall,thenucleotidefrequenciesoftheanalyzed mtprotein-encoding

genes were similar (Table 1.6).In Korean Apodemus,the nucleotide

frequenciesofA.agrariusandA.chejuensisweresimilar.However,thoseof

A.peninsulaeweredifferent.Theprotein-codinggenesofA.peninsulaehad

thegreatestadenineandthyminecontent.Inparticular,A.peninsulaehadthe

mostthymineandadenineinthesecondandthirdposition,respectively,in

KoreanApodemus.Adeninefrequencyinthefirstpositionwasrelativelylow

butguanine in same position was much more frequent.In the second

position,A.peninsulaehadthemostthymine.ThethirdcodonpositioninA.

peninsulaewasthemostvariable.Guaninefrequencyinthethirdposition

waslowestinA.peninsulae.

Codonusagebasedonmtprotein-codinggenesshowedthatthepatterns

ofA.agrariusandA.chejuensisweresimilar,whilethoseofA.peninsulae

slightlydiffered(Table1.7-9).Withrespecttothemtprotein-codinggenes,

themostfrequentcodonwasCUA forleucine(252timesand254times,

respectively)inA.agrariusandA.chejuensisandAUU forisoleucine(277

times)in A.peninsulae whereas the mostrare codons were ACG for

threonineandCGG forarginineinA.agrarius(2times,respectively)and

UCG forserineandAAG forlysineinA.chejuensis(2times,respectively)

andCGGforarginine(0time)inA.peninsulae.Ofallthecodongroupsthat

encode a single amino acid,leucine was used most frequently (600

times/15.8%,598 times/15.7%,and 590 times/15.5% in A.agrarius,A.

chejuensis,andA.peninsulae,respectively).Conversely,theleastusedamino

acid was the cysteine group [29 times/0.76% in A.agrarius and A.

chejuensis,and28times/0.74% inA.peninsulae].
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Table1.6.Nucleotidefrequenciesof13protein-codinggenes

Position

Num.

A.agrarius A.chejuensis A.peninsulae

T C A G T C A G T C A G

1st 28.4 24.0 42.9 4.7 28.5 23.8 42.9 4.8 24.8 22.6 32.5 20.1

2nd 24.4 23.9 31.7 20.0 24.2 24.0 31.9 19.9 42.3 25.7 20.0 12.0

3rd 41.9 25.4 20.7 12.0 41.9 25.3 20.8 12.0 30.0 21.3 45.5 3.2

Total 31.5 24.5 31.8 12.2 31.5 24.4 31.9 12.2 32.3 23.2 32.7 11.8
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Table1.7.Codonusagebasedon13protein-codinggenesofA.agrarius

AA
a
Codon N

b
AA Codon N AA Codon N AA Codon N

Phe UUU 148 Ser UCU 51 Tyr UAU 74 Cys UGU 9

UUC 97 UCC 54 UAC 57 UGC 20

Leu UUA 128 UCA 136 Stop UAA 11 Trp UGA 93

UUG 9 UCG 3 UAG 2 UGG 13

CUU 110 Pro CCU 43 His CAU 42 Arg CGU 10

CUC 80 CCC 30 CAC 54 CGC 7

CUA 252 CCA 121 Gln CAA 78 CGA 44

CUG 21 CCG 5 CAG 5 CGG 2

Ile AUU 220 Thr ACU 80 Asn AAU 81 Ser AGU 20

AUC 148 ACC 61 AAC 88 AGC 35

Met AUA 197 ACA 159 Lys AAA 94 Stop AGA 0

AUG 35 ACG 2 AAG 3 AGG 0

Val GUU 50 Ala GCU 69 Asp GAU 31 Gly GGU 43

GUC 27 GCC 65 GAC 38 GGC 41

GUA 84 GCA 93 Glu GAA 78 GGA 101

　 GUG 8 GCG 4 GAG 15 GGG 26
a
Aminoacid
b
Frequencyofcodon
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Table1.8.Codonusagebasedon13protein-codinggenesofA.chejuensis

AA
a
Codon N

b
AA Codon N AA Codon N AA Codon N

Phe UUU 149 Ser UCU 49 Tyr UAU 80 Cys UGU 9

UUC 97 UCC 52 UAC 51 UGC 20

Leu UUA 120 UCA 139 Stop UAA 12 Trp UGA 96

UUG 13 UCG 2 UAG 1 UGG 8

CUU 106 Pro CCU 44 His CAU 44 Arg CGU 11

CUC 82 CCC 29 CAC 52 CGC 6

CUA 254 CCA 123 Gln CAA 78 CGA 41

CUG 23 CCG 4 CAG 5 CGG 6

Ile AUU 225 Thr ACU 83 Asn AAU 78 Ser AGU 20

AUC 148 ACC 58 AAC 89 AGC 37

Met AUA 199 ACA 156 Lys AAA 97 Stop AGA 0

AUG 33 ACG 4 AAG 2 AGG 0

Val GUU 46 Ala GCU 66 Asp GAU 32 Gly GGU 42

GUC 28 GCC 67 GAC 39 GGC 39

GUA 86 GCA 91 Glu GAA 73 GGA 104

　 GUG 8 GCG 5 GAG 20 GGG 24
a
Aminoacid
b
Frequencyofcodon
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Table1.9.Codonusagebasedon13protein-codinggenesofA.peninsulae

AAa Codon Nb AA Codon N AA Codon N AA Codon N

Phe UUU 144 Ser UCU 62 Tyr UAU 76 Cys UGU 10

UUC 97 UCC 40 UAC 57 UGC 18

Leu UUA 167 UCA 143 Stop UAA 12 Trp UGA 100

UUG 11 UCG 1 UAG 1 UGG 4

CUU 111 Pro CCU 43 His CAU 50 Arg CGU 9

CUC 57 CCC 25 CAC 50 CGC 12

CUA 228 CCA 131 Gln CAA 82 CGA 44

CUG 16 CCG 2 CAG 1 CGG 0

Ile AUU 277 Thr ACU 78 Asn AAU 68 Ser AGU 17

AUC 96 ACC 66 AAC 94 AGC 33

Met AUA 206 ACA 161 Lys AAA 95 Stop AGA 0

AUG 33 ACG 3 AAG 8 AGG 0

Val GUU 45 Ala GCU 66 Asp GAU 39 Gly GGU 42

GUC 20 GCC 63 GAC 36 GGC 43

GUA 86 GCA 90 Glu GAA 81 GGA 111

　 GUG 15 GCG 3 GAG 11 GGG 15

a
Aminoacid
b
Frequencyofcodon
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1.3.3.rRNA andtRNA encodinggenes

The 12S rRNA gene was 955,955,and 956 bp long in Apodemus

agrarius,A.chejuensis,andA.peninsulae,respectively,andthe16SrRNA

gene was 1,572,1,573,and 1,571 bp long,respectively.As in other

vertebrates,including Rodentia,these genes were located between the

tRNA-PheandtRNA-Leu
(UUR)

genesandareseparatedbythetRNA-Val

gene(Table1.3-5).

ThemtgenomeofKoreanApodemuscontained22tRNA genesdispersed

betweenrDNAsandprotein-codinggenes,asinotherrodents(Fig.1.2-4and

Table 1.3-5).Iidentified 2 forms oftRNA-Leu (UUR and CUN)and

tRNA-Ser(UCN and AGY;Fig.1.2-4 and Table 1.3-5).The 3 tRNA

clusters,IQM (isoleucine,glutamine,andmethionine),WANCY (tryptophan,

alanine,asparagine,cysteine,andtyrosine),andHSL (histidine,serine,and

leucine),wereconservedinKoreanApodemus,asinthetypicalRodentiamt

genome.TheputativestructureoftRNA-Ser
(AGY)

wascomparedtothemt

tRNAsofRodentia.TheabnormalstructureoftRNA-Ser
(AGY)

wasidentified

inthedihydrouridine(DHU)arm inthemtgenomesequencesof3Korean

Apodemus(Fig.1.5).
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tRNA-Phe tRNA-Val tRNA-Leu(UUR) tRNA-Ile tRNA-Gln tRNA-Met

tRNA-Trp tRNA-Ala tRNA-Asn tRNA-Cys tRNA-Tyr tRNA-Ser(UCN)

tRNA-Asp tRNA-Lys tRNA-Gly tRNA-Arg tRNA-His tRNA-Ser(AGY)

tRNA-Leu(CUN) tRNA-Glu tRNA-Thr tRNA-Pro

Figure 1.2.The putative structures ofthe 22 tRNAs ofApodemus

agrarius,inferredfrom nucleotidesequencesofthetRNA genes.The

tRNAsarelabeledwiththeabbreviationsoftheircorrespondingaminoacids.
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tRNA-Phe tRNA-Val tRNA-Leu(UUR) tRNA-Ile tRNA-Gln tRNA-Met

tRNA-Trp tRNA-Ala tRNA-Asn tRNA-Cys tRNA-Tyr tRNA-Ser(UCN)

tRNA-Asp tRNA-Lys tRNA-Gly tRNA-Arg tRNA-His tRNA-Ser(AGY)

tRNA-Leu
(CUN)

tRNA-Glu tRNA-Thr tRNA-Pro

Figure 1.3.The putative structures ofthe 22 tRNAs ofApodemus

chejuensis,inferredfrom nucleotidesequencesofthetRNA genes.The

tRNAsarelabeledwiththeabbreviationsoftheircorrespondingaminoacids.
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tRNA-Phe tRNA-Val tRNA-Leu
(UUR)

tRNA-Ile tRNA-Gln tRNA-Met

tRNA-Trp tRNA-Ala tRNA-Asn tRNA-Cys tRNA-Tyr tRNA-Ser(UCN)

tRNA-Asp tRNA-Lys tRNA-Gly tRNA-Arg tRNA-His tRNA-Ser(AGY)

tRNA-Leu(CUN) tRNA-Glu tRNA-Thr tRNA-Pro

Figure 1.4.The putative structures ofthe 22 tRNAs ofApodemus

peninsulae,inferredfrom nucleotidesequencesofthetRNA genes.The

tRNAsarelabeledwiththeabbreviationsoftheircorrespondingaminoacids.
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(A)

(B) (C) (D) 

Figure 1.5. The putative structure of the tRNA-Ser in Korean

Apodemus.TheabnormalstructureoftRNA-Ser
(AGY)

wasidentifiedinDHU

arm.(A)shows secondary structure ofgeneralmttRNAs(Wyman and

Boore,2003).GeneralmttRNAshave normalDHU arm with stem-loop

structure.(B),(C),and(D)hasabnormalstructureswithfournucleotidesin

DHU arm ofmttRNA-Ser(AGY) ofA.agrarius,A.chejuensis,andA.

peninsulae,respectively.
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1.3.4.Controlregion

Generally,themtgenomesofmammalshave2noncodingregions:OL and

CR,whichisalsocalledtheD-loop.TheOLofKoreanApodemuswas31bp

long and was located between tRNA-Asn and tRNA-Cys(Table 1.3-5),

consistentwithothermammals.Thestem–loopregion,conservedmotif(5′

-TAAGG-3′), and the L-strand replication initiation site (GGC) are

presentedinFig.1.6.

TheCRofA.agrarius,A.chejuensis,andA.peninsulaespanned854bp,

857bp,and866bp,respectively,andwaspositionedbetweenthetRNA-Pro

and tRNA-Phe genes (Table 1.3-5).The CR contains severalconserved

sequences (Fig. 1.7): the termination-associated sequence (TAS) and

conserved sequence blocks (CSBs).These elements show some sequence

variationbutaregenerallyconservedamongRodentia.

1.3.5.Phylogeneticrelationships

Generally,theML treeshowsthatphylogeneticrelationshipsarehighly

supportedbysequencesof13protein-codinggenesofRodentiamt(Fig.1.8).

MuridaewasgroupedwithCricetidaeassistertaxon.Rattuswasdividedinto

distincttwoclades,andKoreanApodemusandMusderivedfrom common

ancestors.ThebranchsupportvalueofAnomalurus+Cavia+Thryonomyswas

lowerthan50%.MicrotuslevisandProedromyssp.wasgroupedwithvery

low supportvalue(10%).ThemonophylyofMuroidea(Muridae,Cricetidae,

andSpalacidae)waswellsupportedwith100% bootstrapvalue.
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Figure1.6.CommonfeaturesofL-strandreplicationoriginofKorean

Apodemus.TheOL sequencesofKoreanApodemusmtDNA wasidentical.

TheOL hasthepotentialtoform astablestem-loopstructure.Theinitiation

site"GGC'forL-strand replication islocated on stem region.Bold and

underlinesindicatestem regionandvertebrateconservedmotif,respectively.
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Figure1.7.Conservedsequencesofthemitochondrialcontrolregionof

KoreanApodemus.TASandCSB-1,CSB-2,andCSB-3,whichoccurnear

the3'and5’terminus,respectively.SequencesofTASandCSB-1-3were

slightly different among control region of Korean Apodemus.Omitted

sequenceregionsweremarkedasdoublewavedlines.
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Figure1.8.PhylogenetictreeofKoreanApodemus.TheMLtree(lnL=

-168970.343)wasreconstructed using GTR+I+G model.Thepercentageof

replicatetreesinwhichtheassociatedtaxaclusteredtogetherinthebootstrap

test(1,000replicates)areshownnexttothebranches.Thetreeisdrawnto

scale,withbranchlengthsmeasuredinthenumberofsubstitutionspersite.
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1.4.DISCUSSION

1.4.1.Comparativeanalysisofmitochondrialgenomesequences

Korean Apodemus contain relatively smallmtgenomes in the order

Rodentia,accordingtotheGenBankdatabase(Table1.2).Thehigheranimals

exhibitsignificantly less variation in mtgenome size and tend to have

smallermtgenomesthanloweranimals(Rand,1993).Rand(1993)thought

thesepatternsareduetodifferentialmetabolicratesandreducedmutation

pressures.ThistheorywouldsuggestthatKoreanApodemusspp.mighthave

evolvedlateintheevolutionaryhistoryofRodentia.

GeneralfeaturesofmtgenomeoftheKoreanApodemusaresimilarto

those ofotherRodentia.The gene rearrangements ofmtgenomes were

reportedinvariousvertebratessuchasmarsupials(Pääboetal.,1991),birds

(BenschandHärlid.2000),reptiles(Yanetal.,2008),fishes(Mabuchietal.,

2004), and amphibians (Mueller and Boore, 2005). However, gene

rearrangementshavenotbeenidentifiedinmtgenomesofRodentia,including

Apodemusspp.ThisindicatesthatmtgenomesofRodentiaareverystable

andhighlyconserved.

Themtprotein-codinggenesofKoreanApodemususedvariousinitiation

andterminationcodons.Themtprotein-codinggenesofA.agrariusandA.

chejuensisused3typesofinitiation codons(ATG,ATA,andGTG)and

thoseofA.peninsulaeused4typesofinitiationcodons(ATG,ATA,ATC

andGTG).ATGisthemostcommoninitiationcodon,butvariousvertebrate

mtgenesusenon-canonicalstarts(Mouchatyetal.,2001;Mabuchietal.,

2004;Mueller and Boore,2005;Horner etal.,2007).These alternative
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initiationcodonsaretranslatedasmethionineorformylmethionine(Touriolet

al.,2003).Fivetypesofinitiationcodons(ATG,GTG,ATC,ATA,andATT)

havebeenidentifiedintheRodentia.ATTisnotusedinKoreanApodemus.

The mtprotein-coding genes ofA.agrarius,A.chejuensis,and A.

peninsulaeused2(TAA andT),4(TAA,TAG,TA,andT),and3(TAA,

TAG,andT)typesofterminationcodons,respectively.KoreanApodemusmt

genesalsousedincompleteterminationcodonssuchasTA andT,asoccurs

inothervertebrates(Ohetal.,2007a;2007b;Yanetal.,2008;Ohetal.,

2010). These incomplete termination codons are completed via

post-transcriptionalpolyadenylation(Ojalaetal.,1981).

Overall,thenucleotidefrequenciesoftheanalyzedmtprotein-codinggenes

wereslightlydifferentinKoreanApodemus.Especially,guaninefrequencyat

thefirstcodonpositioninA.peninsulaemtwasremarkablyhigherthanin

A.agrariusandA.chejuensis,whileguaninefrequencyatthethirdcodon

positionofA.peninsulaemtwasmuchlower.Therelativelylow frequencies

ofguanineatthefirstcodonpositionofA.agrariusandA.chejuensishave

notbeen reported in Muridae.Forinstance,guanine atthe firstcodon

positionofRattusnorvegicusmtgeneswererelativelymorefrequentat19%

(Gadaletaetal.,1989).Intheproteincodinggenes,theproportionofguanine

atthethirdcodonpositionisrelativelylow,aspreviouslyreported(Reyeset

al.,1998;Inoueetal.,2000;Bayona-Bafaluyetal.,2003).Thevariationin

basecomposition atthe3codon positionsisrelatedtogeneexpressivity

(Gutiérrezetal.,1996).Accordingly,thedifferentialnucleotidepreferencefor

codonpositionmayaffectmtgeneexpressionacrossKoreanApodemus.

Thecodonusagepatternwassimilartothoseofotherrodents(Linetal.,

2002;Horneretal.,2007;Partridgeetal.,2007).Codonusagealsomightbe

relatedtotranslationofmtgenes.JiaandHiggs(2008)discoveredverylittle

evidencefortranslationalaccuracyselectioninmtgenes.Theysuggestedthat

the selection fortranslationalefficiency mightlead to codon preferences.
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Moreover,Knightetal.(2001)suggested low codon frequencies can be

relatedtocodon reassignment,andhighly expressedgeneshaveastrong

preferenceforasubsetofcodons,whilelow-expressiongeneshaveamore

uniform pattern ofcodon usage(Ikemura,1981;Gouy andGautier,1982).

Therefore,somefrequently used codonssuch asCUA (tRNA-Leu),AUC

(tRNA-Ile),AUA (tRNA-Met),etc.,ofKorean Apodemus mtmay be

associatedwithhighlyexpressedgeneswhileinfrequentlyusedcodonslike

UCG (tRNA-Ser),ACG (tRNA-Thr),CGG (tRNA-Arg),etc.,mightbe

relatedtorarelyexpressedgenes.

ThemtgenomesofKoreanApodemuscontain22tRNAgenesinterspersed

betweenrRNAsandprotein-coding genes.Thegeneralfeaturesofthemt

tRNA geneswereidenticaltothosefoundinotherrodents(Linetal.,2002;

Horneretal.,2007;Partridgeetal.,2007).ThetRNA genesrangedfrom 59

to75nucleotides.

ThetRNA-Ser
(AGY)

foundinthemtgenomesofKoreanApodemushadno

discernibleDHU stem,similartootherrodents(Gadaletaetal.,1989;Horner

etal.,2007;Partridgeetal.,2007).ThetRNA-Ser
(AGY)

lackingtheDHUstem

worksinthemttranslationsystem buthaslow translationalactivityinanin

vitro translation system of bovine mitochondria (Hanada et al.,2001).

Accordingly,tRNA-Ser
(AGY)

ofKoreanApodemusalsomightworkwithsome

moleculardisadvantagesonribosomesinthemttranslationsystem.

TheOL sequencehasthepotentialtoform astablestem–loopstructure,

andaconservedmotif(5′-TAAGG-3′)islocatedinthebaseofthestem

withintRNA-Cys.Thismotifhasbeenreportedtoexhibitsomesequence

variation in vertebrates such as Lialis (5′-ACCGG-3′), Varanus

(5′-CCCTG-3′),Bipes(5′-GCCAG-3′)(Maceyetal.,1997),Halichoeres

(5′-GCCGG-3′ Ohetal.,2008),andHynobius(5′-TCCGG-3′ Ohetal.,

2007a).Thepentanucleotidemotifisconservedamongvertebrates(Noacket

al.,1996).Thissequencemayplayanimportantroleininvitroreplicationof
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theL-strand(Hixsonetal.,1986).TheOLofKoreanApodemusmtcontained

anA-richregionintheloop.OtherrodentsarenotA-richorhaveonlya

single A in the loop in Jaculus jaculus (AJ416890)and Mus musculus

(AY172335).These dissimilarities may resultin slightdifferences in the

structuralrecognition efficiency ofmtDNA primase(Wong and Clayton,

1985;Hixson etal.,1986).In addition,the stem region ofOL has the

initiationsite(GGC)forL-strandreplication(BrennickeandClayton,1981),

whichwasidenticalinallKoreanApodemus.

WithintheCR,severalconservedfeatureswerefoundsuchasTASand

CSB-1-3.TheTASelementwasidentifiedupstream from the3′ endofthe

controlregioninmammals(Dodaetal.,1981;Mackayetal.,1986).Thisis

associatedwiththeterminationofD-loopstrandsynthesis(Broughtonetal.,

2001).TheTASelementsslightlydifferedbetweenA.agrarius,A.chejuensis,

and A.peninsulae.The CSB sequences were identicaland/or slightly

different.TheCSB sequencesareassociatedwithmtDNA replicationand

transcription (Clayton, 1991; Shadel and Clayton, 1997). Accordingly,

replication and/or transcription efficiency might differ between Korean

Apodemusspp.

1.4.2.PhylogeneticrelationshipsofKoreanApodemus

The ML analysis placed Sciurus and Myoxus at the base of the

phylogenetictreeofrodentsshowingsimilartothephylogenetictreeofmajor

rodentcladesinferredfrom sixnucleargenes(Blanga-Kanfietal.,2009).The

resultshowedthatmajorrodentcladescomprisedasquirrel-relatedclade,a

mouse-relatedclade,andCtenohystricasuggestedthatthebasalpositionofa

squirrel-related clade mightbe the mostsuitable for rodentevolutional

scenario(Blanga-Kanfietal.,2009).

Rattusconsistedoftwodistinctcladeswith100% bootstrapsupportvalue,
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which phylogenycorrespondedtopreviousstudy(Robinsetal.,2008;Robins

etal.,2010).Robinsetal.(2008)suggested thatthedivergencebetween

RattusandMuswasoccurredatabout12Mya,andthedeepestdivergence

withinRattusat3.5Mya,howeversubsequentresearchusing16mtgenomes

ofRattusproposedthemostrecentcommonancestorofRattusdivergedat

about2.7Mya(Robinsetal.,2010).Thephylogeneticrelationshipsamong

Rattusspp.isverycomplexsothatMLanalysisusingmtgenomesequences

ofRattuscouldnotfullyresolvedtheirrelationships.

ThephylogenyoftwonativeAustralianrodents,Leggadinalakedownensis

andPseudomyschapmanishowedthatthesetwospeciesrelatedtoMusasa

sister group (Nilsson et al.,2010).However,the phylogenetic analysis

includingApodemusshowedthatMuswastheclosestrelatedtoApodemus

(Fig.1.8).TheclosedrelationshipsbetweenMusandApodemuswasreported

inpreviousresearches(Suzukietal.,2000;Steppanetal.,2005),however,

thosestudiescontainedjustafew speciesofMuridae.

Todate,themtgenomesequencesofRodentiawerereportedonly 33

species (37 mt genomes including below subspecies).Accordingly,the

phylogenetic analysis ofRodentia using mtgenome sequences could not

clarifythetheirrelationships.However,thesequencedataofsinglegenehave

accumulatedviacontinuedeffortstoexplainthephylogeneticrelationshipsof

rodentsusing nuclearand mtgenesequences.Especially,DNA barcoding

projectcontributedtoaccumulateDNA sequencesofmtgenesuchasCO1

andCYTB.Accordingly,mtCO1and/orCYTB genesequencesmightbe

very usefulforrodentphylogeny andspeciesidentification (Robinsetal.,

2010).
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Chapter2

PossiblehistoricalmigrationroutesofApodemus

chejuensis
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2.1INTRODUCTION

ThegenusApodemuscontainsatleast20species(MusserandCarleton,

2005),including severalofthemostcommonsmallrodentspecies,andis

widelydistributedinthePalearcticregion.

ThestripedfieldmouseA.agrariusisdistributedthroughoutnearlythe

entireKoreanPeninsulaandisthemostcommonrodentspeciesinKorea;

anotherstripedfieldmouse,A.chejuensis,isfoundonlyonJejuIslandoff

thesoutherncoastoftheKoreanPeninsula(WonandSmith,1999;Yoonet

al.,2004a).Generally,A.agrarius inhabits ruralflatlands,rivers,and

agriculturalfarmlands.Theybreed3–4timesayearandhave2–8offspring

perlitter(Yoonetal.,1997).They eatseedsofrice,fruits,andgrasses

(Kang,1971).A.agrariusareknowntobeavectorofthefatalepidemic

hemorrhagicfeverandtsutsugamushidisease(LeeandLee,1976;Leeetal.,

1991).TheJejuStripedFieldmouse,A.chejuensis,isoftenfoundnearbush

andmountainousareapopulatedbyshrubbery.Theyaredistributedfrom the

coastalregiontothehigh-altituderegionofMt.Halla.Theybreed3–4times

peryearandusuallyhave4–5offspringperlitter.SimilartoA.agrarius,

theyeatrice,fruits,andgrassplants.

AlthoughJonesandJohnson(1965)originallyclassifiedA.chejuensisas

one(A.agrariuschejuensis)ofthe4subspeciesofA.agrarius,subsequent

molecularstudiessuggestedthatA.chejuensisisadistinctspecies(Hanet

al.,1996;Kohetal.,2000).Theabilityofoffspringtohangtothemother’s

papilla,known as tenacious nipple attachment,is observed only in A.

chejuensis(OhandMori,1998b);theresultsofcrossbreedingexperimentsled

totheconclusionthatA.chejuensisareseparatebiologicalspecies(Ohand

Mori,1998a).However,researchers are stillperforming moleculargenetic
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studiesofA.agrariusand A.chejuensis(Koh etal.,2000;Yoon etal.,

2004b),andthetaxonomicstatusofA.chejuensisstillremainsamatterof

debate(MusserandCarleton,2005).

