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OepioTokANng MavvouAng
2018

“H ouuBoAn Tou piIToxovdpiakoUu mtDNA otnv €E§€AIEN:
napadsiyyara ano aypia Kai oikooita {wa”

“ AidakTopikn Alatpipn, MavemoTnuio ®sooaliag”

ApLlOUOG TIPOKATAPKTIKWV oeAidwV: 10
SUVOALKOG AplOUOG ZeAidwy: 262

AplBuog Mvakwyv: 1

AplBuoég Elkdovwv: 13

AplBuoég Mapaptnuatwy: 0

Ap1Budg BiBAloypadikwv Maparopnwyv: 708
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NepiAnyn

To uttoxovdplo eivat éva nuiavtévopo opyaviblo tou omoiou n kUpLa Aettoupyia
elvat n mapaywyn ATP péow tng oeldwtikng pwodopuliwong (OXPHOS), xpnolponolwvtag
™V nAektpoxnuikn PBabuibwon twv mpwrtoviwv otlg duo mAeupég tng peUPpavng. H
ofeldwtik dwodopuliwon TpaypoTomoleital  amlé  TEVIE  €VIUULKA  CUMTTAOKQL:
ofeldoavaywyaon tou NADH, avaywydon tou nAektpwkol, ofelboavaywydon Tou
KUTOXPWHATOG ¢, ofeldAon tou Kutoxpwpatog ¢ kat ATP cuvBdon. OAa ta eviupLKa
OUUTITAOKQ ATTOTEAOUVTAL OO UTIOROVASEG TTIOU KWHLKOTIOLOUVTAL TOCGO OO TO ULTOXOVOPLAKO
000 Kal oo 1o upnvikd DNA, ektdg amod to cupmnAoko |l to onoio amoteAeitat €§ oAokApou
and mpwteiveg mou Kwdlkomolouvtal amo Tupnvika yovidia. H kaAn ocuvepyooia twv
TPWTEIVWV ToU Ttpogpxovtal amd ta duo autd SladopeTikd yovidlwpata gival {WTIKAG
onpaociag yla TNV mapaywyn evépyelag kat tTnv empiwon tou kuttdpou. H cuvepyaola,
Aounov, twv Vo Eexwplotwy yovidlwudtwy daivetal va eivatl {wTKAG onuooiag yla To
KOTtapo. To ptoxovoplakd DNA KaTEXEL UEPLKA HOVOASIKA XOPAKTNPLOTIKA TOL Omoia To
KAvouv va Sladépel amo 1o mupnvikd yovidiwpa. Mapouctdlel AmOKAELOTIKA MNTPLKNA
kAnpovopnon, amouctdlouv ol emdlopbwtikol pnxaviopol OmMwg Kol o OuOAoyog
avaouvVOUOONOG, avilypddeTtal OoUTOVOUR Kal €lval ekteBluévo oe éva  Slaitepa
petaAlaéLyovo meptBariov, To onoio replexel eEAeUBepeg pileg o&uydvou (ROS). OAa autd ta
XOPAKTNPLOTIKA CUUPBAANOUV oTo va epdavilel TaxUtepn €EEAEN O OXEON LE TO TIUPNVLKO
yovibiwpa, and 10 €wg xAadeg dopeg oe pePLKOUG opyaviopoUG.H guddvion, Aoutodv,
oloéva kal aufavopevwyv petaldéewv oto mtDNA auvfdvouv kot tnv euddavion un
OUVWVUHWV MeTaAAAewyY oOTIG Tpwteiveg mou kwdikomolel, oL omoieg evdéxetal va
ennpedlouv TNV tpLodldotatn Slapopdwon Toug aAAd KoL TNV CUVEPYACLO TOUG UE TIG
umolouneg  TPWTEive Twv ouPMAOKwv, Blaltepa av  cupPaivouv  ota  onueia
oAANAemidpaong MpeTAU Twv TMPWTEIiVWY. MNa TNV QVIETWTILON TETOLWV (ALVOUEVWVY
«acuppatotntag» otnv oaAAnAenidpacn twv TPpwieivwy €xeL mpotabel To UOVIEAO TNG
CUUMPOCAPHOYNG. ZUUPwVa LE QUTO TO HOVTIEAO, Ol MPWIEiveG mou cuvepyalovtal Kot
kwdlkomolouvtal oo ta Suo auTtd SLadopeTIKA yoviSlwpata paiveTol va €XoUV TaPOOLOUG
e€eAKTIKOUG puBLOUG.

MéexpL ta TEAN NG Tponyoupevng Sekaetiag, to pitoxovdplakd DNA Bewpolvtav
ETUAEKTIKA oLOETEPO, dnAadn OtL n dpuotkn emhoyn & Spa otoug moAupopdLopous Tou
mMtDNA kot emopévwg dev emnpedletal n appootikotnta (fitness) Tou opyaviopol amod Tig
HETAAAAEELG aUTEG. To pitoxovoplako DNA be Bewpeital mAéov eMIAEKTIKA OUBETEPO, Kall
Bewpeital otL n emhoyn Spa ot HETOAAAEELG TTou emnpedlouv TNV BLwWoLLOTNTA TOU
opyaviopoU. AOyw TNG UNTPLKAG KAnpovounong tou, ExeL mapatnpnBel 0tL n emtloyn 6pa ota
OnAukd dtopa mapd ot apoevikd, Ta omoia &g petafLBdlouv TO ULTOXOVEPLAKO TOUG
yovibiwpa otoug anoyovoug. Etot, emiBAafeig petaAAdaéelg mou epdavilovial ota apoeVIKA
atopa Sev eMAEyovVTaAL QPVNTIKA Kol EMNPEAIOUV TOOO TN PBLWOLUOTNTA TWV OPCEVIKWY
QTOMWYV, 00O KAL TN YOVLLOTNTA TOUG, EVW HETAANAEELG TTOU emnpedlouv TNV mapaywyn ATP
oTa pLTtoxovépla dpaivetal va €Xouv LEYAAUTEPO AVTIKTUTIO OTA OTIEPUATOLWAPLA TIOU EXOUV
copws HEYOAUTEPEG EVEPYELOKEG AVAYKEG OO TO waApLo. H kAnpovounon kat datipnon
Tétolwv eMPAaBwv peTaAdéewv ota apoevika dtopa avadépetat otn BLBAoypadia Kot wg
« To GALVOUEVO TNG KATApAg TNG KNTEPag» (mother’s curse effect). Méow tng Stadikaciog
™G PUOLKNG ETUAOYNG KaL TNG YEVETIKAG TtapEKALonG, ol aAlomdtplot mAnBuaopol daivetal va
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QTOKALVOUV YEVETIKA Kal va GTAVOUV UEXPL TNV avamoapaywylkny acupfatdétnta. Adyw tng
TaxVtepng €€EAENG Tou pLtoxovdplakol YovISLWHUATOG OE OXEON E TO TWUPNVLKO, O
SlamAnBuoplakog uBpldlopdg daivetal va omOTUYXAVEL AOYyW TNG  MLTOXOVOPLOKNAG
SduoAettoupyiag twv uPpLSiwv. To povtéAo Tou €xel mpotabel yla va meplypdPeL auth tnv
HELWMEVN BlwolpdtnTa Twv UBPLSLwY lval ywwotd Kol w¢ To HOVTEAO TNG acuppfatotntag
Twv Dobzhansky kot Muller kat meplapfdavel moAAamAoUG yeVETIKOUG TOTOUG. MEXpL
ONUEPQ, UTIAPXOUV OPKETEG UEAETEC TIOU €VTIOTII{OUV OTO MLITOXOVOPLOKO yovibiwpa tnv
aocupBatétnTa PLeETAU AMOUAKPUOUEVWY TANBUCUWY TIOU €XEL WG ATIOTEAECHA TNV XAUNAR
Biwotpotnta twv uPpLdiwv.

Itnv mopovoa SlatplPry, HEAETAONKAV OL ETUAEKTIKEG TILECELG TIOU ALOKOUVTAL OTO
eninedo tou pitoxovdplakol DNA oto €ido¢ tou Eupwmnaikol Aayou (Lepus europaeus)
KaBwg KoL 0 CUYYeVIKA €16n Aayouopdwv kabBwg kal Ta mpotuna dtadopomnoinong twv
HLTOXOVOPLOKWY YOVISLWHATWY avapeoa otlg Suo yevealoyieg tou eiboug, tng Eupwmnaikig
Kall TNG AVATOALKNG. 2T CUVEXELQ, LE TN Xpron dedopévwy and avaluon Letaypadwpatog,
TipoobLoploTnKe N eMidpacn TG CUUTPOCAPUOYNG OTN YEVETIKA Stadopomoinon Kat Twv duo
yoviSlwudtwy, tou pitoxovdplakol Kal Tou Tupnvikol Kkat Ldlaitepa ota yovidia mou
Kw&LKOTIOLOUV yLla TIG TPELG PaoLkEG Slepyaoieg mapaywyng EVEPYELOG TOU KUTTAPOU, TNV
YAukOAuon, tov kKUKAo Tou Krebs kat tnv oéeldwtikn pwodopuliwon. Ta amoteAéopata mou
npoékuPav, téco oe SlamAnBuoplako 6co kot o Slaeldiko emnimedo, cupdwvolLv Pe Ta
TIPOTUTIO. CUUITPOCAPHOYNG Twv aAAnAeridpoviwy yovidiwv mou yaptoypadoulvtal o€
Sladopetikda yoviblwpata, KabBw¢ ta yovidia tou Tuprva Tou KwdLlKomoloUv yla T
oUUAoKa TNG o&eLbWTIKAG dwaodopudiwong paivetal va epdavitouv blaitepa auénueévoug
e€eAktikolG puBbpolg, oL omolol Tpooeyyilouv TOUG avTioToloUG PUBUOUG Twv
pLtoxovopLakwy yovidiwv. TEAog, xpnotpomnolfnkav upnvikot kot pitoxovdplakol Seikteg
yla TNV eKTinon tng mAnBuoutakng Sopng tou mMAnBuopoL tng uBpLSLaKkAG Lwvng Tou €idoug
Tou Eupwmatkol Aayou mou evtomnietal otn BopeloavatoAikr) EAAada kat tn BouAyapia kat
va TPocdloploTOUV OL TAPAYOVIEC TIOU e€MnPeAlouv T TPOTUTA YOVLSLOKNAG PONG Tou
eudavifovtal avapeoa otig SUO yeVEQAOYLEG.
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EuxapioTieg

To va ypdyei¢ To €MIOTNHOVIKO KOUHATI evdg 010aKkTopIkoU TeAIkA dev gival To Tio dUoKoAo
KoUpdTI. Ta TeipdpaTta Ta yvwpileic yiaTi Ta €XeI¢ KAvel, Ta amoTeAéopuaTa yiaTi Ao kai KATou
Ta éxei¢ mapouaidoel, Th PipAioypagia iowg(?) kdmoia oTiypu Kai va tn didpacec. TTéoo
gUKoAo, OHWC, €ival va AMOTUTTWOEIC TG avBpWwTIveG axE0EIC TTOU KpdTdve Xpovia de Hid
ocAida xapTi?

IMa mdape (Aivo)...

‘Hrav OkTWwppioc Tou 2006 6Tav KOVTpa oTa TpoyvwaTikd eméAea To EpyaoThpio MeveTIkKAG
yid va KAvw TnvV TIPOTITUXIAKA Hou S1aTpIPh Kal Twpd, HepIkA HOAIC Xpovia HETA TpooTtadOw va
TPooO£ow To TPiTO, KAl TEAEUTAIO, TTTUXiO 0Th OUAAOYA. ‘Eva peydAo euxapiotw otov, TTpUTavn
mAéov, Zhon MapoUph, yid Thv UTTOPOVA TOU, TIC OUM POUAEC Tou, Thv kaBodhnynon kai Tnv
oThpIEA Tou 6Aa auTtd Ta xpovia. MNa 6Aa 60a (hoape Kai diapdpPwWaav To XapadkTAPd HAG Kdal
To XapakThpa Tou Epyaotnpiou MAZ. Tia 0Aeg TIC QopEC TToU cixape Hia diapwvia, h oToid
TAVTA KATEANYE OTO va He KAvel KAAUTepo, WATe va UTTOpW va opOwvw TOo avdoThua Hou,
emoTnUovikd Kai ox1. Kai yia TI¢ HepIKEC YopEC TTOU TA €imape &v HEOW TOITTOUPWYV KAl
HOUTIKOXO0PEUTIKWY BeapdTwy...

Madi pe Tov KaBnyntn, Ba nBeAa va euxaploTAOW Kai TOUG ETTIGTAHOVIKOUC TOU KYOVEIC», TOUG
Bernard kai Anne-Marie Dutrillaux, o1 omoiol épaAav To AIBapdki ToUG OThV ETTIOCTNUOVIKA
Hou Topeia.

Oa hBeAa emiong va euxapioThow: Thv Emikoupo KaBnyhtpia, Avva-Mapia Yappd, yvia Tn
ponBeia Tng oe 0An Tn didpkeia Tou 810AKTOPIKOU HOU Kdl Yid TIC TTOAUTIHEC OUHPOUAEC TToU
TavTa gixe yia péva. Tov KaBnynti XapdAapmo MTtiAAivh, yid Th CUUHETOXN TOU OTNV €QTAHEAN
Hou eTITPOTIA KABWC Kal yid TIC oUVEPYATieC TOU gixape 0Ad auTd Ta xpovia. Tov Kabnynth
Zaxapia ZKkoUpd, yid Th CUUHETOXN TOU OTNV €QTAHEAR ETITPOTIA Kal Yid Td Xphoida axoAia
kal umrodeifeic mou Ba PeATiwWooUV To Keipevo TTou akoAouBei. Tov AvamAnpwth Kabnynth
TTavreA MTTAyKo, TTOU €TTIONG OUUHETEXEI OTNV EQTAUEAR ETITPOTIA KAl KATéXel pia Béon oc
éva avTiKeigevo To oTroio We ouvapTrdlel 101aiTepa aAAd eipal aképa oTa TPWTA Hou PAUATA,
auTd The BiomAnpoyopikig. EUeATTIOTW N yvwpidia pag Kai h ouvavasTpogh auTh va pou dwoel
Tnv duvaToTNTA va YVWpiow véa TpdyupaTa 181aiTepa XpAoipa.

IdiaiTepeg euxapioTieg via Thv Emikoupo KaBnyntpia, OcoAoyia Zapagidou. H cuppeToxh ThG
othv TpipeAn EmitpoTh cival To AiydTepo Tou éxel kKavel yia péva. H kaBnpepivi pag emagh
Kdl guvepyaaia pe pondnoav va {emepdow O6Aa Ta eumddia, emioThHovVIKA Kal U, H duvapiki
TNG Ttapouadia amoTeAei TPOTUTO Yia péva Kal eATti{w va ouvexiooupe va ekmaideUoupe padi
TIC ETTOPEVEC YEVIEC ETIOTNHOVWY YId APKETA XpOVIA aKOpd.

TeAeutaia, but not least, h AvamAnpwrpia KaBnyhtpia kai Lab Director mAéov, Kartepiva
MouUTou. O1 auppouAéc TG Kail N oTAPIEA ThG 0Ad auTd Ta Xpovia dev amoTuTwveTal e Aé€eIC.
TTavra €ixe Tov TPOTO va pou Jivel KivTPo va yvwpiow Th véa yvwan Kai VEEC eUTTEIpieC,
akoépa Kair av autég agopoucav TIC delydaTtoAnyicg oe pépn kavovikd mou ¢ Ba nBeAa va
EMOKEPTW, OMwe o1 IxOuokaAAiépyeieg, TiIC omoiec AatpeUel. Eixe kai éxer auth Thv
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IKAVOTNTA va He KAvel va uttepPpaivw Tov £auTd Hou Kal va Hou amrodeikvUel 4TI uTopw va mdw
Kal TTapamépd.

Kai TWwpa, o1 avBpwmor ou {hoape kai {oUpe pali 6Ao autd To wpdaio Tagidi:

O KwoTag Ztapdtng. Oa pmopovoa va pn ypdyw Aé€n mapamdvw Kai omoio¢ Eépel Kal To
diapdoel va kataAdPpel Ta mavra. O TpWwToC Yihog TTou €kava oTo EpyaoThpio Kai gixe pia Alan
via kdBe TpopAnua. Oa pumopolos va KAVEl AUTOC ThC €10AYWYA ThG TTAPOUCIiACNC Hou Kai va
ouvexiow, yiaTti Ta 818aKTopIKA Hag cival adepgdkia, Kai TepiTou ouvopnAika. EATICw pia pépa
va Katéxw Wia mapopola Béon pe Tov Kwata otnv avtiAngn Kai T1¢ kapdi€g oAwy.

O TTavayiwTtng Mapaykolidng. ‘HpBape pali 18 xpovuyv, dyvwoTor yeTall ayvwaotwy, améd Tnv
id1a TOAN Kai xTioape pia duvath @iAia. O TpwTog Hou iAo pe di1dakTopikd, xdpale To dpopo.
ATIAG Tov Xdpa&e pakpivo Kai TAVE! TWpa aTh ZTOKXOAUN. A¢ eival...

H Nriva Zappn, e€aipeTiki @iAn ka1 ouvadeAgog. TTdvTa gixe Tnv évvoia va kpatdel Ta Aoupid
HOU Kal TNV euxaploTw 181aiTepa mou moTé de Ta kaTdgepe. INa 6Aa Ta wpaia mou {Aoaue 6Aa
autd Ta xpovia, mpiv eUyel yia va @Tiael To dIKO ThG OTITIKO Kdl EUEATIOTW Kal HEPIKOUG
TCoUviop oUvTOoNa.

O Avdpéac ToimoupAidvog, o dITAQvOC HOU OTO £TTIOTHOVIKO Bpavio. PiAog, TTou epxo6TAV OTN
0XO0AN HOVO YIa TIC ouveAeUoeIg, Kal TWpa @elyel HOVO Yid dAAec ouveAeUoeic. Tia TiIc wpaigg
HEPEC TTOU Tepvdpe kABe pépa Kai yiaTi pe didafe TNV Yuxpdaidia kai TAV avTIHeETWTION TWV
TpoPAnudTWY pe npepia. Tov euxapioTw 181aiTepa Kal Tov Kahomidvw yia va e€agavioel Ta
Kadbnuepivd vrokoupévta mou cuvéAe€e 6Aa autd Ta xpovia.

H Mapia MapkavTwyvn, TTou KouPpaAdel kai auTh Aiyn amoé Thv TpéAa pacg. Thv suxaploTw yida
Thv utooThpiEn TG kai Tnv dUvapn mou pou divel KAl yid ThV auToTTEToiONnon Tou pe yepilel.
‘Towg moTeVEl o€ Péva TTEPICTOTEPO ATTO 600 TMIOTEUW €YW OTOV £AUTO Hou.

H EAévn TaAAiomoUAou, mapdTi dev civar maidi Tou TUAHATOC, TNV €UXAPIOTW vyid Th
oupTapdoTach TNG Kai yia Tnv eaipeTIKA guvepyaaia Tou eixape 6Aa autd Ta xpovia. Av Kai
He Tn NTiva akopa amopoUpe Tou Th Ppnke TOoN xapd oTav €ide ekeivn Th {wvn oTo T{eA e
TIG TTPWTEIVEG...

O PaganA AyyeAakdémouAog, To couyydpl pag. ‘HpBe yia Aivo (véuile), ahAd Ba peivel. Tov
EUXAPIOTW yia Th PonBeia Tou oe KaBnuepivd Bépara (6w m.X. PaganA, 11 Xpwua civai
auTd?) Kai yia Ta ITaAikd ou Oa pou pdbei kdmola oTiyuh. EATiICw va ouvexioel va £xer auth
Th 81d0¢ean yia xpovia akoua.

H Aaumpivi TTidyka. ‘HpBe, épuye, EavanpBe. Tnv euxaploTw yiaTi €ival eKei og 0TI XpEIATTW,
va pou paBaivel Tnv amAdTnTa. Oa Thv guxapiagTovod amd kovtd aAAd omavia mpoAapaivw va
HIAnOW.

Oa umopouaoa va ypdew geAidec i ogAidwy yia 6Ad Ta Taidid Tou ouvepyaoTAKape. @a Toug
avagépw ovopaoTikd Kal Ba Toug euxapioThow opwe Kat' 18iav. O Bupwvag (Bnteloape Kai
padi), TTAayepdg, o Zmupdkog, h TTeAayia, h Avrta, o AvTwvng, o ZTéAI0g, N AyyeAikoUAa TTou
Ba £pOei va pe dei Kal TNV ayamw, aAAd dev eival autég o Adyog, n AiAa, o AnuAaTtpng, h
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EAevitoa, n Eva, o1 XpioTiveg, n Mapia pe tnv Ioidwpa (kai €dw pali), n EOn, o Tdoog, o
®apdl, n ZTéAAa, n Aia. ATo O6Aougc KATI TApa Kal ot OAouc¢ eAmi{w KkdTI va £dwoad.
EumveuoTthkape pali ge Thv €mMOTAUN Kal 6Aol Toug PpAkav R Ppiokouv To dpdHo TOUC Kal
ouvexiCouv Thv €TMIOTNUOVIKA TOUC TTopEia.

2.€ auTto To anpeio, Ba RBOeAa va suxaploTAow 131AITEPWE TOUC yoveic pou. H oThpiEn Toug
TAvTa amAdxepn Kal ouveXAC Kdl dg¢ pnv Apouv Trdvta To mio Aouxo maidi. TTdvra Atav
TEPNPAVO! YId Héva Kal Kapdpwvav Kal Ba guvexiow va Toug divw Adyoug va To KAvouv yid
kaipo. Kai ag emipéver h untépa pou va pdBei AKPIBQ X pe 11 aoxoAoupar («Na Aeg BioAdyog
pdava», TnG Aéw, «d¢c E€pel 0 KOopog amod ouvefEAIEN yovidiwpdTwy» . Kal KATToU eKEi EUTUXWCE
oTtapardel n kouPpévra). H PoABeia Toug avekTiunTn kai Xwpic autouc 8¢ Ba cixa katapépel
TimoTa amoé 6Aa autd.