Molecularevolutionaryandphylogeneticstudieshavebeenconductedby

severalresearchers focused on Korean Apodemus.Koh and Yoo (1992)

analyzed mitochondrial(mt)DNA polymorphisms ofA.agrarius and A.

chejuensis by using 8 restriction enzymes.Thirty-one fragments were

recognizedand15cloneswereidentifiedin15specimensofA.a.coreaeand

6specimensofA.a.chejuensis.Thus,A.agrariusweregroupedinto4major

subgroups,butthetaxonomicstatusofthesubgroupremainedunclear.Koh

andYoo(1992)suggestedthattheA.chejuensisspecimensareindicativeof

adistinctspecies.In 1996,Han etal.alsoconductedrestriction fragment

analysisbyusing11restrictionenzymeswithnuclearribosomalRNA spacers

andmtDNA andsuggestedthatgeographicconditionsmaypreservevarious

mtDNA haplotypes.Sincethe2000s,molecularstudiesofDNA sequences

havebeenusedtoestablishthebiogeographic,phylogenetic,andevolutionary

status ofKorean Apodemus.The analysis ofmtcytochrome b (CYTB)

sequencesofA.agrariusand A.chejuensis.from theKorean Peninsula,

southerncoastalislets,andJejuIslandshowedsignificantgeneticstructuring

bygeographicalareaandsuggestedthatthehypothesizedoldesthaplotypes

wereobtainedbytheJejupopulationandA.agrariusmightbederivedfrom

A.chejuensis(Yoonetal.,2004b).

Suzukietal.(2008)suggested thatthe European lineage is a likely

descendantofthe Asian lineage and some genetic elements from Asia

contributedtothemtDNA foundinEurope.Phylogeneticanalysesofmtand

nucleargenesequencesindicatedthatA.agrariusandA.chevrieriarethe

mostclosely relatedsisterspecies(Suzukietal.,2003;Liu etal.,2004).

Moreover,A.agrariusdivergedfrom A.chevrieriabout2.68millionyearsago

(Mya),duringthefirstglacialageoftheQuaternary(Liuetal.,2004).The
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mostreasonabletheoryoftheoriginofAsianApodemuswassuggestedby

Xia(1984).HeproposedthatAsian Apodemusoccurredin theHengduan

Mountain region.This region contains extreme topographic and climatic

complexity(Zang,2002)thatledtospeciesdifferentiationduringtheglacial

periodoftheQuaternary(Liuetal.,2004).IftheancestorofA.agrarius

inhabitantsintheKoreanPeninsulaoriginatedfrom theHengduanMountains,

theymayhavemovedintothepeninsulaortheNorthKoreaviatheYellow

Seabasinduringtheglacialage(Fig.2.1).

ThemtCYTB geneiscommonlylocatedbetween2transferRNA (tRNA)

genes,tRNA-GluandtRNA-Thr,inthemammalianmtgenome.Thisgene

is generally used in as a phylogenetic marker in vertebrate population

geneticsandphylogeneticinferences(Iwasaetal.,2000;Kohetal.,2001;

Hodgkinsonetal.,2003;Yoonetal.,2004b).TheCYTB genecontainsboth

conservedandvariablecodonpositionsanditsmolecularphylogeneticutility

hasbeen demonstrated in vertebrates(Irwin etal.,1991;Graybeal,1993;

ZardoyaandDoadrio,1999).Therefore,thisgeneissuitableforinvestigations

ofanimalphylogeneticstatus(Meyer,1994;LovejoyanddeAraújo,2000).

In2009,Dubeyetal.suggestedthattheCYTB pseudogenecanleadto

phylogeneticmisinterpretationsinMuridae.Theexistenceofanuclearcopyof

the CYTB pseudogene had been not widely recognized.The nuclear

sequencescancausemajorproblemsinsystematicanalysesduetodifferent

selection pressures and rate ofnucleotide substitutions.Therefore,such

sequenceanalysiscanleadtoinaccurateinterpretations(ZhangandHewitt,

1996,2003;TriantandDeWoody,2007).
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Figure 2.1.Origination and expansion of ancestral lineage of A.

agrariusintotheKoreanPeninsula.AnopencircleisHengduanMountain

RangeconsideredasoriginationofAsianApodemus(Xia,1984).Arrowsrefer

topossiblemigrationroutesofancestorlineagesofA.agrarius.Thegray

regionrepresentsthesea.
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Despite the various data regarding the distribution,morphology,and

moleculargeneticsofA.agrarius(Hanetal.,1996;Serizawaetal.,2000;Liu

etal.,2004;Yoonetal.,2004b;Suzukietal.,2008)andA.chejuensis(Han

etal.,1996;Kohetal.,2000;Yoonetal.,2004b),theirhistoricmigration

routesintotheKoreanPeninsulaandJejuIsland,respectively,areunclear.

Thebiogeographichistory ofA.chejuensishasnotbeenestablished.The

mostreasonabletheoryregardingA.chejuensis,basedonrecentgeneticdata,

isthatA.agrariushavedescendedfrom apopulationonJejuIsland(Yoonet

al.,2004b).JejuIslandisconsideredtohavebeena“refugium”duringthe

lastglacialage,sothatthematernallineagesthatoccuronJejuIslandcould

haveoriginatedthereorelsewhere.

Jeju Island islocated southwestoftheKorean Peninsulaand consists

mainly ofbasaltic and pyroclasticflows (Yoon etal.,1995).The island

formed via volcanic eruption about 2 Mya (Yoon,1997).Yoon (1997)

summarizedtheformationhistoryofJejuIsland.Aftertheformationofthe

firstJejuvolcanicedifice(about2Mya),thevolcanicedificesubsided,and

marinetransgressionoccurredabout1.8Mya.Themainvolcanicedificewas

formedabout0.89-0.47Mya.Atthistime,marineregressionoccurred,and

theolderJejuIslandareabecameland.Subsequentvolcanicactivityledto

theformationofvariousmajortopographicfeaturesofJejuIsland.About0.07

Mya,thesummitofMt.Hallawasformed,andthecentralpartofthemain

volcanicedifice was uplifted by rising magma.During thistime,marine

transgressionoccurredagainandtheJejuvolcanicedificebecameJejuIsland.

Sea levelchanges affectbiogeographicdistributions (Mercerand Roth,

2003;Won andRenner,2006).During theglacialepoch,globalsealevels

fluctuatedrepeatedly(Voris,2000;Zhongetal.,2004),andresearchershave

suggested thatsomespeciesmigrated from theKorean PeninsulatoJeju

Island or vice versa during the glacialepoch (Shim and Park,1998).

Therefore,integratedanalysisofthedistributionofterrestrialanimalsand
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geologicalchangesisimportanttounderstandingthebiogeographichistory.

ThischapterhasbeenattemptedtoexplainthepopulationhistoryofA.

agrariusandA.chejuensisandmigrationofA.chejuensisonthebasisofthe

mtCYTB genesequencesofA.agrariusandA.chejuensisfrom theKorean

PeninsulaandJejuIsland.
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2.2.MATERIALSAND METHODS

2.2.1.SamplingandDNA extraction

Forty-nineApodemuschejuensisindividualsand24A.agrariusindividuals

werecollectedinthewildatvarioussitesonJejuIslandandtheKorean

Peninsula,respectively(Table2.1andFig.2.2).Amongalltissuesamplesof

A.agrarius,13samples(samplesAgr11–23)from variouslocationswere

obtainedfrom theConservationGenomeResourceBankforKoreanWildlife.

GenomicDNA wasextractedfrom smallpiecesoftailormuscleusinga

NucleoSpinTissueKit(Macherey-Nagel,Germany).First,smallpiecesoftail

ormusclewasplacedinamicrocentrifugetubewithbufferT1andproteinase

K solution and then vortexed.The tubes were incubated at56°C until

completelysiswasobtained.Thelysedsampleswerevortexed,andbufferB3

wasadded.Thetubeswerevortexed and incubated at70°C for10min.

Ethanolwasadded and thesampleswerevortexed vigorously.Foreach

sample,aNucleoSpin
®
TissueColumnwasplacedintoacollectiontube,and

thesamplesappliedtothecolumn.Theassemblywascentrifugedfor1min

at11,000g.Theflow-throughwasdiscardedandthecolumnreturnedtothe

collectiontube.Towashthesilicamembrane,bufferBW andbufferB5were

addedinturn.Thecolumn-collectiontubeassemblywascentrifugedfor1

minat11,000gaftereachbufferaddition.Thesilicamembranewasdriedby

centrifugation.Finally,the column was placed into a new 1.5 mltube;

prewarmedbufferBEwasadded,andthenincubatedatroom temperaturefor

1min.Thetubewascentrifugedfor1minat11,000g,andtheextracted

DNAwasstoredat-20°C.
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2.2.2.PCRandsequencing

A 1.2kbpfragmentoftheCYTB genewasamplifiedfrom themtDNA

byPCR usingprimersL14115andH15288(Martinetal.,2000).PCR was

carriedoutin50µlreactionmixturescontaining5µlof10×Pfu-X buffer

(Solgent,Korea),2µlofdNTPmix(2.5mM ofeachdNTP),1µlofeach

primer(10μM),0.5µlofPfu-X DNA polymerase(2.5U/µl),50-100ngof

genomicDNA,andsteriledistilledwater.Amplifiedproductswereexamined

byelectrophoresison1% agarosegels,stainedwithEtBr,visualizedunder

UV light,and purified using an AccuPrep PCR purification kit(Bioneer,

Korea). The PCR products were directly sequenced using a BigDye

TerminatorSequencingKit(AppliedBiosystems)onanABI3730xlautomatic

DNA sequencer with the newly designed inner primers ApoCYTB-F

(5′-CAAATCTCCTCTCAGCCATCC-3′)andApoCYTB-R(5′-CTGTTGG

GTTGTTTGAGCCTG-3′).
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Table2.1.Specimensandcollectionsources

Species
Specimen
Num.

Collectionsite
Accession
Num.

Haplotype
Num.

A.agrarius Agr1 Boreumdo,Incheon-si HM034868 Hap1

Agr2 Cheongdo,Gyeongsangbuk-do HM034869 Hap2

Agr3 Cheongdo,Gyeongsangbuk-do HM034870 Hap3

Agr4 Cheongdo,Gyeongsangbuk-do HM034871 Hap2

Agr5 Cheongdo,Gyeongsangbuk-do HM034872 Hap4

Agr6 Yangsan,Gyeongsangnam-do HM034873 Hap5

Agr7 Yangsan,Gyeongsangnam-do HM034874 Hap6

Agr8 Yangsan,Gyeongsangnam-do HM034875 Hap5

Agr9 Yangsan,Gyeongsangnam-do HM034876 Hap7

Agr10 Yangsan,Gyeongsangnam-do HM034877 Hap8

Agr11 Kanghwa,Incheon-si HM034878 Hap9

Agr12 Kanghwa,Incheon-si HM034879 Hap10

Agr13 Samcheok,Kangwondo HM034880 Hap11

Agr14 Macheon,Gyeongsangnam-do HM034881 Hap12

Agr15 Macheon,Gyeongsangnam-do HM034882 Hap12

Agr16 Seokmodo,Incheon-si HM034883 Hap13

Agr17 Seokmodo,Incheon-si HM034884 Hap14

Agr18 Seokmodo,Incheon-si HM034885 Hap15

Agr19 Seokmodo,Incheon-si HM034886 Hap15

Agr20 Seokmodo,Incheon-si HM034887 Hap15

Agr21 Hwacheon,Gangwon-do HM034888 Hap16

Agr22 Hwacheon,Gangwon-do HM034889 Hap17

Agr23 Hwacheon,Gangwon-do HM034890 Hap18

Agr24 Naju,Jeonranam-do HM034891 Hap19

A.chejuensis Che1 Hallim,Jeju-do HM034892 Hap20

Che2 Seongsan,Jeju-do HM034893 Hap21

Che3 Seongsan,Jeju-do HM034894 Hap22

Che4 Seongsan,Jeju-do HM034895 Hap23

Che5 Seongsan,Jeju-do HM034896 Hap24

Che6 Hallim,Jeju-do HM034897 Hap25

Che7 Jocheon,Jeju-do HM034898 Hap26

Che8 Andeok,Jeju-do HM034899 Hap27

Che9 Ara,Jeju-do HM034900 Hap25

Che10 Yonggang,Jeju-do HM034901 Hap28

Che11 Yonggang,Jeju-do HM034902 Hap29

Che12 Yonggang,Jeju-do HM034903 Hap28

Che13 Gujwa,Jeju-do HM034904 Hap30

Che14 Sanghyo,Jeju-do HM034905 Hap31

Che15 Sanghyo,Jeju-do HM034906 Hap32

Che16 Pyoseon,Jeju-do HM034907 Hap33

Che17 Pyoseon,Jeju-do HM034908 Hap34

Che18 Pyoseon,Jeju-do HM034909 Hap27
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Che19 Pyoseon,Jeju-do HM034910 Hap27

Che20 Pyoseon,Jeju-do HM034911 Hap33

Che21 Ara,Jeju-do HM034912 Hap35

Che22 Ara,Jeju-do HM034913 Hap36

Che23 Ara,Jeju-do HM034914 Hap37

Che24 Ara,Jeju-do HM034915 Hap22

Che25 Ara,Jeju-do HM034916 Hap32

Che26 Ara,Jeju-do HM034917 Hap35

Che27 Ara,Jeju-do HM034918 Hap36

Che28 Yeongpyeong,Jeju-do HM034919 Hap23

Che29 Yeongpyeong,Jeju-do HM034920 Hap38

Che30 Ara,Jeju-do HM034921 Hap39

Che31 Ara,Jeju-do HM034922 Hap35

Che32 Ara,Jeju-do HM034923 Hap37

Che33 Hallim,Jeju-do HM034924 Hap20

Che34 Hallim,Jeju-do HM034925 Hap28

Che35 Sanghyo,Jeju-do HM034926 Hap31

Che36 Sanghyo,Jeju-do HM034927 Hap27

Che37 Sanghyo,Jeju-do HM034928 Hap40

Che38 Seongsan,Jeju-do HM034929 Hap39

Che39 Pyoseon,Jeju-do HM034930 Hap27

Che40 Pyoseon,Jeju-do HM034931 Hap41

Che41 Pyoseon,Jeju-do HM034932 Hap33

Che42 Pyoseon,Jeju-do HM034933 Hap27

Che43 Pyoseon,Jeju-do HM034934 Hap33

Che44 Pyoseon,Jeju-do HM034935 Hap42

Che45 Pyoseon,Jeju-do HM034936 Hap20

Che46 Pyoseon,Jeju-do HM034937 Hap43

Che47 Pyoseon,Jeju-do HM034938 Hap33

Che48 Seogwipo,Jeju-do HM034939 Hap44

Che49 Seogwipo,Jeju-do HM034940 Hap20

(Continued)
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Figure 2.2.Collection sites ofA.agrarius and A.chejuensis.Each

specimenisindicatedbyanumberonthemap.Smallopenandclosedcircles

indicateA.agrariusandA.chejuensiscollectionsites,respectively.Eachlocal

populationofA.agrariusisindicatedbyandottedlineandasquare.COR,

KoreanPeninsula;CHE,JejuIsland.OpensquaresindicateCOR-I(western

isletoftheKorean Peninsula)collection sites.Details areshown in the

magnifiedarea.Thegrayregionrepresentsthesea.
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2.2.3.Sequenceanalysis

Thesequenceanalysiswasconductedusing73new CYTBsequencesfrom

A.agrariusandA.chejuensis(Table2.1).Collectionsiteswereclassifiedfor

biogeographicanalysisasfollows:COR-IandCOR-II,thewesternisletsand

inlandoftheKoreanPeninsula,respectively;andCHE,JejuIsland(Fig.2.2).

Allcomplete CYTB sequences were aligned using the ClustalX program

(Thompsonetal.,1997)anddetectedsinglenucleotidepolymorphism (SNP)

sites.ForCYTB haplotypeanalysis,MEGA5software(Tamuraetal.,2011)

andDNAsp5.0software(LibradoandRozas,2009)wereusedtoestimatethe

Kimura two-parameter genetic distances (Kimura,1980),the number of

haplotypes and polymorphic sites, the average number of nucleotide

differences,andthelevelofhaplotypeandnucleotidediversity.Fu’sFstest

wasusedtoassessevidenceofpopulationexpansion(Fu,1997)byusing

Arlequin3.5software(ExcoffierandLischer,2010).A mismatchdistribution

analysisusing DNAsp 5.0softwarewasconducted toestimatepopulation

dynamics(LibradoandRozas,2009).

To construct a phylogenetic median-joining network,Network 4.5.1.6

software(http://www.fluxus-engineering.com)wasusedwithhaplotypedata.

2.2.4.Divergencetimeestimation

Thedivergence time between the A.agrariusand A.chejuensiswas

calculated according to the method ofLiu etal.(2004).The maximum

likelihooddistanceswerecalculatedusingtheTN93+G model(Tamuraand

Nei,1993),whichwasselectedasthebestmodelfornucleotideevolution,

based on the Akaike Information Criterion (AIC; Akaike,1973) using

jModeltestsoftware(Posada,2008).Tocalibratethedivergencetime,2.68

Mya wasemployed asthedivergencetimebetween A.agrariusand A.

chevrieri(Liuetal.,2004).Becauseexcessiverateheterogeneityaffectsthe
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molecularclock,theheterogeneityofevolutionarychangealongthedifferent

lineageswasestimated.Using χ2 tests(Felsenstein,1988),Icomparedthe

likelihoodtreescreatedwithandwithoutanenforcedmolecularclock.Rate

constancy among lineages was assumed forthe tree with the enforced

molecularclock.
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2.3.RESULTS

2.3.1.Haplotypeanddemographicanalysis

Nineteen CYTB sequence haplotypes were defined in 24 A.agrarius

individuals,and25weredefinedin49A.chejuensisindividuals(Table2.1).

ThemostfrequenthaplotypegroupwasHap27,whichwassharedby6A.

chejuensisindividuals.ThemostfrequenthaplotypegroupintheA.agrarius

populationwasHap15,whichwassharedby3individuals.

ThevariablesitesofCYTB sequencehaplotypeswereestimated.In1,140

sitesofCYTB sequence,105siteswerevariableand43sitesweresingleton

variable sites (Fig.2.3).In A.agrarius,variable and singleton variable

sequenceswerefoundin56sitesand33sites,respectively,while53variable

sitesand20singletonvariablesiteswerefoundinA.chejuensis.Among

variablesites,6werecompletelydifferentbetweentheA.agrariusandA.

chejuensis.

ThegeneticdistancesofCYTB haplotypesshowedthatHap9isclosestto

Hap42,whileHap7isfarthestfrom Hap36(Table2.2).Eachhaplotypeofthe

COR-Ipopulation,excluding Hap10(Agr12),wererelativelyclosertoeach

otherofCOR-IthantohaplotypesoftheCOR-IIpopulation.InA.chejuensis,

allhaplotypeswereclosertoeachotherthantohaplotypesofA.agrarius.
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Figure2.3.ThevariablesitesintheCYTB haplotypesequencesofA.

agrariusandA.chejuensis.Nucleotidesarenumberedfrom the5'endof

theCYTB sequences.BoxespresentidenticalSNPsofA.chejuensis.Dots

indicatesmatchingwithsequenceofHap1.Hap1-19,A.agrarius;Hap20-44,

A.chejuensis.



- 62 -

Table2.2.Geneticdistancematrixamonghaplotypesequences
Hap1Hap2Hap3Hap4Hap5Hap6Hap7Hap8Hap9Hap10Hap11Hap12Hap13Hap14Hap15Hap16Hap17Hap18Hap19Hap20Hap21Hap22

Hap1

Hap20.082

Hap30.0710.029

Hap40.0920.0500.039

Hap50.0930.0500.0400.060

Hap60.1050.0830.0720.0710.094

Hap70.1390.0930.0820.1040.1050.141

Hap80.1160.0720.0610.0600.0830.0500.128

Hap90.0190.0600.0500.0700.0710.0820.1150.093

Hap100.0820.0400.0290.0290.0500.0610.0930.0500.060

Hap110.0820.0400.0290.0500.0500.0830.0930.0720.0600.040

Hap120.0820.0400.0290.0290.0500.0610.0930.0500.0600.0190.040

Hap130.0720.0930.0820.1040.1050.1160.1270.1280.0500.0930.0930.093

Hap140.0610.0820.0710.0920.0930.1050.1390.1160.0400.0820.0820.0820.072

Hap150.1060.1530.1410.1650.1660.1800.2200.1930.0830.1530.1530.1530.1420.130

Hap160.1160.0720.0610.0600.0830.0720.1280.0610.0930.0500.0720.0500.1280.1160.193

Hap170.0820.0400.0100.0500.0500.0830.0930.0720.0600.0400.0400.0400.0930.0820.1530.072

Hap180.1050.0610.0500.0710.0720.1060.1160.0940.0820.0610.0610.0610.1160.1050.1800.0940.061

Hap190.0920.0500.0390.0600.0600.0930.1040.0820.0700.0500.0500.0500.1040.0920.1520.0820.0500.071

Hap200.1680.2220.2080.2340.2370.2520.2980.2680.1420.2220.2220.2220.2100.1960.2550.2680.2220.2520.234

Hap210.2100.2370.2220.2490.2520.2680.2810.2850.1820.2370.2370.2370.1960.2100.3050.2850.2370.2680.2490.094

Hap220.1820.2370.1930.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2080.2680.2490.0720.106

Hap230.1680.2220.2080.2340.2370.2520.2650.2680.1420.2220.2220.2220.1820.1960.2550.2680.2220.2520.2340.0610.0290.072

Hap240.1820.2370.2220.2490.2520.2370.3150.2520.1550.2370.2370.2370.1960.2100.2720.2850.2370.2680.2490.0720.1060.083

Hap250.1680.2220.2080.2340.2370.2520.2980.2680.1420.2220.2220.2220.2100.1960.2550.2680.2220.2520.2340.0610.0720.072

Hap260.2100.2680.2520.2810.2850.3020.3520.3190.1820.2680.2680.2680.2550.2400.3050.3190.2680.3020.2810.0940.1300.061

Hap270.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2680.2490.0720.1060.040

Hap280.2220.2490.2650.2950.2980.2810.3660.3330.1930.2810.2810.2810.2680.2520.3190.3330.2810.3150.2950.1050.1410.071

Hap290.1820.2370.2220.2490.2520.2370.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2680.2490.0720.1060.040

Hap300.1960.2520.2370.2650.2680.2850.3330.3020.1680.2520.2520.2520.2400.2250.2880.3020.2520.2850.2650.0830.1180.050

Hap310.1820.2370.2220.2490.2520.2370.3150.2520.1550.2370.2370.2370.1960.2100.2720.2850.2370.2680.2490.0720.1060.083

Hap320.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2080.2370.2250.2100.2720.2850.2370.2680.2490.0100.1060.083

Hap330.1680.2220.2080.2340.2370.2520.2650.2680.1420.2220.2220.2220.1820.1960.2550.2680.2220.2520.2340.1060.0940.118

Hap340.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2370.2490.0940.1060.106

Hap350.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2680.2490.0720.0830.083

Hap360.2370.2650.2810.3110.3150.2980.3860.3520.2080.2980.2980.2980.2850.2680.3370.3520.2980.3330.3110.1160.1530.082

Hap370.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2680.2490.0100.1060.083

Hap380.1680.2220.2080.2340.2370.2520.2980.2680.1420.2220.2220.2220.2100.1960.2550.2680.2220.2520.2340.0190.0940.072

Hap390.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2680.2490.0100.1060.083

Hap400.2050.2620.2470.2750.2780.2620.3430.3110.1780.2620.2620.2620.2490.2340.2980.3110.2620.2950.2750.0920.1270.060

Hap410.1820.2370.2220.2490.2520.2680.3150.2850.1550.2370.2370.2370.2250.2100.2720.2850.2370.2680.2490.0100.1060.083

Hap420.1300.1800.1660.1910.1930.2080.2490.2220.1060.1800.1800.1800.1680.1550.2100.2220.1800.2080.1910.0290.0830.061

Hap430.1960.2520.2370.2650.2680.2520.3330.3020.1680.2520.2520.2520.2400.1960.2880.3020.2520.2850.2650.0830.1180.050

Hap440.1820.2370.2220.2490.2520.2680.2810.2850.1550.2370.2370.2370.1960.2100.2720.2850.2370.2680.2490.0720.0400.083
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Hap23Hap24Hap25Hap26Hap27Hap28Hap29Hap30Hap31Hap32Hap33Hap34Hap35Hap36Hap37Hap38Hap39Hap40Hap41Hap42Hap43Hap44

0.072

0.0400.072

0.0940.1060.094

0.0720.0830.0720.019

0.1050.1160.1050.0930.071

0.0720.0830.0720.0610.0400.050

0.0830.0940.0830.0290.0100.0820.050

0.0720.0190.0720.1060.0830.1160.0830.094

0.0720.0830.0720.1060.0830.1160.0830.0940.083

0.0610.0940.0830.1420.1180.1530.1180.1300.1180.118

0.0720.1060.0720.1300.1060.1410.1060.1180.1060.1060.118

0.0500.0830.0100.1060.0830.1160.0830.0940.0830.0830.0940.083

0.1160.1280.1160.1050.0820.0100.0600.0930.1280.1280.1660.1530.128

0.0720.0830.0720.1060.0830.1160.0830.0940.0830.0190.1180.1060.0830.128

0.0610.0720.0610.0940.0720.1050.0720.0830.0720.0290.1060.0940.0720.1160.029

0.0720.0830.0720.1060.0830.1160.0830.0940.0830.0190.1180.1060.0830.1280.0190.029

0.0920.1040.0920.0810.0600.0700.0390.0700.1040.1040.1390.1270.1040.0810.1040.0920.104

0.0720.0830.0720.1060.0830.1160.0830.0940.0830.0190.1180.1060.0830.1280.0190.0290.0190.104

0.0500.0610.0500.0830.0610.0930.0610.0720.0610.0400.0940.0830.0610.1050.0400.0290.0400.0810.040

0.0830.0940.0830.0720.0500.0600.0290.0610.0940.0940.1300.1180.0940.0710.0940.0830.0940.0490.0940.072

0.0100.0610.0500.1060.0830.1160.0830.0940.0830.0830.0500.0830.0610.1280.0830.0720.0830.1040.0830.0610.094

(Continued)
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TheoverallhaplotypeandnucleotidediversityvaluesofA.agrariuswere

0.978and0.007,respectively,whilethoseofA.chejuensiswere0.962and

0.007,respectively(Table2.3).ThehaplotypediversityoftheCOR-Iwasthe

lowestofallbiogeographicpopulations.TheCOR-IIwasthemostdiverse.