Euxapiotw kai Tnv adepph pou, Ztapariva. Ta xvdpia Th¢ akoAoUBnoa kai ApBa aTo TuApa
Kal Ta xvdpia Tng dev akoAoUBnoa (Ta mpoyvwoTikd TTou TAYaue KOvTpad) Kai dev éyiva
ProxnHikog, eutuxwe. MNa Tn PonBeid Tng 6Aa autd Ta Xpovia, o 6Aa Ta emimeda. Kai o oAU
TV euxaploTw via éva dAAo Adyo Trou akoUel aTo ovopa BaAépia, ki ag éxer duo yiayiddeg
Mapiec, kai épxetal kKAOe popd kai He yepilel xapd kai duvapn. Tnv ayamw kai eAmiw va
vivel n KaAUTepn emIGTAMOVAC TG OIKOYEVEIAG.

TeAeuTaiol, aAAd oAU onpavTikoi o1 Taidikoi Hou @iAol. TTdvta pou divouv dUvaun Kai
ToTeUouv og péva ahAd vopilw To KAvouv yia va Aéve OTI €Xouv iAo éva emigThAHova. Oa
dciel edv aAAd§w kamoia aTiyuh TTopeia Ti Ba mioTeVouy via péva. Toug euxaploTw, yidTi 6TTou
Kal va PpiokovTal, TAvVTA KATAQEPVOUV Kal gp@avifovral TIC ony avTIKEC OTIYHEC KAl TIC
mepvdpe padi, Xapég kKupiwg aAAd kai BUOKoAEC oTIyHéC (6TTWC 0 oTPaATOC).

Omwc cima kai oTnv dpxh, SUOKOAd ATTOTUTIWVEIC OAd AUTA o€ Hid ageAida xapTi, omoTe TWpa
TIOU £€9TACA TIC TPEIC HTTOPW vd OTAHATAOW.

2.a¢ suxaploTw 6Aoug Kai eATiw va ouvexioeTe va pou diveTe dUvapn va ouvexilw kai va gn
Td TTAPATAW TIOTE KAl UTTOOXOHAI va KAVW TIC HEPEC 0ag wpaieC Kal Aiyo Trepiepyeg.

YT. Bva euxapioTw pikpd (o éKTaon) Kail aToug avBpwmoug Tou dev gival ouvePYATEG Kal B¢
mepiopiovTal OThV ETIGTHHOVIKA pag¢ 1810TNTA Kal pag Kdvouv, OéAovta¢ Kai pn, va
OKEPTOHAOTE Kal va ekppalopaoTe TOINTIKA.

Oéung.
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Mtitoxovéplo — H evboouuBwTikr uTtoBeon TNG MPOEAELONG

‘Htav to 1967 6tav n Ap. Lynn Margullis dnuocievoe tnv epyaocia tng pe titAo
“On the origins of the Mitosing Cells” oto Journal of Theoretical Biology (Sagan, 1967),
n omoia Bewpeital w¢ n adetnpia tng ocvyxpovng Bewpnong TNG EVOOCUUBLWTLKAC
Bewplag g mpoéAeuong Twv opyavidiwv. H mpotacn tng Margullis B€Rata dev ntav
Ao EeKT APXLKA KO ELVOL XOPAKTNPLOTLKO OTL amoppidpOnke amo SEka mePLOSIKA TTpLY
teAika Onuooteutel (Archibald, 2014). H Beswpnon oauthi, wotdéco, 6ev Atav
KawoLpyla- eixe avadepBel yla mpwtn dopd w¢ mpocéyylon anod tov Pwoo BloAdyo
Constantin Mereschkowsky (1905), o ornolog otn dnuocievor Tou €ixe avadEpeL mwG
«OPLOUEVA KUTTOPO TIPOKUTITOUV OO TNV Evwaon SU0 SLapopETIKWVY ELOWV KUTTAPWV

(evbooupBiwon)». H armodn tou katéAnye ota €€n¢g onueia:

1. Ta mAaotibia Atav adtapdloBtnta anopewvapla KuavoBaktnpiwv mou eixav

eloaxBel madalotepa otnV €EAKTLKNA TTOpeia Eoa o€ ETEPOTPOPOUC EEVIOTEG.

2. Ou &eviotég mou eykOAnwoav ta mAaotidla Atav mpoiovia cupPiwong petal
€TEPOTPOPWY, OPOLBASOEIOWY KUTTAPWY KOl UIKPOTEPWY ULKPOKOKKLKWY KUTTAPWY

mou odrynoav otn Snuloupyia Tou mupnva.

H mpowBnon tn¢ 6€ag t¢ oupPiwong kat tou poAou NG otnv €€EALEN TOUu
EUKOPUWTLKOU Kuttapou (Margullis, 1970) dvolfe pia peydAn oulntnon oTLg
Oekaetiec tou 1970 kat 1980 petafl TWV UMOOTNPIKTWVY TNC €vOOYEVOUG Kal
£€wyevoug TPOoEAEUONC TWV ULTOXOVEPLwV. NaPOTL APKETOL ETLOTHLOVEG QATIEPPUTTAV
Vv evbooupuBlwtiki Bewpia T600 yla Ta PLItoxovdpla 600 Kal yio Toug XAWPOTIAAOTEG
(Uzzel & Spolsky, 1974), n Sléveln katd autn tv nepiodo eixe kKuplwg emikevipwOel
YUpw amod tnv npoéAevon Twv pitoxovépiwv (Raff & Mahler, 1972). To kUpLo onueio
™¢ dtadwviag To omolo emonuavinke amnod tTa npwrta otadla Tn¢ Bewpnong aAuTng
and tov Mahler (1981) Atav To UITOXOVEPLOKO YEVETIKO CUOTNUA, TO Omolo eival
povadiko kot Sladopomolnpévo TOOO amd TO EUKOPUWTLKO OCO Kal amod To
TIPOKOPUWTLKO YEVETIKO cUOTNHO. MeTayeveoTepeg LEAETEG, TOOO BLOXNUKEG OO0 Kall
LOPLOKEC, OE CUVOUAOUO LLE TO XOPAKTNPLOUO EVOG ULTOXOVOPLAKOU YOVLSLWUATOG UE

TAOUGLO YOVISLAKO TIEPLEXOUEVO TIOU TIPOCOMOLOlE APKETA EVOL «CUUTTUKVWUEVOY
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Baktnplako yovidiwpa (Burger et al, 2013), odrynoav Toug epeuvnTéG va KaTaAnEouv
oTNV evO0OUUBLWTIKY TPOEAEUCN TOU HITOXOVEPloU HECW TNG EVOWHATWONG oTa
apxEyova EUKAPUWTIKA KUTTapa evog a-mpwteofaktnplou (Gray et al 1992, Gray,
2012). H evowpdtwon autr ocUpdwva Pe UEAETEC 0 amoAlBwuaTa PE TN XPrRon
HopLaKwVv poAoylwyv daivetal va €ywve mepimouv 1600 pe 2000 ekatoppupla £Tn PV

(Prasad, 2005, Butterfield, 2014).

EvbooupuBiwon kat EeVioTEC — H mpogAeuon TOU EUKAPUWTLKOU KUTTAPOU

Mapd TO yeyovog OTL TTAEOV Elval YEVIKA amoSeKTA N BaKTnNPLOKK TTPOEAEUON
Twv opyavidiwv, dev €xouv amooadpnVvIoTeL TTANPWCE OL AEMTOUEPELEG TTOU adOopoUV TO
XpOvVo Tou oUuVERN n evdooupfiwon kaBwg Kal Tov TUTO Tou £evioTh O Omoiog
EVOWUATWOE TOV BAKTNPLAKO EVEOCUUBLWTN, OMWGE KAL TtoLa Yeyovota odrynaoav otnv
evbooupBiwon kat tnv eykabidpuon TNG wg TG KUPLOPXNG EUKAPUWTIKAG MOPDNG.
ISlaitepa yla tnv nepintwon twv pLtoxovdpiwyv, dev €xel anocadnviotel n Stdpkela
KATA TNV omoia €Aafe xwpa n HeTATPON Tou Baktnpiou o opyavidio kKabBwg Kat
molol e€eAKTIKOl pnxaviopot odnynoav otn petdfacn amo Poaktripla eAeVBepng

StaBiwong (free living bacteria) oe uTIOXPEWTLKA KUTTOPLKA opyavidia.

Ooov adopd tov Eeviotr, autog, Bacet Tng BLBAloypadiag opiletal cuvABwE wg éva
OPXEYOVO EUKAPUWTLKO KUTTOPO TOU EVOWMATWOE TOV TPOKAPUWTIKO OPYAVIOUO
Héow evbooupBiwong. AMNeg Bewpiec epdavilouv tov Eeviotn va eival €va Sevtepo
TIPOKOPUWTLKO KUTTOPO TIOU EVOWHATWOE TOV €VOOOUUBLWTIKO OpYavVIOUO HECW
dayokuttdpwong, mapott n dayotpodia dev €xel mapatnpnOel péxpL onuepa o€
TIPOKOPUWTEG eAelBepnc Swafiwong. OL SlopopeéC TWV  EUKOPUWTWV KOl
TIPOKOPUWTWV O KUTTOPLKO eminedo elval onuavTtikeg, KaBwg Ta mpwta epudavilouv
Slapeplopatomnoinon, opyavidia, UTIEPOEELCWUATLA, OUUTAEY L Golgi,
evbomhaopatikd Siktuo Kal GuCIKA OpyavWUEVO TIUPHvVa Ta omola amouolalouv
EVTEAWG OTTO TIG IPOKAPUWTLKEC YEVEQAOYLEC, KaBLoTwvTaG SUOKOAN TNV EKTIHNON YLO
TNV NMPOEAEVUON TOU EUKAPUWTIKOU KuTtdpou (Mclnerney et al, 2011). To yeyovog mou
daivetal va Suoxepaivel aKOUA TIEPLOCOTEPO TNV KOTAOTOON €lval N amoucio Twv

OUVOETIKWV KPpIKwV 1N Twv evllapeowv otadlwv TNG EUKAPUOYEVEDLS, TIou Ba
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uropovoav va dtapwtiocouv yla tig Stadkacieg mouv odriynoav otn dnuloupyia tou

EUKAPUWTLKOU KUTTApoU (Martijn & Ettema, 2013).

210 apBpo tng to 1967, n Ap. Margulis mpdtelve OTL TO TPWTO Pra TNEG EUKOPUWTLKAG
TiPOoEAEUONC oXeTlovTay He TNV Ikavotnta StaBiwong otnv atpuoodaipa ou epdavile
ubnAd Tmooootda ofuydvou: £€va  OoEPOPLO  TPOKOPUWTIKG  KUTTtapo  (TO
TIPWTOULTOXOVOPLO) EVOWMATWONKE OTO  KUTTOPOTMAQCHA €VOG  €TEPOTPOdOU
avaegpoBlou opyaviopou. H evbooupBiwon £tol KATéoTn amopailtntn Kot odnynos
otnv €€EAEN TwV TMPWTWV aepOBlwv opyaviopwv apolBadoslbouc popdng. e
petayevéotepn PeAETn tng (1981), n Ap. Margulis yia va otnpiel tnv unoBeon tou
TIPOKOPUWTLKOU €evioTn avadEPEL OTL «TA TPWTOULTOXOVOpLa €loEBAANAY OTOUC
€eVIOTEC TOUC OMWC Ta cUyXpova apraktika Baktnpla Bdellovibrio elofdal\ouv ota
Baktripla-0UUATA TOUGY, KAL TIWG TIPOKELTAL YLa Lia EEALPETIKA TIEPIMTWON CUVEVWONG
600 TPOKOPUWTIKWY KUTTAPWV XWPLG TNV HecoAdaBnon d¢ayokuttdpwons. Mia
npoodatn avakaAuvyn, mwc o B-npwteoBaktriplo Tremblaya dalveTol va EUMEPLEXEL
o evboouuBlwTikd y-pwteofaktiplo Moranella, To omoio tou eival amoAUTwg
QTaAPALTNTO YL VA EMITEAECEL TLG AELTOUPYLEG TOU Kal OTL dtatnpet poAlg 120 yovidia,
aroteAel AAAN pia EvOel€n MwC oL TPOKOPUWTEG UITOPOUV VOl EVOWUOTWOOUV AAAOUG
TIPOKAPUWTEG XWPLG va avamtiéouv pnxaviopuous ¢poyokUTwonG Omwe oL EUKOPUWTEG

(von Dohlen et al, 2001, Husnik et al, 2013).

H ¢lon tou &eviot, mou avadépBnke Adn, kabBw¢ kal to MOTE MPOoEKUPE n
E£UKOPUWTLKA TTOAUTTAOKOTNTA ArtoTEAOUV Kol TN BAon SLoXwpLopol TwV LOVTEAWY TNG
EUKOPUWTLKAG TIpoEAELONG Kot EEALENC. Ta povTéAa autd xwpilovtal og U0 BACIKES

katnyopieg (Eikéva 1):

a. Ta povtéAa katd ta omola mpwta eEEAXONKE TO EUKAPUWTIKO KUTTAPO KOl OTN
OUVEXELD evowHATwoe Tov evbooupBlwtn (Apxelwikd poviélo, Archezoa model)
(Cavalier-Smith, 1989). Auto to povtéAo gival cupPatod Pe TNV KAOOOLKN Taflvounaon
™G {wn¢ o€ TPeiG HeyAAeC opadeg, Ta Bakthpla, Ta apxaia KoL TouG EUKOPUWTEG. (3-

domains tree of life, Woese et al, 1990) (Eikova 1a).

B. Ta povtéAa ota omola n cupPiwaon KoL N UKAPUWTIKA TIPOEAEUCN GuUVEBNnoAv

TouTtoXpova Kal cUpdwva He ta omola n cupBiwon mupodotnoe teAlkd tnv eEENLEN
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TWV HOVASIKWY XOPOKTNPLOTIKWY TwV gukapuwtwv (Embley et al, 2006, Martin &
Muller, 1998). Z0udwva LE TO LOVTEAQ QUTA, OL EUKAPUWTECG Pogkuav PECA ATTO
Tn yevealoyia Twv apxaiwv, onote Kal tpoteivetal To d1odldotato «SEvipo ¢ lwng»

(2-domains tree of life, Williams et al, 2013) (Ewova 1B).

Ewova 1: Ot OYEOELS AVAUECA OTOUG EUKOPUWTEG KOl OTA apyaic, Onw¢ MPOoKUITouv amno ta dU0
oevapla NPoEAEUonG Twv eukapuwtwy (amo Gribaldo et al, 2010).

JUudwva PE TNV TPWTN Kotnyopia HOVTEAWV, n Snuoupylad TWV EUKAPUWTIKWV
KUTTApWV Kal n eudavion twv prtoxovdpiwv Atav dvo avefdaptnta e€eAIKTIKA
yeyovota. MNapoha auvtd, dtadopeg HEAETEC, MPOTEWVAV TTWG auTd ta dU0 yeyovota
ouvéBnoav tautoypova. Ma mapadslypa, ywwpillovupe TMALOV MWC T KUTTAPA TTOU
TIPONYOUEVWE Bewpouvtav TwE OTEPOUVTAL HLTOXOVOpLlwY, TIPAKTIKA TIEPLEXOUV
UTIOAELJMOTA  pTOXOVOPLOKAG TPpoEAEuonG otn  Hopdr) udpoyovoowudTwy,
ULTOCWHATWY A GAAWV popdwv opyavidiwv mou potalouv e pitoxovépla (Embley &
Martin, 2006, Embley, 2006). EmutA£ov, n amoKTnon Twv ULItoxovdpiwv ¢aivetal va
aneAeVBEPWOE TOV EUKAPUWTIKO TIPOYOVO ATO TOUG EVEPYELAKOUG TEPLOPLOUOUG
OTOUC OTOLOUG «UTIAKOUV» T TIPOKAPUWTLKA KUTTAPA, ETILTPEMOVTAC £TOL TNV AUEON
EMEKTOON TOU 0aplOpol Twv yovidlwv Kal T Snuioupylo TNG KUTTAPLKNC

noAumAokotntag (Lane & Martin, 2010).

Npoéodata otolxeia umootnpilouv OTLOLEVKOPUWTEG OXETITOVTAL ATTOKAELOTLKA LE plial
opada MpoodATWE XAPAKTNPLOUEVWVY apxaiwy, To untep-puAO Twv Asgard (Spang et

al, 2015, Zaremba-Niedzwiedzka et al 2017). Auti n opada apyaiwv £xel Bpebel otL
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kwdkomolel yla pia opada mpwteivwv Tou epdavidouv opoloyia povo e
EUKAPUWTLKEC TPWTEIVEG, poTeivovTag OTL pia yevealoyia apxaiwv eixe avamtiugel
NON XOPAKTNPLOTIKA TWV EUKOPUWTWY, OMWEG Kal TN payokUTwaon, KoL ATAV €vVag
OPKETA KOAOC EEVLOTHC yLa TN pitoxovdplakn evéoouuBiwaon. Avapeoa oTig MPpWTEiveG
auTég meplhapBavovtal apyaieg popdeg tng aktivng (Yutin et al 2009, Bernander et
al 2011, Ettema et al 2011), tn¢ toupmnouAivng (Yutin & Koonin 2012), kabwg Kal pia
HEYAAN TowAia amo GTPAoceg pikpoU HoplakoU Pdapoucg (Spang et al, 2015),
ocupnepAappavouévwyv  opBoAoywv popdpwv TNG olkoyévelog Gtr/Rag, mou
OUUUETEXOUV O PUOUILOTIKEG SlEPYOOLEC OXNUATIOUOU TOU KUTTOPOOKEAETOU, OTNn
HETAYWYNG OAMOTOC OMWC KoL otn petadopd poplwv amd Tov TUpHvo OTO
kuttapomAaopa (Kinger et al, 2016, Surkont & Pereira-Leal, 2016) kaBwg kot
TMPWTEIVWVY TOU EUMAEKOVTAL OTNV HeTaypadn Kot tn petadpaon (Guy & Ettema
2011). MaAwota, PUAOYEVETIKEG avaAUCELG TTOU Tipaypatononkav amo tnv Ap.
Zaremba-Niedzwiedzka kat Toug cuvepyateg (2017), TomoBétnoav Toug oUYXPOVOUG
EUKAPUWTEC META OTO UTtEP-PUAO Twv Asgard, XpnoLomoLwvTog TPELG SLadOpPETIKES
opadeg yovibiwv. EmumAéov, PUAOYEVETIKEG UEAETEG HME TN XPNon BeATlwUEVwWVY
HOVTEAWV €EEALENG TwV aAAnAouxlwv kal eupltepng deypatoAndiog umootnpav
TiepALTEPW TNV unoBeon tou Slodlaotatou d&vtpou tng {wng (Guy & Ettema, 2011,
Kelly et al 2011, Williams et al, 2013, Lasek-Nesselquist & Gogarten, 2013, Williams &
Embley, 2014, Raymann et al, 2015, Cox et al, 2008, Foster et al, 2009). Autég ol
TLAPATNPNOELS YL TO YoVIOLAKO TEPLEXOUEVO TwV Asgard elval eVOEIKTIKEG yLa TNV
EVOWMATWON TWV UITOXOVOPLWV TIoU UETA TNV £EEANLEN LEPLKWV EUKAPUWTLKWV
YVWPLOUATWY amod tnv apxéyovn yevealoyia €5woe yEVEDN OTOUC EUKAPUWTEC. Ta
EUPAMOTO AUTA, TTAPOAO TTOU KATAARYOUV OTO YEYOVOG WG TO apXaio-EevioTh ¢ pmopet
va eixe avantuéel amAeg popdec payokuttapwong (Koonin, 2015, Yutin et al, 2009,
Martin & Ettema 2013, Poole & Gribaldo 2014), smibéxovtal MEPALTEPW HUEAETNG
OXETIKA HUE TO XPOVO KL TOV TPOTO NG CUMPBLwoNG emISEXETAL MEPALTEPW UEAETNG

(Lopez-Garcia & Moreira, 2015).