AlthoughthisanalysesincludedmoreCHE thanCOR individuals,theCOR

exhibitedgreatergeneticdiversity(Table2.3).

Fu’sFstestshowedthattheCOR-IIandCHEhadsignificantlynegative

Fsvalues(-4.462and-5.703,respectively),whereastheCOR-Ihadapositive

value(0.613).Mismatchdistributionanalysessuggestedpopulationexpansion

intheCOR-IIandCHEbutstableCOR-I,respectively(Fig.2.4).

Median-joining network data indicated thatA.chejuensis is a clearly

separatespecies(Fig.2.5)containing4subgroups,butthesesubgroupsdid

notcorrespond to localdistribution patterns on Jeju Island.The Hap42

(Che44)haplotypewaslocatedintheclosestlineardescendantpositionofthe

common ancestorofA.chejuensis.In A.agrarius,allCOR-IIindividuals

sharedasinglematernallineage,andmostCOR-Iindividualswerecloseto

theancestralpositionoftheA.agrarius.Inparticular,Hap9(Agr11)was

locatedintheancestrallineagepositionoftheA.agrarius(Fig.2.5).
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Table2.3.PopulationanalysisofA.agrariusandA.chejuensis

Subspecies Population S N v k h(SD) π (SD) Fs

A.agrarius

COR-I 8 6 23 8.321 0.893(0.111) 0.007(0.001) 0.613

COR-II 16 13 37 6.067 0.975(0.029) 0.005(0.000) -4.462
*

All 24 19 56 8.413 0.978(0.019) 0.007(0.001) -6.207
*

A.chejuensis CHE 49 25 53 7.776 0.962(0.012) 0.007(0.000) -5.703
*

S,samplesize;N,numberofhaplotypes;v,variablesites;k,averagenucleotidedifference;h,
haplotypediversity;π,nucleotidediversity;SD,standarddeviation;Fs,Fu’sFs.
Asterisksmeanasignificantdifferencebetweenpopulations(P<0.01).
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Figure2.4.MismatchdistributionanalysisintheCYTB genesequencesin

Apodemuspopulations.Thelocation oftheCOR-I,COR-II,and CHE is

presented in Fig.2.2.The dotted line with open circle is the observed

distribution,thesolidlineistheexpectedinanexpandingpopulation.
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Figure2.5.Mediannetworktreeinferredfrom CYTB haplotypes.Each

circleindicatesahaplotype(representedasanumber),andthesizeofeach

circle is proportionalto the number ofindividuals with thathaplotype.

Mutationalstepsbetweenhaplotypesarerepresentedbyaline.Morethanone

mutationalstepisrepresentedbyitalicnumbers.
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2.3.2.Divergencetime

Themaximum likelihoodtreeassumingaconstantrateforthelineage(lnL

=–2451.999)presentedthesametopologyasthetreewithoutanenforced

molecularclock(lnL=–2451.966).Thelikelihoodratiotestfailedtoreject

thehypothesisofrateconstancybetweenthese2models(χ2=0.033,df=7,

P > 0.05).Thus,rateheterogeneityamonglineagesdidnotappeartoaffect

themolecularclock calibration.TheTN93+G distancebetween Apodemus

agrariusandA.chevrieriwasabout0.079,whichcorrespondstoanevolution

rateof0.015permillionyears,aresultsimilartothatofLiuetal.(2004).

Thus,Isuggestthatthe splitbetween A.agrarius and A.chejuensis

occurredatapproximately0.3Mya,inthelatePleistocene.



- 69 -

2.4.DISCUSSION

2.4.1. Haplotype analysis of Apodemus agrarius and A.

chejuensis

TheCYTB haplotypesequencealignmentshowedthatthesequencesof

Apodemuschejuensisaredistinctfrom thoseofA.agrarius.Among the

sequence differences,6 nucleotides could be used as a SNP markerto

discriminate between CYTB haplotype sequences ofA.agrarius and A.

chejuensis.DistinguishingbetweenA.agrariusandA.chejuensisinthewild

isdifficultbecauseoftheirextremelysimilarmorphology.Molecularmarkers

inferredfrom sequencedifferencesareoftenusedinmolecularsystematics

(vanEmbdenetal.,1993;Chuetal.,2001;Guptaetal.,2001).Consequently,

those SNP sites can be used as a marker for species or subspecies

identificationfrom wildsamples.

ThegeneticdistancesamonghaplotypesequencessuggestthattheCHE

population isgenetically closeto theCOR-Ipopulation.Thegeographical

distance between the COR-Iregion and Jeju Island is fartherthan the

distancefrom thesouthernregionoftheKoreanpeninsulatoJejuIsland.

Smallergeneticdistancesindicateaclosegeneticrelationship(Machadoetal.,

2000).Accordingly,thisresultsuggeststhatthecommonancestoroftheCHE

populationisderivedfrom theancestoroftheCOR-Ipopulation.

Haplotypediversitywasveryhighandnucleotidediversitywasverylow

in A.agrariusandA.chejuensis,suggesting thatthepopulationsoftwo

speciesexpandedrapidlyafteraperiodoflow effectivepopulationsize(Grant

andBowen,1998).AlthoughtheanalysesincludedmoreA.chejuensisthanA.

agrarius individuals,the A.agrarius exhibited greater genetic diversity.
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AssumingthatA.agrariusandA.chejuensishaveacommonancestorand

divergedrecently,thisfindingsuggeststhatA.chejuensisdivergedfrom an

A.agrariusancestor.Inaddition,networkanalysisshowedthatA.agrarius

migrated inland and dispersed from the COR-Ipopulation,and thatA.

chejuensisdivergedfrom anancestrallineageoftheCOR-Ipopulationand

migratedtoJejuIsland;thesepopulationsdispersedrapidly totheKorean

peninsula and Jeju Island, respectively. Fs estimation and mismatch

distributionanalysissupportthishypothesis.

2.4.2.PossiblemigrationhistoriesofApodemuschejuensis

ItisestimatedthatJejuIslandwasformedbyvolcanicactivityabout2

Mya,andisyoungerthantheKoreanPeninsula(Yoon,1997).Theprevious

reportshavebeenpostulatedthatA.chejuensismigratedthroughthesouthern

regionoftheKoreanPeninsulabecauseJejuIslandislocatedclosertothe

southernKoreanpeninsulathaneasternChinaorJapan,andistheyoungest

intermsofgeographichistory,scientistssuggestedthattheSouthernSea

actedasabridgebetweentheKoreanPeninsulaandJejuIsland(Hanetal.,

1996;Kohetal.,2000;Yoonetal.,2004b).

However, theresultsofthisstudyshowedthatthecloserrelationship

betweenthepopulation(CHE)ofA.chejuensisandCOR-IofA.agrarius

than that between both populations (COR-Iand –II) of A.agrarius.

Although Jeju Island ismuch closertothesouthern areaoftheKorean

peninsula than it is to the western islets,indicating that these were

inconsistentwithpreviousopinionsonthemigrationroutesofA.chejuensis.

Based on the results ofthe presentstudy,new hypotheses can be

postulated (Fig.2.6).At first,the ancestors of A.agrarius probably

immigratedfrom northeasternChinathroughthenorthernpartoftheKorean

PeninsulaandreachedaroundtheCOR-Iregion,thentheyarrivedonJeju
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IslandthroughtheYellow Seashelfabout0.3Mya(Fig.2.6A).AlthoughJeju

Islandisremarkably closertothesouthern peninsulathantoCOR-I,the

geneticdistancebetweentheCHEandCOR-Iishigher;itisalsosupposed

thatthegeographicalconditionsofsouthernpartsoftheKoreanPeninsula

wasunsuitableformigrationorhabitationoftheirancestors.

Atsecond,the ancestorofA.chejuensismighthave come from the

eastern coastalregionsofChinaviatheYellow Seabasin during glacial

periodwhenthesealevelwasenoughlow topassbywalking.Partofthe

CHE,anancestrallineageofA.chejuensis,movedacrosstheYellow Sea

basinfrom JejuIslandtothewesternisletsoftheKoreanPeninsulaabout

0.3Mya(Fig.2.6B).

Finally,sinceA.agrariusmightmigratefrom easternChinatotheYellow

Seabasinwhenthesealevelwaslower(Fig.2.6D),thespeciesdivergedinto

2linesabout0.3Mya.Asthesealeveldroppedfurther(Fig.2.6D),oneof

theselinescouldreachthewesternisletoftheKoreanpeninsula,andthe

othermightreach Jeju Island (Fig.2.6C).The ancestorofthe COR-II

scatteredrapidlythroughouttheKoreanPeninsula.Differingfrom theprevious

reportsproposedthesouthernpartsoftheKoreanPeninsulaasabridgefor

migrationofA.chejuensisbetweentheKoreanPeninsulaandJejuIsland,in

allhypothesesofthisstudy,theYellow Seabasinmayhaveactedasa

migrationrouteofA.chejuensis.BecausetheYellow Seahasanaverage

depthof55m (maximum,100m)(Yangetal.,2003),smallanimalswere

abletocrosstheYellow Seawhenthesealevelwaslow (Parketal.,2004).

Hanetal.(1996)suggestedthatA.agrariusandA.chejuensisdiverged1.2

Mya,whereasKohetal.(2000)estimatedthatthesespeciesdivergedabout

7000–500,000yearsago,although both referred tothelasticeageasa

criticalperiod.Therefore,the ancestrallineage ofA.chejuensis possibly

migratedtoJejuIslandthroughtheYellow Seabasinanddispersedquickly

after colonizing the island;this lineage eventually became the distinct
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subspeciesA.chejuensis.

TherehasbeenconsiderablecontroversyaboutthetaxonomicstatusofA.

agrarius and A.chejuensis.The population found on Jeju Island was

classified asasubspeciesofA.agrariusby JonesandJohnson in 1965.

However,subsequentmolecularstudiessuggested thatA.chejuensisisa

species distinctfrom A.agrarius (Han etal.,1996;Koh etal.,2000).

CrossbreedingexperimentsconductedbyOhandMori(1998a)ledthem to

concludethatthe2populationsareseparatebiologicspecies.Theresultsof

thisstudysupportthesuggestionthatA.chejuensisisaseparatespecies

(Hanetal.,1996;OhandMori,1998a;Kohetal.,2000).

TheresultsofthisstudysuggestthatA.agrariusandA.chejuensisare

clearlydistinctpopulations,andthatA.chejuensismigratedtoJejuIsland

throughtheYellow Seabasinafterdivergencefrom thecommonancestral

lineageofA.agrarius.Assessmentofadditionalmousesamplesfrom North

KoreaandChinamayhelptounderstandtheevolutionaryandbiogeographic

historyofthese2species
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Figure 2.6. Hypothetic migration routes of A. agrarius and A.

chejuensisinKorea.(A)TheancestrallineageofA.agrariusmightmigrate

intotheKoreanPeninsulaviaNorthKoreaandthencouldmigratetoJeju

Island viatheYellow Sea basin when thesealevelwaslow.(B)The

ancestrallineageofA.chejuensismightmigratetoJejuIslandviatheYellow

Sea basin and then could migrate to the western isletofthe Korean

PeninsulaviatheYellow Seabasinwhenthesealevelwaslow.(C)The

commonancestorofA.agrariusandA.chejuensismighthadoriginatedin

easternChina,whereitsplitinto2lineages;onelineagecouldmovedtothe

westernisletoftheKoreanPeninsula,andtheothercouldmovedtoJeju

Island.Arrows with dotted lines indicate dispersion ofA.agrarius.(D)

Modifiedeustaticsealevelhistory(Zhongetal.,2004):Graybarindicates

divergencetime(0.3Mya)ofA.agrariusandA.chejuensis.
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국문 초록

제 1장.한국산 붉은쥐속의 미토콘드리아 유전체 비교 분석

붉은쥐속(Apodemus)을 포함하는 쥐목(Rodentia)의 계통학적 분석을 위한 기

초정보를 제공하기 위해 한국산 붉은쥐속인 등줄쥐(Apodemusagrarius)와 제주

등줄쥐(Apodemuschejuensis)그리고 흰넓적다리붉은쥐(Apodemuspeninsulae)

의 미토콘드리아 유전체의 전체 염기서열을 분석하였다.분석된 미토콘드리아 유

전체 서열은 등줄쥐,제주등줄쥐,그리고 흰넓적다리붉은쥐에서 각각 16,260,

16,261,그리고 16,266bp로 확인되었다.다른 척추동물들과 마찬가지로 한국산

붉은쥐속 3종의 미토콘드리아 유전체에는 13 개의 단백질 유전자,22 개의

tRNAs 유전자,2 개의 rDNAs,그리고 비암호화 영역인 조절부위(Control

region)를 포함하고 있었다.등줄쥐와 제주등줄쥐의 미토콘드리아 유전체에서는

단백질 암호화 유전자에서 ATG 코돈이 개시코돈으로 가장 많이 사용되었고,

GTG와 ATA 개시코돈도 확인되었다.한편,흰넓적다리붉은쥐에서는 추가로

ATC개시코돈도 ND2유전자에서 사용되고 있음을 확인할 수 있었다.13개 단

백질 암호화 유전자에서의 뉴클레오티드의 출현 빈도는 한국산 붉은쥐속 3종 모

두 비슷하게 나타났다.코돈내 뉴클레오티드 출현 양상은 등줄쥐와 제주등줄쥐가

매우 유사하였고,흰넓적다리붉은쥐는 다소 차이를 보였다.12SrDNA는 등줄쥐

와 제주등줄쥐가 955bp로 동일하였고,흰넓적다리붉은쥐는 956bp로 확인되었

다.반면에 16SrDNA에서는 등줄쥐와 제주등줄쥐,그리고 흰넓적다리붉은쥐가

각각 1,572, 1,573, 그리고 1,571 bp이었다. tRNA 유전자들 중에서는

tRNA-Leu(UUR과 CUN)과 tRNA-Ser(UCN과 AGY)이 두 형태로 존재함을 확

인하였고,전형적인 설치류에서처럼 3종 모두에서 3종류 tRNA cluster(IQM,

WANCY,HSL)들이 모두 보존되어 있었다.일반적으로 포유류의 미토콘드리아

게놈은 2개의 비암호화 영역을 포함하고 있다.그 중 하나는 lightstrand의 복제

기점(OL)이며 나머지는 D-loop으로도 불리는 조절부위(CR)이다.특히 조절부위

는 tRNA-Pro와 tRNA-Phe유전자의 중간에 위치하고 있었으며,이들의 크기는



- 93 -

각각 등줄쥐에서 854bp,제주등줄쥐에서 857bp,그리고 흰넓적다리붉은쥐에서

866bp이었다.미토콘드리아 13개 단백질 암호화 유전자들을 이용한 쥐목의 계

통학적 분석에서 청설모(Sciurusvulgaris)와 큰동면쥐(Myoxusglis)의 분기가

쥐목 중에서도 가장 초기에 분화된 종임을 보여주고 있으며,집쥐속(Rattus)은

두 개의 그룹으로 명확히 구분되고,한국산 붉은쥐속은 분석된 종들 중에서 생쥐

속(Mus)과 가장 근연종으로 확인되었다.현재까지 붉은쥐속 종들간의 계통학적

인 유연관계에 대한 여러 연구보고들이 있지만,아직까지도 일부 종에 대해서는

분포범위가 매우 광범위하고,아종으로써의 취급 문제 및 단편적인 정보들로 인

하여 논쟁거리로 남아있다.따라서 본 연구에서 얻은 미토콘드리아 게놈 정보는

향후 쥐목 및 붉은쥐속의 종들간의 계통학적 관계를 밝키는데 기초자료로 활용

될 것으로 기대된다.
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제 2장.제주등줄쥐의 역사적 이주 경로 추정

등줄쥐(Apodemusagrarius)와 제주등줄쥐(Apodemuschejuensis)집단에서

미토콘드리아 CYTB유전자의 haplotype의 상관관계를 분석함으로서 두 종의 진

화적 상관관계와 분포적 특성을 추정하였다.등줄쥐에서 19개,제주등줄쥐에서

는 24개의 CYTB haplotype들이 확인되었다.가장 빈도가 높은 haplotype는

Hap27로 제주등줄쥐 6개체에서 관찰되었고,등줄쥐 집단에서는 Hap15가 가장

많은 3개체에서 관찰되었다.등줄쥐와 제주등줄쥐 집단의 확장 상태를 확인하기

위해 mismatch distribution 분석과 Fu'sFs분석을 수행하였고,그 결과는

COR-II와 CHE 집단이 확장되었음을 보여주었다.반면,COR-I집단은 확장이

멈춘 집단임을 추정할 수 있었다.또한,median-joiningnetwork분석에서 제주

등줄쥐는 등줄쥐와 확연히 구분되는 종임을 알 수 있었고,제주등줄쥐는 다시 4

개의 subgroup으로 구분되었으나,subgroup간의 지역적 연관성을 나타내지는

않았다.흥미로운 점들 중 하나는 제주등줄쥐 Hap42가 등줄쥐 Hap9와 가장 가

까운 거리지수를 보인다는 점이다.이에,등줄쥐와 제주등줄쥐 두 종의 분기연대

를 추정하기 위한 분자시계를 계산한 결과,이 두 종은 약 30만 년 전에 분화된

것으로 추정되었다.이상의 분석 결과들을 바탕으로 제주등줄쥐와 등줄쥐의 이주

경로에 대한 3가지 가설을 제시할 수 있었다.첫째는 등줄쥐의 조상계보가 중국

북동부 지역을 거쳐 북한 지역을 통해 한반도로 유입되었고,빙하기를 거치면서

해수면이 현재보다 낮아짐으로 인해 황해지역이 육지가 되었을 때 등줄쥐 집단

중 일부가 황해를 거쳐 제주도로 유입되었을 가능성이다.둘째는 중국 동부에 서

식하던 제주등줄쥐의 조상계보가 황해를 건너 제주도로 유입되면서,그 중 일부

가 COR-I지역까지 도달했을 가능성이 있다는 점이다.마지막 가설은 중국 동부

지역에 서식하던 등줄쥐 집단 중 일부가 동쪽으로 서식범위를 넓히는 과정에서

집단 중 일부는 COR-I지역으로,다른 일부는 제주도로 거의 동시에 유입되었을

가능성도 배제할 수 없다는 점이다.그리고 세 가설 모두에서 등줄쥐와 제주등줄

쥐의 분기 시점이 약 30만 년 전이라고 추정된다.현재 등줄쥐와 제주등줄쥐는

지리적으로 서로 완벽히 분리되어 있을 뿐만 아니라,생식적으로도 두 종은 완전
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히 격리되었음을 감안하면 제주등줄쥐와 등줄쥐는 완전히 별개의 종으로 취급해

야 할 것이다.본 연구 결과는 제주등줄쥐가 종으로써의 지위를 가져야 한다는

점을 지지한다.그러나 등줄쥐와 제주등줄쥐의 정확한 유입 경로를 확정하기위해

서는 북한 및 중국 지역의 등줄쥐 개체들을 이용한 추가적인 연구가 필요하다.
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APPENDICES

Appendix 1. The sequence of mitochondrial genome of Apodemus agrarius

LOCUS       HM034866               16260 bp    DNA     circular ROD 30-DEC-2011

DEFINITION  Apodemus agrarius mitochondrion, complete genome.

ACCESSION   HM034866

VERSION     HM034866.1  GI:296100340

KEYWORDS    .

SOURCE      mitochondrion Apodemus agrarius (Eurasian field mouse)

  ORGANISM  Apodemus agrarius

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;

            Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;

            Sciurognathi; Muroidea; Muridae; Murinae; Apodemus.

REFERENCE   1  (bases 1 to 16260)

  AUTHORS   Oh,D.-J., Jung,Y.-H., Kim,T.-W., Chang,M.-H., Oh,H.-S., Han,S.-H.

            and Kim,S.-J.

  TITLE     Biogeography and speciation of Korean striped field mice Apodemus

            agrarius and A. chejuensis inferred from mitochondrial DNA

  JOURNAL   Unpublished

REFERENCE   2  (bases 1 to 16260)

  AUTHORS   Oh,D.-J., Jung,Y.-H., Kim,T.-W., Chang,M.-H., Oh,H.-S., Han,S.-H.

            and Kim,S.-J.

  TITLE     Direct Submission

  JOURNAL   Submitted (25-MAR-2010) Department of Biology, Jeju National

            University, 66 Jejudaehakno, Jeju 690-756, Republic of Korea

FEATURES             Location/Qualifiers

     source          1..16260

                     /organism="Apodemus agrarius"

                     /organelle="mitochondrion"

                     /mol_type="genomic DNA"

                     /specimen_voucher="JBRI-Mam-001"

                     /db_xref="taxon:39030"

     tRNA            1..67

                     /product="tRNA-Phe"

     rRNA            68..1022

                     /product="12S ribosomal RNA"

     tRNA            1023..1091

                     /product="tRNA-Val"

     rRNA            1092..2663

                     /product="16S ribosomal RNA"

     tRNA            2664..2738

                     /product="tRNA-Leu"

                     /note="codons recognized: UUR"

     gene            2739..3693

                     /gene="ND1"

     CDS             2739..3693

                     /gene="ND1"

                     /note="TAA stop codon is completed by the addition of 3' A
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                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:3693,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 1"

                     /protein_id="ADG95699.1"

                     /db_xref="GI:296100341"

                     /translation="MYFINTLMLLVPILIAMAFLTLVERKILGYMQLRKGPNVVGPYG

                     VLQPFADAMKLFIKEPMRPLTTSISLFIIAPTLSLTLALSLWIPLPMPHPLINLNLGL

                     LFILATSSLSVYSILWSGWASNSKYSLFGALRAVAQTISYEVTMAIILLSVLLMSGSF

                     SLQMLIYTQEHMWLILPAWPMAMMWYISTLAETNRAPFDLTEGESELVSGFNVEYAAG

                     PFALFFMAEYTNIILMNALTSIVFLGPIHMINYPELYSINFMTETLLLSTTFLWIRAS

                     YPRFRYDQLMHLLWKNFLPLTLALCTWHISLPIFMASVPPYI"

     tRNA            3694..3762

                     /product="tRNA-Ile"

     tRNA            complement(3760..3834)

                     /product="tRNA-Gln"

     tRNA            3835..3903

                     /product="tRNA-Met"

     gene            3904..4939

                     /gene="ND2"

     CDS             3904..4939

                     /gene="ND2"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:4939,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 2"

                     /protein_id="ADG95700.1"

                     /db_xref="GI:296100342"

                     /translation="MNPITIIIIYFTILIGPVITMSSSNLLLMWVGLELSLLAIIPLL

                     INKKNPRSTEAATKYFITQATASMIILLAIVLNFKQLGLWTFQQQTNSLLLNITLIAL

                     SMKLGLAPFHFWLPEVTQGIPLHMGLILLTWQKIAPLSILFQFYQLLNPTIIMILAIS

                     SILIGAWGGLNQTQMRKIMAYSSIAHMGWMLAILPYNPTMTLLNLLIYIILTVPMFLM

                     LMLNASTTINSISLLWNKAPTTLVLIPLILLSLGGLPPLTGFLPKWAIITELLKNNCL

                     IITTMMAIMALLNLFFYTRLIYSTSLTMFPTNNNSKMLAHHLNYKNNIILPSLTIIST

                     LILPLSPQLII"

     tRNA            4940..5007

                     /product="tRNA-Trp"

     tRNA            complement(5009..5077)

                     /product="tRNA-Ala"

     tRNA            complement(5079..5149)

                     /product="tRNA-Asn"

     rep_origin      complement(5150..5182)

                     /note="L-strand replication origin"

     tRNA            complement(5181..5248)

                     /product="tRNA-Cys"

     tRNA            complement(5249..5315)

                     /product="tRNA-Tyr"

     gene            5317..6861

                     /gene="CO1"

     CDS             5317..6861
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                     /gene="CO1"

                     /codon_start=1

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 1"

                     /protein_id="ADG95701.1"

                     /db_xref="GI:296100343"

                     /translation="MFINRWLFSTNHKDIGTLYLLFGAWAGMVGTALSILIRAELGQP

                     GALLGDDQIYNVIVTAHAFVMIFFMVMPMMIGGFGNWLVPLMIGAPDMAFPRMNNMSF

                     WLLPPSFLLLLASSMVEAGAGTGWTVYPPLAGNLAHAGASVDLTIFSLHLAGVSSILG

                     AINFITTIINMKPPAMTQYQTPLFVWSVLITAVLLLLSLPALAAGITMLLTDRNLNTT

                     FFDPAGGGDPILYQHLFWFFGHPEVYILILPGFGIISHVVTYYSGKKEPFGYMGMVWA

                     MMSIGFLGFIVWAHHMFTVGLDVDTRAYFTSATMIIAIPTGVKVFSWLATLHGGNIKW

                     SPAMLWALGFIFLFTVGGLTGIVLSNSSLDIVLHDTYYVVAHFHYVLSMGAVFAIMAG

                     FVHWFPLFTGYTLDDMWAKTHFAIMFVGVNMTFFPQHFLGLSGMPRRYSDYPDAYTTW

                     NTVSSMGSFISLTAVLLMIFMIWEAFASKREVLTVSYSSTNLEWLHGCPPPYHTFEEP

                     SYVKVK"

     tRNA            complement(6859..6927)

                     /product="tRNA-Ser"

                     /note="codons recognized: UCN"

     tRNA            6931..6999

                     /product="tRNA-Asp"

     gene            7000..7683

                     /gene="CO2"

     CDS             7000..7683

                     /gene="CO2"

                     /codon_start=1

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 2"

                     /protein_id="ADG95702.1"

                     /db_xref="GI:296100344"

                     /translation="MAYPFQLGLQDATSPIMEELMNFHDHTLMIVFLISTLVLYIISL

                     MLTTELTHTSTMDAQEVETVWTILPAVILILIALPSLRILYMMDEINNPVLTVKTMGH

                     QWYWSYEYTDYEDLCFDSYMIPTTDLKPGDLRLLEVDNRVVLPMGLPIRMLISSEDVL

                     HSWAVPSLWLKTDAIPGRLNQATVTSNRPGLFYGQCSEICGSNHSFMPIVLEMVPLKH

                     FENWSASMI"

     tRNA            7687..7750

                     /product="tRNA-Lys"

     gene            7752..7955

                     /gene="ATP8"

     CDS             7752..7955

                     /gene="ATP8"

                     /codon_start=1

                     /transl_table=2

                     /product="ATP synthase F0 subunit 8"

                     /protein_id="ADG95703.1"

                     /db_xref="GI:296100345"

                     /translation="MPQLDTSTWFITIISSMATLFILFQLKISSQSFPTPPSPKTFTA

                     QETKTPWESKWTKIYLPLLSLPQ"

     gene            7913..8593

                     /gene="ATP6"

     CDS             7913..8593

                     /gene="ATP6"

                     /codon_start=1
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                     /transl_table=2

                     /product="ATP synthase F0 subunit 6"

                     /protein_id="ADG95704.1"

                     /db_xref="GI:296100346"

                     /translation="MNENLFASFITPSVMGLPIVITIIMFPSILFPSSERLISNRLHS

                     FQHWLIKLIIKQMMLIHTPKGRTWTLMIVSLIMFIGSTNLLGLLPHTFTPTTQLSMNL

                     SMAIPLWAGAVLLGFRHKLKSSLAHFLPQGTPISLIPMLIIIETISLFIQPMALAVRL

                     TANITAGHLLMHLIGGATLVLMNISPPTATITFIILLLLTVLEFAVALIQAYVFTLLV

                     SLYLHDNT"

     gene            8593..9376

                     /gene="CO3"

     CDS             8593..9376

                     /gene="CO3"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:9376,aa:TERM)

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 3"

                     /protein_id="ADG95705.1"

                     /db_xref="GI:296100347"

                     /translation="MTHQTHAYHMVNPSPWPLTGAFSALLLTSGLVMWFHYSSTILLS

                     LGLLANTLTMYQWWWDIIREGTYQGHHTPIVQKGLRYGMILFIVSEVFFFAGFFWAFY

                     HSSLVPTHDLGGCWPPTGITPLNPLEVPLLNTSVLLASGVSITWAHHSLMEGKRNHMN

                     QALLITILLGLYFTMLQASEYFETPFSISDGIYGSTFFMATGFHGLHVIIGTTFLVVC

                     LLRQLKFHFTSKHHFGFEAAAWYWHFVDVVWLFLYVSIYWWGS"

     tRNA            9377..9445

                     /product="tRNA-Gly"

     gene            9445..9791

                     /gene="ND3"

     CDS             9445..9791

                     /gene="ND3"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:9790..9791,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 3"

                     /protein_id="ADG95706.1"

                     /db_xref="GI:296100348"

                     /translation="MNLMIIMFINTILSLILISVAFWLPQMNLYTEKANPYECGFDPS

                     SSARLPFSMKFFLVAITFLLFDLEIALLLPLPWAIQTTNTNVMVTSALILVTILSLGL

                     TYEWTQKGLEWTE"

     tRNA            9794..9861

                     /product="tRNA-Arg"

     gene            9864..10160

                     /gene="ND4L"

     CDS             9864..10160

                     /gene="ND4L"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 4L"

                     /protein_id="ADG95707.1"
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                     /db_xref="GI:296100349"

                     /translation="MSSAFINLTLAFMLSLLGTLTFRSHLMSTLLCLEGMMLSLFIMT

                     SLASLNSNSMASMPIPITILVFAACEAAVGLALLVKVSNTYGTDYVQNLNLLQC"

     gene            10154..11531

                     /gene="ND4"

     CDS             10154..11531

                     /gene="ND4"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:11531,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 4"

                     /protein_id="ADG95708.1"

                     /db_xref="GI:296100350"

                     /translation="MLKIIFPSLMLLPLTWLSKPKKTWMNVTSYSFMISLISLSILWQ

                     TDGSPLNFSTMFSSDPLSSPLIILTTWLLPLMLMASQNHLKKENFTYQKLYISMLVSL

                     QILLVMTFSATELIMFYILFEATLIPTLIIITRWGNQTERLNAGLYFLFYTLIGSIPL

                     LIALIFIQNSMGTLNFTMLSLTTNPLNPLWSNNILWLACMMAFMIKMPLYGVHLWLPK

                     AHVEAPIAGSMILAAILLKLGSYGMMRIAIILDPLTKYMAYPFILLSLWGMIMTSSIC

                     LRQTDLKSLIAYSSVSHMALVIASIMIQTPWSFMGATMLMVAHGLTSSLLFCLANSNY

                     ERIHSRTMIMARGLQMIFPLMATCWLVASLANLALPPSINLMGELFITMSLFSWSNFS

                     IILMGVNIIITGMYSMYMIITTQRGKLTSHMNNLQPSHTRELTLMILHIIPLVLLTIN

                     PKLITGLTM"

     tRNA            11532..11599

                     /product="tRNA-His"

     tRNA            11600..11658

                     /product="tRNA-Ser"

                     /note="codons recognized: AGY"

     tRNA            11658..11729

                     /product="tRNA-Leu"

                     /note="codons recognized: CUN"

     gene            11729..13556

                     /gene="ND5"

     CDS             11729..13556

                     /gene="ND5"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:13556,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 5"

                     /protein_id="ADG95709.1"

                     /db_xref="GI:296100351"

                     /translation="MNIITSFIMAIFLILMSPILISSTSLFKHINFPMYATLSIKLSF

                     FLSLLPLMMLFYHNTEYMITTWHWITINSIELTMSFKMDYFSTMFLSVALFVTWSIMQ

                     FSSWYMHSDPHINRFIKYLLLFLITMLILTSANNLFQLFIGWEGVGIMSFLLIGWWSG

                     RADANTAALQAILYNRIGDIGFILAMTWFCLNMNSWELQQILLTNNNNLIPLLGLLIA

                     ATGKSAQFGLHPWLPSAMEGPTPVSALLHSSTMVVAGIFLLVRFHPMTSNNPSILTMM

                     LCLGALTTLFTAICALTQNDIKKIVAFSTSSQLGLMMVTLGINQPYLAFLHICTHAFF

                     KAMLFMCSGSIIHNLNDEQDIRKMGNMMKTMPFTSSCLTIGSLALTGMPFLTGFYSKD

                     LIIEAINTCNTNAWALLITLIATSMTAIYSMRIIYFVVMTKPRFPPLISINENNPNLT

                     NPIKRLAFGSILAGFFITYNIPPTNIQVLTMPWYLKTTALLISILGFLLALELNNLTL
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                     NLSMSKKNSYSSFSTSLGYFPSIIHRIIPNKTLNLSFKTSLNLLDLYWLEKSIPKSTS

                     TMHSYMSKLLTNQKGLVKLYFMSFLLSILLTTTLFIINLEWFQ"

     gene            complement(13536..14054)

                     /gene="ND6"

     CDS             complement(13536..14054)

                     /gene="ND6"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 6"

                     /protein_id="ADG95710.1"

                     /db_xref="GI:296100352"

                     /translation="MTNYIFVLSLLFLTGCLGLALKPSPIYGGFGLIMSGFVGCLMVL

                     GFGGSFLGLMVFLIYLGGMMVVFGYTTAMATEEYPETWGSNWFVFGFLIAGVLMEMFF

                     VYFLDYYNGEEVVDFDSLGDWLMYEIDDVGVMLEGGIGVAAMYSCATWMMVVAGWSLF

                     AGIFIIIEITRD"

     tRNA            complement(14055..14123)

                     /product="tRNA-Glu"

     gene            14127..15270

                     /gene="CytB"

     CDS             14127..15270

                     /gene="CytB"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:15270,aa:TERM)

                     /transl_table=2

                     /product="cytochrome b"

                     /protein_id="ADG95711.1"

                     /db_xref="GI:296100353"

                     /translation="MTNIRKTHPLFKIINHSFIDLPAPSNISSWWNFGSLLGLCLVIQ

                     ILTGLFLAMHYTSGTMTAFSSVTHICRDVNYGWLIRYMHANGASMFFICLFLHVGRGM

                     YYGSYAFMETWNIGVVLLFAVMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTTL

                     VEWIWGGFSVDKATLTRFFAFHFILPFIIAALVIVHLLFLHETGSNNPTGLNSDADKI

                     PFHPYYTIKDILGIFIMIMFLMTLVLFFPDLLGDPDNYTPANPLNTPPHIKPEWYFLF

                     AYAILRSIPNKLGGVLALVLSILILALLPLLHTSKQRSLMFRPITQMLYWILVANLLV

                     LTWIGGQPVEYPFVIIGQLASISYFSIILIFMPISGIIENNMLKWNL"

     tRNA            15271..15339

                     /product="tRNA-Thr"

     tRNA            complement(15340..15406)

                     /product="tRNA-Pro"

     D-loop          15407..16260

ORIGIN      

        1 gttaatgtag cttaaaacaa agcaaagcac tgaaaatgct tagatggatt ttttaatccc

       61 ataaacacaa aggtttggtc ctggccttat aattagttgg aggtaagatt acacatgcaa

      121 acatccataa accggtgtaa aatcccttaa atatttgtat aaaatttaag gagagggcat

      181 caagcacata ccatagctta agacgccttg cctggccaca cccccacggg actcagcagt

      241 gataaatatt aagcaatgaa cgaaagtttg actaagctat acctcttagg ggtggtaaat

      301 ttcgtgccag ccaccgcggt catacgatta acccaaacta attacctctc ggcgtaaaac

      361 gtgttaacta taaacccata aatagaatta aaatccaact tatatgtgaa aattcattgt

      421 taggacctaa atccaataac gaaagtaatt ctaatattgt tatgttacac gatagctaag

      481 acccaagctg ggattagata ccccactatg cttagcccta aacctcaata atttgacaac

      541 aaaattattt gccagagaac tactagctgt agcttaaaac tcaaaggact tggcggtact

      601 ttatatccac ctagaggagc ctgttctata atcgataaac cccgctctac ctcaccatct
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      661 cttgctaatt cagcctatat accgccatct tcagcaaacc ctaaaaagga actaaagtaa

      721 gcacaagaat ttagcataaa aacgttaggt caaggtgtag ccaatgagat gggaagaaat

      781 gggctacatt ttcttattaa agaacattta cgaaaccctt tatgaaatta aaggataaag

      841 gaggatttag tagtaaatta agaatagaga gcttagttga attgagcaat gaagtacgca

      901 cacaccgccc gtcaccctcc tcaaactaaa taaactaaac tatacataat tcataaacaa

      961 aatttacgag aggagataag tcgtaacaag gtaagcatac tggaaagtgt gcttggaata

     1021 atcacagtgt agcttaacta caaagcatct ggcctacacc cagaagaatt cataataaat

     1081 gaacactttg aactaatcct agccctcaac tcttaataat ataactattt cacactataa

     1141 attaaaccat ttaatctcgt aaaagtattg gagaaagaaa ttatttcata ggagctatag

     1201 agtaagtacc gcaagggaaa gatgaaagaa taattaaaag taacaataag caaagataaa

     1261 accttgtacc ttttgcataa tgagttaact agaataaatt taactaaaag cattagagct

     1321 aaataccccg aaaccaaacg agctacctaa aaacaattta aacgaatcaa cccgtctatg

     1381 ttgcaaaata gtgggaagat ttttaggtag aggtgaaaag cctaacgagc ttggtgatag

     1441 ctggttaccc aaataatgaa tttaagttca acttaaaatt taccaaaaga acatttaatc

     1501 ctcatgtaaa ttttaaatat agccaaaaga gggacagctc tttaggaaaa ggaaaaaacc

     1561 ttaagtagtg aataaactca ataaataacc aaaccattgt aggcccaaaa gcagccacca

     1621 ataaagaaag cgttcaagct caacattagc atttaaataa tttaacaaat aataataaat

     1681 tcctacatta aaaattgggt taatctatta atgtatagat gagatactgt taacatgagt

     1741 aacaagaact ttattctcca agcacaagcg tataacaact cggataacca ttgttaatta

     1801 tcaacctata gataaaaact acaaattaat agatctaaaa acaacttgtt aatccaacac

     1861 aggagtgcta taaggaaaga ttaaaaaaaa taaaaggaac tcggcaaact aaaaccccgc

     1921 ctgtttacca aaaacatcac ctctagcata ttaagtatta gaggcattgc ctgcccagtg

     1981 actaaagttt aacggccgcg gtatcctgac cgtgcaaagg tagcataatc acttgttcct

     2041 taattaggga ctagcatgaa cggctagacg agggtttgac tgtctcttat ttttgatcag

     2101 tgaaattgac ctttcagtga agaggctgaa atactataat aagacgagaa gaccctatgg

     2161 agctttaatt tatcagttta atcattctaa taaaattacc taatgggata accacaatga

     2221 tataaactca taatttcggt tggggtgacc tcggagaaaa gaaaatcctc cgaatgattt

     2281 taacatagat ccacaaatca aagtaagcaa tctatcttat tgacccaaaa atcttttttg

     2341 atcaacggac caagttaccc tagggataac agcgcaatcc tatttaagag ttcatatcga

     2401 caattagggt ttacgacctc gatgttggat caggacatcc caatggtgca gaagctatta

     2461 atggttcgtt tgttcaacga ttaaagtcct acgtgatctg agttcagacc ggagtaatcc

     2521 aggtcggttt ctatctatta acaatttctc ccagtacgaa aggacaagag aaatggagcc

     2581 accttataaa taagcgcccc caacttaata tatgaattaa tctaaatata gtaagtatgt

     2641 taactctttg cctagacaag gctattaggg tggcagagcc aggaaattgc gtaagactta

     2701 aaaccttgtt cccagaggtt caaatcctct tcctaatagt gtattttatt aataccctta

     2761 tattattagt cccgatcctt attgccatag cctttttaac actagtagaa cgaaaaattt

     2821 taggctacat acaactacga aaaggcccta acgttgtagg tccatacgga gtccttcaac

     2881 cattcgcaga cgctataaaa ctctttatta aagaacctat gcgcccccta actacctcca

     2941 tttcactatt tattattgca ccaacccttt cactcacact agccctaagc ctatgaattc

     3001 cactaccaat accacaccca ctaatcaatc taaacctagg tcttttattc attttagcta

     3061 catcaagtct ttcagtatat tctatcttat ggtcaggatg agcatcaaac tcaaaatact

     3121 cgctatttgg tgccttacga gcagtagcac aaacaatttc atatgaagtt acaatagcta

     3181 ttattctctt atcagtttta ttaataagcg gctcattctc attacaaata cttatttata

     3241 cccaagaaca catatgacta attttacctg cctgaccaat agctataata tgatacatct

     3301 caaccctagc agaaacaaat cgagctccat tcgacctaac agaaggagaa tcagaactag

     3361 tttccgggtt caacgttgag tacgctgcag gtccctttgc actatttttt atagcggaat

     3421 atacaaatat tattcttata aacgccctaa catccattgt cttcctgggc ccaatccata

     3481 taattaacta cccagaactc tactcaatta attttataac agaaacacta ttactctcaa

     3541 caacatttct atgaattcga gcatcatatc cccgctttcg ttatgaccaa cttatacatc

     3601 tcctatggaa aaattttctc ccccttacac tagcactatg tacatgacat atctccttac

     3661 ctatctttat agcaagtgtt ccaccataca tctagaaaca tgtctgacaa aagagttact

     3721 ttgatagagt aaaatataga ggtttaagcc ctcttgtttc taggataata ggaattgaac

     3781 ctattcttaa gaattcaaaa ttcttcgtgc taccaataca cctaatccta acatagtaag
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     3841 gtcagctaat taagctatcg ggcccatacc ccgaaaacgt tggtttaaac ccttcccgta

     3901 ctaataaatc ctatcaccat catcattatt tacttcacta tcctcattgg tcccgtcatc

     3961 acaatatcaa gctccaacct tctactcata tgagtaggat tagaactaag tttactagca

     4021 attattcccc tattaattaa caaaaaaaat ccccgatcaa ctgaagcagc aacaaaatac

     4081 tttattacac aagcaacagc ctcaataatt atccttttag ctattgtcct aaattttaaa

     4141 caactcggac tatgaacatt tcaacaacaa acaaacagcc tcctactcaa cattacacta

     4201 attgcactat caatgaaact agggctagcc ccattccact tttgactccc agaagtaaca

     4261 caaggaatcc cactacacat aggactaatc ctcctcacat gacaaaaaat tgccccacta

     4321 tcaatcctat ttcaatttta tcagctactt aatccaacca tcattatgat cctagcaatt

     4381 tcatccattc ttatcggagc atgaggtgga cttaaccaaa cacaaatgcg aaaaatcata

     4441 gcatactcat caatcgctca cataggatgg atattagcta tcctgcccta caacccaact

     4501 ataacacttc ttaacttact aatttatatt atcctcactg ttcccatatt cctcatactt

     4561 atacttaatg catcaacaac tatcaactca atctcactcc tatgaaataa agctccaaca

     4621 acccttgtat taattccatt aatcctcctc tccctaggag gtctaccccc actaacagga

     4681 tttttaccaa aatgagctat tatcacagaa ctactaaaaa acaactgcct aattattacc

     4741 acaataatag ctattatagc cctattaaac ctatttttct acacacgtct gatctactct

     4801 acttctctca ccatatttcc aactaataat aactcaaaaa tattagccca ccatttaaat

     4861 tataaaaaca atattatcct tccatcactt actatcatca gcacattaat tctccctcta

     4921 tcaccacaac taatcattta gaagtttagg atatatgcag tccaagagcc ttcaaagccc

     4981 taagaaaaca aacaagttta acttctgata aggactgtaa gactacttcc tacatctatt

     5041 gaatgcaaat caatcgcttt aattaagcta agaccttact agattggtag gaattaaacc

     5101 tacgaaactt tagttaacag ctaaataccc tacttctggc tccaatctac ttctcccgcc

     5161 tatcagaaaa ggggcgggag aagccttagt agatatattg ctctacccct tcgaatttgc

     5221 aattcgacat gactaacacc ttaaggcttg gtaaaaagag gacttaaacc tctgtattta

     5281 gatttacagt ctaatgctta ctcagccatt ttacctatgt tcattaatcg ttgattattc

     5341 tcaactaacc acaaagacat tggcacccta tacctcctat tcggagcttg agccggaata

     5401 gtagggactg cattgagcat tctgatccga gctgaactcg gacaaccagg tgcactttta

     5461 ggggacgacc agatctataa tgtcattgtt accgcccatg cgtttgttat aatcttcttc

     5521 atagtaatac caataataat tgggggcttt ggaaactgac tcgtaccact tatgattgga

     5581 gctcccgata tggcattccc acgaataaat aatataagct tctgacttct accaccatct

     5641 ttcctactcc tattagcatc atccatagtt gaagcaggag ccggtacagg atgaacagta

     5701 tatccacctt tagctggaaa cttagcccat gctggagcat cagtagacct gacaattttc

     5761 tctcttcact tagccggtgt gtcctcaatc ctaggagcta ttaactttat taccactatt

     5821 attaatataa aaccaccagc tataacccaa tatcaaacac cactgtttgt atgatctgta

     5881 ctaattacag ctgttctact cctattatcc ctcccagcac tagcagcagg aattacaata

     5941 ctattaactg accgaaacct aaacacaact ttctttgacc ctgcaggagg tggagaccca

     6001 attctatatc aacatctatt ctgattcttt ggccaccccg aagtttatat ccttatcctg

     6061 cctgggttcg gaattatctc tcatgtagtt acttattact ccggtaaaaa agaaccattc

     6121 gggtacatgg gaatagtttg agctataata tcaattggct tcctaggttt tattgtatga

     6181 gcacatcaca tgtttacagt aggcttagat gtagacacac gagcctactt tacatctgcc

     6241 acaataatta tcgctatccc aacaggcgta aaagtattta gctgacttgc aacactacac

     6301 ggaggtaata tcaaatgatc tccagctata ctttgagccc taggctttat cttcctattt

     6361 acagtaggtg gattaacagg aattgtcctc tcaaactcct cactcgacat tgtacttcat

     6421 gacacatatt atgtagtagc ccatttccat tatgtactgt ctataggagc agtatttgct

     6481 attatagctg gttttgtcca ttgattcccc ctattcacag ggtataccct agacgatatg

     6541 tgagcaaaaa cacactttgc cattatattt gtaggagtta acataacatt cttccctcaa

     6601 cattttctag gactctcggg cataccacga cgatactcag actatccaga tgcttatacc

     6661 acatgaaata cagtatcatc tataggatca tttatttctc ttacagccgt cctactaata

     6721 atttttatga tctgagaagc attcgcttca aaacgagaag ttctaacagt atcttattct

     6781 tcaaccaact tagagtgact acatggctgc ccacctcctt atcacacatt cgaagagcct

     6841 tcttacgtaa aagtaaaata agaaaggaag gactcgaacc ccctaaaact ggtttcaagc

     6901 caacctcata gcctctatgt ctttctcaat gagatattag taaaacaatt acataacctt

     6961 gtcaaggtta aattatagac ttaaatctat atatcttaca tggcttatcc attccaatta
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     7021 ggtctacaag atgccacatc ccctattata gaagaattaa taaacttcca tgaccacaca

     7081 ctaataattg ttttccttat tagcacctta gtactttaca ttatttcact gatattgaca

     7141 acagaactta cacacacaag cacaatagat gcccaagaag tagagactgt ttgaactatc

     7201 ttaccagctg ttattcttat tttaattgca cttccctcac tacgaatttt atatatgata

     7261 gacgaaatta ataaccccgt actaacagta aaaactatag gccaccaatg atactgaagc

     7321 tatgaatata ctgactatga agacctatgc tttgattctt acataattcc cacaactgac

     7381 ttaaaaccag gtgacctacg actattagaa gttgacaacc gagtagtttt accaatagga

     7441 cttcccatcc gaatgcttat ctcatcagaa gacgttctcc actcatgagc tgttccctca

     7501 ctatgactaa aaactgacgc tatcccagga cgcctaaatc aagcaacagt aacctctaac

     7561 cgtccaggac tattttacgg tcaatgctct gaaatctgcg ggtctaatca cagcttcata

     7621 cctattgttc tagaaatagt gccactaaaa cacttcgaaa attgatcagc ctcaataatt

     7681 taatctcact gtgaagctta gagcgttaac cttttaagtt aaagttagag accttaaatc

     7741 tccatagtga tatgccacaa ctagatacat ccacatgatt tattaccatc atctcatcta

     7801 tggctacact atttatttta tttcaactaa aaatttcctc ccaatctttt cccactcctc

     7861 catccccaaa aacctttaca gcacaagaaa caaaaactcc ttgagaatca aaatgaacga

     7921 aaatctattt gcctctttta tcactccctc agtaatagga ctcccaattg taattactat

     7981 tatcatattt ccatctatcc tattcccatc atcagaacgt ttaattagta atcgacttca

     8041 ctcatttcaa cactgactaa tcaaacttat tatcaaacaa ataatactta ttcacacacc

     8101 aaaaggacgg acttgaactc taataattgt ctcccttatt atattcatcg gctcaactaa

     8161 ccttctaggc cttcttccac acacatttac accgactact caactatcaa taaatcttag

     8221 tatagcaatc ccactatgag caggagcagt cctattaggg tttcgccata aattaaaaag

     8281 ctccttagct catttccttc cacaaggcac ccctatttca cttattccta tacttattat

     8341 tatcgaaaca atcagtctat ttatccaacc tatagctcta gcagtacgat taacagccaa

     8401 tattaccgca ggacatctac ttatacatct aattggagga gcaaccctag tccttataaa

     8461 tattagccca cccaccgcta ctattacatt cattatctta ctccttctca cagtactaga

     8521 gtttgctgta gccctaattc aagcatacgt attcactctt ctagtaagcc tatatctaca

     8581 tgataacaca taatgaccca ccaaacacat gcctatcata tagttaaccc aagtccatga

     8641 ccacttacag gagcattttc agcccttcta cttacatctg gattagtaat atgatttcac

     8701 tatagctcaa ccattcttct gtctctagga ctactagcca atacacttac tatatatcag

     8761 tgatgatgag atattattcg tgaaggaacc tatcaaggcc atcatacccc tattgtacaa

     8821 aaaggtcttc gatacggtat aatcttgttc attgtctctg aagtattttt ctttgctggc

     8881 ttcttctgag ctttctacca ttcaagccta gtaccaaccc acgatctcgg aggttgctga

     8941 cctccaacag gaattactcc tcttaatcct ctagaagtcc cactattaaa tacatcagtg

     9001 ctactagcat caggtgtttc aatcacatga gcccaccata gtctcataga aggcaaacga

     9061 aatcacataa atcaagccct actaatcact attctattag gactttactt caccatactt

     9121 caagcctcag aatattttga aactccattc tctatttcag acggaattta cggctccacc

     9181 ttctttatag caacaggatt ccacgggctc catgtaatta ttggaactac attcctcgta

     9241 gtttgtctcc tacgacaatt aaaatttcac tttacatcaa agcaccattt tggatttgaa

     9301 gcagcagcat gatattgaca ctttgtagac gtagtctgac tcttcctata tgtatccatc

     9361 tattgatgag gatcttactc ttttagtata attaatataa ctgacttcca attagtagat

     9421 tctgaacaac atcagaagag agtaataaat cttataatta tcatatttat caatactatc

     9481 ctatcattaa tcctaatttc agttgcattc tgactccccc aaataaactt atacacagaa

     9541 aaagccaatc catatgaatg tggatttgac ccatcaagct ctgctcgttt accattttcg

     9601 ataaaatttt tcctagtagc tattacattc ctattatttg atctagagat tgccctacta

     9661 cttcctcttc catgagcaat ccaaacaact aataccaatg taatagtaac ctcagcttta

     9721 attttagtca ccattctatc attaggccta acctatgaat gaactcaaaa aggactcgaa

     9781 tgaacagaat aactggtaat tagtttaaat aaaattaatg atttcgactc attagattat

     9841 gatcctattc ataattacca aaaatgtcat ctgcctttat taatcttaca ctagccttca

     9901 tactttcact tctaggaaca ttaacgtttc gttctcactt aatgtctact cttctatgct

     9961 tagaaggaat aatgttatcc ttatttatta taacatccct agcttccctg aattctaact

    10021 ctatagcatc tatacccatt ccaattacta tcttagtatt tgcagcatgc gaagcagcag

    10081 tagggctagc cctattagtt aaagtgtcca acacctatgg taccgattac gttcaaaacc

    10141 tcaatttact tcaatgctaa aaattatctt tccatcactc atacttctgc cattaacatg
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    10201 attatcaaaa ccgaaaaaaa cctgaataaa cgtcacttcc tacagcttca tgattagcct