Kpivovtag amnd tnv kaBoAwotnta tng epdavions Twv opyavidiwv kat tnv duvatotnta
TWV EUKAPUWTWV va oxnuoatilouv peyaAloug, TOAUTTAOKOUG TOAUKUTTOPOUG

OPYOVLOUOUG, N AmOKTNoN TwV ptoxovoplwy mpemel va BewpnBel K TwV UOTEPWV WG
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pia e€alpetikn emtuxia. AapBavovtag untodn to evepyelako kEPSOG ou oxeTileTal
He TNV oeldwtikn pwaodopuliwon (Lane, 2011), dailvetal Aoyikr n EMKPATNON TWV
VEVEQAOYLWV TIOU €depav HITOXOVOpLo o0 BAPOC TwV eVOLAUECWY OTAdIWV Kot
pHopdwv ta onola e€adaviotnkav. H HEAETN MAVTWE TWV CUYXPOVWV AELTOUPYLWV TWV
ptoxovdpiwv bev eival oe Béon va dwoel mMAnpodopieg yia ta yeyovota mou
obnynoav otnv evdooupPiwon. H mpogleuon Ttwv yevealoylwv Tou ¢Epouv
pLtoxovdpla €xel OXETIOTEL e pia maykooula atpoodatpiki aAlayn n omola €Aofe
xwpoa Tepimou dVo dloekatoppvpla xpovia mpLv. Ze autn tnv nepiodo, ta enineda
Tou atpoodatptkol ofuyovo Eekivnoav va avéavovtal, Adyw NG SpAong WKEAVLWY
dwtoouvBeTikwv Baktnpiwv (Holland, 1994). H aA\ayn auth €XEL YIVEL yYVWOTH UE TNV
ovopaocia “Great Oxidation Event” (Bekker, 2004). Mpwv amd tnv alayn auth, n
atpoodatpa g Mng dev Nrav Wiaitepa ofeldwTikA Kal anoteAovvtav Kuplwg amno
CO,; pe avnyuéveg popdéc S, N kabBwg kat C kaBwg Kol HE TOAU XAUNAEC
ouykevtpwoelg O, (Rubey 1951, Holland 1994). H cucowpeuon twv enumédwv tou O,
otnv atpdéodatpa mupodotnoe pia peyaAn kpion yla tig popdEg Lwng tng emoxng. Ot
avaepoBLeg popdEcg Lwng dev eixav T SuvaTOTNTA VA TPOCTATEUTOUV Ao TO TOEIKA
enineda O, 1 va evtomicouv €va oavaepoflo pikpomepBaAAov kot TBavov
e€adaviotnkav. Mia popdn mpootaciag amd ta toflkd emineda tou ofuyovou
MePNAUBAVEL KAl TNV avaywyr Tou amd petaBoAikég Siepyaoiec. MNa mapadeypa,
otnv aAucida petadopadg nAektpoviwv ota Baktipla, To ofuydvo amoteAoloE Tov
TEAKO amoSEKTN NAEKTPOVIWVY UELWVOVTOC TNV TOELKOTNTO TOU OTO ULKPOTIEPLBAAAOV
Tou Baktnpiou, He TAUTOXPOVN TTApOywWYH EVEPYELAC LE TN Hopdr ATP. Auth, Aourtoy,
n Tautoxpovn mpootacia and ta tofka enineda O, e TNV PO EVEPYELAG paiveTal
va €6woe TO ONUAVTIKO TIAEOVEKTNUA OTL( YEVEQAOYLEC TIOU EVOWMATWOOV TOV

TIPOKOPUWTLKO evboouppLwtn.

E€eAktikol Mnyaviopol — MNpoglevon EukapuwTikol Kuttdpou

MapotL Sev gival yvwoth n dLapKeLa TNG LETABOONC ATTO TO TIPOKAPUWTLKO OTO
EUKOPUWTLKO KUTTAPO, lval EekaBapo mwe oL eEEALKTIKEC SUVAUELS TTOU £6pacav yla
N UETABaon auth ATAV TPELG: O yovidlakog SuTAaoLaopog, n opllovtia petadopd

yovidiwv kot n Snuoupyia yovidiwv (gene genesis).
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O yovibLakog Suthaclaopog Bewpeital we E€vag onUOVTIKOG UNXAVIOUOC Ttou odnyel
oe €€eAIKTIKN Kawvotopia (Ohno, 1970). H Umapén evog peydlou aplBuol yovidiwy
TIOU TtapouoLalouv mapaloya o€ OAOUC TOUG EUKAPUWTEG amoTeAel €vOelén mwg o
YOVLSLOKOG SumAaoLlaouog ATav n Kvnthpla SUvapn yLo TV EUKApUWTLKY eEEALEN. Mia
AETITOUEPNAG OVOKATAOKEUN TOU TIEPLEXOMEVOU TOU EUKAPUWTLKOU YOVLSLWUATOG
KatéAnée oe tpila kLPLO guprpata: MNMPWTOV, TO MPOYOVIKO EUKOPUWTLKO yoviSLako
TepleXOevo daivetal va SUTAACLACTNKE TPWV TNV OKTWWWTH EMEKTAON TWV
EUKOPUWTWV. AgUTEPOV, 0 YoVISLAKOG SUTAACLACUOC dalveTal va EmMalée onUAVTIKO
POAO 0TN SNULOUPYLO TWV EVKAPUWTIKWY AELTOUPYLWYV KAL TPITOV EVOL GNUOVTIKO LEPOC
Twv yovidiwv mou eudavilouv mapaloyeg popdECc daivetal va eivol amotéAeopa
oung yovidlokng petadopdg, n omoia cuveéPn péow tng evdooupPilwong mou
odnynoe kat otn Snuioupyia Tou pLtoxovdpiou. Eva mapddelypa ylia to MWG O
Suthaolaopog €male polo otn Slapopdwon TOU EUKOPUWTLKOU  yoviSLakoU
TIEPLEXOUEVOU amoTeAel n e€EAEN TNG UTEPOLKOYEVELOG Ras, mou elval MIKPEC
GTPaoeg, kot mailouv onUAVTIKO POAO 0TN SLOUEPLOUATONOLNCN TOU EUKOPUWTIKOU
kuttapou (Jekely, 2003, van Dam et al, 2011). H urmtepolkoyévela auTr xapaktnpiletot
and Suddopoug apyxaioug Suthaclaopolg kat petadopég yovidiwv. Emiong, éva
aKOMa TAPASElyHa yla To Twg n Uetadopd yovidiwv Emale onuavtikd polo
armoteAoUv ot Rho GTPaoceg, mou dalvetal va eival kaBoAwkol puBULOTEC TNG
dayokUTWOoNG OTOUG EUKAPUWTEG Kol e€ilval oAU miBavd va €xouv PBaktnplaki

npogAevon (Yutin et al, 2009).

O poAog tn¢ opllovTiag petadopdc yovidiwv otnv e€EAEN TwV euKapLWTWV daivetal
va umnnpée Wlaitepa onuavtikog (Doolittle, 2014), Wwaitepa otn popdn NG
petadopdg yovidiwv avapeca o€ HOVOKUTTAPOUC opyaviopoug (Andersson, 2009,
Soanes & Richards, 2014, Eme et al, 2017, Alsmark et al, 2013). Awadopeg
DUAOYEVETIKEC HEAETEG £XOUV WC EMIKEVIPO TO XOPOKTNPLOMO Twv yovidiwv
TIPOKOPUWTLKAG TIPOEAEUCNG OTOV TEAEUTALO KOWO EUKAPUWTIKO Tpoyovo (Last
Eukaryotic Common Ancestor, LECA) (Thiegart et al, 2012, Rochette et al, 2014, Ku et
al, 2015, Pittis & Gabaldon, 2016). Ta EUPHUATA TOUC TTPOTEIVOUV TIWE UOVO VA ULKPO
TTOOOOTO YoVvISiwv KAnpovounbnke omo TPOKOPUWTIKEG YeVEAAOYlEG, UE TNV

TAELOVOTNTA TWV yoviSiwv autwv va mpogpxetal amo Baktrnpia (56-71%) (Rochette et
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al, 2014, Pittis & Gabaldon, 2016) nmapd ano apxaia (18-37%) (Thiegart et al, 2012,
Pittis & Gabaldon, 2016). Aappdvovtag umoyn koL TNV TPWTEORAKTNPLAKN
TiPpogAeuon Twv pLtoxovdpiwv (Yang et al, 1985, Gray, 1988, Gray, 2012), n 1o Kown
yevealoyia Baktnplwy LE EVKAPUWTIKA Yovidla elval auTr Twv NpwteoBakTnpiwyv Kat
QVTLTPOCWTEVEL TIEPLTOU TO 7% Twv yovidiwv toug (Rochette et al, 2014, Ku et al,
2015). Ta meploootepa yovidia Baktnplakng npogleuonc dpaivetal va amoktionkav
Q7O TOV MPOYOVO TWV EUKAPUWTWY HECW apXoiwv YyeyovoTwv PeTadopdc yovidiwy
Kol auTo e€nyel katl to uPnAd MOoOOTO YoviSiwv BakTnpELlaKAG TIPOEAEVONG OTO UTIEP-

¢dUAo Twv Asgard (Spang et al, 2015, Zaremba-Niedzwiedzka et al, 2017)

Méow aUTWV TWV HNXOVIOUWY, Ol EUKOPUWTEC QVEMTUELAV KUTTAPLKEG SOUEC KOl
CUOTAMATA TIOU OmoucLlalouv oo TOUG MPOKAPUWTEG. Ol MEPLOCOTEPEG QMO TIG
TIPWTEIVEC TTOU CUUUETEXOUV OE QUTEG TIG SOoUEG Kal Slepyaocieg avadépovtal we ESPs
(Eukaryote Specific Proteins) (Hartman & Fedorov, 2002) kot Kwdikomolouvtot
TIEPLTIOU Ao TO €val TPITO TWV EUKOPUWTLKWV yovidiwv. Mapott €xel mpotabel n
unoBeon oto TapeABOV WG AUTEG oL TPWTEIVEG Umopel va mpogkuav amd tn
ouvelodopa piag e€adaviopévng yeveahoyiag (Hartman & Fedorov, 2002) auto b€
Bewpeitat mBavo kabwg oL MPWTEIVEG AUTEC EUMAEKOVTAL OE £va HEYAAO €UPOC
EUKAPUWTIKWV Slepyaciwv. EmumAéov, evtonilovtal cuvexwg ESPs o€ mpokapuwTlka
yoviduwpata ta onoia aAAnAouxnOnkav npooddtw. Onote, ta o mbava cevapla
ylol TOUG HOPLAKOUG aUTOUC VEWTEPLOMOUG TwVv ESPs eival ta €€ng: a. H xprion twv
TIPOKOPUWTLKWV TPWTEIVWV Kal Sopwv yla tnv idla Bloxnuikni Asttoupyla aAAG o€
Sladopetikd mAaiclo B. H Snuioupyla VEwvV PBLOXNULKWY AELTOUPYLWY KO
UTTEPOLKOYEVELWYV TIPWTEIVWY, AN LLE TIG UTIAPXOUOEC TIPWTEIVIKEC SlapopdWOELS Kot
Y. AOPEC e VEEC SLopopPWOoELS TTOU «avakoAUONKav» KATA Ta TPWLHA oTAdLA TNG
EUKOPUWTIKAG €€€ALENC (Aravind et al, 2006). H mpwtn katnyopia meplapBavel
TIPWTEIVEC YL TL OTOLEG UIMOPOUV VA TIPOCSLOPLOTOUV Ol OUOAOYEG TIPOKOPU WTLKEG
HopdEC e TN Xpron evaicOntwy aAyopiBuwyv eviomiopol opoAoyiag aAAnAouxiag n
Soung Kkal mou yapaktnpilovtal anod pia Wlaitepa avénuévn dtadopormnoinon otnv
aAAnAouxia toug. MNa tnv tpitn Katnyopla, €xel Ppebel MwG APKETEG VEEC OOWEG
€UPavIloUV XaPAKTNPLOTIKA O-EAKOG N XNALKEG SOUEC METAMNWY. AUTEG oL SOPEC

£€XOUV TO XOPAKTNPLOTIKO WG £lval Alyotepo e€aptnuéveg and deopouc udpoydvou
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yla T otobepdtntd TOug, OMOTE Kal €lval TO OeKTIKEG otnv €&EALEN VEWV

Slapopdwoeswy (Aravind et al, 2006).

To otadia tng Eukapuoyeveolg

QG €UKAPUOYEVECDLC opileTal TO CUVOAO TWV €EEALKTIKWY YEYOVOTWV TIOU
OUVEBNGoav yla va 08nNyroouv 0To EUKOPUWTLKO KUTTOPO Ao TOUG TIPOYOVLKOUG TOU
TIPOKAPUWTEC. EmMopévwg, mephapfavel OAa ekelva Ta oTASLA AVAUECO OTOV TIPWTO
EUKAPUWTLKO Koo mpoyovo (first eukaryotic common ancestor, FECA) péxpt tov
tehevtaio mpoyovo (LECA). Eival onuavtikd va toviotel mw¢ OAoL oL cuyxpovol
EUKAPUWTEG €ival amdyovol tou LECA, aAAd moAAd yeyovota pallkwv e§adavicewv
£L6WV €XOUV EMNPEACEL TNV BLOTIOKIAOTNTA TWV amoyovwy Tou LECA (Eme et al, 2017).
Emtiong, ta £i6n ta onola aviumpoowrnievouv toug LECA kat FECA petaBailovtal 600
au€AaveTtal To EUPOC TWV OPYAVIOUWV TIOU avakaAUTTovTal kot aAAnAouyxoUuvtal UE Ta
Asgard vo amotehoUv éva tétolo moapddelypa. Mpwv tnv avakdAuyn Ttoug, ot
€UKOPUWTECG epdavilovtav va eival o ouyyevikol Pe To umepdpuAo Twv apyaiwv
TACK, to omoio mepllappavel ta ¢UAa twv Thaumarchaeota, Aigarchaeota,
Crenarchaeota kal Korarchaeota kol maipveL To OVOUO TOUG OO TA APXLKA TOUG KaL O
FECA Bswpouvtav w¢ o teAeutaiog kowvog mpoyovog Twv TACK Kol TwV EUKOPUWTWV.
Ol Asgard mAéov €xouv avtikataotioel toug TACK oto povtédo auto Kal Bewpeital
WG TO «EEEAKTIKO KevOo» avapeoa oto LECA kat tov FECA Ba pelwvetal Pe TNV
avakAAUYPN CUYYEVIKOTEPWYV YEVEAAOYLWV apPXAlwV LE TOUG EVKAPUWTEG (Eme et al,

2017).

JUYKPLTIKEC Kol PUAOYEVOULKEG MEAETEG €xouv TomoBeTroeL tnv Umapén tou LECA
nepinou 2 dloekatoppupla xpovia npv (Eme et al, 2014). O LECA daivetal va eixe
QAVATTUEEL Yia OELPA EVKOPUWTIKWY AELTOUPYLWVY Kal SOUwWV TTou BplokovTal Hovo OTIG
OUYXPOVEG EUKOPUWTLKEG yeveaAoyiec (Koumandou et al, 2013, Koonin, 2010).
Avapeoa og aUTEG pailvetal va eival o TUpNVag, UE TOUG TUPNVLKOUG TIOPOUG KAl TOV
nmupnviko ¢akelo (Koumandou et al, 2013, Koreny & Field, 2016), o omnolog nmepleixe
XPWHOOWHOTO HE TEAOUEPN TOU Kwdlkomolwovoav yia Tmepimou 4000 yovidia
(Makarova et al, 2005, Koonin, 2010) ta onoia mepteiyav wvtpovia (Martin & Koonin,

2006). EmutAgov, eixe avamntuéel cuotnpata napspfoAng RNA (RNAI) (Koonin, 2010),
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Kol UKpA pn Kwdikomotntikd popla RNA (Shabalina & Koonin, 2006) kat epdavile kot
Sladopa enineda opyavwong tng xpwpoativng (Koumandou et al, 2013). TéAog, n
uetaypadn ¢aivetat va eixe avefaptnromownbel amo Tt petadpacn Kot
nepleAappave ektetapévn tpomomoinon Ttou RNA (pdatopa, 3 kaAumrtpa,

noAvadevuliwon) (Grau-Bove et al, 2015).

‘Eva a6 ta ToAAG LOVTEAQ TTOU €x0UV poTtabel yLa tn dnpoupyia Kal tTnv e€EALEN Tou
EUKOPUWTLKOU KUTTAPOU HEOow piag yevealoyiag apyxaiwv mou £depe ESPs eival to

akoAouBo kal meplhapPfavel ta €€1¢ otadia:

e Mia mapodikn yeveahoyia apyaiwy

H yevealoyla autn ¢aivetal va aveémtuée tnv mAnpn cuAloyn Twv ESPs mou
€xouv PBpebel ota apyxaia, OMwG n aktivn, N TOUMMOUALVN Kol TIPWTEIVEG TNG
peTaypadng kKat tng petadpaong. Eival moAl miBavo autr n yevealoyio va Atav

napodikn (Koonin, 2011).

e AMWAELQ KUTTOPLKOU TOLXWHATOG

H mapodikn autn yevealoyio dEpeTal va amWAECE TO KUTTOPLKO TNG TOIXWHA,
ETUTPEMOVTAC TNV AVATITUEN TOU TILO EUEALKTOU KUTTOPOOKEAETOU OO akTivn. Apxaiot
Suthaolaopol g yovidiou tTng akTivng Twv apxaiwv Hnopel va anotéAecav tnv faon
yla tnv aAdayn autn, entpénovrag tn dnuoupyia moAvpepwyv aktivng (Yutin et al,

2009, Bernander et al, 2011).

e  OayokVuTtwon kal opllovtia petadopd yovidiwv

O oXNUOTIOPEVOC TTAEOV KUTTAPOOKEAETOC EIXE TNV LKAVOTNTA VA AEITOUPYEL
oav pia mpwtoyovn dayokuttaplky pnxavi. H eykoAnwon kat n méPpn aAAwv
TIPOKOPUWTLKWV KUTTAPWVY MAPEIXE 0TO GOYOKUTTAPLKO APXAL0 AUENUEVEG TTOCOTNTES
DNA, 1o omoio 0drynoe Kal o ekTeTapéVn petadopa yovidiwv oto yovidiwpa tou,
npokaAwvtag tn Snuoupyia evog yovidlakol pwaoaikol oTo yovidiwpa tou EgvioTn.
O uPnAdg pubuog evowpdtwong yovidiwv odrnynoe oe amootabepomnoincn Ttou
vovidwwpatog (Papp et al, 2003) kat o uPnAouc e€eAkTikoUg puBuoug. Autol ol

avénuévol e€eliktikol puBpol amoteAolv Kat tnv €€fynon yla tn WKPR opoLotnta
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HETAEL TWV YoviSlwv TWV E€UKOPUWTWV KOL TWV apxaiwv o€ oUYKplon ME TNV
OMOLOTNTA AVAUECO OTa TPpWTeoBakTipla Kol ota pitoxovdpla (Pittis & Gabaldon,

2016) ta omolia dev ekTEONKaAV o< TETOLOUC PUBUOUG.

e EEEALEN MPpWTOYOVOU TTLUPAVA VLA TNV TIPOOTACIA TNC YOVIOLWUATIKAG
otaBepdTnTaC

Na va mnpootateutel TOo yovibiwpa Tou Eeviot amo TEPALTEPW
dAYOKUTTOPWHUEVA YEVETIKA OTOLXELQ, OXNUATIOTNKE Uiot TTPOOTATEUTIK UEUPBPAVN
SnUoupywvtag TNV mPpwTtoyovn popdn KUTTApou He Tupnva. H pepBpavn autnh,
adevog mpootatelel To yovidiwpa adetépou  emavadEpPeL TOUG EEALKTLKOUG
puBuoUG. H payokuttapwon €xeL mAEov eykaBLdpubel wg dtadikaoia Kal To KUTTApo
ouveXllel va EYKOATIWVEL TIPOKAPUWTIKA KUTTapa. Eva TPOKAPUWTLKO KUTTOPO,
mBavov a-mpwteoPfaktriplo, ¢ayokUTTapwveTal alAd O&ev KoTooTpEPETAl KOl

Snuoupyel pia evéooupPLwTikn oxEon LE TO KUTTOPO EEVLOTH.

e EvepyelaKd EMOYOUEVN YEVWULKA ETEKTAON KL VEWTEPLOUOL

TeAlkd, to a-mpwteoPaktrplo e€eAixOnke Kol UETATPATINKE O opyavidlo
mapaywyng ATP: To pitoxovdplo. e avtiBeon He Ta yovidla Twv KUTTAPWV TIOU €XOUV
kataotpadel, N evOooUUPBLWTIKA OXEDN ETUTPETEL TNV HeTAdOPA YOVISLWV HETALL TOU
opyavidiou kal Tou €evioth. H mapoxn HEYAAWY TTOCOTNTWY EVEPYELOG ETILTPETEL OTO
KUTTapo €evioth val avamtuEel TNV KUTTAPLKA Tou ToAumAokotnta (Lane & Martin,
2010). AmtaAAaypévo TAEoV amod TIG €EEALKTIKEG TILECELG yla TN SLATHPNON UKPWV
YOVISLWHATWY, TO KUTTAPO EEVIOTNG £XEL T Suvatotnta va enektabel. Ot yoviSLaKES
QVOKATATALELG 0 OUVOUAOUO PE avaouvOuaopoUg yoviSiwv Kabwe Kal YoviSLoKwv
Suthacloopwy Kot gUdAviong VEWV Yovidilwv ETTPEMEL TNV EMEKTOON TWV
TIPWTEIVLKWVY OLKOYEVELWV Kal TN dnpoupyia vEwv dopwv. EmMutAéov, Pe TV evépyela
A0V VO TTOPAYETAL OTIC ULTOXOVOPLOKEG MEUPPAVEG KOl OXL OTIC HUEUBPAVEG TOU
KUTTAPOU, 0 OYKOC TOU KUTTAPOU &€ TeEPLOPIleTAL TTAEOV OTLC TUTILKEC TIPOKAPUWTIKEC

Ola0TAOELG.
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Ta mopandavw otadla amoteAouv to povtého PhAT (Phagocytosing archaeon theory)
NG EUKAPUWTLKNG TIPOEAELONG OMWE SloTtumwbnke amd toug Martin kat Ettema

(2013).