    10261 tattagcctt tcaatcctat gacaaactga cggaagccct cttaactttt caactatatt

    10321 ctcctcagat cctctatcat ccccacttat tattttaaca acttgactat taccccttat

    10381 acttatagct agtcaaaatc acctaaaaaa agaaaacttc acctaccaaa aactctatat

    10441 ttcaatacta gttagcctac aaattcttct agtaataact ttttcagcaa ctgagctaat

    10501 catattttat attctatttg aagctaccct tattcctaca ttaattatta ttacacgatg

    10561 aggtaatcaa acagaacgat taaacgcagg actttacttc ttattttaca ccctcatcgg

    10621 ctctatccca ctcttaatcg cccttatctt tatccaaaac tccataggta cactcaactt

    10681 taccatacta tcactaacaa ctaaccccct gaacccctta tgatccaaca acatcttatg

    10741 actagcatgc ataatagcat ttataattaa aatacctcta tatggagttc acctatgact

    10801 cccaaaagcc catgttgaag cacccattgc aggatccata atcctagcgg caattctctt

    10861 aaaactagga agttacggaa taatacgaat tgccatcatt ctggacccac taacaaaata

    10921 catagcctac cctttcattt tactatccct atggggcata atcataacaa gctcaatttg

    10981 cctacgccaa acagacctaa aatccctaat cgcttattcc tcagttagcc atatagcttt

    11041 agtaattgca tcaattataa ttcaaactcc ttggagcttt ataggagcta caatattaat

    11101 agttgctcac ggcctaactt catcacttct attctgctta gcaaactcca actatgaacg

    11161 aattcacagc cgaactataa ttatagcccg aggacttcaa ataatctttc cactcatagc

    11221 aacttgctgg ttagtagcaa gcctagctaa tcttgctcta ccaccatcaa tcaatctcat

    11281 aggggaacta tttattacta tatcactatt ttcttgatcc aacttttcaa ttatcctaat

    11341 aggagtcaac attattatta caggcatata ctcaatatat ataattatca caacccaacg

    11401 aggaaaacta acaagtcaca taaacaatct ccaaccttcc cacacccgag aactaacact

    11461 tataattctc cacatcatcc ccctagtcct attaactatt aacccaaaac taattacagg

    11521 gttgacaata tgtaaatata gtttacaaaa acattagact gtgaatctaa aaacaggagt

    11581 tcaacacttc ttatttacca agaaagcacg caagaactgc taactcatgc ccccatgttt

    11641 aaccacatgg ctttcttact tttataggat agaagtaatc cattggtctt aggagccaaa

    11701 aaccttggtg caattccaaa taaaagtaat aaatatcatt acatcattta ttatagcaat

    11761 ttttctcatt cttatatcac caattttaat ctcctcaact agtctattca aacatattaa

    11821 ttttccaata tatgcaacac tatcaatcaa gctctcattc tttctaagcc tcttacctct

    11881 cataatatta ttttatcaca acacagaata cataattact acctgacatt gaatcacaat

    11941 caattctatt gaactcacaa taagctttaa aatagattat ttctcaacta tatttttatc

    12001 cgtagcccta ttcgttacat ggtctatcat acaattttcc tcatgatata tacactcaga

    12061 tcctcacatt aatcgattta ttaaatactt actattattt ttaatcacta tactaatttt

    12121 aacttcagct aacaatctat ttcaactatt tatcgggtgg gaaggagtag gtattatatc

    12181 tttcctcctc atcggatgat gatctggacg agcagacgca aataccgcag ctcttcaagc

    12241 aattttatat aaccgaatcg gtgatatcgg ctttatctta gctataacat gattttgtct

    12301 aaacataaac tcctgagaac ttcaacaaat tctattaacc aataataata atctaattcc

    12361 actgctaggt ttactaattg cagccacagg aaaatcagcc caattcggcc ttcatccatg

    12421 acttccatca gccatagaag gacccacacc agtttcagcc ctactacact caagcacaat

    12481 agtagtagca ggaatttttc tactagttcg gtttcaccct ataacatcca acaacccatc

    12541 aatcctaact ataatactat gtctaggagc actaactacc ctatttaccg ctatctgtgc

    12601 cctcacccaa aacgatatta aaaaaattgt agcattttcc acatcaagtc agctaggcct

    12661 aataatagtt acattaggaa ttaaccaacc atatctagca ttcttacata tctgcacaca

    12721 tgcattcttc aaagccatac tcttcatatg ctccggatca attattcaca atctaaacga

    12781 tgaacaagac attcgaaaaa taggaaacat aataaaaact atgccattca catcatcctg

    12841 cctaacaatt ggtagtcttg ccctaacagg aataccattc ctaacaggtt tttactcaaa

    12901 agacctaatc attgaagcta tcaatacctg caataccaac gcctgagccc tactaattac

    12961 actaatcgcc acatcaataa cagctatcta cagcatacga attatttact ttgtagtcat

    13021 aacaaaacca cgattcccac cattaatctc aatcaatgaa aataacccaa atcttactaa

    13081 ccctattaaa cgcctagcat ttggaagtat cctagctggg tttttcatta catataatat

    13141 cccaccaact aacatccaag ttcttactat accatgatac ttaaaaacta cagccctgct

    13201 aatctctatc ctaggctttc ttctagccct agaactaaat aacctcacat taaatctatc

    13261 cataagtaaa aaaaactcat attcatcatt ttccacatca ctaggctact tcccatcaat

    13321 tatccatcga attatcccaa acaaaacact taacctaagc ttcaaaacat cacttaacct
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    13381 tctagatctg tattgactag aaaaatcaat cccaaaatct acttcaacca tacactctta

    13441 tatatcaaaa ctactaacta accaaaaagg actagtaaaa ctatatttta tatcattttt

    13501 actttctatt ctactaacca ctaccctctt tatcattaat ctcgagtgat ttcaataata

    13561 ataaaaattc cagcaaacaa agaccatcca gcaactacta ttatccaagt agcacaacta

    13621 tacatcgcag caaccccaat accaccctct aacattacac caacatcatc aatctcatac

    13681 atcaatcaat cacctagact atcaaaatca actacctcct ccccattata ataatcaaga

    13741 aaatacacaa aaaacatttc cattaaaacc cctgcaatta aaaaaccaaa aacaaaccaa

    13801 ttagaccctc aggtctcagg atactcctca gtagctatag ctgtggtata cccaaacact

    13861 actattattc ctcccaaata aattaaaaat accattagac ctaaaaagga tccaccaaac

    13921 cctaaaacta ttagacaacc cacaaaccca ctcataatta aaccaaaccc cccataaata

    13981 ggagaaggct ttaaagctaa cccaagacaa ccagtcaaaa ataataaact taaaacaaaa

    14041 atataattag tcattatttc tacacagcat tcaactgtga ctaatgacat gaaaaatcat

    14101 cgttgtaatt caactacaga aacctaatga caaacatccg aaaaactcac cccctattta

    14161 aaatcattaa ccactctttc atcgacctcc ctgccccatc taacatctca tcctgatgaa

    14221 actttggctc cctcctaggt ctatgcctcg taattcaaat tcttacaggc ttattcctag

    14281 ccatacacta cacatcaggc acaataacag cattctcatc agttacacat atttgccgag

    14341 acgtaaacta tggatgacta attcgatata tacacgctaa tggagcttca atatttttta

    14401 tctgcttatt tctccatgta ggacgaggaa tgtactacgg atcctatgca tttatagaaa

    14461 catgaaatat cggagtagtc ctattatttg cagtcatagc tacagcattc ataggctatg

    14521 tacttccgtg aggacaaata tccttctgag gagcaacagt aattacaaat ctcctctcag

    14581 ccatcccata catcggcact accctggtag aatggatttg aggaggattc tcagtagata

    14641 aagccacttt aacacgtttc ttcgcattcc attttattct cccattcatt atcgcagccc

    14701 tggtaatcgt ccatctccta tttctccacg aaacaggctc aaacaaccca acaggtttaa

    14761 actcagacgc cgataaaatc ccatttcacc catactacac aattaaagat atcctaggca

    14821 ttttcattat aattatattc ctaataaccc tggtcctatt cttcccggac ctacttggag

    14881 acccagataa ttacacacca gcaaatccac ttaatacacc accacatatc aaaccagaat

    14941 ggtactttct atttgcatat gcaattctac gctctattcc aaacaaacta ggaggagtcc

    15001 tagctctagt cctatccatc cttatcctag ccttactgcc acttcttcac acttcaaaac

    15061 aacgaagcct aatattccgt cctattactc aaatactcta ctgaatccta gtagctaacc

    15121 ttctcgtcct tacctgaatc ggcggacaac cagttgaata cccattcgta atcatcggcc

    15181 aactcgcctc catcagctac ttctcaatta tcctaatctt tatgccaatc tcaggcatca

    15241 ttgaaaataa tatactaaaa tgaaacctat gccctgatag tatagaacca ttactctggt

    15301 cttgtaaacc aaaaacgaag aacttctctt ctcagggcat caagaagaag gaaatcctcc

    15361 ccaccatcag cacccaaagc tgatattcta cttaaactac ttcttgagta cataaaatta

    15421 catagtacat tcatacatat atgtatacag tacattaaat tatttacccc tagcatataa

    15481 gcaagtacat ttaatcaatg atcctagaca tcaatggtta accaaatata tttctcctcc

    15541 acatgactat tcaagactta cattttaatt aatgatctta agacatatct gcgttatctt

    15601 acatacacca ttcagtcata aactcttctc ttccatatga ctatccctct ccacatttgg

    15661 tctatatatc taccatcctc cgtgaaacca acaacccgcc cacctatgcc cctcttctcg

    15721 ctccgggccc ataaaacttg ggggtagcta acctgaaact ttatcagaca tctggttctt

    15781 acttcagggc catcaaatgc gttatcgccc atacgttccc cttaaataag acatctcgat

    15841 ggtacgggtc taatcagcca agacggtcat aactgtggtc tcgcgcagtt ggtatttttt

    15901 tatttttagg atgctgtgac tcaccatagc cgtcaaggca tgaaggtcag cccaccatga

    15961 agctggactt acggtgaagg atcatttatc cacataaaac accaccgaga caatttatga

    16021 atgcttgtta gacataactc tattactact tataatttta acttacccaa accccctttc

    16081 cccctttgat gtcaaacccc aaaaccatca aagacttaac ttaaatttca taagttttat

    16141 tctattctag tagttcacaa aattaaactt atattacagt attaggcaaa attttataaa

    16201 aaattaattt tgaactatca aaaactcacc ttattcaaat tccctaataa atttatataa
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Appendix 2. The sequence of mitochondrial genome of Apodemus chejuensis

LOCUS       HM034867               16261 bp    DNA     circular ROD 30-DEC-2011

DEFINITION  Apodemus chejuensis mitochondrion, complete genome.

ACCESSION   HM034867

VERSION     HM034867.1  GI:296100354

KEYWORDS    .

SOURCE      mitochondrion Apodemus chejuensis (Jeju striped field mouse)

  ORGANISM  Apodemus chejuensis

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;

            Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;

            Sciurognathi; Muroidea; Muridae; Murinae; Apodemus.

REFERENCE   1  (bases 1 to 16261)

  AUTHORS   Oh,D.-J., Jung,Y.-H., Kim,T.-W., Chang,M.-H., Han,S.-H., Oh,H.-S.

            and Kim,S.-J.

  TITLE     Biogeography and speciation of Korean striped field mice Apodemus

            agrarius and A. chejuensis inferred from mitochondrial DNA

  JOURNAL   Unpublished

REFERENCE   2  (bases 1 to 16261)

  AUTHORS   Oh,D.-J., Jung,Y.-H., Kim,T.-W., Chang,M.-H., Han,S.-H., Oh,H.-S.

            and Kim,S.-J.

  TITLE     Direct Submission

  JOURNAL   Submitted (25-MAR-2010) Department of Biology, Jeju National

            University, 66 Jejudaehakno, Jeju 690-756, Republic of Korea

FEATURES             Location/Qualifiers

     source          1..16261

                     /organism="Apodemus chejuensis"

                     /organelle="mitochondrion"

                     /mol_type="genomic DNA"

                     /specimen_voucher="JBRI-Mam-002"

                     /db_xref="taxon:754351"

     tRNA            1..67

                     /product="tRNA-Phe"

     rRNA            68..1022

                     /product="12S ribosomal RNA"

     tRNA            1023..1091

                     /product="tRNA-Val"

     rRNA            1091..2663

                     /product="16S ribosomal RNA"

     tRNA            2664..2738

                     /product="tRNA-Leu"

                     /note="codons recognized: UUR"

     gene            2739..3693

                     /gene="ND1"

     CDS             2739..3693

                     /gene="ND1"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:3693,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 1"
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                     /protein_id="ADG95712.1"

                     /db_xref="GI:296100355"

                     /translation="MYFINILMLLVPILIAMAFLTLVERKILGYMQLRKGPNVVGPYG

                     VLQPFADAMKLFIKEPMRPLTTSISLFIIAPTLSLTLALSLWIPLPMPHPLINLNLGV

                     LFILATSSLSVYSILWSGWASNSKYSLFGALRAVAQTISYEVTMAIILLSVLLMSGSF

                     SLQMLIYTQEHMWLILPAWPMAMMWYISTLAETNRAPFDLTEGESELVSGFNVEYAAG

                     PFALFFMAEYTNIILMNALTSIVFLGPIHMINYPELYSINFMTETLLLSTTFLWIRAS

                     YPRFRYDQLMHLLWKNFLPLTLALCTWHISLPIFMASIPPYI"

     tRNA            3694..3762

                     /product="tRNA-Ile"

     tRNA            complement(3760..3830)

                     /product="tRNA-Gln"

     tRNA            3835..3903

                     /product="tRNA-Met"

     gene            3904..4939

                     /gene="ND2"

     CDS             3904..4939

                     /gene="ND2"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:4939,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 2"

                     /protein_id="ADG95713.1"

                     /db_xref="GI:296100356"

                     /translation="MNPITIIIIYFTILIGPVITMSSSNLLLMWVGLELSLLAIIPLL

                     INKKNPRSTEAATKYFITQATASMIILLAIILNFKQLGLWTFQQQTNSLLLNITLIAL

                     SMKLGLAPFHFWLPEVTQGIPLHMGLILLTWQKIAPLSILFQFYQLLNPTIIMILAIS

                     SILIGAWGGLNQTQMRKIVAYSSIAHMGWMLAILPYNPTMTLLNLLIYIILTVPMFLM

                     LMLNASTTINSISLLWNKAPTTLVLTPLILLSLGGLPPLTGFLPKWAIITELLKNNCL

                     IITTMMAIMALLNLFFYTRLIYSTSLTMFPTNNNSKMLTHHLNYKNNIILPSLTIIST

                     LILPLSPQLII"

     tRNA            4940..5007

                     /product="tRNA-Trp"

     tRNA            complement(5009..5077)

                     /product="tRNA-Ala"

     tRNA            complement(5079..5149)

                     /product="tRNA-Asn"

     rep_origin      5150..5180

                     /note="L-strand replication origin"

                     /direction=LEFT

     tRNA            complement(5181..5248)

                     /product="tRNA-Cys"

     tRNA            5249..5315

                     /product="tRNA-Tyr"

     gene            5317..6861

                     /gene="CO1"

     CDS             5317..6861

                     /gene="CO1"

                     /codon_start=1

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 1"
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                     /protein_id="ADG95714.1"

                     /db_xref="GI:296100357"

                     /translation="MFINRWLFSTNHKDIGTLYLLFGAWAGMVGTALSILIRAELGKP

                     GALLGDDQIYNVIVTAHAFVMIFFMVMPMMIGGFGNWLVPLMIGAPDMAFPRMNNMSF

                     WLLPPSFLLLLASSMVEAGAGTGWTVYPPLAGNLAHAGASVDLTIFSLHLAGVPSILG

                     AINFITTIINMKPPAMTQYQTPLFVWSVLITAVLLLLSLPVLAAGITMLLTDRNLNTT

                     FFDPAGGGDPILYQHLFWFFGHPEVYILILPGFGIISHVVTYYSGKKEPFGYMGMVWA

                     MMSIGFLGFIVWAHHMFTVGLDVDTRAYFTSATMIIAIPTGVKVFSWLATLHGGNIKW

                     SPAMLWALGFIFLFTVGGLTGIVLSNSSLDIVLHDTYYVVAHFHYVLSMGAVFAIMAG

                     FVHWFPLFTGYTLDDMWAKTHFAIMFVGVNMTFFPQHFLGLSGMPRRYSDYPDAYTTW

                     NTVSSMGSFISLTAVLLMIFMIWEAFASKREVLTVSYSSTNLEWLHGCPPPYHTFEEP

                     SYVKVK"

     tRNA            complement(6859..6927)

                     /product="tRNA-Ser"

                     /note="codons recognized: UCN"

     tRNA            6931..6998

                     /product="tRNA-Asp"

     gene            7000..7683

                     /gene="CO2"

     CDS             7000..7683

                     /gene="CO2"

                     /codon_start=1

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 2"

                     /protein_id="ADG95715.1"

                     /db_xref="GI:296100358"

                     /translation="MAYPFQLGLQDATSPIMEELMNFHDHTLMIVFLISTLVLYIISL

                     MLTTKLTHTSTMDAQEVETVWTILPAVILILIALPSLRILYMMDEINNPVLTVKTMGH

                     QWYWSYEYTDYEDLCFDSYMIPTTDLKPGDLRLLEVDNRVVLPMELPIRMLISSEDVL

                     HSWAVPSLGLKTDAIPGRLNQATVTSNRPGLFYGQCSEICGSNHSFMPIVLEMVPLKH

                     FENWSASMI"

     tRNA            7687..7750

                     /product="tRNA-Lys"

     gene            7752..7955

                     /gene="ATP8"

     CDS             7752..7955

                     /gene="ATP8"

                     /codon_start=1

                     /transl_table=2

                     /product="ATP synthase F0 subunit 8"

                     /protein_id="ADG95716.1"

                     /db_xref="GI:296100359"

                     /translation="MPQLDTSTWFITIISSMATLFILFQLKISSQSFPTPPSPKTFTA

                     QETKTPWESKWTKIYLPLLSLPQ"

     gene            7913..8593

                     /gene="ATP6"

     CDS             7913..8593

                     /gene="ATP6"

                     /codon_start=1

                     /transl_table=2

                     /product="ATP synthase F0 subunit 6"

                     /protein_id="ADG95717.1"

                     /db_xref="GI:296100360"
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                     /translation="MNENLFASFITPSVMGLPIVITIIMFPSILFPSSERLISNRLHS

                     FQHWLIKLIIKQMMLIHTPKGRTWTLMIVSLIMFISSTNLLGLLPHTFTPTTQLSMNL

                     SMAIPLWAGAVLLGFRHKLKSSLAHFLPQGTPISLIPMLIIIETISLFIQPMALAVRL

                     TANITAGHLLMHLIGGATLVLMNISPPTATITFIILLLLTVLEFAVALIQAYVFTLLV

                     SLYLHDNT"

     gene            8593..9376

                     /gene="CO3"

     CDS             8593..9376

                     /gene="CO3"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:9376,aa:TERM)

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 3"

                     /protein_id="ADG95718.1"

                     /db_xref="GI:296100361"

                     /translation="MTHQTHAYHMVNPSPWPLTGAFSALLLTSGLVMWFHYSSTILLS

                     LGLLANTLTMYQWWRDIIREGTYQGHHTPIVQKGLRYGMILFIVSEVFFFAGFFWAFY

                     HSSLVPTHDLGGCWPPTGITPLNPLEVPLLNTSVLLASGVSITWAHHSLMEGKRNHMN

                     QALLITILLGLYFTMLQASEYFETPFSISDGIYGSTFFMATGFHGLHVIIGTTFLVVC

                     LLRQLKFHFTSKHHFGFEAAAWYWHFVDVVWLFLYVSIYWWGS"

     tRNA            9377..9444

                     /product="tRNA-Gly"

     gene            9445..9792

                     /gene="ND3"

     CDS             9445..9792

                     /gene="ND3"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 3"

                     /protein_id="ADG95719.1"

                     /db_xref="GI:296100362"

                     /translation="MNLMIIMFINTILSLILISVAFWLPQMNLYTEKANPYECGFDPS

                     SSARLPFSMKFFLVAITFLLFDLEIALLLPLPWAIQTTNTNVMMISALILVTILSLGL

                     TYEWTQKGLEWTE"

     tRNA            9794..9861

                     /product="tRNA-Arg"

     gene            9864..10160

                     /gene="ND4L"

     CDS             9864..10160

                     /gene="ND4L"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 4L"

                     /protein_id="ADG95720.1"

                     /db_xref="GI:296100363"

                     /translation="MSSAFINLTLAFMLSLLGTLTFRSHLMSTLLCLEGMMLSLFIMT

                     SLASLNSNSMASMPIPITILVFAACEAAVGLALLVKVSNTYGTDYVQNLNLLQC"

     gene            10154..11531

                     /gene="ND4"

     CDS             10154..11531

                     /gene="ND4"
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                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:11531,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 4"

                     /protein_id="ADG95721.1"

                     /db_xref="GI:296100364"

                     /translation="MLKIIFPSLMLLPLTWLSKPKKTWMNVTSYSFMISLISLSILWQ

                     TDGSPLNFSTMFSSDPLSSPLIILTTWLLPLMLMASQNHLKKENFTYQKLYISMLVSL

                     QILLVMTFSATELIMFYILFEATLIPTLIIITRWGNQTERLNAGLYFLFYTLIGSIPL

                     LIALIFIQNSMGTLNFTMLSLTTNPLNPLWSNNILWLACMMAFMIKMPLYGVHLWLPK

                     AHVEAPIAGSMILAAILLKLGSYGMMRIAIILDPLTKYMAYPFILLSLWGMIMTSSIC

                     LRQTDLKSLIAYSSVSHMALVIASIMIQTPWSFMGATMLMIAHGLTSSLLFCLANSNY

                     ERIHSRTMIMARGLQMIFPLMATCWLVASLANLALPPSINLMGELFITMSLFSWSNFS

                     IILMGVNIIITGMYSMYMIITTQRGKLTSHMNNLQPSHTRELTLMILHIIPLVLLTIN

                     PKLITGLTM"

     tRNA            11532..11599

                     /product="tRNA-His"

     tRNA            11600..11658

                     /product="tRNA-Ser"

                     /note="codons recognized: AGY"

     tRNA            11658..11728

                     /product="tRNA-Leu"

                     /note="codons recognized: CUN"

     gene            11729..13558

                     /gene="ND5"

     CDS             11729..13558

                     /gene="ND5"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 5"

                     /protein_id="ADG95722.1"

                     /db_xref="GI:296100365"

                     /translation="MNIITSFIMAIFLILMSPILISSTSLFKHINFPMYATLSIKLSF

                     FLSLLPLMMLFYHNTEYMITTWHWITINSIELTMSFKMDYFSTMFLSVALFVTWSIMQ

                     FSSWYMHSDPHINRFIKYLLLFLITMLILTSANNLFQLFIGWEGVGIMSFLLIGWWFG

                     RADANTAALQAILYNRIGDIGFILAMTWFCLNMNSWELQQILLTNNNNLIPLLGLLIA

                     ATGKSAQFGLHPWLPSAMEGPTPVSALQHSSTMVVAGIFLLVRFHPMTSNNPSILTMM

                     LCLGALTTLFTAICALTQNDIKKIVAFSTSSQLGLMMVTLGINQPYLAFLHICTHAFF

                     KAMLFMCSGSIIHSLNDEQDIRKMGNMMKTMPFTSSCLTIGSLALTGMPFLTGFYSKD

                     LIIEAINTCNTNAWALLITLIATSMTAIYSMRIIYFVVMTKPRFPPLISINENNPDLT

                     NPIKRLAFGSILAGFFITYNIPPTNIQVLTMPWYLKTTALLISILGFLLALELNNLTL

                     NLSMSKKNSYSSFSTSLGYFPSIIHRIIPNKTLNLSFKTSLNLLDLYWLEKSIPKSTS

                     TMHSYMSKLLTNQKGLVKLYFMSFLLSILLTTTLFIINLEWFQ"

     gene            complement(13536..14054)

                     /gene="ND6"

     CDS             complement(13536..14054)

                     /gene="ND6"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 6"

                     /protein_id="ADG95723.1"
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                     /db_xref="GI:296100366"