EvboouuBiwon kot mpogAeuon eUKAPUWTIKOU KUTTApou — O evOoouupLWTNG

MA£ov umapyouv TOANEG evdeifelc mou umootnpilouv MwC To ULITOXOVEpLO
niponABe amo Baktnplakég popdeg Lwng kat oxtL amo apxaia (Gray et al, 1999, Lang et
al, 1999, Gray, 1999, Karlin et al, 1999). H ¢puloyeveTtikiy avaAuon Twv yovidiwv Tou
pLtoxovdpiou mou kwdikomoloLv ylo mpwreiveg (Gray et al, 1999, Lang et al, 1999) ka
rRNA (Gray, 1999b) avédelav to pUAO TWV A-MPWTEOBAKTNPLWY WC TO TILO GUYYEVLIKO
dUAO pe Ta ptoxovépla, kat dpaivetal va tomobeteital eEeAKTIKA SLaltepa KOVTA e
TNV olkoyevela Twv Rickettsiaceaca (Yang et al, 1985, Olsen et al, 1994, Viale & Arakaki
1994, Gray & Spencer 1996, Sicheritz-Ponten et al, 1998, Karlberg et al, 2000, Kurland
& Anderson 2000). O HETACXNUATIOUOC TOU TPOYOVIKOU a-Ttpwteofaktnpiou oto
ouyxpovo utoxovéplo dev nAtav akaplaioc. H omwAeia alAnAouxliwv amo ta
TLPOYOVIKA YOVISLWHATA KOl N EMEKTOON TWV TPWTEOUATWY HE TN ouvelohopd
yovidiwv amod tov mupnva eivat Sdwadoxikéc OSlepyacieg mou ocuvéPnoav o€
EKATOUMUPLA XPOVLIA KaL §eV pailveTal va £YLVE TAUTOXPOVA G OAOUG TOUG ITPOYOVOUG
Twv ouyxpovwyv yevealoywwv (Karlberg et al, 2000). H éAAewdn cuyxpoviopou eival
€va olaitepa XprioLUo pyaleio yLa Tov EVTOTILOUO TNG LoTtoplag Twv opyavidiwv. Ao
HeyaAa mpoypappata aAAnAouxnong UITOXoVEPLOKWY YOVISLWHUATWY COE TPWTLOTA
Kal puknteg (The Organelle Genome Megasequencing Program (OGMP) kat The
Fungal Mitochondrial Genome Project (FMGP) avtiotoxa) katéAnéav oto
CUMMEPAOUA TIwG N Tapaywyn ATP mou ouvdéetal pe tnv aluoida petadopdg
NAgktpoviwv KaBwg Kal n peTadpacn Twv ptoxovoplakwy mpwTteivwy gival dvo
AELTOUPYLEC KOWEG 0 OAa Ta pLToXOovOpLaKA yoviSLwHATA Kol N TIPOEAEUCH TOUG
UIopel va avixveuBel otov poyovo Toug, Ta a-rmpwteofaktipla. Ta ptoxovoplaka
YoVISLWHaTO KWSLKOTTOLOUV yla HopLa TIoU €lval amopaitnta Kat yia Tt SU0 auTEg
Stadkaoieg (Gray et al, 1999, Lang et al, 1999). To 6€UTEPO ONUAVIIKOTEPO EUPNLOL

TWV HEAETWV QUTWV €lval TO TILO TIPWTOYOVO WULTOXOVOPLOKO yoviSiwpa Tou €XEL
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XOPOAKTNPLOTEL UEXPL onuepa, KaBw¢ eudavilel tn peyaAUtepn opoloyia PE Ta
Baktrpla Kol TEPLEXEL TOL TIEPLOCOTEPA yovidla. To yovidlwua autd avhKeL oTov
opyaviopo Reclinomonas Americana, To omolo sivat éva paotlyo$pOpo MPWTLOTO Kot

€xeL unkog 69 kb (Lang et al, 1997).

H aAnAouUxnon twv yoviSlwpdtwv mou avadépbnke kKatéAnée oe €va akoua
ONUAVTIKO eVPNUQ, TO Omoio avadEépeTal WG « UeLWTLKN eEEALEN» (meiotic evolution)
Kol odeiletal otnv afloonpelwtn HElWON TNG WKOVOTNTAG TWV ULTOXOVOpLwv va
dEpouv KwdKomoNTIKA yovidla og cUyKPLON LLE TOUG BAKTNPLAKOUC TOUG TTPOYOVOUC.
H TEPLEKTIKOTNTA TWV ULITOXOVOPLOKWY YoVISwHATwY ot yovidia Bpébnke va
SLaPEPEL APKETA AVAPEDA OTLG YEVEAAOYLEG Kal KupaiveTal amo ta 67 yovidia oto R.
americana pPEXPL 3 yovidla OTO MUTOXOVOPLAKO YOVISIWUO TwV HOVOKUTTAPWV
napaocitwv Apicomplexa (Gray et al, 1999, Lang et al, 1999). AKOO KOLTO LEYAAUTEPO
LLTOXOVOPLOKO YOVLSLWUA TIOU EXEL XOPAKTNPLOTEL ATEXEL OPKETA ATIO TO ULKPOTEPO
yvwoto Baktnplakd yovidiwpa mou avrkel oto Mycoplasma genitalium, to omoio
kwdkomolel yia 470 npwteiveg (Fraser et al, 1995). H StadopeTikn MEPLEKTIKOTNTA OE
yoviSla avapeoa ota pitoxovoplakd yovidliwpata ¢aivetal va eival amotéAeopa
TPLWV KUPLWG UNxaviopwv. O MPWToC UNXAVIOMOG adopd Tn SLadopeTikh ocuxvotnta
otn petadopd yovidiwv avapeoa oto ptoxovdplo kat otov upniva (Gray et al, 1999,
Lang et al, 1999, Gray, 1999, Martin & Herrmann, 1998, Berg & Kurland, 2000). H
puetadopd aut mBavwe £ywve yla va anodpeuxbolv dalvOUEVO CUGCWPEUONC
YOVISLOKWY TPOIOVTWYV Kol va €emteuxBel HeyaAn QmOTEAECUATIKOTNTA OTNV
ouvTtovIopEVn Ekdpaaon yovidiwv (Bar-Yaacov et al, 2012). H petadopd yovidiwv amnod
TO ULTOXOVOpLO oTov mupnva eival pia evepyn Sladlkacia 0TOUG EUKOPUWTEG Kol
umnopei va StakplBei og SUo kKatnyopiec: petadopd mou odnyei o AsLtoupyLlKA yovidia
Kal petadopd nou odnyel oe Peudoyovidia. Exouv avadepBel MOANEG TTEPUTTWOELS
otn BBAoypadia yia tnv epdavion pitoxovdplakwv Peudoyovidiwv otov mupnva
avBpwrnivwv kuttdpwv (Hazkani-Covo et al 2003, Mourier et al 2001, Woischnik &
Moraes 2002) kaBw¢ kat oe aAa {wa kot ¢utd (Bensasson, 2001, Blanchard &
Schmids 1995). Ta Yeuvdoyovidla autd €xouv apkeTéC ¢dopég avadepBel otn
BBAloypadia, kaBwg evioxvovtal pall pe ta proxovoplakd yovidia péow tng PCR

SuokoAevovtag Tic GUAOYEVETIKEG LEAETEC (Sorenson & Fleischer 1996). O pnxaviopog
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petadopdc yovidiwv amd To HUITOXOVOPLO OTOV TIUPHVOL €XEL XOPAKTNPLOTEL OF
oplopéva €idn dutwv, omou n petadopd daivetal va pecoAafeital amd Eva
evélapeoco poplo RNA, to omoio petatpemetol oe DNA mpwv evowpatwOdel otov
nupnva (Nugent & Palmer 1991, Covello & Gray 1992, Adams et al, 2000). H
Stadkaoia petadopdg Exel peAetnbel emiong otn WuN (Thorsness & Fox 1993), otnv
orola urmoAoyiloTnke MwG N UETOPOPA Ao TO HLTOXOVOPLO TIPOC TOV TTUpnRva €ival
10000 ¢dopég mio ouxvy amo tnv avtiotpodn mopeia. Ol idlol epeuvntég (1990)
€belfav WG T AUCOCWHOTO KOTOVOAWVOUV TA MULTOXOVEpLa, ameleuBepwvovTtag

poplo. DNA ta omola eVOWHATWVYOVTOL 0T GUVEXELD OTOV TIUPHVA.

H petadopd Twv yovidiwv amo to PIToxovopLlo oTov Imupnva Kat n enidpacn tng
duoknG emloyng otn Stadikaoio aut amotéAlecse To BOEpa TNG HEAETNG QAPKETWV
gpeuvwy. Mia amod tig mo moAuvoulntnuéveg Bewpieg mou meplAapPavel Kal tnv
€vvola tou Muller’s ratchet, avadépet otL oL emiBAaBeic emdpaocelg Twv PeTAAAAEEWY
oTa pItoxovdplakd yoviSiwpata petplalovtal Otav To pitoxovéplaka yovidia
uetadépovral otov upnva (Berg & Kurland, 2000, Blanchard & Lynch, 2000, Kurland
& Andersson, 2000, Martin & Herrmann, 1998). H Umapén tou Muller’s ratchet, tng
ocuoowpeuong, dnAadn, petaAdtewv oe yovidia mou petafiBalovrol apUAETIKA
(61w to HLIToxovEpLOKO yovISiwua) e CUVETELD va NV €lvat Suvatr n emdlopbwon
pHéow avaocuvduaouou (Muller, 1932, 1964), unopei va sivat €vag mapAayovtag mou
npowBel ™ petadopda yovidiwv o egukapuwteg mou epdavilouv uvPniolg

€€eAIKTIKOUC pUBOUC OTO ULTOXOVSPLAKO TOUC YoviSiwpa.

Otav éva tétolo yovidlo petadépetal oTov muprnva, 0 opLOAOYOC avaoUVSUAOUOG
umnopei va odnynoet otnv emblopbwon A otnv eykabidpuon piag petdAAaéng, eddoov
OUTI ELVOL EVUEPYETLKN YLl TOV OPYAVIOUO, YEYOVOC Ttou Sev Ba pmopouos va cupPel
ota ptoxovépla. Me autd tov TpOmo, n mupnvikn popdn tou yovidiou pmopel va
eudpavilel PeAtiwpévn Aettoupyla oe oxéon He TN ptoxovdplakny popdn,
TPOKAAWVTAG TNV anwAela tnG. Mia dAAn unéBeon umootnpilel Mwg n petadpopd
otnv ouocia “amalldacosl” ta yovidia amod tig emdpaocelg Twv eAsuBépwv pllwv mou
elval og adBovia ota pitoxovépla kat mpokaAouv BAaBeg oto DNA (Allen & Raven,
1996). JUUMEPACUATIKA, OE YEVEOAOYIEG UE ULIKPA ULTOXOVOPLAKA YoviSlwuaTa Kol

uPnAolg e€eAIKTIKOUC puBUOUC UMTOPEL VAL EUVOELTAL N ATIWAELQ TWV ULTOXOVOPLAKWV
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yovidiwv, péow peTadOPAC TPOG TOV TIUPHVO, EVW OE YEVEOAOYIEC HPE HEYAAQ
LLTOXOVOPLOKA YOVISLWHUOTA KAl ULKPOUG EEEAIKTIKOUG pUBOUC O LOVOC TTOPAYOVTOG
TIOU €UVOElL tn petadopd eival n Suvatotnta eykaBOIdPUONC TWV EUEPYETLKWV

HETAAAAEEWV OTIWC TIEPLEYPADNKE TTAPATIAVW.

H anwAela twv yovidiwv pmopel emiong va odelletal Kal otn AELTOUPYLKH TOUG
avTikotaotacn omod yovidlia mou kwdilkomolwouvtal amd Tov Tupnva kot Sev
gudavilouv opoloyia pe ptoxovdplaka yovidia. Eva mopddslypa amotelel n
avTlKataotoaon tng Baktnplakng popdnc tng RNA moAupepdong mou anoteAouviay
ard MoAEG umtopovadeg, amo tnv mMoAupepdcon tou Baktnplodpdayouv T3/T7, n onoia
amoteAsital amo pia umopovada kat paivetat va puBuilel tn petaypodr) oto cUVoAo
TWV EUKAPUWTWV (Gray & Lang, 1998). Evag akOpa UNXAVIOHOG amwAeLog yovidiwv
elval n anwAela xwpig va umtdpel avtikatdotoon TG AELTOUPYLOG TWV AmoAecOévTwy
yoviSiwv. AuTo To yeyovog anwAelag yovidiwv dailvetal va cUVERN KOTA Ta apXLKA
otadla tng eEEALENG TWV EVUKAPUWTWY, OTOV TO MPWTO-ULTOXOVEPLO £XaoE TaXUTATO
€va peyaio aplBud petafoAikwy yovidiwv kot yovibiwv pe dAeg Asttoupyieg (my.
ouvBeon BakTnplakol KUTTOPLKOU TOLXWHATOC) Ta omoia ATav amapaitnta yla tnv
eAelBepn Baktnplokn popdn popdn Oxt OpWE yla tThv evbooupBlwtikr. Eva tétolo
napadelypa anoteAolv Ta yovidia Tou cUUITAOKOU | 0TO COaKXOPOUUKNTA, O OTOLOG
EXEL AMWAECEL Ta yovidla autd xwpig va €xel petadepbel n Aettoupyia og avtiotolya
yovidia tou nupnva. Q¢ amotéAeopa, N amwAeLa autr) odHynoE KoL 0TNV AIMWAELO TOU
TIPWTOU OUMMAOKOU HeTadopds NAekTpoviwv otov opyaviopo auto (Kurland &

Anderson, 2000).

OAeg autég oL Slepyaocieg petadopdg kat anwAeLag yovidiwv elxav we amotéAEc TO
pLtoxovdpLlako mpwrtéopa va epdavilel pia Sttt mMpogAeuaon, UE KATIOLEG TIPWTEIVEC
va €xouv Baktnplakn Kol GAAEG eUKAPUWTIKN TipogAeuan. Mapdla autd, ot dvo
opadeg mpwrteivwv Sev katavépovtal tuxaia, aAAd KatavéPovTal avaloya UE TLG
A€LTOUPYLEC OTLC OTIOLEG CUMMETEXOUV. M0 SUYKEKPLUEVQ, Ta Yovidla tou epdavilouv
Baktnplakd opdAoya oxetilovtal pe Slepyacieg Omwe n petadpacn, n BLoevepyntikn
Kal n BloolvBeon UIKPWV HOPLWV EVW OL TIEPLOCOTEPEC LEUPPAVIKES, PUBULOTLKEG KalL
HeTadoplké mpwTeiveg daivetal va elval eukapuwTikng poéAeuong (Karlberg et al,

2000, Marcotte et al, 2000). Ta Sedopéva auta odnyolv o Tpia supnuata. ApXLKa,
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TIOAMEG amod TIG OUYXPOVEG ULTOXOVOPLAKEC AELTOUPYIEG OMWG N HeETAdpaAcn Kal n
oeldwtik Ppwodopuliwon daivetal va TPoEpxovtal oMo TO TIPOYOVIKO a-
npwteoPaktrpLo. EmutA£ov, yovidia amo To apxEyovo a-mpwteoBaktrplo paivetat va
€xouv petadepbel oto MUPNVIKO yoviSiwpa Kal TEAOCG, n mapoucio Twv yovidiwv
QUTWV OTO pLtoxovéplako yovibiwpa tou R. americana tomoBetel tn petadopd
XPOVOAOYIKA PETA TNV QIOCYLON TOUC OO TOV OPYQAVIOUO QUTO. JUUMEPACHATLKA, TO
apxoio ev6ooUUPLWTIKO BakThplo TepLleixe PEPLKES XIALASEC yovidla, amod Ta onola ta
TEPLOOOTEPA XABNKAV KAl €val HOVO WUIKPO TIOCOOTO yovibiwv petadépBnkav kal
eMNEXONKav wote va dlatnpnBouv oto mupnviko yovidiwpa tou €evioth. MepIkEC
aKOpO ekaTovtadeg yovidla daivetal va tpomomolionkav AETOUPYIKA WOTE va
OUUUETEXOUV OTLG ULTOXOVOPLOKEG Aettoupyieg evw GAAa e€elixbnkav de novo oto

TIUPNVLKO YoviSiwpa.

Onwg Nén mepleypadnke, umnpav €€EAIKTIKA YEyovOoTa TIOU €uvOnoav Ee(Te TN
petadopd yovidiwv (Solkwv i AETOUPYLIKWV) OTOV TTUPNVA, E(TE TNV OAOKANPWTLKN
anwAeLd Tous. MapoAa autd, n yevetiki mAnpodopia dev xaOnke €€ oAokArpou amno
TO ULTOXOVOpLO, KABOTL Slatrpnoe €va NULAUTOVOUO YEVETIKO OUOTNUO, TAPOTL
amatteltal n oTpatoAoynon evog Peyalou aplBpol pwTEivwy yla tnv avilypadn, Tn
puetaypadn kot tn petdadpacn tou ptoxovdplakol DNA kabwg kal tg pubuiong
OAwV autwv Twv Aettoupylwyv. H dlatipnon twv prtoxovdplakwy yovidiwv daivetatl
va gixe tepaotia enibpaon otnv e€EALEN TwV MOAUTAOKWV opyaviocpwy (Lane, 2005),
ennpealovrag OepeAlwdn XapaKTNPLOTIKA, OMwWS To GUAO, TOV KUTTAPLKOG Bavartog,
NV emnhoyrn cuvtpodou, TNV €L60YEVEDN HECW QVATIAPOYWYLKAG AMOUOVWONG, TNV
npooapuoyn oe véa meplfallovta kat aAAa. H Slatipnon autwv twv yovidiwv
daivetal va eivol onUavTiki MELS UTIAPXEL KPLOLN avVAyKN ylot AUECH LETOYPADLKN
avtanokplon otnv ofeldoavaywylkn Katdotaon twv pitoxovdépiwv (Allen 2003, Lane
& Martin 2010, Lane 2011). Edv 6Aa ta pitoxovéplakad yovidia petadépovrav otov
TIUPAVA, TO ULITOXOVOPLOKO YOVISIWHA KAl T TTUPNVLKA Yovidla mou KwdLkomolouy yla
TPWTEIVEC TIOU €UMAEKOVTOL OTLG HLtoxovOplakeg Aettoupyieg Ba e€aleidovtav.
ErumA€ov, ol moAU KaAd puBuLopUEVEG AAANAETILOPACELG TTOU EAEYXOUV TNV yovidLaKD)
£€Kkppaon Kuplwg MPWTEIVWV TTOU CUUUETEXOUV OE TIOAUTIPWTEIVIKA OUUITAOKA TIOU

ouvtiBevtal kat and ta dvo yovidwwpuarta, Ba sEaleipovrav eniong. Aappfdavovrtoag
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unmoyPn ta Tubava mAeovekthpata amd TNV e€dAeupn TOU pITOXOVOPLAKOU
yoviSlwpatog, Snuloupyeital to €pwinua ylatl ta ptoxovépla Statnpolv To
YOVISLW A TOUC. Ma TNV amavtnon Tou EpWTHHOTOC AUToU £xouv potabei Stadopec

UTtOBEDELG.

Mia unéBeon mou g€nyel tnv Slatripnon Tou yoviSlwHATOG Twy Hitoxovdpiwv eivat
OTL OPKETEG MPWTEIVEG elval apkeTd uSpodoBeg Kal eite elvatl SUokoAo va Slaoyioouv
TN ULITOXOVSPLOKN UEMBPAVN WOTE Vo SpACOUV OTO CWOTO KUTTAPLKO SLOpEPLopa
(Popot & de Vitry, 1990) eite kateuBUvovtal AavOacpéva Aoyw udpodofLkdTnTag oto
evbomAaopatiko diktuo (von Heijne 1986). AfloonueiwTto elval To yeyovog mwg ol Suo
MPWTEIVEC KWSIKOTOOUVTAL OO OA TOL ULITOXOVOPLOKA YOVISLWUOTO TIOU £XOUV
aAAnAouxnBel, to kutOxpwua B (cytb) kat n umopovada 1 TNG KUTOXPWHLKNG
o&eldaong (cox1) €xouv tn peyoAlTePn LOPOGORIKOTNTA UETALY TWV ULTOXOVOPLOKWV
npwteivwv (Claros et al, 1995). Otav n mpwteivn cytb cuvtiBetal oto KutTApOTMAACUA
6e umopel va sloaxBel €€ ohokApou ota pIToXOvOpla aAAG HMOVO TUAUATA TNG
MpwTelvng ou TepLEXxouv 3 1 4 amo TIg 8 SLaUEUPPAVIKEC TIEPLOXEG ELOAYOVTOL UE
erutuyio (Claros et al, 1995). MelAéteg mou adopovoav tnv umopovada Il tng
KUTOXPWHLKN G o€eldaong €delav mwc n umopovada autr) 6 pnopel va eloaxBet ota
pLtoxovépla in vitro, ektég av adalpebel n mpwtn SlapeuBpavikn TG MEPLOXA N av
avtikataoctaBouv dUo kplowa apwvoléa autng tng meploxns (Daley et al, 2002). Ze
TIEPUTTWOELG UeTOPOpAC yovidiwv, €xel mopatnpnbel tautdoxpovn Helwon
udpodofLkoTNTAG TWV SLAUEUBPAVIKWY TIEPLOXWV AOYW UETAANAEEWY, OTIWG CUVERN
ota yovidia COX2,COX3 & ATP6 otov opyaviouo Chlamydomonas (Funas et al 2002,
Perez-Martinez et al, 2000, 2001).

Mia gUtepn UTIOOEON yLa TN SLOTPNON TWV ULTOXOVOPLAKWY YOVISLWHATWYV lval Ta
ToflkA amoteAéopata mou epdavilovial oto KUTTApo OTOV OUTEG Ol TPWTEIVEC
BpeBouv oto kuttapomAacua (Martin & Schnarrenberger, 1997). Mia tpitn unméBeon
Baociletal oTOV KEVIPIKO POAO TWV pLIToXovoplakwv yovidiwv otnv aAucida
HeTAdOPAC NAEKTPOVIWV KAl TNV TIOPAYWYr EVEPYELAC, OTOTE TO HLToxovdplo Ba
TpEMeL va eival oe B€on va pubuioel kal va ekppdcel aviiotoa ta yovidla oe
anokplon otnv ofeldoavaywylkn tou kataotacn (Allen, 1993, Race et al, 1999). H

tedevtala UTOOEon €xeL Vo KAVEL PE TO OLOPOPETIKO YEVETIKO KWOLKA TIOU
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XPNOLUOTOLOUV Ta HITOoXovOplaKA yovidla o€ oxéon ME T TMupnvika. Eav ta
pwtoxovéplakad yovidia ota {wa petadepbolv Kal ekdpactolV OTOV TUPAVA, Ol
npwteiveg mou Ba mpokLPouv S Ba £xouv TN cwot apwvollkry aAAnAouyia kat Ba
TEPLEXOUV TPWILMA KwdKovia ARENC KoL QvTVONMUOTIKEG HeTtalldtels. Etol, o
HLTOXOVOPLAKOG YEVETLKOG KWOLKAC aiveETAL VA ELVOL O ATTOTPEMTIKOC TOPAYOVTAC TTOU

Sev emutpenel Tn petadopd Twv yovidiwv ota {wika i6n.

H e€eAién tou yovidlakou meplexopévou Tou mtDNA 0TOUC EUKOPUWTEG

To pitoxovdplako yovidiwpa epdavilel e€atpetikég Stadopég ota PeyEdn, mou
Kupaivovtal and 16kb péxpt mavw amo 500kb oe pepka €idn dutwv (Hanson &
Folkerts 1992, Unseld et al 1997, Gray et al 1998) kat ot Stadopég autég odeilovrtal
KUPLWG 0TO SLOPOPETIKO YOVISLOKO TtEPLEXOUEVO. H SLadOpETIKY TIEPLEKTIKOTNTO OE
yovidla avapeoa ota mtDNA daivetal va eival amotédeopa tng SladopeTIKAG
petadopdg yovidiwv avaueoa oto pitoxovdplo kal otov nupnva, (Gray et al, 1999,
Lang et al, 1999, Gray, 1999, Martin & Herrman, 2000, Berg & Kurland, 2000) n omnoia
daivetal va sivat pia evepyn dtadikaoia o HEPIKEC yeveaAoyieg ou meplAapfdavouv
avbodopa Puta (Adams et al, 2000). Eva turikd mtDNA mepléxel yovidia mou
Xxwpilovtal og TPeLg opAdEeC: yovidla mou kwdikomolouy yla ptpoocwitkd RNA (rRNAs),
yovidla mou KwdiwkomoloUv yia petadopikd RNA (tRNAs) kat yovidia Tmou

KwdLkomoloLV yla pwrteiveg (protein coding genes, PCG).

Tayovidia twv pLpoowutkwy RNAs

Ta 6o yovidia rRNA (12S, 16S) Bplokovtal og OAQ T XAPOAKTNPLOHEVA
pwtoxovéplakad yoviSliwpata. Mapd tnv kaBoAwkn toug eudavion, eudavilouv
mowhopopdia oto péyebog, Wblaitepa o cUYKPLON HE TO avtioTolyo yovidia Twv
guBaktnplwyv KoL TwV YAWPOTAAOTWV. 2€ APKETEC TIEPUTTWOELG, TA YOVISLO AUTA £XOUV
KOTAKEPUOTLOTEL O€ ULKPOTEPQ TUAHATA, TA OTtola elval Staokopriopéva oto mtDNA,
HETAYPAPOVTOL XWPLOTA KOL OTN OUVEXELDL CUVEVWVOVTOL Yylo Vo oUVOEoouv éva
Aettoupyko poplo RNA (Gray & Schnare, 1996). 2 avtiBeon pe ta Suo yovidia autaq,

mou gpdavilouv kaBoAkn epdavion, To yovidlo mou KwLKOToLEL yla Tnv urtopovada
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5S rRNA eupdavilel pia dlaitepn katavoun otnv gudavion tou, Kabwe anouvolalel
arnod TNV MAELOVOTNTA TWV ULTOXOVOPLAKWY YOVISLWUATWY Kat epdaviletal povo ota
duta e Enpag kat os pepkd ¢ukn (Oudot-Le Secq et al, 2001) kaBwg Kal ota
npwtiota Reclinomonas (Bullerwell et al 2003a, 2003b, Grey et al 1998). To povtéAo
QUTO TNG KATAVOUNG €lval eVOEIKTIKO yla Ta TTOAAA avedpTnTa yEYOVOTO QMWAELAG
yovISilwv Katd tn SLapKeLa TNG pitoxovoplakng e€EAENC. To yovidlo auto, mboavwg va
QVTLIKATAOTAONKE AELTOUPYLKA amd TO avtiotolyo yovidlo Tou muprva, onwe dpaivetal
va €xeL oupPel ota lwika €idn (Entelis et al 2001, Magalhaes et al 1998) i va
petadEpOnKe otov mupnva os KAmoleg AMeg yevealoyieg. Eival eniong mBavo 1o
yovidlo auto va pnv ntav amapaitnto ywa to wWlaitepa acuvnbeg ppocwpa Twv

pLtoxovdpiwv.

Ta yovidla Twv petadopikwyv RNAs

O apBudc twv yovidiwv twv tRNAs mou yaptoypadouvtal ota mtDNAs
Sladépel évtova peTafl TWV EUKAPUWTIWVY Kal KUPaivetal amo pndév ota
Apicomplexa xalL oto mpwrtioto Trypanosoma brucei, péxpt 22-27 yovidia ota
TeEPLOCOTEPQ ULTOXoVSpLakd yoviSiwpata (Gray et al 1998, Lang et al 1999). Me Bdaon
o HEXPL Twpa Sedopéva, de daivetal va €xel umapEel LeTadopd TwWV AOAECOEVTWY
yovidiwv otov mupnva. AvtiBeta, n emikpateotepn €€Aynon yla TNV OMWAELQ TWV
YOVLSLWwV aUTWV €lvat n AELTOUPYLKH TOUC QVTIKOTAOTOOoN amnod yovidla Tou mupnva, tTa
ormola €Xouv EUKAPUWTLKA TpogAeuon Kal ouxva Stadpapatifouv Vo poéAouc:
OUMMETEXOUV OTNV  KUTTOPOTIAQOMATLKY) KoL HLTOXOVOpLOKN TipwieivoouvOeon
(Alfonzo & Soll 2009). H elwoaywyn Twv upnVvika Kwdlkomoloupevwyv tRNAs otov
nupnva €xeL e€eAxOel apkeTég Popeg Kata TN SLAPKELA TNV ULITOXOVOPLOKNG EEEALENG

(Gray et al 1998).

AUo TepUTTWOELG Tou oxetilovtal pe amwAela yovidiwv ¢aivetal va eudavilouvv
dlaitepo evdladépov: n mpwtn adopad to €idog Twv mocou (Borner et al 1996), 6mou
pio Tpomomnoinon oto avilkwSIKOVIO eVOC HIToXovOpLakwe Kwdikomolovpevou tRNA

obnynoe otn dnuwoupyia Suo SladopeTikwy, AELTOUPYIKA, LOPLlwV TTOU UTTopouV va
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puetadépouv YAUKLvn KoL acmapayivn, EMITPEMOVTONG £TOL TNV OMWAELD TOU EVOG
yoviSiou. H 8eUtepn mepintwon adopd ta ayyeloonepua Gputa, ota omnoia ta yovidia
tRNAs ta omoia €xouv XaBel, avtikataotabnkav AELTOUPYIKA OO TA CUYYEVLKA
yovidla Twv yAwpomAaotwy ta omnola petadépovral oto pitoxovéplo (Joyce & Gray
1989). Ita utoxovépLa autd, €KTOC amd Ta XAWPOTMAAOCTLKA, E€LOAYOVTAL KOl
kuttaponmAaopatikd tRNAs (Glover et al 2001, Kumar et al 1996), kot £toL n
ptoxovéplakny Petaypadlk) pnxav Toug Bewpeital n To TAYKOOULOTIOWUEVN,
KaBwg xpnotpomnolel onuavtikd aplBud tRNAs ano tpelg SLadopeTIkEG TPOEAEVOELC:
NV ptoxovdplakn, TtV XAWPOTMAAOCTIKN Kal TNV KuttapomAacpatikr (Small et al,

1999).

Fovidla mou kwodikomolovy yia mpwiteiveg (Protein Coding Genes, PCG)

H peyaAn mowihopopdia otov aplBud twv yovidiwv autwv gival avtiotowxn
HE auth twv yovidiwv tRNAs avapeca otoug gukapuwtes. O aplBuog twv PCG
KUpalvetal and 3 oto mpwtioto P. falciparus kot oto aAAa pEAn tou dpUAOU Twv
Apicomplexa (Feagin, 1994) péxpL 67 oto €ibo¢ R. americana (Lang et al 1997).
Qaivetal va UmApxeL Ml OCUOXETION avAUEcH oOTov aplOpd yovisiwv Ttwv
ptoxovdplakwyv tRNAs kat twv PCGs (Lang et al 1999). H kaAUtepn cuoxETion 6oov
adopd to pEyeBOC TNC amwAelag kKol Twv SUO OHAdWV TIPOEPXETAL QMO TA
Apicomplexa, ta omoia mepléxouv 3 PCGs kat kavéva tRNA kal ota €idn dAyng tou
vévou¢ Chlamydomonada, n omnoia €xet 7 PCGs kat 3 tRNAs. Autr) n cuoxEtion g
pelwong Twv Vo opdadwv pmopel va €€nynBetl av AndBel unoyn n onuaocia Twv
yoviSiwv autwv otn Stadikacio TG UIToXovopLakn g HeETAdpaAOoNG: EVa LLTOXOVOPLO
TIOU KWOLKOTIOLEL yLa Alyeg HOVOo MPpWTEIVEG, Umtopet va Xpelaletal Kat Alyotepa popLa
tRNAs, Ta omola pmopel va mapExovtal Kal and To KUTTaponAacua, o€ avtiBeon pe
€va ptoxovéplo mou Kwdikomolel yla moAEC mpwtelveg. MapdAa autd, ot
Sladkaoleg amwAstag yovidiwv twv 8Vo opddwv daivetal va akoAolBnoav
Stadopetiki 060, pe ta tRNAs va avtikabiotavral amo yovidia Tou mupniva evw ta
PCG yovibla daivetal va petadépbnkav otov muprnva, onote oL dUo SLadkaoieg

autég 6 daivetal va eival ouvoedepéveg.
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OAa ta mtDNA daivetal va mepléxouv €va oAU ULkpoO mocooto PCG og oxéon We Ta
YOVISLWHATO TWV TTPOYOVIKWY TOUG A-TIPWTEOBAKTNPLWY, KOL TO TTOGOOTO QUTO adopd
QTTOKAELOTIKA Yovidla ou epnmA£kovtal otn Stadikacia tng avarmnvong. Afloonueiwto
elval To yeyovog mwe ta 67 yovidla mou kwdikomolouvtal and to mtDNA tou
Reclinomonas meptAapfBavouv oAa ta dtadopetikad yovidia mou epdavilovral katd
nepintwon os dtadoporotnuéva MtDNA mou €xouv XOPOKTNPLOTEL HEXPL CHUEPOQL.
JUupudwva PE QUTA TNV MapaAThpnon, N anwAsla twv yovidiwv tou evéooupuflwtn
ouVERBN Alyo petd tnv evbooupfiwon kat mpwv yivel n dtadopomnoinon mouv odriynoe

OTLG KUPLEG EVKOPUWTLKEG YEVEQAOYLEC.

Jupdwva pe peléteg (Gray et al 1998, Lang et al 1999), Ta yoviSia mou KwdLKomolouv
yla TTPWTEIVEC TOU PLBOCWHATOG XAVOVTaL TTOAU TILO GUXVA OO TLC UTTOUOVASEG TNG
avamnveuoTIKAG aluaidac. H yovidlakn anwAeLa, Aownov, epdavilel pia tepapyio. Ano
Ta 27 yovibla mou kwdikomolwouv ylo Tpwieiveg otov Reclinomonas, ta 16
gvrtornilovral ouxva oto mtDNA Twv eUKapUWTWVY, oo Ta omoia 11 kKwdilkomolouv yla
MPWTEIVEG TNG WMKPAG umopovadag (amd éva ouvoho 12 yovidiwv) kat ta 5
Kw&LKOToLoUV yla TPWTIEIVEG TNG MEYAANG umopovadag (amd éva cuvolo 15
yovidiwv). YMmApxouv TECOEPL UEYAAEC YEVENAOYIEC EUKOAPUWIWV TIOU E£XOUV
anwA£oeL TEAelw OAa Ta yovidLa TTou KwOLKOTIOOUV YL pLBOCWULKEG TIPWTEIVEG, Kall
n anwlela ¢aivetal va cuvéRn aveéaptnta os KABe yevealoyia. Avtibeta, dev €xel
Bpebel kamolo¢ opyaviopog Tou omoiou To MtDNA va €xel anmwAéoel OAa Ta yovidla
NG avamveuoTiknG aAucidag. OAa ta pitoxovdplakd yovidiwuata meplappavouv
TouAdylotov Ttpla yovidia tng avamveuotikng oAuvcidag, Vo ek Twv omolwv
sudavidovratr kaboAka (Cytb, COX1). Ymapyouv emiong tplo akOpa yovidlo pe
kaBoAwkn eudavion, ta ND1,4,5 mou daivetal va amouaotdlouv anod 2 yevealoyieg,
Twv apicomplexans kot Twv UPWV. To yeyovog autd pmopel va eEnynBetl Adyw tng
OAOKANPWTIKNAG OMWAELOG TOU CUUITAOKOU | TNG aAucidag petadopds nAEKTPOVIwY
OTOUC OpYavIoMOoUC autouq. Mpoodoata, Xapaktnelotnkav opyaviopoi mou 8ev
dépouv ptoxovdplakod yovidiwpa. H mapatipnon auth avtavakAd kol To poAo Tou
mtDNA otnv aepofla  avamvor. Aaupdavovtag umoyn TN OCUMUUETOXH TWV
LLTOXOVOPLOKWY TIPWTEIVWV 0TNV aepofLa avarmvor, 8 mpokaAsl EKMANEN N anwAela

TOUG O€ OPYQVLOLOUG TIOU QVOTTUCOOVTAL AVAEPOPLA I TIOPACLTIKA.
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To pLtoxovopLako yovibiwpa Twy HeETalwwy

Eva tunikd petalwikd mtDNA eival éva KUKALKO popto DNA, pe péyebog
niepimou 17000 Baoelg kat mepthapPfavel 13 yovidia mou KwSLKOTIOLOUV yLa TPWTEVEG
Kol Sev mepléxouv VvIpovLa, 2 yovidla yla ptBoowuikd RNAs kat 22 yovidia mou
kwdtkomoloUuv yla tRNAs, éva yla kaBe apvoll, pe e§aipeon t ogpivn kat tn Acukivn
mou €xouv SUo avtiypada yovidiwv (Ewova 2). To HeEyaAUTEPO TIOCOCTO TOU
TPWTEOUATOG TOU MLITOXOoVOplou ELOEPXETAL OTO WUITOXOVOPLO amd Tov TuphHva
(Chacinska et al 2009, Szklarczyk & Huynen, 2010). H avdAucn tou mtDNA oto
eninedo tou HeyEBOUG, TNG OPXLTEKTOVLIKAG, TNG oUOTOONG, TNG Opyavwaong, TOu
VEVETIKOU KWK KaBw¢ Kot Twv deutepotaywv Sopwv Twv rRNA kot tRNA amotéleoe
KoL aroTeAEL éva Xpr oo pyaleio yla TNV e€aywyn CUUMEPOOUATWY OXETLIKA UE TIC
duAoyeVeTIKEG OxEOELG 0 SladopeTika Tafvoulka enineda (Boore, 2006). EmutAéoy,
T PCG oalvetal va €xouv oxupo duloyevetikd onupa mou Ponbasl otnv
arnocadnvion MepPUMAOKWY OXECEWV TOOO HEoa ota GUAA 000 KOl HETAEU TOUC

(Bourlat et al 2008, Zardoya & Meyer 1996).

Ot 13 nmpwrteiveg mou kwdikomolouvtal anod to mMtDNA cUUUETEXOUV O€ TEGOEPA ATO
Ta 5 olumloka tNg ofeldbwrtiknG PwodopuAiwong: edptd umMouovadeg NG
adudpoyovaonc tou NADH 1} oupmAokou | (Cl) (ND1-6, ND4L), to kutoxpwpa b oto
ocuumAoko Il (ClIl), Tpelg umopovVASEG TNG KUTOXPWULKAG ofelddong i cuumAoko IV
(CIV) (COX1-3) kot 8Uo umopovadeg tng ATP ouvBdaong n ouupmloko V (CV)
(ATP6,ATP8). 3to ouUumAoko |, ot ND2,4 kat 5 ¢aivetal va dpouv wg opeig
nAektpoviwv evw ot ND1 Swadpapartilel €va onUAVTIKO SOULKO POAO AVAUECA OTO
HEUBPavVIKO Kol Tov epLdepLko Bpaxiova Tou cupmAokou (da Fonseca et al, 2008). To
cytb dalvetal va €xel pia onUAVTIK SpOOTIKOTNTA, TNV OVAYWY TOU KUTOXPWHLOTOC
c. oto ouumAoko IV, n mpwteivn COX1 kataAVeL tn petadopd NAEKTPOVIWY OTOV TEALKO
amodEKTN, IOV €lval To poplako o&uyovo, kal padl pe tig COX2 kat COX3 oxnuatilouv
TO KOTAAUTLKO KEVTPO TOU cuUTAOKkou. Ocov adopd tnv ATP cuvBdon, n untopovada
ATP6 eival Baolkd otolxelo Tou KavoaAlol mpwtoviwv evw to ATP8 eival puBuLoTig

ouvapuoyAG Tou cuumAokou (da Fonseca et al, 2008).
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EmutAéov, xaptoypadouvtat yovidia rRNA tng UKpAG Kot TG LEYAANG PLBOCWHLKAG
uropovadag, Ta omnola €xouv Baktnplakn mpoéAeuaon. TéAog, xaptoypadouvtal Kat
22 yoviSia yia tRNAs. MapotL n YeVETIKN cuoTaon €ivol KOAQ ouvtnpnuévn oto
petalwa, umapyouv peyaleg Oladopég mou adopolv TNV TOMOBETNON TWV
puBULOTIKWY oTolXelwv TNG avtlypadnig Kat TG petadpaons. Ita xopdwtad, n KupLa
un Kwdikn mepoxn ivat n D-Loop mou mepthapBavel oxedov OAEC TIG PUOULOTIKEC
aAAnAouxieg tTnNg avilypadnc Kal tTng LeTaypadrc, oL omoleg ival: £€vag UTOKIVNTAC
™¢ eAadprag alvaidag (LSP) kat Suo tng Baplag alvacidag (HSP1/2), kabBwg kat pia
g€eAlktika ouvtnpnuévn alnAouxia mou oxetiletal pe tnv aviypadn tou DNA
(Shadel, 2008). Mia 6gutepn un KwdLIKN Teploxn evromniletal o pio opada yovidiwv
tRNA kat mepllapfavel tn Béon évapéng tng ehadpldg aluvoidbag tou mMtDNA
(Fernandes Silva et al, 2003). Zta apBpomoda kal mBavov 0ToUG VNUATWOELS, UTIAPXEL
uia kowvr) B€on évapénc tng aviypadng kat yia T dvo aluoidec (Zhang & Hewitt,
1997, Saito et al, 2005).
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Ewkova 2: Eva turniko uopto mtDNA tou eiboug Homo sapiens. (sikova ano Bellance et al, 2009)
HSP,LSP: ot urtokivnTtég twv SU0 aAuaoidwv

OH,OL: ot 9¢oeig Evapénc avtiypapng twv SUo aAuoiSwy.

Avtlypadr) tou mtDNA

To eAdxwoto aviypadoocwpa tou mMtDNA amoteleitar amd tnv DNA
ToAupepaon y, TNV eAikaon TWINKLE kat tnv pitoxovéplakn mpwreivn npdodeong oe
HovOokAwveC aluoidec (Spelbrink et al, 2001, Korhonen et al, 2004, Fan et al, 2006). H
avtiypadn anattel kat AAAOUG apAyovTEC, OTtwG tn pitoxovopLakr RNA moAupepdon
Tou SnuLoUpYel Ta eKKlVNTIKA popla (Wanrooij et al, 2008), o pLtoXovopLAKOG

peTaypadlkog napayovtag A (TFAM) kat aAAa Eviupa, ormwe n DNA Awyaon 1l kaBwg
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Kol tomoioopepdoeg (Simsek et al, 2011). H eAwdon dnuioupyel TIg mMpolmoBEoelg
avtypadng tou mtDNA omote Kal Ta eninedd tng oxetilovial Pe Tov aplOpod twv
avtiypadwv tou mtDNA (Tyiinismaa et al, 2004). O TFAM auavel To Xpovo nuIwng
Tou popiou, avéavovtog to Pabuod cuoneipwong tou MtDNA (Larsson et al, 1998,
Kaufman et al, 2007, Ylikallio et al, 2010), omote amoteAel mapdyovia EAEyXou TOU
aplOpoL tTwv avtlypadwv. EKTOC amo ta £vIupa ToU ammaltouvTalL yla thv aviypadn,
UTTAPXEL KaLl avaykn yla eAeUBepa voukAeotidla. H de€apevr) tTwv ptoxovoplakwv
voukAeotibiwv e€aptdtal Apeca Amd TOV KUTTAPOTAQOUATIKO UETABOALOUO TwV
VOUKAg0TIS LWV, OMOTE TTOCOTIKEG AANAYEC 1 SUGAELTOUPYLEC TOU HETABOALOHOU QUTOU
ennpealouv apvnTka tnv avtiypadn tou DNA. H avtiypadr) tou mtDNA evioyvetatl
Kal amoé tnv avénon g ékdpaong tou PCGl-a péow TN ouvevepyomoinong tou NF1

kot NF2 (Campbell et al, 2012).