                     /translation="MTNYIFVLSLLFLTGCLGLALKPSPIYGGFGLIMSGFVGCLMVL

                     GFGGSFLGLMVFLIYLGGMMVVFGYTTAMATEEYPETWGSNWFVFGFLIAGVLMEMFF

                     VYFLDYYNGEEVVDFDSLGDWLMYEIDDVGVMLEGGIGVAAMYSCATWMMVVAGWSLF

                     AGIFIIIEITRD"

     tRNA            complement(14055..14123)

                     /product="tRNA-Glu"

     gene            14127..15270

                     /gene="CytB"

     CDS             14127..15270

                     /gene="CytB"

                     /note="CytB; TAA stop codon is completed by the addition

                     of 3' A residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:15270,aa:TERM)

                     /transl_table=2

                     /product="cytochrome b"

                     /protein_id="ADG95724.1"

                     /db_xref="GI:296100367"

                     /translation="MTNIRKTHPLFKIINHSFIDLPAPSNISSWWNFGSLLGLCLVIQ

                     ILTGLFLAMHYTSDTMTAFSSVTHICRDVNYGWLIRYMHANGASMFFICLFLHVGRGM

                     YYGSYAFMETWNIGVILLFAVMATAFMGYVLPWGQMSFWGATVITNLLSAIPYIGTTL

                     VEWIWGGFSVDKATLTRFFAFHFILPFIIAALVIVHLLFLHETGSNNPTGLNSDADKI

                     PFHPYYTIKDILGIFIMIMFLMVLVLFFPDLLGDPDNYTPANPLNTPPHIKPEWYFLF

                     AYAILRSIPNKLGGVLALVLSILILALLPLLHTSKQRSLMFRPITQMLYWILVANLLV

                     LTWIGGQPVEYPFVIIGQLASISYFSIILIFMPISGIIENNMLKWNL"

     tRNA            15271..15338

                     /product="tRNA-Thr"

     tRNA            complement(15339..15404)

                     /product="tRNA-Pro"

     D-loop          15405..16261

ORIGIN      

        1 gttaatgtag cttaaaacaa agcaaagcac tgaaaatgct tagatggatt ttttaatccc

       61 ataaacacaa aggtttggtc ctggccttat aattagttgg aggtaagatt acacatgcaa

      121 acatccataa accggtgtaa aatcccttaa atatttatac aaaatttaag gagagggcat

      181 caagcacata ccatagctta agacgccttg cctggccaca cccccacggg actcagcagt

      241 gataaatatt aagcaatgaa cgaaagtttg actaagctat acctcttagg gttggtaaat

      301 ttcgtgccag ccaccgcggt catacgatta acccaaacta attacctctc ggcgtaaaac

      361 gtgttaacta taaacccata aatagaatta aaatccaact tatatgtgaa aattcattgt

      421 taggacctaa atccaataac gaaagtaatt ctaatattgt tatgctacac gatagctaag

      481 acccaaactg ggattagata ccccactatg cttagcccta aacctcaata atttgacaac

      541 aaaattattt gccagagaac tactagctat agcttaaaac tcaaaggact tggcggtact

      601 ttatatccac ctagaggagc ctgttctata atcgataaac cccgctctac ctcaccatct

      661 cttgctaatt cagcctatat accgccatct tcagcgaacc ctaaaaagga actaaagtaa

      721 gcacaagaat ttagcataaa aacgttaggt caaggtgtag ccaatgagat gggaagaaat

      781 gggctacatt ttcttattaa agaacattta cgaaaccctt tatgaaatta aaggataaag

      841 gaggatttag tagtaaatta agaatagaga gcttaattga attgagcaat gaagtacgca

      901 cacaccgccc gtcaccctcc tcaaactaaa taaattaaac tataaataat tcataaacaa

      961 aatttacgag aggagataag tcgtaacaag gtaagcatac tggaaagtgt gcttggaata

     1021 atcacagtgt agcttaatta caaagcatct ggcctacacc cagaagaatt cataataaat

     1081 gaacactttg aactaatcct agccctcaac tcttaataat ataactattt cacactataa

     1141 attaaaccat ttaatctcgt aaaagtattg gagaaagaaa ttatttcata ggagctatag

     1201 agtaagtacc gcaagggaaa gatgaaagaa taattaaaag tagcaataag caaagataaa
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     1261 accttgtacc ttttgcataa tgagttaact agaataaatt taactaaaag cattaaagct

     1321 aaataccccg aaaccaaacg agctacctaa aaacaattta aacgaatcaa cccgtctatg

     1381 ttgcaaaata gtgggaagat ttttaggtag aggtgaaaag cctaacgagc ttggtgatag

     1441 ctggttaccc aaataatgaa tttaagttca acttaaaatt taccaaaaga acatttaatc

     1501 ctcatgtaaa ttttaaatat agccaaaaga gggacagctc tttaggaaaa ggaaaaaacc

     1561 ttaagtagtg aataaactca ataaataacc aaaccattgt aggcccaaaa gcagccacca

     1621 ataaagaaag cgttcaagct caacattagc atttaaataa tttaacaagt aataataaat

     1681 tcctacatta aaaattgggt taatctatta atgtatagat gagatactgt taacatgagt

     1741 aacaagaatt ttattctcca agcacaagcg tataacaact cggataacca ttgttaatta

     1801 tcaacctata gataaaaact ataaattaat agatctaaaa acaacttgtt aatccaacac

     1861 aggagtgcta taaggaaaga ttaaaaaaaa taaaaggaac tcggcaaact aaaaccccgc

     1921 ctgtttacca aaaacatcac ctctagcata ttaagtatta gaggcattgc ctgcccagtg

     1981 actaaagttt aacggccgcg gtatcctgac cgtgcaaagg tagcataatc acttgttcct

     2041 taattaggga ctagcatgaa cggctagacg agggtttgac tgtctcttat ttttgatcag

     2101 tgaaattgac ctttcagtga agaggctgaa atactataat aagacgagaa gaccctatgg

     2161 agctttaatt tatcagttta atcatactaa taaagttacc taatggaata accacaatga

     2221 tgtaaactca taatttcggt tggggtgacc tcggagaaaa gaaaatcctc cgaatgattt

     2281 taacatagat ccacaaatca aagtaagcaa tctatcttat tgacccaaaa atcttttttg

     2341 atcaacggac caagttaccc tagggataac agcgcaatcc tatttaagag ttcatatcga

     2401 caattagggt ttacgacctc gatgttggat caggacatcc caatggtgca gaagctatta

     2461 atggttcgtt tgttcaacga ttaaagtcct acgtgatctg agttcagacc ggagtaatcc

     2521 aggtcggttt ctatctatta acaatttctc ccagtacgaa aggacaagag aaatggagcc

     2581 accttataaa taagcgcccc caacttaata tatgaattaa tctaaatata gtaagtatgt

     2641 taactctttg cctagacaag gctattaggg tggcagagcc aggaaattgc gtaagactta

     2701 aaaccttgtt cccagaggtt caaatcctct tcctaatagt gtattttatt aatatcctta

     2761 tattattagt cccgatcctt attgccatag cctttttaac actagtagaa cgaaaaattt

     2821 tgggctacat acaactacga aaaggcccta acgttgtagg tccatacgga gtccttcaac

     2881 cattcgcaga cgctataaaa ctctttatta aagaacctat gcgtccccta actacctcca

     2941 tttcactatt tattattgca ccaacccttt cactcacact agccctaagc ctatgaattc

     3001 cactaccaat accacaccca ctaatcaatc taaacctagg tgttttattc attttagcta

     3061 catcaagtct ttcagtatat tctatcttat ggtcaggatg agcatcaaac tcaaaatact

     3121 cgctatttgg tgccttacga gcagtagcac aaacaatttc atatgaggtc acaatagcta

     3181 ttattctctt atcagtttta ttaataagcg gctcattctc attacaaata cttatttata

     3241 cccaagaaca catatgacta attctacctg cctgaccaat agctataata tgatacatct

     3301 caaccctagc agaaacaaat cgagctccat tcgacctaac agaaggagaa tcagaactag

     3361 tttccgggtt taacgttgag tacgctgcag gtccctttgc actatttttt atagcggaat

     3421 atacaaacat tattcttata aatgccctaa catccattgt cttcctaggc cccatccata

     3481 taattaacta cccagaactc tactcaatta attttataac agaaacgcta ttactctcaa

     3541 caacatttct atgaattcgg gcatcatacc cccgctttcg ttatgaccaa cttatacatc

     3601 tcctatgaaa aaattttctc ccccttacac tagcactatg tacatgacat atctccttac

     3661 ctatctttat agcaagtatc ccaccataca tctagaaaca tgtctgacaa aagagttact

     3721 ttgatagagt aaaatataga ggtttaagcc ctcttgtttc taggataata ggaattgaac

     3781 ctattcttaa gaattcaaaa ttcttcgtgc taccaataca cctaatccta acatagtaag

     3841 gtcagctaat taagctatcg ggcccatacc ccgaaaacgt tggtttaaac ccttcccgta

     3901 ctaataaatc ctatcaccat tatcattatt tacttcacta tcctcattgg tcccgtcatc

     3961 acaatatcaa gctccaacct tctactcata tgagtaggat tagaactaag tttactagca

     4021 atcattcccc tattaattaa taaaaaaaat ccccgatcaa ctgaagcagc aacaaaatat

     4081 tttattacac aagcaacagc ctcaataatc atccttttag ctattatcct aaattttaaa

     4141 caactcggac tatgaacatt tcaacaacaa acaaacagcc ttctactcaa cattactcta

     4201 attgcactat caatgaaact aggactagcc ccattccact tttgactccc agaagtaaca

     4261 caaggaatcc cactacacat aggactaatc ctcctcacat gacaaaaaat tgccccacta

     4321 tcaatcctat ttcaatttta tcagctactt aatccaacca tcattatgat cctagcaatt

     4381 tcatctattc ttatcggagc atgaggtgga cttaaccaaa cacaaatgcg aaaaatcgta
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     4441 gcatattcat caatcgctca cataggatgg atattagcta tcctgcccta caacccaact

     4501 ataacacttc ttaacttact aatttatatt atcctcactg ttcccatatt cctcatgctt

     4561 atacttaatg catcaacaac tatcaactca atctcactcc tatgaaataa ggctccaaca

     4621 acccttgtat taactccatt aatcctcctc tccctaggag gtctaccccc actaacagga

     4681 tttttaccaa aatgagctat tatcacagaa ctactaaaaa acaactgcct aattattacc

     4741 acaataatag ctattatagc cctattaaac ctatttttct acacacgtct gatctactct

     4801 acttctctca ccatattccc aactaataat aactcaaaaa tattaaccca ccatttaaat

     4861 tataaaaaca atattatcct tccatcactt actatcatca gcacattaat tctccctcta

     4921 tcaccacaac taatcattta gaagtttagg atatatgcag tccaagagcc ttcaaagccc

     4981 taagaaaaca aacaagttta acttctgata aggactgtaa gactacttcc tacatctatt

     5041 gaatgcaaat caatcgcttt aattaagcta agaccttact agattggtag gaattaaacc

     5101 tacgaaattt tagttaacag ctaaataccc tacttctggc ttcaatctac ttctcccgcc

     5161 tatcagaaaa ggggcgggag aagccttagt agatatattg ctctacccct tcgaatttgc

     5221 aattcgacat gactaacacc ttaaggcttg gtaaaaagag gacttaaacc tctgtattta

     5281 gatttacagt ctaatgctta ctcagccatt ttacctatgt tcattaatcg ttgattattc

     5341 tcaactaacc acaaagacat tggcacccta tatctcctat tcggagcttg agccggaata

     5401 gtagggactg cattgagcat tctgatccga gctgaactcg gaaaaccagg tgcactttta

     5461 ggggacgacc agatctataa tgtcattgtt accgcccatg cgtttgttat aatcttcttc

     5521 atagtaatac caataataat tgggggcttt ggaaactgac tcgtaccact tatgattgga

     5581 gctcccgata tagcattccc acgaataaat aatataagct tctgacttct accaccatct

     5641 ttcctgctcc tattagcatc atccatagtt gaagcaggag ccggtacagg atgaacagta

     5701 tacccacctt tagctggaaa cttagcccat gctggagcat cagtagacct gacaattttc

     5761 tctcttcact tggccggtgt accctcaatt ctaggagcta ttaactttat taccactatt

     5821 attaatataa aaccaccagc tataacccaa tatcaaacac cactgtttgt atgatccgta

     5881 ctaattacag ccgttctgct cctattatcc ctcccagtac tagcagcagg aattacaata

     5941 ctattaactg accgaaacct aaacacaact ttctttgacc ctgcaggagg tggagaccca

     6001 attctatatc aacatctatt ctgattcttt ggccaccccg aagtttatat ccttatcctg

     6061 cctgggttcg gaattatctc tcatgtagtt acttattact ccggtaaaaa agaaccattc

     6121 gggtacatgg gaatagtctg agctataata tcaattggct tcctaggttt tattgtatga

     6181 gcacatcaca tgtttacagt aggcttagat gtagacacac gagcctactt tacatctgcc

     6241 acaataatta tcgctatccc aacaggcgta aaagtattta gctgacttgc aacactacac

     6301 ggaggtaata tcaaatgatc tccagctata ctttgagccc taggctttat cttcctattt

     6361 acagtaggtg ggttaacagg aattgtcctc tcaaactcct cactcgacat tgtacttcat

     6421 gacacatatt atgtagtagc ccatttccat tatgtactgt ctataggagc agtatttgct

     6481 attatagctg gttttgtcca ctgattcccc ctattcacag gatataccct agacgatata

     6541 tgagcaaaaa cacactttgc cattatattt gtaggagtta acataacatt cttccctcaa

     6601 cattttctag gactctcagg cataccacga cgatactcag attatccaga tgcttatacc

     6661 acatgaaata cagtatcatc tataggatca tttatctctc ttacagccgt cctactaata

     6721 atttttataa tctgagaagc attcgcttca aaacgagaag ttctaacagt atcttattct

     6781 tcaaccaact tagagtgact acatggctgc ccacctcctt atcatacatt cgaagagcct

     6841 tcttacgtaa aagtaaaata agaaaggaag gattcgaacc ccctaaaact ggtttcaagc

     6901 caacctcata gcctctatgt ctttctcaat gagatattag taaaacaatt acataacctt

     6961 gtcaaggtta aattatagac ttaaatctat atatcttaca tggcttaccc attccaatta

     7021 ggtctacaag atgccacatc ccctattata gaagaattaa taaacttcca tgaccacaca

     7081 ctaatgattg ttttccttat tagcacctta gtactttata ttatttcact gatattaaca

     7141 acaaaactta cacatacaag cacaatagat gcccaagaag tagagactgt ttgaactatc

     7201 ttaccagctg ttattcttat tttaattgca cttccctcac tacgaatttt atatatgata

     7261 gacgaaatta ataaccctgt actaacagta aaaactatag gccaccaatg atactgaagc

     7321 tatgaatata ctgactatga agatctatgc tttgactctt acataattcc aacaactgac

     7381 ttaaaaccag gtgacctacg actattagaa gttgacaacc gagtagtttt accaatagaa

     7441 cttccaatcc gaatgcttat ctcatcagaa gacgttctcc actcatgagc tgttccctca

     7501 ctaggactaa aaactgacgc tatcccagga cgcctaaatc aagcaacagt aacctctaac

     7561 cgtccaggat tattttacgg tcaatgctct gaaatctgcg ggtctaatca cagcttcata
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     7621 cctattgttc tagaaatagt gccactaaaa cacttcgaaa actgatcagc ctcaataatt

     7681 taatctcact gtgaagctta gagcgttaac cttttaagtt aaagttagag accctaaatc

     7741 tccatagtga catgccacaa ctagatacat ccacatgatt tattaccatc atctcatcta

     7801 tggctacact atttatttta tttcaactaa aaatttcctc acaatctttt cccactcctc

     7861 catccccaaa aacctttaca gcacaagaaa caaaaactcc ttgagaatca aaatgaacga

     7921 aaatctattt gcctctttta tcactccctc agtaatagga ctcccaattg taattactat

     7981 tatcatattt ccatctattc tattcccatc atcagaacgt ttaattagta atcggcttca

     8041 ctcatttcaa cactgactaa tcaaactaat tatcaaacaa ataatactta ttcacacacc

     8101 aaaaggacgg acttgaactc taataattgt ctcccttatt atattcatca gctcaactaa

     8161 ccttctaggc cttcttccac acacatttac accgactact caactatcaa taaatcttag

     8221 tatagcaatc ccactatgag caggagcagt cctattaggg tttcgccata aattaaaaag

     8281 ctccttagct catttccttc cacaaggcac ccctatttca cttatcccta tactaattat

     8341 tatcgaaaca attagtctat ttattcaacc tatagctcta gcagtacgat tgacagccaa

     8401 tattaccgca gggcatctac ttatgcatct aattggagga gcaaccctag tccttataaa

     8461 tattagccca cccaccgcta ctattacatt cattatttta ctccttctca cagtactaga

     8521 gtttgctgta gccctaattc aagcatacgt atttactctt ctagtaagcc tatatctaca

     8581 cgataacaca taatgaccca ccaaacccat gcctatcata tagttaaccc aagtccatga

     8641 ccacttacag gagcattttc agcccttcta cttacatctg gattagtaat atgatttcac

     8701 tatagctcaa ccattcttct gtctctagga ctactagcca atacacttac tatatatcag

     8761 tgatgacgag atattattcg tgaaggaacc tatcaaggcc atcatacccc tattgtacaa

     8821 aaaggtcttc gatatggaat aatcttgttc attgtctctg aagtattttt ctttgctggc

     8881 ttcttctgag ctttctacca ttcaagccta gtaccaaccc acgatctcgg aggttgctga

     8941 cctccaacag gaattactcc tcttaatcct ctagaagtcc cactattaaa tacatcagtg

     9001 ctactagcat caggtgtttc aattacatga gcccaccata gtctcataga aggcaaacga

     9061 aatcatataa atcaagccct actaattact attctattag gactttactt caccatactt

     9121 caagcctcag aatattttga aactccattc tctatttcag acggaattta cggctccacc

     9181 ttctttatag caacaggatt ccacgggctc catgtaatta ttggaactac attcctcgta

     9241 gtttgtctcc tacgacaact aaaatttcac tttacatcaa aacaccattt tggatttgaa

     9301 gcagcagcgt gatattgaca ctttgtagac gtagtctgac tcttcctata tgtatccatc

     9361 tattgatgag gatcttactc ttttagtata attaatatga ctgacttcca attagtagat

     9421 tctgaacaac atcagaagag agtaataaat cttataatta tcatatttat taatactatc

     9481 ctatcattga tcctaatttc agttgcattc tgactccccc aaataaactt atatacagaa

     9541 aaagccaatc catatgaatg tgggtttgac ccatcaagct ctgctcgttt accattttca

     9601 ataaaatttt tcctagtagc tatcacattc ctattatttg atctagagat tgccctacta

     9661 cttcctcttc catgagcaat ccaaacaact aataccaatg taataataat ctcagcttta

     9721 atcttagtca ccattctatc attaggccta acctatgaat gaactcaaaa aggactcgaa

     9781 tgaacagaat agctggtaat tagtttaaat aaaattaatg atttcgactc attagattat

     9841 gatcctattc ataattacca aaaatgtcat ctgcctttat taatctcaca ctagccttca

     9901 tactttcact tctaggaaca ttaacgtttc gttctcactt aatatctact cttctatgct

     9961 tagaaggaat aatattatcc ttatttatta taacatccct agcttccctg aattctaact

    10021 ctatagcatc tatacctatt ccaattacta ttttagtatt tgcagcatgc gaagcagcag

    10081 taggactagc cctattagtt aaagtgtcca acacctatgg taccgactac gtccaaaacc

    10141 tcaatttact tcaatgctaa aaattatttt tccatcactc atacttctcc cgttaacatg

    10201 actatcaaaa ccgaaaaaaa cctgaataaa cgtcacttcc tacagtttca tgattagcct

    10261 tattagcctt tcaattctat gacaaactga cggaagccct cttaactttt caactatatt

    10321 ctcctcagat cctctatcat ccccacttat tattttaaca acttgactat taccccttat

    10381 acttatagct agtcaaaatc atctaaaaaa agaaaacttc acctaccaaa aactctatat

    10441 ttcaatacta gttagcctac aaattcttct agtaataact ttttcagcaa ctgagctaat

    10501 catattttat attctatttg aagctaccct tattcctaca ttaattatta ttacacgatg

    10561 aggcaatcaa acagaacggt taaacgcagg actttacttc ttattctata ccctcatcgg

    10621 ctctatccca ctcttaatcg cccttatctt tatccaaaac tccataggta cactcaactt

    10681 taccatacta tcactaacaa ctaaccccct gaacccctta tgatccaaca acatcttatg

    10741 actagcatgc ataatagcat ttataattaa aatacctcta tatggagttc acctatgact
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    10801 tccaaaagcc catgttgaag cacccattgc aggatccata atcctagcgg caattctctt

    10861 aaaactagga agttacggaa taatacgaat tgccatcatt ctggacccac taacaaaata

    10921 catagcctat cccttcatcc tactatccct gtggggtata atcataacaa gctcaatttg

    10981 cctacgccaa acagacctaa aatccctaat cgcttattcc tcagttagcc atatagcttt

    11041 agtaattgca tcaattataa ttcaaactcc ttggagcttt ataggagcta caatattaat

    11101 aattgctcac ggcctaactt catcacttct attctgctta gcaaactcca actatgagcg

    11161 gattcacagc cgaactataa ttatagcccg aggacttcaa ataatctttc cactcatagc

    11221 aacttgctga ttagtagcaa gcctagctaa tcttgctcta ccaccatcaa tcaatctcat

    11281 aggagaacta tttattacca tatcactatt ttcttgatcc aacttttcaa ttatcctaat

    11341 aggagtcaac attattatta caggcatata ctcaatatat ataattatca caacccaacg

    11401 aggaaaacta acaagtcaca taaacaatct ccaaccttcc cacacccgag aactaacact

    11461 tataattctc cacattatcc ccctagtcct attaactatt aacccaaaac taattacagg

    11521 gttgacaata tgtaaatata gtttacaaaa acattagact gtgaatctaa aaacaggagt

    11581 tcaacacttc ttatttacca agaaagtacg caagaactgc taactcatgc ccccatgttt

    11641 aaccacatgg ctttcttact tttataggat agaagtaatc cattggtctt aggaaccaaa

    11701 aaccttggtg caattccaaa taaaagtaat aaatatcatt acatcattta ttatagcaat

    11761 ttttctcatt cttatatcac caattttaat ctcctcaact agcctgttca aacatattaa

    11821 ttttccaata tatgcaacac tatcaatcaa actctcattc tttctaagcc tcttacctct

    11881 cataatatta ttttatcaca acacagaata cataattact acctgacatt gaatcacaat

    11941 caattctatt gagctcacaa taagctttaa aatagattat ttctcaacta tatttctatc

    12001 cgtagcccta ttcgttacat ggtctatcat acaattctcc tcatgatata tacactcaga

    12061 tcctcacatt aatcgattta ttaaatactt actattgttt ttaatcacta tactaatttt

    12121 aacttcagct aacaatctat ttcaactatt tatcggatgg gaaggagtag gtattatatc

    12181 tttcctcctc atcggatgat gatttggacg agcagacgca aataccgcag ctcttcaagc

    12241 aattttatat aaccgaatcg gtgatatcgg ctttatctta gctataacat gattttgtct

    12301 aaacataaac tcctgagaac ttcaacaaat tctattaacc aataataata atctaattcc

    12361 actgctcggt ttactaattg cagccacagg aaaatcagcc caattcggcc ttcatccatg

    12421 acttccatca gccatagaag gacccacacc agtttcagcc ctacaacact caagcacaat

    12481 agtagtagca ggaatttttc tactagttcg gtttcaccct ataacatcca acaacccatc

    12541 aatcctaact ataatactat gtctaggagc actaactacc ctatttaccg ctatctgtgc

    12601 cctcacccaa aacgatatta aaaaaattgt agcattttcc acatcaagtc agctaggcct

    12661 aataatagtt acattaggaa ttaatcaacc atatctagca ttcttacata tctgcacaca

    12721 tgcattcttc aaagccatgc tcttcatatg ctccggatca attattcaca gtctaaacga

    12781 tgaacaagac attcgaaaaa taggaaacat aataaaaact atgccattca catcatcctg

    12841 cctaacaatt ggtagtcttg ccctaacagg aataccattc ctaacaggtt tctactcaaa

    12901 agacctaatc attgaagcta tcaatacctg caataccaac gcctgagccc tactaattac

    12961 actaatcgcc acatcaataa cagctatcta cagcatacga attatttact ttgtagtcat

    13021 aacaaaacca cgattcccac cattaatctc aatcaatgaa aataacccag atcttactaa

    13081 ccctattaaa cgcctagcat ttggaagcat cctagctgga tttttcatta catataatat

    13141 cccaccaact aacatccaag ttctcactat accatgatac ttaaaaacta cagccctgct

    13201 aatctctatc ctaggctttc tactagccct agaactaaat aacctcacat taaacctttc

    13261 cataagtaaa aaaaactcgt attcatcatt ttccacatca ctaggctact tcccatcaat

    13321 catccatcga attattccaa acaaaacact taacctaagc ttcaaaacat cacttaacct

    13381 tctagatctg tattgactag agaaatcaat cccaaaatct acttcaacta tacactctta

    13441 tatatcaaaa ctactaacta accaaaaagg attagtaaaa ctatatttta tatcattttt

    13501 actttctatt ctactaacca ctaccctctt tatcattaat ctcgagtgat ttcaataata

    13561 ataaaaattc cagcaaacaa agaccatcca gcaactacta ttattcaagt agcacaacta

    13621 tacatcgcgg caaccccaat accaccctct aatattacac caacatcatc aatctcatac

    13681 atcaatcaat cacctagact atcaaaatca actacctcct ccccattata ataatcaaga

    13741 aaatacacaa aaaacatttc cattaaaacc cctgcaatta aaaaaccaaa aacaaaccaa

    13801 ttagaccctc aagtctcagg atactcctca gtagctatag ctgtcgtata cccaaacact

    13861 actattattc ctcccaaata aattaaaaac accattagac ctaaaaagga tccaccaaac

    13921 cctaaaacta ttagacaacc cacaaaccca ctcataatta aaccaaaccc cccataaata
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    13981 ggagaaggct ttaaagctaa cccaagacaa ccagtcaaaa ataataaact taaaacaaaa

    14041 atatagttag tcattatttc tacacagcat tcaactgtga ctaatgacat gaaaaatcat

    14101 cgttgtaatt caactacaga aacctaatga caaacatccg aaaaactcac cccctattta

    14161 aaatcattaa ccactctttc atcgacctcc ctgccccatc taacatctca tcctgatgaa

    14221 actttggctc cctcctaggt ctatgcctcg taattcaaat tcttacaggc ttattcctag

    14281 ccatacacta cacatcagac acaataacag cattctcatc agttacacat atttgccgag

    14341 acgtaaacta tggatgacta attcgatata tacacgctaa tggagcttca atatttttta

    14401 tctgcttatt tctccatgta ggacgaggaa tgtactacgg atcctacgca tttatagaaa

    14461 catgaaatat cggagtaatc ctattatttg cagtaatagc tacagcattc ataggctatg

    14521 tacttccatg aggacaaata tcattttgag gggcaacagt aattacaaat ctcctctcag

    14581 ccatcccata tatcggcact accctggtag aatgaatttg aggaggattc tcagtagata

    14641 aagccacttt aacacgtttc ttcgcattcc attttattct cccatttatc atcgcagccc

    14701 tggtaatcgt ccatctccta tttctccacg aaacaggctc aaacaaccca acaggtctaa

    14761 actcagacgc cgataaaatc ccatttcacc catactacac aattaaagat attctaggca

    14821 ttttcattat aattatattc ctaatagtcc tggtcctatt tttcccagac ctacttggag

    14881 acccagataa ttacacacca gcaaatccac ttaatacacc accacatatc aaaccagagt

    14941 gatacttcct atttgcatat gcaatcctac gctccattcc aaacaaacta ggaggagtcc

    15001 tagctctagt cctatccatc cttatcctag ccttactgcc acttcttcac acttcaaaac

    15061 aacgaagcct aatattccgt cctattactc aaatactcta ctgaatccta gtagccaacc

    15121 ttctcgtcct tacctgaatc ggcggacaac cagttgaata tccattcgta atcatcggcc

    15181 aactcgcctc catcagctac ttctcaatta ttctaatctt tatgccaatc tcaggcatca

    15241 tcgaaaataa tatactaaaa tgaaacctat gccctgatag tatagaacca ttactctggt

    15301 cttgtaaacc aaaaacgaag aacttctctt ctcaggcatc aagaagaagg aatcctcccc

    15361 accatcagca cccaaagctg gtattctact taaactactt cttgagtaca taaaattaca

    15421 tagtacattc atacatatat gtatatagta cattaaatta tttaccccta gcatataagc

    15481 aagtacattt aattaatgat cctagacatt aatgattaat caaatatatc tcttctccca

    15541 catgaatatt caggacttac attttaatta atgatcttaa gacatatctg cgttatctta

    15601 catacaccat tcagtcataa actcttctct tccatatgac tatccctctc cacatttggt

    15661 ctatatatct accatcctcc gtgaaaccaa caacccgccc acctatgccc ctcttctcgc

    15721 tccgggccca taaaacttgg gggtagctaa cctgaaactt tatcagacat ctggttccta

    15781 cttcagggcc atcaaatgcg ttatcgccca tacgttcccc ttaaataaga catctcgatg

    15841 gtacgggtct aatcagccaa gacggtcata actgtggtct cgcgtagttg gtattttttt

    15901 atttttagga tgctgtgact caccatagcc gtcaaggcat gaaggtcagc ccaccatgaa

    15961 gctggactta cagtgaagga tcatttatcc acataaaaca accaccgaag acaatttatg

    16021 aatgcttgtt agacataact ctattattac ttctaatttt aacttaccca aaccccctta

    16081 ccccctttga cgtcaaaccc caaaaccatc aaagacttaa cttaaattcc ataagtttta

    16141 ttctattcta gtagttcaca aaattaaact tatattacag tattgggcaa aattttataa

    16201 aaaattaatt ttgaattatc aaaaactcac cttattcaaa tttcctaata aatttatata

    16261 a
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Appendix 3. The sequence of mitochondrial genome of Apodemus peninsulae

LOCUS       HQ660074               16266 bp    DNA     circular ROD 30-DEC-2011

DEFINITION  Apodemus peninsulae mitochondrion, complete genome.

ACCESSION   HQ660074

VERSION     HQ660074.1  GI:316993300

KEYWORDS    .

SOURCE      mitochondrion Apodemus peninsulae (Korean field mouse)

  ORGANISM  Apodemus peninsulae

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;

            Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia;

            Sciurognathi; Muroidea; Muridae; Murinae; Apodemus.

REFERENCE   1  (bases 1 to 16266)

  AUTHORS   Oh,D.J., Kim,T.W., Chang,M.H., Han,S.H., Oh,H.S. and Kim,S.J.

  TITLE     The mitochondrial genome of Apodemus peninsulae (Rodentia, Muridae)

  JOURNAL   Mitochondrial DNA 22 (4), 99-101 (2011)

   PUBMED   22040077

REFERENCE   2  (bases 1 to 16266)

  AUTHORS   Oh,D.-J., Jung,Y.-H., Kim,T.-W., Han,S.-H., Chang,M.-H., Oh,H.-S.

            and Kim,S.J.

  TITLE     Direct Submission

  JOURNAL   Submitted (29-NOV-2010) Department of Biology, Jeju National

            University, 66 Jejudaehakno, Jeju 690-756, Republic of Korea

FEATURES             Location/Qualifiers

     source          1..16266

                     /organism="Apodemus peninsulae"

                     /organelle="mitochondrion"

                     /mol_type="genomic DNA"

                     /db_xref="taxon:105297"

     tRNA            1..67

                     /product="tRNA-Phe"

     rRNA            68..1023

                     /product="12S ribosomal RNA"

     tRNA            1024..1092

                     /product="tRNA-Val"

     rRNA            1093..2663

                     /product="16S ribosomal RNA"

     tRNA            2664..2738

                     /product="tRNA-Leu"

                     /note="codons recognized: UUR"

     gene            2739..3693

                     /gene="ND1"

     CDS             2739..3693

                     /gene="ND1"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:3693,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 1"

                     /protein_id="ADU78207.1"

                     /db_xref="GI:316993301"
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                     /translation="MYFINIITLLVPILIAMAFLTLVERKILGYMQLRKGPNVVGPYG

                     VLQPFADALKLFIKEPMRPSTTSISLFIIAPTLSLTLALSLWIPLPMPHPLINLNLGI

                     LFILATSSLSVYSILWSGWASNSKYSLFGALRAVAQTISYEVTMAIILLSVLLMSGSF

                     SLQTLIYTQEHMWLIVPTWPMAMMWYISTLAETNRAPFDLTEGESELVSGFNVEYAAG

                     PFVLFFMAEYMNIILMNALTSIIFLGPMHKIYYPEFYSINFMTETLILSTTFLWIRAS

                     YPRFRYDQLMHLLWKNFLPLTLAFCMWHISLPIFMASIPPYM"

     tRNA            3694..3762

                     /product="tRNA-Ile"

     tRNA            complement(3760..3830)

                     /product="tRNA-Gln"

     tRNA            3834..3902

                     /product="tRNA-Met"

     gene            3903..4938

                     /gene="ND2"

     CDS             3903..4938

                     /gene="ND2"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:4938,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 2"

                     /protein_id="ADU78208.1"

                     /db_xref="GI:316993302"

                     /translation="MNPITLIIIYLTILMGPVITMSSTNLLLMWVGLELSLLAIIPLL

                     INKKNPRSTEAATKYFVTQATASMIILLAIILNYKQLGLWVFQQQTNPLLLNITLIAL

                     SMKLGLAPFHFWLPEVTQGIQLHTGLILLTWQKIAPLSMLIQNYYLLDHTIIMIFSIL

                     SIFIGAWGGLNQTQMRKIMAYSSIAHMGWMLAILPFNPTMTLLNLMIYIILTIPMFLV

                     HMFNSSTTMNSISLMWNKTPTTLIMIPLILLSLGGLPPLTGFLPKWAIITELLKNNCL

                     IMTTMMAMMALLNLFFYMRLIYSTTLTMFPTNNNSKMLTHHTNHKYNIILPSLTIIST

                     LMLPLSPQLII"

     tRNA            4939..5006

                     /product="tRNA-Trp"

     tRNA            complement(5008..5076)

                     /product="tRNA-Ala"

     tRNA            complement(5078..5148)

                     /product="tRNA-Asn"

     rep_origin      complement(5149..5179)

                     /note="L-strand replication origin"

                     /direction=LEFT

     tRNA            complement(5180..5245)

                     /product="tRNA-Cys"

     tRNA            complement(5246..5312)

                     /product="tRNA-Tyr"

     gene            5314..6858

                     /gene="CO1"

     CDS             5314..6858

                     /gene="CO1"

                     /codon_start=1

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 1"

                     /protein_id="ADU78209.1"

                     /db_xref="GI:316993303"
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                     /translation="MFINRWLFSTNHKDIGTLYLLFGAWAGMVGTALSILIRAELGQP

                     GALLGDDQIYNVIVTAHAFVMIFFMVMPMMIGGFGNWLVPLMIGAPDMAFPRMNNMSF

                     WLLPPSFLLLLASSVVEAGAGTGWTVYPPLAGNLAHAGASVDLTIFSLHLAGVSSILG

                     AINFITTIINMKPPAMTQYQTPLFVWSVLITAVLLLLSLPVLAAGITMLLTDRNLNTT

                     FFDPAGGGDPILYQHLFWFFGHPEVYILILPGFGIISHVVTYYSGKKEPFGYMGMVWA

                     MMSIGFLGFIVWAHHMFTVGLDVDTRAYFTSATMIIAIPTGVKVFSWLATLHGGNIKW

                     SPAMLWALGFIFLFTVGGLTGIVLSNSPLDIVLHDTYYVVAHFHYVLSMGAVFAIMAG

                     FVHWFPLFTGYTLDDMWAKTHFAIMFVGVNMTFFPQHFLGLSGMPRRYSDYPDAYTTW

                     NTVSSMGSFISLTAVLLMIFMIWEAFASKREVLTVTYSSTNLEWLHGCPPPYHTFEEP

                     SYVKVK"

     tRNA            complement(6856..6924)

                     /product="tRNA-Ser"

                     /note="codons recognized: UCN"

     tRNA            6928..6995

                     /product="tRNA-Asp"

     gene            6997..7680

                     /gene="CO2"

     CDS             6997..7680

                     /gene="CO2"

                     /codon_start=1

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 2"

                     /protein_id="ADU78210.1"

                     /db_xref="GI:316993304"

                     /translation="MAYPFQLGLQDATSPIMEELMNFHDHTLMIVFLISSLVLYIISL

                     MLTTKLTHTSTMDAQEVETIWTILPAVILILIALPSLRILYMMDEINNPVLTVKTMGH

                     QWYWSYEYTDYEDLCFDSYMIPTNDLKPGDLRLLEVDNRVVLPMELPIRMLISSEDVL

                     HSWAVPSLGLKTDAIPGRLNQATVTSNRPGLFYGQCSEICGSNHSFMPIVLEMVPLKH

                     FENWSASMI"

     tRNA            7684..7747

                     /product="tRNA-Lys"

     gene            7749..7952

                     /gene="ATP8"

     CDS             7749..7952

                     /gene="ATP8"

                     /codon_start=1

                     /transl_table=2

                     /product="ATPase subunit 8"

                     /protein_id="ADU78211.1"

                     /db_xref="GI:316993305"

                     /translation="MPQLDTSTWFITIISSMATLFVLFQLKISSQSFPTPPSPKTFST

                     QKTKNPWESKWTKIYLPLSSPLQ"

     gene            7910..8590

                     /gene="ATP6"

     CDS             7910..8590

                     /gene="ATP6"

                     /codon_start=1

                     /transl_table=2

                     /product="ATPase subunit 6"

                     /protein_id="ADU78212.1"

                     /db_xref="GI:316993306"

                     /translation="MNENLFASFITPSVMGLPIVVTIIMFPSILFPSSERLINNRLHS

                     FQHWLIKLIIKQMMLIHTPKGRTWTLMIVSLIMFIGSTNLLGLLPHTFTPTTQLSMNL
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                     SMAIPLWAGAVLLGFRHKLKSSLAHFLPQGTPISLIPMLIIIETISLFIQPMALAVRL

                     TANITAGHLLMHHIGGATLVLMNISPPTATITFIILLLLTVLEFAVALIQAYVFTLLV

                     SLYLHDNT"

     gene            8590..9373

                     /gene="CO3"

     CDS             8590..9373

                     /gene="CO3"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:9373,aa:TERM)

                     /transl_table=2

                     /product="cytochrome c oxidase subunit 3"

                     /protein_id="ADU78213.1"

                     /db_xref="GI:316993307"

                     /translation="MTHQTHAYHMVNPSPWPLTGAFSALLLTSGLVMWFHYNSTTLLS

                     LGLLANTLTMYQWWRDIIREGTYQGHHTPIVQKGLRYGMILFIVSEVFFFAGFFWAFY

                     HSSLVPTHDLGGCWPPTGITPLNPLEVPLLNTSVLLASGVSITWAHHSLMEGKRNHMN

                     QALLITILLGLYFTILQASEYFETPFSISDGIYGSTFFMATGFHGLHVIIGTSFLIVC

                     LLRQLKFHFTSKHHFGFEAAAWYWHFVDVVWLFLYVSIYWWGS"

     tRNA            9374..9441

                     /product="tRNA-Gly"

     gene            9442..9789

                     /gene="ND3"

     CDS             9442..9789

                     /gene="ND3"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 3"

                     /protein_id="ADU78214.1"

                     /db_xref="GI:316993308"

                     /translation="MNLAIILLINTTLSLILISVAFLLPYMNLYSEKTNPYECGFDPS

                     SSARLPFSMKFFLVAITFLLFDLEIALLLPLPWAIQTTNITTMMTSALILVTILSLGL

                     TYEWTQKGLEWTE"

     tRNA            9791..9858

                     /product="tRNA-Arg"

     gene            9861..10157

                     /gene="ND4L"

     CDS             9861..10157

                     /gene="ND4L"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 4L"

                     /protein_id="ADU78215.1"

                     /db_xref="GI:316993309"

                     /translation="MSSAFINLTLAFTLSLLGTLTFRSHLMSTLLCLEGMMLSLFIMT

                     SMASLNANSMASMPIPITILVFAACEAAVGLALLVKVSNTYGTDYVQNLNLLQC"

     gene            10151..11528

                     /gene="ND4"

     CDS             10151..11528

                     /gene="ND4"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"
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                     /codon_start=1

                     /transl_except=(pos:11528,aa:TERM)

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 4"

                     /protein_id="ADU78216.1"

                     /db_xref="GI:316993310"

                     /translation="MLKIIFPSLMLLPLTWLSKPKMTWTNVTSYSFLISLISLSIMWQ

                     TNETPLNFSTMFSSDPLSTPLIILTTWLLPLMLMASQNHLKKEKTMHQKLYISLLVSL

                     QILLVMTFSATELIMFYILFEATLIPTLIIITRWGNQTERLNAGIYFLFYTLIGSIPL

                     LIALIFMQTSMGTLNFSMLSLMPSPLDSLWSNNILWLACMMAFMIKMPLYGVHLWLPK

                     AHVEAPIAGSMILAAILLKLGSYGMMRIAIMLDPLTKFMAYPFILLSLWGMIMTSSIC

                     LRQTDLKSLIAYSSVSHMALVIASIMIQTPWSFMGATMLMIAHGLTSSLLFCLANSNY

                     ERIHSRTMIMARGLQMIFPLMATWWLVASLTNLALPPSINLIGELFITMSLFSWSNFS

                     IILMGINIIITGMYSMYMIITTQRGKLTSHMNNLQPSHTRELTLMALHIIPLLLLTIS

                     PKFITGLTM"

     tRNA            11529..11595

                     /product="tRNA-His"

     tRNA            11596..11654

                     /product="tRNA-Ser"

                     /note="codons recognized: AGY"

     tRNA            11654..11724

                     /product="tRNA-Leu"

                     /note="codons recognized: CUN"

     gene            11725..13554

                     /gene="ND5"

     CDS             11725..13554

                     /gene="ND5"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 5"

                     /protein_id="ADU78217.1"

                     /db_xref="GI:316993311"

                     /translation="MNTITSSIMAIFIVLLTPILISSTNMLKQINFPLYATMSIKLSF

                     FLSLLPLMMFFYYNTEYMITTWHWMTINSIELTMSFKMDYFSIMFLSVALFVTWSIMQ

                     FSSWYMHSDPHINRFIKYLLLFLITMLILTSANNLFQLFIGWEGVGIMSFLLIGWWFG

                     RSDANTAALQAILYNRIGDIGFILAMTWFCLNMNSWELQQILLTENNNLIPLLGLLIA

                     ATGKSAQFGLHPWLPSAMEGPTPVSALLHSSTMVVAGIFLLVRFHPLTSNNPKILTMM

                     LCLGGLTTLFTAICALTQNDIKKIVAFSTSSQLGLMMVTLGINQPYLAFLHICTHAFF

                     KAMLFMCSGSIIHSLNDEQDIRKMGNMMKTMPFTSSCLTIGSLALTGMPFLTGFYSKD

                     LIIEAMNTCNTNAWALMITLIATSMTAIYSMRIIYFVTMTKPRFPPMILINENDPNLM

                     NPIKRLALGSIMAGFFISYNIPPTNIQILTMPWYLKTTALFISILGFLMALELNNLTL

                     KLSMNKKNLYSSFSTSLGYFPSIIHRIIPNKTLNLSLKTSLNLLDLYWLENSIPKPIS

                     TMHSYASKLLTNQKGLVKLYFLSFFLSILLTVILYIINLEWSQ"

     gene            complement(13532..14050)

                     /gene="ND6"

     CDS             complement(13532..14050)

                     /gene="ND6"

                     /codon_start=1

                     /transl_table=2

                     /product="NADH dehydrogenase subunit 6"

                     /protein_id="ADU78218.1"

                     /db_xref="GI:316993312"

                     /translation="MTNYIFVLRLLFLTGCLGLALKPSPIYGGFGLIMSGFVGCLMVL
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                     GFGGSFLGLMVFLIYLGGMMVVFGYTTAMATEEYPETWGSNWFVFGSLIIGVLMELFF

                     MYLIDYYDGVDVVDFDKLGDWLMYEVDDVGVMLEGGIGVAAMYSCATWMMVVAGWSLF

                     AGIFIIIEITRD"

     tRNA            complement(14051..14119)

                     /product="tRNA-Glu"

     gene            14123..15266

                     /gene="CytB"

     CDS             14123..15266

                     /gene="CytB"

                     /note="TAA stop codon is completed by the addition of 3' A

                     residues to the mRNA"

                     /codon_start=1

                     /transl_except=(pos:15266,aa:TERM)

                     /transl_table=2

                     /product="cytochrome b"

                     /protein_id="ADU78219.1"

                     /db_xref="GI:316993313"

                     /translation="MTNIRKTHPLLKIINHSFIDLPAPSNISSWWNFGSLLGVCLIIQ

                     IVTGLFLAMHYTSDTMTAFSSVTHICRDVNYGWLIRYMHANGASMFFICLFLHVGRGM

                     YYGSYTFMETWNIGVILLFAVMATAFMGYVLPWGQMSFWGATVITNLLPAIPYIGTTL

                     VEWIWGGFSVDKATLTRFFAFHFILPFIIAALAVVHLLFLHETGSNNPTGLNSDADKI

                     PFHPYYTIKDILGIFILVGFLMTLVLFSPDLLGDPDNYMPANPLNTPPHIKPEWYFLF

                     AYAILRSIPNKLGGVLALILSILILALLPFLHTSKQRSLMFRPITQTLYWILVANLLT

                     LTWIGGQPVEHPFVIIGQLASISYFSIILILMPLSGIIEDKILKWNL"

     tRNA            15267..15333

                     /product="tRNA-Thr"

     tRNA            complement(15334..15400)

                     /product="tRNA-Pro"

     D-loop          15401..16266

ORIGIN      

        1 gttaatgtag cttaaataaa gcaaagcact gaaaatgctt agatggattt ttattatccc

       61 ataaacacaa aggtttggtc ctagccttat aattagttgg aggtaagatt acacatgcaa

      121 atgtccataa accagtgtaa aatcccttaa atatttttac aaaatttaag gagagggtat

      181 caagcacata aaatagctta agacaccttg cctagccaca cccccacggg actcagcagt

      241 gataaatatt aagcaatgaa cgaaagtttg actaagctat gcctcttagg gttggtaaat

      301 ttcgtgccag ccaccgcggt catacgatta acccgaacta attactctcg gcgtaaaacg

      361 tgttcactat aaacttacta atagaattaa aattcaactt atatgtaaaa attcattgtt

      421 agaacttaaa ctcaataacg aaagtaattc taataacatt attttacacg atagctaaga

      481 tccaaactgg gattagatac cccactatgc ttagccctaa accttaataa ttagataaca

      541 aaattatttg ccagagaact actagctata gcttaaaact caatggactt ggcggtactt

      601 tatatccatc tagaggagcc tgttctataa tcgataaacc ccgctttacc tcaccatctc

      661 ttgctaattc agcctatata ccgccatctt cagcaaaccc taaaaaggaa taatagtaag

      721 cacaagaaca aacataaaaa cgttaggtca aggtgtagcc aatgagatgg gaagaaatgg

      781 gctacatttt ctttccaaag aacaataacg aaactcttta tgaaattaaa gaacaaagga

      841 ggatttagta gtaaattaag aatagagagc ttaattgaat agagcaatga agtacgcaca

      901 caccgcccgt caccctcctc aaactaaata aatttatata tataaataat ttctaaattg

      961 atatttacta gaggagataa gtcgtaacaa ggtaagcata ctggaaagtg tgcttggaat

     1021 aatcacagtg tagcttaact acaaagcatc tggcctacac ccagaagatt tcatagcaaa

     1081 tgaacacttt gaactaatac tagcccttat attttattaa ttaaattatt ttattatata

     1141 aattaaatca tttaacttat taaaagtatt ggagaaagaa attataagac aggagcaata

     1201 gagtaagtac cgtaagggaa agatgaaaga acaattaaaa gtacaaaaaa gcaaagatta

     1261 taccttgtac cttttgcata atgaattaac tagaaaaaat ttgactaaaa gaatttaagc

     1321 caaatacccc gaaaccaaac gagctaccta agaacaattt tatgaatcaa cccgtctatg
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     1381 ttgcaaaata gtgggaagat tcttaggtag aggtgaaaag cctaacgagc ttggtgatag

     1441 ctggttaccc aaaaaatgaa tttaagttca actttaaact taccaaaaga acaccaaatc

     1501 cacacgtaag tttaaaatat agccaaaaga gggacagctc tttaggaaag gaaataacct

     1561 ttaatagtga ataaacatta aatatttata aaaccattgt aggcctaaaa gcagccacca

     1621 atagagaaag cgttcaagct caacattaat ttttctctaa ttccataaag aataatcaat

     1681 tcctattata aaaattgggt taatctattc atatatagat gagatactgt taatatgagt

     1741 aacaagaata ttattctcca agcacaagtg tataacaact cggatgtcca ttgttagtta

     1801 tcaagtcata gatgaaaact acaaattaaa ctttctaaat actatttgtt agcccaacac

     1861 aggagtgctc taaggaaaga ttaaaagaaa taaaaggaac tcggcaaaca agaaccccgc

     1921 ctgtttacca aaaacatcac ctctagcata aaaagtatta gaggcattgc ctgcccagtg

     1981 actagagttt aacggccgcg gtatcctgac cgtgcaaagg tagcataatc acttgttcct

     2041 taattaggga ctagtatgaa tggctaaacg agggttcaac tgtctcttat ttccaatcag

     2101 tgaaattggc ctttcagtga agagactgaa ataaattaat aagacgagaa gaccctatgg

     2161 agctttaatt tgtcagttta attattacta tttattaacc taatggttta tttatcaata

     2221 acctaaactt aaaatttcgg ttggggtgac ctcggagaaa aaagaatcct ccgaatgatt

     2281 ataacataga cctacaagtc aaagtaaaca accttatctt attgatccaa ttcttttttg

     2341 atcaacggac caagttaccc tagggataac agcgcaatcc tatttaagag ttcatatcga

     2401 caattagggt ttacgacctc gatgttggat caggacatcc caatggtgca gaagctatta

     2461 atggttcgtt tgttcaacga ttaaagtcct acgtgatctg agttcagacc ggagcaatcc

     2521 aggtcggttt ctatctatta acaatttctc ccagtacgaa aggacaagag aaatggggcc

     2581 accttataaa taagcgcccc aaactcaatt tatgaaaaaa tctaaataaa gtaagtacgt

     2641 atatttatag cctagacaag gcaattaggg tggcagagcc aggaaattgc gtaagattta

     2701 aaaccttgtt cccagaggtt caaatcctct ccctaatagt gtattttatt aatattatca

     2761 cactcctagt acctatcctt attgctatag ccttcctgac attagtagaa cgaaaaattt

     2821 taggctatat acaattacgt aaagggccta acgtagtagg cccttatggg gtcctacaac

     2881 catttgcaga tgccttaaaa ctatttatca aagaacccat acgcccctca accacatcca

     2941 tctcactctt tattattgca ccaaccctat cactcacact agcccttagt ctatgaattc

     3001 cactaccaat acctcaccct ctaattaacc taaacttagg tattttattt attctagcta

     3061 catcaagtct ttctgtttat tctattctat gatcaggatg agcatccaac tcaaaatatt

     3121 ccctatttgg tgccctacga gcagtagccc aaacaatttc atacgaagta acaatagcta

     3181 ttatccttct atcagttctg ttaataagtg gctcattctc actacaaaca ctcatctata

     3241 ctcaagaaca tatatgactt attgttccaa cctgacctat ggctataata tgatatatct

     3301 caaccctagc agaaactaac cgagctccat ttgacctaac agaaggggag tcagaattag

     3361 tttcaggctt caatgttgaa tacgctgcag gtccatttgt actattcttc atagccgaat

     3421 acataaatat tattcttatg aatgctctta catctattat tttcctaggt ccaatacata

     3481 aaatttacta cccagaattt tactcaatta actttataac agaaactcta attctatcaa

     3541 caacattttt atgaattcga gcatcatatc cacgctttcg ttacgaccaa cttatacatc

     3601 ttctatgaaa aaacttctta ccactcacac tagcattctg catatgacat atctccttgc

     3661 ctattttcat agcgagtatc ccaccataca tatagaaata tgtctgataa aagagttact

     3721 ttgatagagt aaattataga ggtttaaatc ctcttatttc taggataaca ggaattgaac

     3781 caactcctaa gaattcaaaa ttcttcgtgc taccaataca cttaatccta aatagtaagg

     3841 tcagctaatt aagctatcgg gcccataccc cgaaaacgtt ggtttagatc cttcccgtac

     3901 taatcaaccc tattaccctt attattattt acttaactat tcttataggt ccagtaatta

     3961 ccatatctag cactaacctt ctacttatat gagtaggttt agaacttagc cttctagcaa

     4021 tcattccatt attaattaac aaaaaaaacc cccgatcaac tgaagctgca accaaatatt

     4081 ttgtaaccca agcaacagct tcaataatta ttttactagc tattattcta aactataaac

     4141 aacttggatt atgagtattt caacaacaaa caaacccttt acttcttaac attacactaa

     4201 ttgcactatc aataaaatta ggccttgccc ccttccactt ctgattacca gaagtaacac

     4261 aaggaattca acttcacaca ggactaattc tacttacatg acaaaaaatt gctccactat

     4321 caatattaat tcaaaactac tatctccttg atcataccat cattataatt ttctcaattt

     4381 tatcaatctt tattggagca tgaggtggac ttaaccaaac tcaaatacga aaaattatag

     4441 catattcatc tattgctcac ataggatgaa tattagctat tttaccattt aacccaacta

     4501 taaccctcct aaacttaata atttatatta ttctcacaat tcctatattc cttgtacata
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     4561 tatttaactc atcaacaaca ataaactcaa tttcacttat atgaaacaaa actccaacaa