OL 6V0 aluoideg Tou MtDNA €xelL BpeBel OTL Sladépouv 0Tn VOUKAEOTLOLIKN TOUG
ouotaon, kKabwe n pla aAvoida eivat mAoloLla o€ KATAAOLTTA Yyouavivng evw n AAAn
oxt.. H aAuciba mou eivat mAovola og katdAouta youavivng KoAsitol kot Bopld
aAvaoida (Heavy strand, H-strand) evw n aAAn kaAeitat eAadprd aluoida (Light strand,
L-strand). H attia tn¢ acuppeTpilag Twv aAucidwv daivetal va TTPOKUTITEL OO TIC
Sladkaoieg mou PoKaAoUV UETOAAAEELG KAl EUVOOUV TIG LETAOTPODEG EVAVTL TWV
petantwoewv (Hassanin et al 2005, Brown & Simpson 1982). H rtio miBavn) attia eivat
n amopivwon ¢ adevivng kot Kutooivng tng Baplac aAuacidag mou odnyouv oe
aVTLIKATACTOON o youavivn Kal Bupivn avtiotolya. Exel mapatnpnOel mwg o xpovog
KOTA ToV omoio ot aAucideg tou mtDNA napapévouv o€ HovokAwvn popdn Katd tTnv
avtiypadn eudavilel cuoxetion pe Toug PuBpoUg petallallyéveong, Tou eival
UTELBUVOL yla TIC VOUKAEOTIOIKEG OUXVOTNTEG TwV aAUCLdwV omwc avadépbnke

(Reyes et al 1998, Krishnan et al 2004).

Ta ptoxovdplakad yovidltwpata, SExovral LoxupES TLECELG peTaAAdtewy (Brown et al
1979) mou oxetilovtal PE TO QVEMAPKEC ocuoTnua emidlopbwong tou mMtDNA
(Bogenhagen 1999, Gredilla, 2011). Ot AdyoL mou CUVELCPEPOUV OE QUTO €lval N
amoucia TPOCTATEUTIKWY MPWTIEIVWY, OTIWE OL LOTOVEG, O UNXOAVIOUOG avTtlypadnc,
TIou adrvel ekTeBeléva TUHaTa LovokAwvou DNA, kaBwg Kat To mepBaAlov tou

ptoxovdpiou mou eival mAovolo og eAelBepeg pilec ofuyovou (Harman, 1972). Me
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Baon ta mapandvw, to MtDNA daivetal va eival enppenég oto GavOUEVO TIOU
ovopaletat “Muller’s ratchet” (Muller, 1964), 6nAadrn otn Babulaia cucowpeuon

HeTaAAAEewV TTou Ba 0dnyrcouV MTPOOSEUTIKA OTNV aMWAELA AsLTOUpyLag.

Metaypadr) tou mtDNA

To mtDNA petaypadetal anod éva eEELOLKEUUEVO UNXOVLIOUO TTOU XPNOLLIOTIOLEL
pia povopepr) RNA moAupepdon (POLRMT), n omoia amoteAeital amno pia unopovada
KOl QVAKEL 0TNV OlKoyEvela Twv RNA moAupepacwy tou Baktnplopayou T7 (Masters
et al 1987, Tiranti et al 1997) kal petaypadlkoUs TOPAYOVTIEG €L6LKOUG yla TO
pLtoxovéplo, onwg o TFAM (mtTFB1) kat to mtTFB2 (Falkenberg et al 2002, Gaspari et
al 2004). Npoodateg PeAETeg £xouv Seifel mwG oL Aettoupyleg Twv SU0 peTaypadIKwY
napayoviwy £xouv dtadopomnotnOel apketd, pe tov mtTFB1 va Asttoupyel Kuplwg wg
puebBulotpavodepdon tou 12S rRNA kat tov TFB2 va amoteAel Tov KUpLo petaypadiko
napayovta. OL petaypadikol mapdyovieg daivetal va €xouv e€ehxbel amd tnv
Baktnplakn pebulotpavodepaon KsgA tou rpoyovikou evdooupBlwtn (McCulloch et
al 2002, Cotney & Shadel 2006, Shutt & Gray 2006). KaBe pio and auvtég tig dvo
npwtelveg umopel va avtikataotAoel Aettoupylkd tnv KsgA oto E. coli (Seidel Rogol et

al 2003, Contey & Shadel 2006).

Ta mpwtopyxlkd petaypada eival TOAUKIOTPOVIKNG HopdAG. Ita OnAaoTikad,
evrtornilovral 800 eVAAAOKTIKOL UTTOKLVNTEG yLa TN Bapld katl tnv eAadpld aluoida kat
xaptoypadouvtal otnv D-Loop (Cayela & Gustafsson 2007, Scarpulla 2008). Apxika,
mapayovtal TPlo  TMpwTapxka  petaypada. To  MpwTapxXlka  petaypada
TpomormnolouvTal WoTe va mapaxbolv wppa popla rRNA kat mRNA pHéow amoKomng
Twv ptoxovdplakwv tRNAs amo ta 3’ kot 5 akpa. Autég ol Sladikaoieg
npaypatonolovvtal and tnv RNAse P kat ti¢ evbovoukAeaoeg tRNAse Z avtiotolya
(Levinger et al 2004). e OAa ta OnAaotikd Kat otn Drosophila, OAa to wpLLa
pttoxovoplakd mRNAs ival LOVOKLOTPOVIKA, HE e€aipeon ta Sikiotpovika nd4/nd4l
Kat atp8/atp6. Ta mRNAs eivat cuvBwc moAvadsvuliwpéva (Bobrwicz et al 2008)
EVW €XOUV EVTOMLOTEL Kol popla xwpi¢ moAu-A oupég (Mercer et al 2011). Eva
evlladépov XopakTNPLOTIKO Twv Mitoxovdpltakwv MRNA elval OTL apKeETA amo ta

Kwdkovia Anénc oxnuatifovrat péow tng moAvadevuliwong (7 otov avBpwro, 6 oTo
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OOAWWO, TOUAAXLOTOV 4 oTn puya) Kot €ToL oTepoUlvTal TEAEiwWC 3 aueTAdPAOTEC
nieploxég (Nagaike et al 2005, Stewart & Beckenbach 2009). Ot 5’ apetadpaoteg
TEPLOXEC dalvetal va amouolalouv amd OAa ta yovidia. Ta ptoxovdplaka rRNA
eniong moAvadevuliwvovtal Kat, omwe Kot ta Paktnplakd rRNA, tpomomnolouvtal
Héow MeBuAiwong kat Yeudo-oupldlhiwong oe uvPnAd ocuvtnpnuéveg O€oelg
(Ofengand & Bakin 1997). OAa ta pttoxovéplaka tRNA amattolv tnv mpooOnkn tou
CCA oto 3’ akpo toug amod tnv ptoxovéplakrn tRNA voukAsotibulotpavodepdon
(Nagaike et al 2001). Ztn cuVEXELQ TPOTIOTIOLOUVTAL XNULKA WOTE VA ATTOKTACOUV TN
owotr dlapopdwaon, Kot va eEacPaAloTEL N avayvweLoT KoL N GUUTTANPWHOTIKOTNTO
Twv Baoswv (Helm & Attardi 2004, Messmer et al 2009). Ot tpomomnoloelg otn OnAld
TOU avtikwdikoviou dnuloupyolv TIG CUVOAKEG yla TNV avayvwplon ToANATAWY
Kw&koviwv amod éva tRNA (Agris et al 2007). H peta-petaypadikn tpomonoinon twv
rRNA kot tRNA eival onpavtiki yla tTn owoth AEToupyila TOUG KOl UTTAPXEL EVOG
HEYAAOC aplOUOG TpOTOTIOLCEWY, TOV omoiov udiotavtal katd tn Stdpkela tnG {wng
tou¢ (Decatur & Fournier 2002, Gustilo et al 2008). Tpomomoloel; TOU
nephappavouv pebBuliwon kat Peudo-oupldhiwon €xouv Bpebel ota plpoowpata
oe ptoxovépla BnAaotikwv (Ofengand & Bakin 1997, Curgy 1985) kat mapotL oL
TPOTIOTOLNOELG £lval AlyOTEPEG O€ OXECELG ME TO BaKTrpla, ol BEoeLG Tpomomnoinong
glval apKETA CUVTNPNUEVES, SNAWVOVTAC TOV ONUAVTIKO Toug poAo (Sirum-Connolly et
al 1995). Ou tpomomoilnoel twv tRNA elval OnUAVTIKEG yla TN OWOTH TOUC
Slapopdwon, avayvwplon Kol CURMANPWHATIKOTNTA Twv Bdcewv. O poAo¢ twv
TPOTOTOLCEWV QUTWV WITOPEL va Elval OKOO TILO ONUOVTLKOC YLO TOL LLTOXovVEpLaKa
tRNA twv BnNAaoTIKWV TTou €XouV avamtuéel acuvhnOn Souka xapaktnplotika (Helm
& Attardi 2004). AlddopeG TPOTIOMOLACELG £XOUV OVAYVWPLOTEL KOL 0TOUG avOpwItoug

(Helm & Attardi 2004, Messmer et al 209, Helm et al 1998, Juhling et al, 2009).

Metadpaon tou mtDNA

Ta ptoxovépla Stabétouv tn OLKN TOUG MPWTIEIVOOUVOETIKN) Unxavr Tou
XPNOLUOMoLeital yo tnv Tmapaywy Ttwv 13 udpdédoPwv mpwieivwv ToOU
Kwdkomotlouvtal amo to mtDNA. Ot MPpwTEIVEG AUTEG £XOUV UEUBPOVIKO EVIOTILOUO

KOL €L0QyovTal oTnV HEUPpavn HEow TNG MPOOSECHG Toug otnv wvoegptaon OXAl
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(Wiedemann & Pfaner, 2017). Ow mpwrteiveg autég dpaivetat va §pouv wg MUPAVES yLa
TN cuvappoyn Twv VEWV cUUIAOKwWV (Stroud et al, 2016, Timon-Gomez et al, 2018), ta
orola AmaLTouV Kol TIUPNVLIKEG UTIOHOVASEG, TIOU EL0AYOVTAL KAl GCUVOPUOAOYoUVTaL
he tn Bonbela mapayoviwy cuvappoyne. H Stadikaoia tng petdadpacnc €xel TOANEC
OMOLOTNTEG ME TNV avtiotolyn twv Poktnpiwv, e pePKEG PBaokég Sladoped: ta
plLBocwpaTa TWV ULITOXOVSPLwV oTa BNAACTIKA £X0UV QUENUEVA TTOOOOTA TIPWTEIVWY,
to putoxovdplakd mMRNAs Sev €xouv 5’ auetadpaoctn TePLOXr, KOAUTITPO Kol
aAAnAouxia Shine-Dalgarno, kat €toL n Swadikaocia €vapéng tng petdadpaong
TIOPOUEVEL LOVASIKN) ANA aKOpa eV £XeL TPooSLloploTel MANPWE 0 pnxaviopog (Ott
et al, 2016). Napopoiwg pe ta Baktipla, n évapén amattet tRNA tng dpoppulo-
peBelovivng, mou Slaxwpllel tnv evapktnpla pebelovivn amod autr mou mpootibetal
KOTA TNV EMLUAKUVON TNG VEOOUVTLOEUEVN G TPWTEIVNG, kaBwg to MtDNA kwdikomolel
ylia €va povadlkd tRNA-Met. AuoAettoupyie¢ otn Swadikaoia g dopuuAiwong
obnyolv o©€ KAWIKOUG alvoTUTOUG TOU OXETI(OVTAL HE OVETAPKELEG TNG
avanveuoTtikng alvoidag (Tucker et al, 2011). Ta ptoxovépla eniong Stabétouv éva
HovadIKO ot amo 17 auwo akulo tRNA ocuvBetdoeg mou Spouv AMOKAELOTIKA OTa
ptoxovépla (Konovalova & Tyynismaa, 2013). MNpooddtwg €xouv avayvwplotel
eTMAéov Tpwteiveg mou puBuilouv TN  pItoxovéplokn petaypadr. AUTEG
nephapBavouv tn pitoxovoéplakn piBoowutkn mpwrteivn L12 (MRPL12) (Wang et al,
2007) kat pEAN NG OWKOyEveloG Ttwv MTERF mapayoviwv TEPUATIOHOU TNG
uetaypadng (Wenz et al, 2009, Kruse et al, 1989, Roberti et al, 2009). EnutAov,
UTTAPXOUV QPKETEC avadOopEC MWC MuUpnVLIKoL petaypadikol mapdayovtec evronilovrot
EMIONG OTA UITOXOVOPLA, OToU PaiveTAL VA EUTAEKOVTAL QUECA E TN ULTOXOVOPLOKN
uetaypadn (Psarra & Sekeris, 2008). Zta pitoxovopla tng LUKNG €XOUV aAvVAyVWPLOTEL
OpPKETEC TPpwTEiveg mou aAAnAeriidpouv pe tv RNA moAupepaon odnywvtog otn
oulevén tng petaypadng pe tn petadpaocn (Rodeheffer & Shadel, 2003) xwpig va
€xouv Bpebel opudAOYEC TOUG OTOUG AVWTEPOUG EUKOPUWTEC HE BAon TNV opoloTnTa
NG aAAnAou)xiag Toug. Ot LEAETEC yLa AVEVPECT) TTAPOUOLWY TIPWTEIVWV O€ avBpwriva
ptoxovépla pe otpatnylkég mou Pacilovtal otn ouyyévela, odnynoov otnv
avayvwplon tng L12 wg pla mpwrteivn mou mpoodEveTal otnv MOAUPEPACH Kol
gvVIoYVeL TN petaypadn o kUTtapa Hela (Wang et al, 2007). Oswpeitat OtL n MpwTeivn

autn mpaypatonolel tn ouleuén petall petaypoadng kKol HeTAPpAcnG HEOW
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TouTOXpOoVNG TPOOSEDONG TNE TOAUMEPAONG KOL TWV PLROCWUATWY N EVIOYXUEL TNV

HeTaypadLkny evepyotnta, mPpoodevouevn otnv moAupepdon (Wang et al, 2007).

Ta plBoocwpata Twv ULITOXovSplwv cuvapuoAoyoUVvTol OTO ULITOXOVOPLOKO OTPpWHA
HEOW Hiag oAUTAoKNG Stadikaciag, mou mephapPavel tnv enefepyacio Twv rRNAs
KOL TNV WPLHMOVOT TOUG KOL TN 0UVAPPOAGYNGT) TOUG UE TIG PLBOCWULKEG TIPWTEIVEG OTN
HLKPN Kal Tn peyaAn unopovada (Fung et al, 2013). Etol, ol tepimou 80 pLBOCWHIKES
MPWTEiveC kwdilkomololvTal amd TO TUPNVIKO YoviSiwpa Kol €l0dyoviol ota
pLtoxovdpla, omou cuvappoloyouvtal e Ta Suo pitoxovdéplakd rRNA. Autd to
YEYOVOG £ival povadiko yla tn Bloyéveon Twv pLBOCWHATWY TwV ptoxovépiwv oe
OUYKPLON HE TA PBOKTINPLOKA N TO KUTTOPOTAOCUATIKA plfoowuata, T omoia
ouvtiBevtal katL cuvappoloyouvtal oto 6o Stapéplopa. EmutAéov, autod To yeyovog
QTTALTEL TN CUVTOVIOHEVN €KGPACN TWV TIUPNVIKWY KoL UITOXOVEPLaK WV yovidiwv. Me
Baon oautd, pmopoUUe va Bewpriooupe TN PlOyéveon TwWV HLTOXOVOPLAKWV
pLBocwHATWY WE Eva SELKTN TNE YEVIKAG OUOLOOTACNG TOU ULtoxovdpiou, kabwg autn
n GSwdlkacio amoteAel €véeln TOOO Yyl TNV OUYXPOVIOUEVN Ekdpacn Twv
anapaitntwyv yovidiwv mou xaptoypadouvtal oe SU0 XwpLoTA yoviSlwuata 660 Kol
Yyl TNV OTOTEAECHATIKOTNTA TNG €L0060U TWV TPWIElVWY oTo ULtoxovéplo. H
Stadkaoia tng Bloyéveonc twv pLoCWHATWY elval entiong pia Wlaitepa damavnpn
Sladkaolo amo amoyn evépyelog, omote dailvetal OTL N CUVOPHUOYH TwWV
PLBOCWHATWY EAEYXETAL TIPOOCEKTIKA QMO KUTTOPLKA ONUOTOSOTIKA HOVOTATLA, Ta

orola gival og BEon va eKTUNOOUV TNV avaykn yla ptoxovdplakn Bloyéveon.

AtileL va onuelwBel mwg pHovo €va MOCOOTO TWV MULTOXOVOPLOKWY PLBOCWHLKWY
MPWTElvWV €xeL opoAoyeg aAAnlouyieg ota Baktipla (Sharma et al, 2003). Etol, 0
pBocwua Bewpeital Eva piypo MOALWY KOl KOWVOTOUWY CUCTOTLKWY, TTOU €ilval o€
B€on va puBUIlouV TO CUVTOVIOUO TNG PLTOXOVOPLAKAG HeETAadpaonG. Ta pLROCWULKA
rRNAs €xouv MEPLOPLOPEVO KOG OE CUYKPLON LE TA avTioTola BakTnplakd popla,
evw €xouv Tmpootebel véeg TPwTEivEC OTO OUUTMTAOKO TOU PLBOCWHATOG,
HeTaTpEMOVTAG To amd mAovolo o€ RNA oe mAouolo oe mpwteiveg (O'Brien 2002,
2003). ‘Eva ano ta mo akpaia mapadeiypata tng dtadopomnoinong autng sival To
PLBOCWHA TWV TIPWTIOTWV TIOU TIEPLEXOUV KIVNTOMAAOTEG, OMwC To Trypanosoma

brucei xau Leishmania tarentolae (Zikova et al 2008, Sharma et al 2009). To
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pLtoxovdplakod plpécwua oto tpumavocwpa mepAapBavel 56 mpwTteiveg otn UIKpN
Kal 77 mpwteiveg otn peydAn plBoowpikr umopovada evw to plocwpa tou E. coli
nephappavel 21 kat 34 mpwteiveg avtiotolya. Emumpdobeta pe ta Bacikd oTolela
NG ULKPNAG Kal LEYAANG pLBOCWULKAG utopovadag, moAAol dAAOL TTapAYOVTEG Elval
amapaitnTol ywa TNV €vapén, EMLUAKUVON KOl TEPUOTIONO TNG MLTOXOVOPLAKAG
puetadpaonc. MNpoodateg UEAETEC £XOUV QAVAYVWPILOEL OAPKETEC QMO OQUTEC TIC
MPWTEIVEC, Kal €xouv amooadnvioel To pOAo Toug oTn HETADPAOT), AVASEIKVUOVTOG
KOLL TN OUOXETLON TOUG E OPKETEG aoOEveLeC. OLTIAPAYOVTEG EvapEng TNG HETADPAONG
glval ouvinpnuéveg TPWTEIVEC TOU aQUmaLTOUVTOL Yyl T ouvapuoAdynon Tou
plBoowpartog kal tnv €vapén tng petadpaonc. AvtiBeta pe to Boktipla, moU
amaltouV TPELG mapayovieg evapéng (IF1-4), ta pitoxovdpla xpnaotpomnololv povo duo
T€Toloug mapayovteg (Koc & Spremulli 2002, Ma et al 1995). Auth n Stadopa daivetal
va odelAeTal 0TO YEYOVOG OTL O HLTOXOVEPLAKOG apayovtag Evapéng 2 (IF2mt,MTIF2)
umopel va avtikataotoel Asttoupyikd ta IF1 kot 2 oto E.coli, ondte Bewpeitat otL
eKTEAEL TO POAO Kal Twv Vo ota pitoxovdpla (Gaur et al 2008). O pitoxovéplakog IF3
(IF3mt, MTIF3) epummAékeTal otnVv évapén tng Hetaypadng LECw APETNG TPOOSECNG OTO
tRNA ¢ poppulo-pedelovivng kat mailel poAo otnv S1acTO0N TOU PLROCWHATOG OTLG

eMPEPOUG UTtopovadeg (Christian & Spremulli 2009).

O napayovtog enpnkuvong Tu (EF-Tu) avayvwpilet popta tRNA mou €xouv UTooTel
OULVOo-aKUAlwon Kol ta LeTadEpel oTo pLOcwWA o cUUMAOKA He GTP mou amnaltteital
yla tn petadopd. O ptoxovéplakog EF-Tu aAAnAemibpd pe apvo-akuAlwpéva tRNA
(Hunter & Spremulli 2004) kot €ivol ONUAVTLKOC Lol TNV TOXUTNTA TNG HeTaypadng
(Nagao et al 2007). EmumAéov, o pitoxovdplokog EF-Tu daivetal va €xel To poAo
ouvodol poplou Kol gUTAEKETAL OTNV TPWTEIVIKR avadimAwon ota pitoxovépla

(Suzuki et al 2007).