     4621 ctctaattat aattccacta atccttttat ccctaggagg cttaccccca cttacaggct

     4681 tcctaccaaa atgagccatt attacagaat tattaaaaaa caattgtcta attataacca

     4741 ctataatagc tataatagct cttctaaatc tattctttta tatacgccta atttactcta

     4801 ccacacttac catatttccc actaacaata actcaaaaat attaacccat catacaaacc

     4861 ataaatataa tattatcctt ccatcactta ccattattag cacactgata cttcctctct

     4921 caccacaact catcatttag aagtttagga tatttatagt ccaagagcct tcaaagccct

     4981 aagaaaacga acaagtttaa cttctgctaa ggactgtaag actacttctc acatctattg

     5041 aatgcaaatc aattgcttta attaagctaa gacctcacta gattggtagg aatcaaacct

     5101 acgaaatttt agttaacagc taaataccct acttctggct tcaatctact tctcccgcct

     5161 atcagaaaag gggcgggaga agccttagta gaatattatc tacaccttcg aatttgcaat

     5221 tcgacatgac taacacctta agacttggta aaaagaggac ttaaacctct gtatttagat

     5281 ttacagtcta atgcttactc agccatttta cctatgttca ttaaccgttg attattctca

     5341 accaatcata aagacattgg cacattatat ctcctattcg gcgcttgagc tggaatagta

     5401 ggaaccgcat taagtatttt aatccgagcc gaactaggac aacccggcgc acttttagga

     5461 gatgaccaaa tctataatgt cattgtcact gcccatgcat ttgttataat tttctttata

     5521 gttataccaa taataattgg aggcttcgga aactgactag taccactaat aattggagcc

     5581 ccagacatag catttccacg aataaacaat ataagctttt gacttttacc accatcattt

     5641 ctactcctac tagcatcctc tgtagtagaa gcaggagcag gaactggatg gacagtttac

     5701 ccaccactag caggaaactt agctcacgct ggagcatcag tagacttaac aattttctct

     5761 cttcatttgg ctggggtctc ttcaatctta ggagctatta actttattac aactattatt

     5821 aatataaaac cacctgccat aactcaatat caaacaccat tattcgtctg atcagtgtta

     5881 attacagctg tcctgctttt attatcactc ccagtactag cagcaggaat tacaatactg

     5941 ttaaccgacc gcaatcttaa tacaaccttt tttgatcctg caggaggtgg agacccaatt

     6001 ctctatcaac acctattctg attctttggt caccctgaag tttatattct tattttacca

     6061 ggattcggaa ttatttccca tgtagttact tactactctg gaaaaaaaga accatttggc

     6121 tatataggaa tagtttgagc cataatgtca attggtttcc taggatttat tgtatgagcc

     6181 catcatatat ttacagtagg cttagatgta gacacacgag cttacttcac atctgccaca

     6241 ataattattg ctatcccaac aggtgtcaaa gtatttagct gacttgcaac actacacgga

     6301 ggtaatatta aatgatcccc agctatatta tgagccctag gctttatctt cttatttaca

     6361 gtaggaggac taactggaat tgttctatca aactctccac tagatattgt actccacgac

     6421 acatactatg tagtagcaca tttccactat gtcttatcca taggagcagt attcgctatt

     6481 atagctggat tcgttcactg atttccacta tttacaggct acactctaga cgatatatga

     6541 gcaaaaactc actttgccat tatatttgta ggagttaaca taacattttt tcctcaacat

     6601 ttcctaggac tatcaggaat accacgacga tactcagact acccagatgc ctatactaca

     6661 tgaaacacag tgtcatctat aggatcattc atctccctaa cagccgttct tctaataatt

     6721 tttataattt gagaagcatt tgcctcaaaa cgagaagtac taacagtaac atactcctca

     6781 accaacctag aatgacttca cggctgccca ccaccttacc atacattcga agaaccttca

     6841 tatgttaaag taaaataaga aaggaaggaa tcgaaccccc taaaattggt ttcaagccaa

     6901 ccccataacc tctatgtctt tctcaatgag atattagtaa aataattacg taaccttgtc

     6961 aaggttaaat tatagactaa aatctatata tcttatatgg cttatccatt tcaattaggc

     7021 ttacaagatg ccacatcccc tattatagaa gaactgataa actttcatga ccacacacta

     7081 ataattgttt tccttattag ttccctagta ctatatatta tttcacttat attaacaaca

     7141 aaacttacac acacaagtac catagatgcc caagaagttg aaactatttg aaccatttta

     7201 ccagcagtaa ttcttatttt aattgccctc ccctcactac gaattctata tataatagat

     7261 gaaattaata accctgtatt aacagtaaag actataggtc atcaatgata ctgaagctat

     7321 gagtacactg actatgaaga cctatgcttt gattcctata taatcccaac aaacgatcta

     7381 aaaccaggtg acttacgact actagaagta gataatcgag tagtactacc aatagaacta

     7441 ccaatccgaa tactaatttc atctgaagat gtacttcact catgagctgt tccctcacta

     7501 ggactaaaaa ctgacgctat cccaggacga ttaaatcaag caacagtaac atctaatcgc

     7561 ccaggcctat tttacggtca atgctcagaa atttgcgggt ctaaccacag ctttatacct

     7621 attgtcctag agatagtgcc acttaaacat tttgaaaatt gatcagcctc aataatttag

     7681 tttcattatg aagcttagag cgttaacctt ttaagttaaa gttagagacc ttaaatctcc
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     7741 atagtgatat gccacaacta gacacatcca catgatttat tactattatc tcatctatgg

     7801 ctacactatt tgtcctattt caacttaaaa tttcttcaca atcattccca acccctcctt

     7861 ctcccaagac tttctctact caaaaaacaa aaaacccttg agaatcaaaa tgaacgaaaa

     7921 tctatttgcc tctttcatca ccccttcagt aataggatta ccaatcgtag tcaccattat

     7981 catatttcca tctattctat ttccatcatc agaacgttta attaacaacc gccttcactc

     8041 attccaacat tgactaatta aacttattat taaacaaata atattaattc atacaccaaa

     8101 aggacgtacc tgaaccttaa taattgtttc cttaattata tttattggct caacaaacct

     8161 actaggtctt ctccctcata cattcacacc tactactcaa ctatcaataa accttagtat

     8221 agcaattcca ctatgagcag gagccgtact actaggattt cgtcataaac taaaaagctc

     8281 tctagcccac tttcttccac aaggaacacc aatctcacta atcccaatac tcattattat

     8341 tgaaacaatt agcctattta tccaacctat agcccttgca gtacgattaa cagccaacat

     8401 caccgcagga cacttactta tgcatcatat tggaggagca actttagtcc ttataaacat

     8461 tagcccacca actgctacta ttacatttat tattcttctc cttcttacag tactagaatt

     8521 tgctgtagcc ttaattcaag catatgtatt tactttacta gtaagccttt atttacatga

     8581 taacacataa tgacacacca aacccatgca tatcatatag ttaacccaag tccatgacca

     8641 ctaacaggag ctttttcagc tcttcttcta acatccggat tagtaatatg atttcactac

     8701 aactcaacta cactattatc tctaggactc ttagccaata ctcttactat atatcaatga

     8761 tgacgagata ttatccgtga aggaacctac caaggccatc acactcctat tgtacaaaaa

     8821 ggcttacgat atggaataat cttgtttatc gtctccgaag tattcttctt cgcaggcttc

     8881 ttctgagcct tttaccactc aagcctagta ccaacacacg atttaggagg ctgctgacca

     8941 ccaacaggaa ttaccccact taatccacta gaagttccac tattaaatac atcagttcta

     9001 ctagcatcag gtgtttcaat tacatgagct catcacagcc taatagaagg aaaacgaaac

     9061 catataaatc aagccctatt aattactatt ctgctaggac tttattttac tattcttcaa

     9121 gcctcagaat attttgaaac tcctttctct atctcagacg gaatttacgg ctccactttc

     9181 tttatagcaa caggatttca tggattacat gtaatcattg gaacctcctt tctaattgta

     9241 tgcctcttac gacaattaaa gtttcatttt acatcaaaac atcacttcgg atttgaagca

     9301 gcagcatgat actgacactt tgtagacgta gtctgactat tcctttacgt ttccatctat

     9361 tgatgaggat cttattctct tagtataatt aatataactg acttccaatt agtagattct

     9421 gaaaataatc agaagagaat aataaattta gcaattattt tacttatcaa tactacacta

     9481 tcactaattc taatctcagt agcattctta ctcccctaca taaatttata ttcagaaaaa

     9541 acaaatccat acgaatgtgg atttgatcct tcaagctctg cccgcctacc attttcaata

     9601 aaatttttcc tagtggctat tacattcctc ttatttgatt tagaaattgc tcttctgctc

     9661 ccacttccat gagcaattca aacaaccaac attactacta taataacctc agccttaatc

     9721 ttagtaacta tcttatcatt aggactaacc tacgaatgaa ctcaaaaagg acttgaatga

     9781 acagaataat tggtaattag tttaaataaa attaatgatt tcgactcatt agattatgat

     9841 ttcactcata attaccaaaa atgtcatctg cctttattaa tctcacatta gcctttacat

     9901 tgtctttatt aggaaccctc acattccgct ctcacctaat atccaccctt ctatgcttag

     9961 aaggaataat actatcctta tttatcataa cctcaatagc ctccttaaac gctaactcaa

    10021 tagcatcaat gcctatccca attaccattc tagtgtttgc agcatgtgaa gcagcagtag

    10081 gtttggccct attagttaaa gtatctaaca cctacggcac tgactatgta caaaatctta

    10141 atttactaca atgctaaaaa ttatttttcc atcattaata cttctcccac tgacatgact

    10201 ttcaaaacca aaaataacct gaaccaatgt aacttcttac agcttcctaa ttagcttaat

    10261 tagtctctca attatatgac aaacaaacga aacccctcta aacttctcaa ctatattctc

    10321 ctctgaccct ctatcgaccc cactaattat tttaacaacc tggcttctac ccttaatatt

    10381 aatagcaagt caaaatcacc taaaaaaaga aaaaactatg caccaaaaac tctatatctc

    10441 cctactagtt agcctacaaa ttctactagt aataacattc tcagcaactg aactaattat

    10501 attctatatc ctatttgaag ccactctaat tcctacgcta attattatta cacgatgggg

    10561 taatcaaaca gaacgattaa atgcaggaat ttacttctta ttttatacac ttattggctc

    10621 aatcccactt ttaattgcct taatttttat gcaaacctct ataggaacat taaacttttc

    10681 tatgctatca cttatgccca gtcctttaga ttctttatga tctaacaata tcttatgact

    10741 agcatgcata atagcattta taattaaaat accactatac ggtgtccacc tctgactacc

    10801 aaaagcccat gttgaagcac caattgcagg ctctataatt ctagcagcta ttctactaaa

    10861 gttaggaagt tatggtataa tacgaattgc cattatacta gatcccttaa ctaaatttat
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    10921 agcttatcct ttcattttat tatcattatg aggaataatt ataacaagtt caatctgctt

    10981 acgccaaaca gacctaaaat cactaatcgc atactcttca gttagccata tagccctagt

    11041 cattgcatca atcataatcc aaaccccctg aagctttata ggagctacaa tactgataat

    11101 tgcccatggc ttaacttcat cactcctatt ctgtctggca aactcaaact atgaacgaat

    11161 tcacagccga actataatta tggcccgagg tcttcaaata atcttcccac tcatggcaac

    11221 ctgatgactt gtagcaagct taaccaacct agctttacca ccatcaatta acctcattgg

    11281 agaattattt atcactatat cactattctc ttgatctaat ttttctatta ttcttatggg

    11341 aattaacatt atcattacag gaatatactc aatatatata attattacaa cccaacgagg

    11401 aaaactaact agccatataa ataaccttca accttcacac acacgagaac taacacttat

    11461 agctctacat attatcccgc ttctcctctt aacaattagc ccaaaattta ttacaggctt

    11521 aacaatatgt aaatatagtt tacaaaaaca ttagactgtg aatctaaaaa caggaattaa

    11581 tactccttat ttaccaagaa agaatgcaag aactgctaac tcatgcctcc atgtttaaac

    11641 acatggcttt cttactttta taggataaaa gtaatccatt ggtcttagga accaaaaaca

    11701 ttggtgcaaa tccaaataaa agtaataaac actattacat cttccatcat agcaattttt

    11761 attgttctac tcacgcccat cctaatttct tcaactaata tattaaaaca aatcaatttt

    11821 ccgctatacg ctacaatatc catcaaactc tcattttttc tcagtcttct cccactaata

    11881 atattttttt actataatac agaatatata attacaactt gacactgaat aacaatcaac

    11941 tctatcgagc taactatgag cttcaaaata gattatttct caattatatt tttatcagtg

    12001 gccctcttcg tgacatgatc tattatacaa ttttcttcat gatatataca ctcagatcct

    12061 cacattaatc gatttattaa gtacctacta ttatttctga ttactatatt aattctaacc

    12121 tcagctaaca acttatttca actatttatt gggtgagaag gagtaggaat tatatccttt

    12181 cttctaattg gctgatgatt tggacgatca gacgcaaata cagcagccct gcaagcaatt

    12241 ttatataacc gaatcggaga catcggattt attttagcca taacatgatt ctgcctaaat

    12301 ataaactctt gagaacttca acaaatttta ttaaccgaaa ataataacct aattccactt

    12361 ctaggactac taattgcagc aacaggtaaa tcagctcaat ttggtcttca cccatgacta

    12421 ccctccgcta tagaaggacc aacaccagtt tcagctctac tgcattcaag cacaatagta

    12481 gtagcaggca tttttctact agtacgattt catcccctca cctcaaacaa cccaaaaatc

    12541 cttacaataa tgttatgtct tggaggactc actaccctat ttaccgctat ctgcgccctc

    12601 acacaaaatg atattaaaaa aatcgtagca ttctctacat caagccaact aggcctaata

    12661 atagtgacac taggtattaa ccaaccatat ttagccttcc tacatatctg cacacacgca

    12721 ttcttcaaag ccatactttt catgtgctcc ggatcaatca ttcacagcct taatgatgaa

    12781 caagacattc gcaaaatagg aaacataata aaaaccatac cattcacatc atcctgctta

    12841 acaatcggaa gccttgctct cacaggaata ccattcctaa caggctttta ttcaaaagac

    12901 ctcatcattg aagccataaa cacctgtaat accaacgcct gagccctaat aattacacta

    12961 atcgccacat ccataacagc tatttacagc atacgaatca tctacttcgt cacaatgaca

    13021 aaaccacgat tcccaccaat aatcttaatt aacgaaaacg accccaacct tataaatcct

    13081 attaaacgac tagcactagg aagcattata gctggattct ttatctctta caatattcca

    13141 ccaaccaata tccaaatcct tactatacca tgatatttaa aaaccacagc actattcatt

    13201 tctattttag gattcctaat agccttagaa ttaaacaatc tcacactcaa actttctata

    13261 aacaaaaaaa atctatactc ctcattttca acatcactag gctacttccc atcaattatt

    13321 caccgaatta ttcccaacaa aacactaaac ctaagtttaa aaacatcatt aaatctccta

    13381 gacctctatt gattagaaaa ttcaattcca aaacccatct caacaataca ttcctatgca

    13441 tctaaattat taactaacca aaaaggacta gtcaaattat atttcctatc tttttttctt

    13501 tccatcttat taacagttat tctatatatt attaatctcg agtgatctca ataataataa

    13561 aaattcccgc aaataaagat caaccagcca ctaccatcat tcaagtagca caactgtata

    13621 ttgccgcaac tccaataccg ccctccaata ttacaccaac atcatcaacc tcatacatta

    13681 gtcaatcacc caacttatca aaatcaacta catctacccc atcataatag tcaattaaat

    13741 atataaaaaa caactctatt aacactccaa taattaaaga accaaaaaca aatcaattag

    13801 accctcaagt ttctggatac tcctcagtag ctatagcagt agtataacca aataccacca

    13861 tcataccacc taagtaaatt aaaaacacta ttaaacctaa aaatgatcca ccaaacccta

    13921 acaccataag acaacctaca aacccgctca taattaaacc aaacccacca taaataggag

    13981 aaggctttaa agccaacccc agacacccag ttaaaaataa taaacgtaaa acaaaaatat

    14041 aattagtcat tatttccaca cagcatttaa ctgtgactaa tgacatgaaa aatcatcgtt
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    14101 gtaattcaac tatagaaact aaatgacaaa catccgaaaa acacatccac tactaaaaat

    14161 tattaatcac tctttcatcg acttacccgc tccatctaat atttcatctt gatggaactt

    14221 tggctcccta ctaggtgtct gcctaattat tcaaatcgtt acaggcttat tcttagctat

    14281 acactacact tcagatacaa taacagcatt ttcatcagta acacatattt gtcgagacgt

    14341 aaattacggc tgactaattc gatatataca cgcaaacgga gcctcaatat ttttcatctg

    14401 cttgtttctt catgtaggac gaggaatata ctacggatca tatacattta tagaaacatg

    14461 aaacattgga gttattttac tatttgcagt aatagccaca gcattcatag gttatgttct

    14521 cccatgaggg caaatatcct tttgaggagc aacagtaatt acaaacctcc ttccagcaat

    14581 tccctacatc ggaaccaccc tagtagaatg aatctgaggg ggcttctcag tcgataaggc

    14641 tactctaaca cgcttcttcg ctttccactt tattcttcca ttcattattg cagctctagc

    14701 agttgttcac ctgcttttcc tccacgaaac aggctcaaac aatccaacag gcctaaactc

    14761 agacgctgat aaaattccat tccacccata ctacacaatt aaagacatcc taggtatttt

    14821 cattctagtg ggatttctaa taaccttagt tctattctcc ccagatcttc taggagaccc

    14881 agacaactat ataccagcaa atccactcaa tactccccca cacattaaac cagaatgata

    14941 tttcttattt gcctatgcaa ttctacgctc aattccaaac aaactaggag gagtactagc

    15001 cctaatcctc tcaattttaa ttctagctct actaccattc cttcacactt caaaacaacg

    15061 aagcctaata tttcgtccta tcacccaaac actatactga atcctagtag ctaatcttct

    15121 taccctcacc tgaattggag gccaaccagt tgaacatcca tttgtaatta ttggccaact

    15181 agcctcaatt agctatttct ccattattct tatcctcata ccactatcag gtatcattga

    15241 agataaaatc ctaaaatgaa atctatgccc cgatagtata aacattactc tggtcttgta

    15301 aaccaaaaat gaaaaactac ttttctcagg gcatcaagaa gaaggagtgt ctccccacca

    15361 tcagcaccca aagctgatat tctcattaaa ctacttcttg tgtacataaa attacatagt

    15421 acattcatac atctatgtat aaagtacatt aaattatttc cccctagcat ataagcaagt

    15481 atattaaatc aatgtatcaa gacattacaa acaatcgtac attaattata tccctcatgt

    15541 ctatcaaaca catacataaa attaatgtaa taaagacata tctgcgttat catacataca

    15601 ccattaagtc ataaaccttt ctcttccata tgactatccc cttccacatt ttgtctatat

    15661 ttctaccatc ctccgtgaaa ccaacaaccc gcccacctat gcccctcttc tcgctccggg

    15721 cccatttaac ttgggggtag ctacacatga attttatcag acatctggtt cttacttcag

    15781 ggccatcaaa tgcgttatcg cccatacgtt ccccttaaat aagacatctc gatggtacgg

    15841 gtctaatcag ccaagacggt cataactgtg gtctcgagca gttggtattt ttttattttt

    15901 aggatgctgt gactcaacat agccgtcaag gcatgaaggt cagcccatca tgtagctgga

    15961 cttcaagtta aggatcattt atccacataa accaatcatc taagactatt tattaatgct

    16021 tgttagacat aacacattta attaacttaa cttctactta atcaaacccc ctccccccaa

    16081 aaaatccttc aatgccaaac cccaaaaatc attaaaagat ttaactttaa ttttataagt

    16141 ataattctat tctagtagtt cataaaacta gactcacatt ttagtatctg tcaaattttt

    16201 attaaaatta ttttaaattg tcaaaaactt acctcaccta aatcttctaa tattaatttg

    16261 tactaa
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감사의 글

박사학위를 받기까지 저를 도와주시고,응원해주신 많은 분들에게 감사를 드

립니다.우선 살아계셨다면 가장 크게 기뻐하셨을 아버님,늘 저를 믿어주시고

응원해주신 어머님께 감사드리며,하나뿐인 동생 종철이에게도 고맙다는 말을 전

하고 싶습니다.그리고,잦은 야근에도 불구하고 항상 걱정해주고 격려해 준 아

내와 많이 놀아주지 못해 항상 미안한 우리 딸들 유진,유현에게 고맙고 미안한

마음을 전합니다.또한,일을 핑계로 집안일에 소홀한 저를 대신해 제 아내와 두

딸을 많이 보살펴주신 장인 장모님께도 감사의 말씀을 전하며,공부하느라 바쁜

와중에도 누나의 일이라면 항상 적극적으로 도와주는 처남 웅이에게도 고맙다는

말을 전합니다.

석사과정에서부터 부족한 저를 이끌어주시고 박사학위를 받을 수 있도록 항상

저를 응원해주시고 지도해주신 김세재 교수님과 연구를 진행하는데 큰 도움을

주신 오홍식 교수님께 무한한 감사를 드립니다.뿐만 아니라,지난 수년간 저에

게 많은 것을 가르쳐주시고,이 자리까지 올 수 있도록 음양으로 적극 지원해주

신 정용환 소장님과 평소 일에 치여 지내면서도 어려움이 있을 때마다 항상 도

움을 주시는 박수영 부장님,연구방향 및 결과 분석에 많은 도움을 주신 선배 한

상현 박사님께 진심으로 감사를 드립니다.

현재 몸담고 있는 생물종다양성연구소에서 같이 근무하고 있는 바이오기술개

발부의 고미희 박사님,원종이형,영민이에게도 감사의 마음을 전하고 싶습니다.

그리고,항상 성실한 자세로 맡은 업무에 최선을 다하는 모습이 믿음직한 전형식

형님께도 감사의 말을 전하며,곤충연구에 연구소 업무에 정신없이 지내는 경식

이,지금은 퇴사했지만 그 동안 많은 고생을 함께 했던 지영이와 정아,그리고

현재 연구소에서 각 분야 업무에 충실히 매진하고 있는 동료 연구원들에게도 고

맙다는 말을 전합니다.

학부시절부터 시간이 날 때면 서로의 넋두리를 들어주고 서로에 대한 조언을

아끼지 않았던 후배 강성일 박사,석사과정에 있을 때부터 같이 실험실 생활을

해왔던 박사과정 혜선이와 현재 열심히 연구에 매진하고 있는 정환이,승우,선
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아에게도 감사의 말을 전함과 동시에 앞으로 좋은 연구 성과를 기대합니다.그리

고,자주 모이지는 못 하지만 오랜 친구들 성하,효진,길홍,종석,정석,후영,세

미,희선,은정이에게도 그 동안 힘이 돼주어 고맙다는 말을 전하고 싶습니다.

마지막으로 지면을 통해 일일이 언급을 하지 못했지만 그 동안 저를 아끼고

사랑해주신 분들께 다시 한 번 진심으로 감사를 드립니다.
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