Ita Baktrpla, o mapdyovtog empunkuvong G (EF-G) uSpoAuel To GTP yla va mopExel
TNV EVEPYELA TIOU ATTIALTELTAL YL TO PO LETOTOTILONG TNG EMUAKUVONG TNE TPWTEIVNG
Kal ailel onuavtikd poAo otn dtaotaon Tou ploocwuatog HEow aAAnAeTtidpaong Ue
Tov plBocwuKO mapadayovta avakUkAwong (RRF) (Savelsbergh et al 2009). Ita
pLroxovdpla, xpnotpomnolouvtat U0 opodloyeg mpwteiveg tou EF-G, o EF-G1 kat o EF-

G2 TIOU XPNOLLOTOLOUVTAL OTN HETOTOMLON KAl TNV oVaKUKAWGN TwV PLBOCWUATWY
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avtiotolya (Valente et al 2007, Coenen et al 2004).

Mpwv amno koot Xpovia, o Zhang Kal oL CUVEPYATEC Tou Tpoadloploav dUo mBavoug
TLOPAYOVTEG TIOU ATOALTOUVTAL YLOL TOV TEPUOTIONO TNG HLTOXoVEPLaKAC LETAPPAONG:
Tov Tapayovta aneAevBépwong twv ploowpdatwv (MtRRF) kal tov mapayovta
aneAevBépwong t™¢ petaypadnig (mtRF1) (Zhang & Spremulli 1998). O
XQPOKTNPLOUOG Tou MERRF amokdAuPe Tov EVTOMIOUO TOU OTA MLTOXOVSpLO KAl TN
OuOYETlon Tou HE Tta plBoowparta, evw oe knock-down tng mpwteivng autng
TIPOKANONKe pelwpEvn pitoxovdplakn petaypadn (Rorbach et al 2008). EmutAéov, o
MtRRF aAAnAemidpad pe tov EF-G2 yia va tpowOnoeL Tn petaypoadr) Kot tnv dtaotaon
tou plBoowpatog (Tsuboi et al 2009). Ito petofy, SUo peléteg péow in vitro
XOPAKTNPLOUOU TNE pwTelvng Sev katdadepav va enBeBatwoouy To poAo Tou mtRF1
(Soleimanoup Lichaet et al 2007, Nozaki et al 2008). MapoAa autd, KaL ot SU0 UEAETEG
avayvwploav pio opdloyn mpwteivn, tTnv MTRFLL, kat avédel€av tnv LKavotnTd tng
va teppatilel tn petadpaon oe kwdikovia UAA kot UAG. Afloonueiwto eival to
yeyovog otL 11 amd ta 13 ptoxovdplakd mRNA dépouv UAA 1 UAG yla KwSLKOVLIO
Anéng, pe ta umolowma 2 va ¢Epouv acuvnBlota kwdikovia Anéng AGA kat AGG.
Oewpeltal 6Tt o mMtRF1 mou evrtomiletal ota utoxovopla, €xel e€eAxBel wote va
teppatieL tn petaypadn o€ avtd ta Svo acuvnBlota kwdikovia AnEng (Soleimanourp

& Plichaei, 2007).

Onwc¢ yivetal eUKOAQ KATAVONTO, TO MPWTEOUA TwV pLtoxovdpiwv dev amoteleital
amokAeloTIKA amo T 13 mpwrteiveg mou kwdikomolwovvta amd to MtDNA. H
ouVSULOOTIKA XPON TMPWTEWMLKAG, YOVISLWHATIKAC Kot BlommAnpodopiknc €xel Seifel
WG TO MUTOXOVOPLAKO TIPWTEOUO OIOTEAE(TAL QmO TepLoooteEPEC amd 1000
pwTtelveg, N oUVOeoN TwWV omoilwv EXeL LEYAAN TTAQOTIKOTNTA KAl SladEpPeL LEoa Kat
QVAUECO OTO €6 WE ATIOTEAECHA TWV KUTTOPLKWY KOL LOTOELSIKWVY QMOULTACEWV TWV
opyaviopwv (Pagliarini et al, 2008, Sickmann et al, 2003, Forner et al, 2006). H
TIPOEAEUCN TOU TIPWTEOUATOC AMOTEAEL éval piypa TTOALWY BOKTNPLAKWY KAl VEWV
EUKAPUWTIKWV Tipwteivwy (Gabaldon & Huynen, 2004, Chacinska et al 2009,
Szklarczyk & Huynen, 2010). Mo mapadswypa n aviypadpry tou mtDNA kot n
HeTaypadr) Tou €xouv eEEAIKTIKN TIpoEAEUDN amo tov Baktnplodpayo T-Odd (Lecrenier

et al, 1997, Tiranti et al, 1997, Stumpf & Kopeland, 2011) evw n pitoxovéplokn
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uetadpaon €xel cadn Poaktnpiakn nmpoéhevon (Christian & Spremulli, 2012). O
UEAETEC TOU adopoloaV TO MITOXOVOPLOKO TPWTEOUA KOl TNV TIPOEAEUCH TOU
KatéAn&av amod Kool O0TO CUUMEPOCHO WG N TIPOEAELON TWV TTPWTEIVWYV oXeTileTaL
KOL PE TO AELTOUPYLKO TOUG POAO, UE TIC MPWTEIVEG MPOKAPUWTIKOU TUTIOU VvV
OUUPETEXOUV 0T BloolvBeaon, Tn BloevepynTikA KaL TNV mpwteivoolvOeon (Sicheritz-
Ponten et al 1998, Gray et al 1999, Karlberg et al 2000) evw oL TPWTEIvVEC
EUKOPUWTLKOU TUTIOU CUMMETEXOUV KUPLWC WG SOULKEC TTPWTEIVEC Kal £xouv pOAO TN
puBULON Kal otn petadopa (Cavalier-Smith, 1987). ZUudwva pe To €lpNUA AUTO,
TLOAMEG UITOXOVOPLOKEG AELTOUPYLEC, OTIWC N HETADPOON KAL TO GUCTNHO OVATIVONC,
TIPOEPXOVTAL QMO TO TPOYOVIKO a-mpwrteofaktiplo. MapdAa oautd, To €UpHUOTA
TMpéMel va aviydetwnilovtal pe laitepn mpoooxn, kabwg Ta KpLtipla Tou
XPNoLlomononkav yla Tig MEAETEC QUTEG NTav olaltepa auotnpd, EMOMEVWE Kal
aflomiota. Emopévwg, ol HEAETEC AUTEC amoTeAOUV To “best case scenario”, 6mou ot
opoAoyeg mpwteiveg epdavilouv Kal auvénuévn opolotnta otnv alAnAouyia touc.
MoAAad vyovibla Tmou petadépBnkav HeTd TNV  evbooupPiwon pmopsl va
Slapopomol)Bnkav apKeTA LE TO MEPACUA TOU £EEAIKTIKOU XPOVOU, OTOTE Sev elval
duvatn n avayvwplon tng BakTnplaKkAG TOUG TPOEAEUONG UE QUTH TNV TPOCEYyLoN.
MBavwe, To Lo evdladEpov VPN TWV HEAETWY QLUTWV Va €ival 0 LEYAAOG aplOUOg
yovidiwv mou ¢alivetal va otpatoloynBnke amd 1o TMUPNVIKO yoviSiwpa ylo va
CUUMANPWOEL Ta evarmopeivavta yovidla tou Baktnplakou poyovou (Karlberg et al,
2000), ta omola 06 ynoav otn HETATPOTT TWV OPXLKWYV TPWTO-pLtoxovdpiwy oe éva

UTTOXPEWTLKO KUTTAPLKO opyavidlo.

O ptoxovOplakog YEVETIKOC KWELKAG

Yndpyouv apkeTd Kwdikévia mou dev avtiotolyolv ota cuvnOn auwvotéa oe
Kamola [ o€ OAa ta pitoxovdplakd yovidSiwpata. H dtadopomnoinon adopd poévo
Kwdlkovia ylo Ta omoia ot Suo mpwrteg B€oelg Sev kabopilouv To apLvofl Kot
Kwdlkovia mou pEépouv pia moupivn otnv tpitn B€on toug. H tpomomoinon twv
Kwdkoviwv daivetal va cuvEEETAL UE TN XNULKNA Tpomomoinon Twv tRNAs (Santos et
al 2004). Npaypatt, ta neplocotepa tRNAs mou cuvdéovtal pe aouvnBLlota KwdLkovia

daivetal va €xouv Tpomomnolnbel xnuika, cuvnBwc otn B€on Tou aviikwdikoviou. Ta
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oevapla ylwa tn ouvdeon ¢ Sladopomoinong Tou YEVETIKOU KWOKO HE TIC
Tpomnomnotnoelg Twv tRNAs mapouaotaovial EKTEVWE 0TnV avaokonnon twv Watanabe
kat Yokobori (2011). Ztov nivaka 1 epdavidovral OAeg ol SLapopomoLoeL 0 OXEDN

LE TOV KABOALKO YEVETIKO KwOLKA oTa PULITOXOVEpLa Twv WKWV ELOWV.

Mivakoag 1: Atagpoportotioels amo tov KaBoALKO YEVETIKO KwWOLka ota {WIKA

uttoxovépla
Kwdkovio Ka®oALkog MutoxovSpLakag Napadseiypata
VEVETLKOG YEVETIKOG KWSLKOG
KWSLKAG

UGA STOP Trp Metalwa
AUA lle Met Bilateria
AAA Lys Asn Exwobepua
AGA Arg Ser Bilateria
AGA Arg Gly Tunicata
AGA Arg STOP InovéuAwta
AGG Arg Ser Bilateria
AGG Arg Ser/Lys ApBpomoda
AGG Arg Gly Tunicata
AGG Arg STOP InovéuAwta
UAA STOP Tyr NNuatwdeLg

Ta oUyxpova ptoxovépla

Metd tnv évwon twv SU0 TPWTAPXLKWYV KUTTAPWVY ONMwe TMepLleypAadnKe
TOPOIMAVW, UTIAPEE Uia peyahn mepiodog KaTa tnv omoia ot SU0 opyaviopol EMpeme
VO OUVEPYAOTOUV WOTE va OSLOUOLpAcTOUV Ol KUTTAPLKEG SladIkaoleg Kal va
KaBLepwOel TeAkA Tolog amnd toug dVo Ba Slatnproel yovidia kal Ba cuvtovicel TNV
mapoywyn TPWTEIVWV WOTE va UTtApXel €upubun Aettoupyia (Lane, 2011). To
apxalofoaktnplakd yovidiwpa OSnuioupynoe Tov Tupnva Kol ovélaBe OAa ta

PUBULOTIKA KUTTAPLKA HOVOTIATIO KAl TNV TIAELOVOTNTA TNG HETaypadns Kal Tng
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uetadpaonc. Ao tnv GAAn, To MPWTEOPAKTNPLO E8WOE YEVEDN OTO ULTOXOVEPLO TO
omolo e€eldIkeVTNKE KUpilwg o petafolikég diepyaoieg (Cotton & Mclnerney 2010).
Ta ptoxovdpla eival UTTOKUTTAPLKA opyavidia e SLAUETPO 1 um Kal TO HKOC TOUC
KaBwg Kkal n popdoloyia Tou¢ MOlKIAoOuUV avAaAloya HE TOV KUTTAPKO tumo. O
pLToxovOpLaKkog 0ykog avtutpoowrieUeL To 10 pe 40% tou KUTTAPLKOU OyKoU, avaAoya
LLE TOV KUTTAPLKO TUTI0. H Aemtopepn¢ Soun twv putoxovdpiwv amokaAldpOnke pe tn
XPon NAEKTPOVIKAG UIKpookoTtiac. Ta pitoxovdpla meptBailovtal amnod éva cUoTNUA
6U0 pepPpavwy, plag eEWTEPIKAG KOL ULOG ECWTEPLKAG, oL omoieg daxwpilouv to
E0WTEPLKO TwV ptoxovéplwv Tou ovopaletal pnTpa [ otpwpa (matrix) amd to
KuTtapoOmAaopa. H eocwtepikn pepBpavn oxnuatilel avadutAwoelg mou ovopalovtal
akpohooieg (cristae). H e€wtepikn pepPpavn eival dtamepatr) and o6Aa ta popla pe
HKPO poplako Bapog (Ukpotepo amo 5 kDa) emeldn mepléxel pila peyain mpwrteivn,
v Tmopivn, mou oxnuatilet vdpodhoug SlavAouc. H eowteplkn) pepPpavn
avadutAwvetal o€ TOAUAPLOUEG oKpoAodleG Kal TEPLEXEL TPWTEIVEG, TOU
SLEKTIEPALWVOUV TIG OLELOWTIKEG AVTLOPACELG TNG aAUCLSaC pHeTaPOPAG NAEKTPOVIWY
(Electron transport chain, ETC) kat tn ouvBeon tou ATP Kol LETOPOPLKES TIPWTEIVEG
(mepuedoeg), mou emutpEnouv TN Siodo petafoAitwy amod Kal mpo¢ tn pAtpa. To
OTPWHO TIEPLEXEL €val TTOAU TIUKVO Hiypa eviUpwv, ota omoia meplhappavovtal ta
€viupa Tou armattouvtal yla TNV ofeibwon tou mMupooTtaduUALKOU Kol TWV AUTApWY
oféwv Kabwg katl éviupa tou KUKAou Tou Krebs. H pntpa emiong mepléxel apketa
avtiypada tou pitoxovdéplakou DNA, popta tRNA kat éviupa mou eival anapaitnta
yla tThv €kppacn twv ptoxovdplakwyv yovidiwv. Me Aiyeg povo efalpéoslg, ta
ptoxovépla petafifalovral UNTPLKA EVW TA ATPLKA pitoxovopla 6 petafiBalovral

N netaBiBalovral eAdylota (Birky, 1995).

OL ptoxovoplakeg Aeltoupyleg

Ta pLITOXOVOPLA CUUHETEXOUV OE HUEPLKEG OO TIG TILO (WTLKEG AELTOUPYLEC TOU
EUKOPUWTLKOU KUTTAPOU, OMw¢ n mapaywyn ATP péow TNG OLELOWTIKNAC
dwodopuliwong (Oxidative Phosphorylation, OXPHOS), n puBuwon tng mpocAndng

ToU acBeoTiou, N ANMONMTWON Kal 0 LETABOALOUOC anapaitnTwy cuotatikwy (Wallace,
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2007). OL mpwTteiveg TOU TLUPNAVA, TIOU QNMOTEAOUV TO HEYAAUTEPO HEPOC TOU
HLTOXOVOPLOKOU TPWTEOUATOC, MeTadpalovial amd Ta  KUTTOPOTAACUOTIKA
plBocwpaTa KAl ELOEPXOVTOL OTA ULTOXOVOPLA HECW CUCTNUATWY TIou e€apTwvtal
aro 1o nAekTpoxnHLko duvauikd (Neupert & Herrmann, 2007, Schmidt et al, 2010). Ot
UETAYPOPLKEG, UETA-PETAYPAPLKEG KOL HETA-UETAPPACTIKEG TPOTIOMOLACEL, TWV
MPWTEIVWY autwv ouppaivouv péow tng OSpaonc Sadopwv MPWTEIiVWV Kal
povomatwy. H petaypadiky pubuion tng ptoxovoplakng Bloyéveong amattel tn
6pdaon ¢ owkoyévelag PCG-1, wg anokplon otn Stabeoipotnta Bpentikwy, Onwe o
Aoyog NAD+/NADH kat AMP/ATP, kaBwg Kol w¢ omokpLon o€ ePLBAANOVTIKA oot
(Jager et al, 2007, Jeninga et al, 2010). Ot aAAnAemdpdoelg tng PCG-1 pe
petaypadikoug mapayovteg (NRF1, NRF2 kat ERR) opilouv ta kUpla Aeltoupylkd
HOVOTIATIO TWV Hitoxovdplwv. Méow TNG EMAywynG TWV MUPNVIKWY yoviSiwv, Tou
aueoa oxetilovtatr pe tnv Swatpnon tou MtDNA, autégc ot aAAnAemiSpaoelg
ouvtovilouv ™ 6paon twv duo yoviblwpdtwv (Scarpulla et al, 2012). Ou peta-
UETADPAOTIKEG TPOTOTIOLNOELG, OMWE N dwWodopUALWON TWV MPWTEIVWV ELOAYWYNG
QO KUTTOPOTMAQOUATIKEG KWVAOEG, pubuilouv TO TMPWTEOHA OE ONMOKPLON OfF
HeTafoAikeg amattioelg (Schmidt et al, 2011). Etol, ot pitoxovdplakeg Aettoupyieg kait
OL KUTTOPLKEG AELTOUPYIEG KT EMEKTACN EEAPTWVTAL OO TOV CWOTO GUVTOVLIOUO TWV
oAANAETISpACEWV PETAED TWV TTPOLOVIWV TWV yoviSiwv Tou poépyovtal amno ta SUo

yoviduwparta.

1. H ptoxovéplakn onuoatodotnon acBeotiou

Ta ptoxovépla Bplokovtal o€ pia CUVEXN EMIKOWVWVIA JE TO KUTTOPOTAQCHA YLa
va ivat og B€on va avtamokplBouV oTLG EVEPYELAKEG OIVAYKEG TOU KUTTAPOU HECW TNG
oeldwtikNG Pwodopuliwong. H emikowwvia Kuplwg EMITUYXAVETAL HECW TNG
onuatodotnong acBeotiov HETALU TOU KUTTAPOTMAAOCUATOG KOL TOU OTPWHATOC TWV
ptoxovdpiwv. H kuttapiky onuatodotnon acPeotiou eival onUAVTIKA Yl TLG
TIEPLOCOTEPEC KOTAOTAOELS EVEPYOTOLNONG TOU KUTTAPOU: TO onipoto acBeotiou
SlEmouv kuplwg dadilkaoieg mou oxetilovrol Pe AUENUEVEG EVEPYELOKEC QVAYKEG,

OMWC N £KKPLON, N OUCTOAN, N KWNTIKOTNTA, N NAEKTPLKN SLlEyEPOLUOTNTA KO
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oxetilovtal pHe avénon Tou KUTTAPOMAACUATIKOU acBeotiou. Ta pitoxovopla €xouv
€va povomnatt mpocAndng acBeotiou, ywwotd w¢ MCU, to onoio meplhappavel éva
ETUAEKTIKO KAVAAL 0.0BECTIOU OTNV E0WTEPLKN Htoxovoplakn pepPBpavn (Baughman
et al, 2011, De Stefani et al, 2011, Kirichok et al, 2004). H aiU&non tou
KuTtaponAaopatikol acfBeotiou odnyel otnv eicobo acPBeotiovu ota pitoxovdpLa
HEOW TNG NAekTpoXNULKAG BaBuidwaong. H abénon tou acBeotiou oto pLtoxovdplakod
oTpwpa evepyormolel Tpia éviupa KAELSLA Tou KUKAOU Tou Krebs: tic adudpoyovaceg
TOU TUpooTadUALKOU, TOU a-ketoyAoutaplkoU kat tou NAD-tookitpikou. H ATP
ouvBaon daivetal emiong va emayetal amd tnv avénon Tou ULITOXOVOpPLOKOU
aoBeotiou. Autég oL Owadkaoie¢ ouvoAlka aufavouv Ttov edodSlacpd TNG
avamnveuoTikAG aAucidag pe NADH, pe emakdAouBn avénon tng KUTTAPLKAG AVATIVONG
Kall Tou puBuoL cuvBeong ATP (Duchen, 1992, Jouaville et al, 1999). Etol, HéCW AUTWV
TWV LOVOTIATLWYV TO KUTTOPO OVTOTIOKPIVETAL OTLC AUENUEVEG EVEPYELOKEC ATTALTAOELC.
H mpooappoyn Tng mapaywyns eVEPYELAC OTLG EVEPYELAKEG avAaykeg Oev oupPaivel
Aueoca, oAAQ amalteitol €va XPOVIKO SLAoTnUa. IXETIKO TAPASELyU OMOTEAEL N
MPoodeuTIKn avénon TN Htoxovdplakng Ployéveong mou TPoKoAslTtal amd tnv

aoknon (Ojuka et al, 2002).

2. Mutoxovopla Kat amomntwon

H amnoémtwon mailel onuavilikd polo ota apxlka oavamtulakd otadla Kot
apyotepa otn {wr), L€ TO VO AMOMAKPUVEL T KUTTOpO TTou epdavilouv PAAPEG xwpig
TLG EVEPYELAKEG ATIWAELEG TIOU TIPOKAAOUVTAL OO TOV KUTTAPLKO Bdvarto. H anontwon
elval pia Swadikaoia mou amaltel evépyela, Kol €ival pio KOAQ GUVTOVIOUEVN
Sladkaola o avtiBeon pe tTn VEKPWON TOU OUVABWG elval QMOTEAECHA TNG
puetaBoAkng BAaBng, n omola odnyel oe evepyelakn katdppeuon, os BAaBeg ota
LOVTIKA OUOTOTIKA Kol o€ Souikn amodlopydvwaon. O KUPLOG UNXAVIOHOG Tou 0dnyetl
TNV KUTTAPLKI VEKPWON £(VAL TO AVOLYLO TOU HLITOXOoVEPpLaKOU OPOU SLamepatoTnTag
(mitochondrial permeability transition pore,mPTP). To avolypa tou mépou autou
obnyel oe PAAPeg¢ oto Suvaplkd TNG E€0WTEPLKAG MLTOXOVOPLOKNG HEUPBPAVNG,
HEWWMEVN Tapaywyr) ATP kal ypriyopn €maywyn Tou KuttaplkoU Bavdatou. Exel

npotaBel mw¢ o mépog oxnuaTileTal KOTA ouvOnkn amd MPWTEIVEC TOU £XOUV
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duololoylkd AAAoug AELToupylkoug POAOUG OTO HLToxovdplo. Mia amd QUTEG TLIC
MPWTEiveg elvat kat n ANT, n onola epdavilel pia aoBeotio-e€aptwpevn dStapdpdpwon
TIOPOU, TO AVOLYHA TOU OTtolou daivetal va amoteAel otoxo pubuiong ano papuaka

TIou otoxevouv tnv ANT.

O TPOYPAUUATIOUEVOC KUTTOPLKOG Bdvatog | amomtwon oupPaivel péow &vo
govomotiwy onuotodotnong: 1. Tou efwteplkol HOVOMOTIOU, TIOU EUTTAEKEL
UTtOSOXEIG TNG KUTTAPLKAG emipAveLOC oL omoiol oSnyoUv oTNV €vepyomoinon tng
KaoTaong 8 kal 2. Tou ECWTEPLKOU LOVOTIATLOU, TIOU ATALTEL TNV SLAEPATOTNTA TNE
efwteplkng ptoxovdplakng pepBpavng (Li et al, 1997). O moAumAokog poOAoG Twv
HLTOXovEpilwVv 0TOV KUTTOPLKO Bavato twv BnAactikwv £xel Sewxbel oe pila oepd amo
UEAETEG, OTIG OMOLEG TPOOSLOPIOTNKE MTWC CUYKEKPLUEVEG ULTOXOVOPLOKEG TIPWTEIVEG
UITOpOUV Va EMAYOUV TOV KUTTOPLKO Bdvato dueoa (Susin et al, 1999, Li et al, 1997, Li
et al, 2000). Yo ¢ucloloylkéG ouvOnKeG, QUTEC oL MpwTeiveg evtomilovtal oTo
SlapepPBpavikd Xwpo, KAl o€ amokplon o€ onuata Bavatou aneheuBepwvovtal oTto
KUTTAPOTAQCA. OL TIPWTEIVEG AUTEG EMAYOUV TOV KUTTAPLKO BAVOTO EVEPYOTIOLWVTOG
KOOTIAOEG N KOl AVOLOTEAAOVTOG KUTTAPOTAQCHATIKOUG QVOOTOAELG TNG QMOMTWONG.
To ECWTEPLKO LOVOTIATLAOLTIOV E€apTATAL OO Hia evaioBNTN LooppoOTia OVAUECO OTA
pLtoxovépla kat S1adpopous KUTTAPOTIAACHATLKOUG TTAPAYOVTEG KaL QUTH N LooppoTtia

elval kplowun yla tnv kuttapLkn otabepotnta.

Armonttoyeve(c mpwtelvec kat uttoyovépla

To KUTOXpWHA C, €lval €vol ONUAVIIKO OUCTATIKO TNG aAuocidag petadopdg
nAektpoviwyv Kat Eekva tn dadikacia tng amoéntwong otav aneAeuBepwbel and ta
pwtoxovépla (Li et al, 1999). Me tnv aneAeuBépworn) tou, SecpeVETAL OTOV TApAyovVTa
Apafl, kot To cUpMAoKo auto dsopevetal oto ATP yla tn otabepormoinon tou, Tov
OALYOUEPLOMO TOU KOIL TO OXNUOTIOUO TOU QIOMTOCWHUATOC. TO CUUITAOKO QUTO €ivat
o€ B€on va oTpatoAoynoEL TNV IPOKAOTIACN 9, KAL VA OXNUATIOEL TNV EVEPYN Hopdn
Tou anontoowpatog (Rodriguez & Lazebnik, 1999). H kaomaon 9 pe Tn oglpd TnG elvat
oe Béon va evepyomol)oeL TNV Kaomaon 3, Tou €lval pia Kaomdon TeEAEOTNG. e
TLELPAUATA ATIWAELOG AELTOUPYLAG TOU KUTOXPWHATOC C CE TIOVTIKLA Ttapatnenonke

eUBpuoviky Bvnowuotnta, alla dgv ntav dSuvato va eviomoTtel €av n Bvnodtnta
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odellovtav oto poAo NG Mpwreivng otnv ofeldbwtiky Pwodopuliwon r otov
KUTTapLKO Bavarto (Li et al, 1997). MeAéteg o euPfpuovikd PAacTtokUTTOPO KOl
LVOBAQOTEC QO TO CUYKEKPLUEVA TIOVTIKL AVESELEQV TN ONUACLO TOU KUTOXPWHOTOG
C OTNV anmokplon o€ ocrpata Bavatou. H €kBeon Twv KUTTAPWV QUTWV OE aKTvoBoAla
UV, aktwvoBoAia y KaBwg KoL n LETOXELPLOT TOUG UE XNUELOBepaTEVTIKA dAppaKa Sev
Atav og B£0n va EVEPYOTIOLOEL TIC KAOTIAOEG KOl £TOL TA KUTTAPA EUPAVIOOV AVTOXH

otnv anontwon (Li et al, 2000).

3. H uroxovdplakr BloevepynTikn

Ta ptoxovdpla dthoevouv ta kUpLa eVIU LKA CUCTAMOTO TTOU XPNOLLOTIoLoUVTAL
yla TNV o€eldwon Twv oakxapwyv, Twv AUtSiwv Kol TwV MPWTEIVWV UE OKOTO TNV
mapaywyn evépyelog pe tn popdn ATP (Ryan & Hoogenraad, 2007). KaBe éva amo
QUTA Ta UTtooTpwpata Hrmopel va katafoAlotel mpog akétulo-CoA, to omoio
EL0EPXETAL OTO MTPWTO OTASLO TWV SLEPYACLWY QUTWV: TOV KUKAO TOU KITPLKOU 0€£0C
mou AapPavel xwpo OTO HLTOXOVOPLAKO OoTpwua. To oAKXOpo ELOEPXOVTAL OTA
pLtoxovdpla wg mupootadulikd oL, adou mepdcouy tn dtadikaoia tng YAukoAuong
0TO KuttaponAacpa. H mupootaduAikn apudpoyovacn KATAAUEL TN UETATPOTT) TOU
o€ akeTuAo-CoA péoa ota pItoxovdpla, evw Umapxel pia mAnBwpa eviUUwVY yla th
HETATPOTI} OUYKEKPLUEVWY OpWVOEEWV o€ akeTUAo-CoA, mupootadulikd 1R o€
evOLApECO LOPLA TOU KUKAOU TOU KLTpLKOU 0€€o¢ (Bartlett & Eaton, 2004, Maechler et

al, 2006).

21OV KUKAO TOU KITPLKOU 0€£0C¢, N opdda aKETUALOU TOU aKETUAO-COA HETADEPETOL OTO
oalofiko, oxnuatilovtag to KITplko ofU. ITn ouveéxela, akohouBouv epta Bruata,
HEOW TWV OMOlWV TO KLTPLKO ofeldwvetal TEAKA Tpog ofalolLko, Ye Ta SUo Atoua
avBpaka va petadépovral os SUo popla Slofeldiov Tou avOpaka Kol Ta NAEKTpOVLIA
Tou adatpolvtal Katd TNV O0An Stadkaoio LeTaPEPOVTAL OE CUUMAPAYOVTEC, OTWE
to NADH kot to FADH2. To ofaAoflkd otn cuvéxela eival AAL o B€on va Umnel otov
KUKAO eV N evEpyela ou ameleuBepwvetal petadepetal péow tou NADH kot Tou
FADH2 otnv aAuvcida petadopdg nAektpoviwv. O KUKAOC TOpOoUCLAIETOL CUVOTTITLKA

otnv €kéva 3.
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Ewkova 3: O kUkAog tou Krebs ) KUKAOG TOU KITPLKOU 0§€0G

H aAuvciba petadopd¢ nAektpoviwv, yvwoTh Kol WG QVOATVEUOTIKA oAucida,
amoteAsital amo pia oelpd MOAUTIPWTEIVIKWY CUUIMAOKWY TIOU £Vl EVOWHATWHEVA
OTNV €0WTEPKN pitoxovdplaky HeuPpavn (Ewova 4). Ta nAektpovia Tou
petadpEpovtal otnv aAucida and to NADH kat to FADH2 ypnolgomnolouvtal yla va
avtAnBoUlv TPWTOVLA OO TO CTPWHA OTOV EVOOUEUPBPAVIKO XWPO, SNULOUPYWVTAC
pia Stadopd Suvaplkol KATA UAKOG TNG E0WTEPLKAG HLTOXOVOPLAKAG UEUBPAVNC.
Autn n Stadopd Suvaplkol xpnoLoToLE(TAL yLa TV Ttapaywyr tou ATP oto TeEAKO

Brua tnc ofeldbwtikng dwaodopuliwongc.

To NADH petadépet eAeUBepn evépyela otnv aluoida petadopd NAEKTPOVIWV HECW
NG MPOOSEGNG TOU O0TO PEYAAUTEPO CUUITAOKO TNG aAuaoidag, tnv adudpoyovacn Tou
NADH 1} oUumAoko I. To cUUITAOKO QUTO, TIOU €XEL €val XOPAKTNPLOTIKO oxnua L,
Tiepléxel pia udpodoPn meploxn TOMOOETNUEVN OTNV E0WTEPLKA ULITOXOVSEpLOKN

ueUPBpavn kot éva udpodlo PBpayxiova, o omoiog MpoBAAEL OTO HLITOXOVOPLOKO
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OTPWHA, Kol TePLEXEL TN B€on olvdeong tou NADH. To oUUTTAOKO amoTeAEitaL amnod
TEPLOOOTEPEC amo 70 MPWTEIVEG Kal €XEL Heyalo poplako Bapog, oxedov 1MDa. To
NADH mapéxel U0 NAEKTPOVLIA TTOU TIPOEPYOVTAL oo Tov KUKAO tou Krebs, og pia
npooBetiky opada dAaflvopovovoukAeotidiov Tou TepLEXETOL otov USpOdLAo
Bpaxiova. Ta nAekTpOVLIA AUTA HE TN OELPA TOUG peTadEpovTtal Stapéow tou PBpayiova
HEow opadwv obripou-Beiov oto cuvéviupo Q. H petadopd Twv nAEKTpoViwv Tou
NADH Slapéow tou cupmAOkou | gival ouvdeSepévn He TNV PETAKIVNON TECOAPWV

TIPWTOVIWV Ao TO CTPWHA OTNV ECWTEPLKN PLToXovSpLakn HEUBpavn.

Evw to NADH mpénet va cuvdeBel pe to cUUMAOKO | yla va peTadEpeL Ta NAEKTPOVLIA
Tou otnv alucida petadopdc nAektpoviwy, n adpudpoyovdon Tou NAEKTPLKOU, TO
€viupo Tou KaTaAUEL TNV avaywyn tou FAD og FAD2 otov KUKAO TOU KLTpLKOU 0€£0C,
arnoteAel KoppatL TG aAluoidag petadopdg nAekTpoviwv Kat ival To cUUAOKO Il pe
Bapog 123kDa. To cUumAoko Il evtomiletal MiONG OTNV ECWTEPLKI ULTOXOVOPLAKN)
HeUPBpavn kat eptéxet FAD wg npoaoBetikr opdada pali pe opadeg oldbripou-0eiou, ot
omnolieg BonBouv otn petadopd Twv NAekTpoviwv oto cuvéviupo Q (Zhou et al, 2011).
To cUUIMAOKO AUTO Sev aVTAEL MPWTOVLA Kot gival To povadikd mou KwdLKomoleital

QTTOKAELOTIKA OTTO TTUPNVIKA Yovidia.

To ouvévlupo Q, mou avayetol £ite and To cUUMAOKO | eite amod to cuumAoko I,
umopel va Slax€stal PHEOW TNG E€0WTEPLKNAG HLTOXovOpLaKNG MeEUPBpAvNG yla va
petadépel Ta nAektpovia oto cupnAoko I, Tnv avaywydon tou Kutoxpwuatog c. To
€v{UO aUTO TIOU €lval TO HIKPOTEPO NG aAuaidag, oeldwvel To cuvéviupo Q Kot
peTadEpel Ta NAekTpovia o SUO HOPLA KUTOXPWHOTOC C, TO omolo emiong mailel
KEVTPLKO pOAo KalL otnv amomtwon (Ow et al, 2008). Ta Suo mpwtdvia TOU
TMpokUTIToUV  amod  tnv  ofeidwon Ttou ouvevlpou Q amoBnkevovtol OTovV
evbopepuPpavikd Xwpo, kol OUo eMUMAéoV TPWTOVIA HeTadEPOVTAL OO TO
ptoxovéplakd otpwpa (Crofts, 2004). H teAky poipa twv nAekTtpoviwv TOU
HeTadEpovTal Katd Unkog tng alucidag ivat va petatpéPouv to poplakd ouyovo
o€ vepo. Autd oupPaivel oto ocUupmAoko IV, tnv ofeldAON TOU KUTOXPWHOTOC C.
Téooepa popLA KUTOXPWHATOG C HeTAdEPOUV Eva NAEKTPOVLO TO KaBéva og €va amod
Ta Téooepa evepyd KEvipa oldrpou/xaAkol Ttou &evIUHMOU, OMOU KOTAAUETOL N

LETATPOTI EVOC Hoplou oEuyovou os dUo popla vepou. MapdAAnAa pe Tnv avtibpaon
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autr, TEOOEPA TPWTIOVIA aAVTAOUVTIOL OO TO HLTOXOVOPLAKO OTPWHA OtV

evbopepuPpavikn mepoxn (Liu et al, 2011).

Metd tnv mpayuatonoinon tou KUkAou tou Krebs kat tng aAucibag petadopdg
NAEKTPOVIWVY, N EVEPYELA TTOU €XEL AMOONKeUTEL 0TOUG SECUOUG TWV UTIOOTPWUATWY
pEneLva petatparnei oe ATP, péow tnG ouleuéng Tou PeUPBpavikol SuVaULKOU LE TNV
dwodopuliwon tng Sidwaodopikng adevoaoivng (ADP) (Rich, 2003). H ouleuén autn
npotadnke apxkad anod tov Peter Mitchell To 1961, kal yla Tnv mpoTACH QUTH TOU
arovepundnke to BpaPeio Nopme Xnueiag to 1978 (Mitchell, 1961). To teAikd éviupo
mou eival unmevBuvo yla tnv ofeldwtiky dwaodopuliwon eivat n ATP ocuvBadon
(oUumAoko V), To omolo amoteAeital oo SUo meploxEg, Tnv neptoxn FO mou ekteivetal
OTNV £€0WTEPLKA pLToxovdplakn pepPpdavn kat tnv meploxn F1 mou Bploketal oto
pLtoxovdplako otpwpa. Adyw Twy U0 auTwV IEPLOXWV, To VU0 miong ovopaletal
kat FO-F1 ATPaon. O pnxaviopog dpaong tg ATP cuvBaong amokaAUpOnke amnod Toug
Boyer kat Walker, otouc onoiou¢ anovepun0nke to NopmeA Xnueiagto 1997. ZUpudpwva
HE TO HoVTEAO auto, n ATP cuvBdon dpa cav pia meplotpedOUeVN LOPLAKA KUNXaAVH.
‘Evag emuunKupévog nepldeptkog Bpayiovag aykupoBolet tnv kedalr tng mepoxng F1
OTNV ECWTEPLKN HLTOXOVOPLOKI) HEMBPAVN Yl va oXNUATLOTEL N Tteploxn othpenc. To
SlopepPpavikd kavaAl mpwtoviwv tng mepoxng F1 kol pia mpoekPBoAn tng FO
TLEPLOXNG TIOU ELCEPXETAL HEoa oTNV KedaAn TnG F1 oxnuatilouv tnv neplotpedopevn
meploxn. H otatikn meploxn tng F1 mepléxel tig O€oelg mpoodeonc yla to ADP kot ta
dwodopika. KabBwg ta mpwtovia, TOU €£XOUV evamoTeBel OTNV E0WTEPLKN
pitoxovéplakn HeuPpdvn, péouv Sopéocw NG meploxng FO, mpokaAesital upia
meplotpodr), n omoia dnuioupyet SopkEC alAayEG, oL OMoLlEC EmAyouv TV cUVSeon
Tou ADP e ta dwodopikd yia tn dnuioupyia ATP (Nakamoto et al, 2008). Ze kaBe
nepLotpodn mapayovral tpia popta ATP. O aplBuodg Twv MPWTOVIWY TOU EKTLUATOL OTL
arattouvtal ywa va mapax0el éva poplo ATP mowkiAel and dvo péxpl 5 (Ferguson,
2010). Extipatal ot yia kabe poplo NADH mou sloépyetat otnv aAucida petadopag

nAektpoviwv mapayovtal 3 popla ATP evw yia to FADH2 mapayovtal 2 popla ATP.
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Ewkova 4: H oéelbwtikn pwo@opuliwon (OXPHOS) (aro Letts et al 2017)

2UVOPHOYN TWV CUUTTAOKWY TNE 0EEOWTIKAC dwodopUALWONG

Meléteg oto LupopUKnTa S. cerevisiae 08ryncav oTnV KATAVONGCTN TO0O TwWV BacLKWV
HUNXOVLIOUWV TIou SLEMOUV TN GUVOPHUOAOYNGN TwV cUUTAOKwV I, IV kat V aAAd kot
otnv avaka@Auyn ToAAWV TapayovIwv ouvapuoyng, ToAAoL amd Toug omoiloug
eudavilouv opBoAoya yovidia kat otov avBpwro. Emeldn to cupumAoko | anovolalet
QIO TOV OPYAVIOHO auTO, £Xouv Xpnolpomolnfel dAAoL opyaviopol, Omwc ot
aokopuknteg Neurospora crassa kot Yarrowia lipolytica, | akopo Kalt OnAaoTika,
OTWG 0 HOOoXOC (Bos taurus) w¢ HOVTEAQ yLa T LEAETN TNG Soun¢ Kal NG Stadikaoiog

OUVAPHUOAOYNONG TOU GUUITAGKOU |.

Y0 umAoko |

To oUumAoko | €ival to KUpLO onuelo €066ou Twv NAEKTpoviwv OTNV
avamnvevuoTiki aluaoida kal eival To peyaAlTtepo cUpumAoko tou OXPHOS, pe poplakod
Bapog mepimou 980kDa. Amoteleital amo 45 UTMOPOVASEG, €MTA QMO TG OTMOLEG
Kwdlkomolovvtal amd ta ptoxovdplakd ND yovidia, evw ol umolouteg 38
kw&lkomotlouvtaL oo To mupnviko DNA. To cUumAoKo | €XeL pia xapaktnplotikn Soun
«L», kat anoteAeital and dvo Bpayioveg mou TomoBeTouvTaL KABETA O €vag OTOV
AaMo: (a) tov udpodoBilkd Ppaxiova, Tou evrtomileTal UECA OTNV ECWTEPLKN
pLtoxovdplakn LEUPBPAVN KoL TIEPLEXEL TLG UTTOUOVASEG TTOU KwdLKOToLoUVTAL Ao To
mtDNA «kat (B) tov ubpodilo mepidpepikd Ppaxiova Tou TPoefExel UECA OTN

pLtoxovoplakn uNtpa. AutéG oL SOUEG ailveTal va «TTpOOTATEVOUVY Ta TPl SOMKA
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potifa Tou cuumAOKoU |, Twv omolwv n cuotaon €XEL YIVEL yWwaoTr amo Mepapata
unokAaopatwong: (1) to potifo tng deldpoyovaong, mou eival urmtelBUVO yLa TNV
ofeidwon tou NADH oe NAD+ kat tepthapBavel Tig urtopovadec NDUFV2,NDUFV1 kat
NDUFS1, (2) to potifo tng ubpoyovacng mou eival umevBuvo yla tn petadopd Twv
nAektpoviwv  otnv  oufiKvovn Kot mepAapBdavel TIC  UTTOMOVASEG
NDUFS2,NDUFS2,NDUFS7 kat NDUFS8 kot (3) to potifo TtNnNC MPWTIOVIOKAG
LETATOMLONG, TIOU OMOTEAEL TO HEYOAUTEPO HUEPOG TOU PEpPpavikol PBpayiova kat

neplAapBavel kat’ eAAxLOTO TIG uTtopovadeg mou Kwdikomolouvtal arno to mtDNA.

To ouumAoko | amotedel £€va  XAPAKTNPLOTIKO TAPASElYUO TNG avAyKNng
emavaBewpnong tng oUOoTAoNG TwWV OCUUMAOKWV. To Paktnplakd oupmAoko |
anoteAsital and 14 umopovadecg, oL omolieg eniong evromilovtal Kal oTo avtioTtol o
OUUMAOKO TwV BNAAOTIKWY, PE EPTA ATTO TIG UTIOPOVASEC AUTEC va KwdLKomolouvTal
amnod to pitoxovdplako yovidiwpa. EmumAéov 18 umopovadeg tou cupmAokou | ota
BnAaoTika paivetal va eival ELGLIKEG TTPOOONKEG OTOUC EUKAPUWTEG KAL VAL UTIAPXOUV
KOL OTOV TEAEUTALO EUKAPUWTIKO KOO Tpoyovo, emeldn eudavilovral kaboAka
OTOUG EUKAPUWTEG al\d Oxt ota PBaktipla. AMeg Sekatpeic UMOUOVASEG TOU
ouumAokou | daivetat va egpdavilouv pio TOAU OGUYKEKPLUEVN PUAOYEVETLKNA

KOTOVOWI], £XOVTAC AVAYyVWPLOTEL apXLKA Hovo ota petalwa (Brandt 2006).

YoumAoko

H kpuotaAAikry Soury Tou OUUMAOGKOU amokaAUdOnke amd melpdpata
kpuotaloypadiac o avdiuon 2,4 A (Sun et al 2005). To cUpmAoko Il amoteAeitat
ano 4 npwteiveg, SU0 LVOPOPINEG, pla dAaBompwTeivn Kal pia pwteivn oldripou-
Belou, kot amo SUo SltapeUBPaVIKEG TPWTEIVES. TO CUUITAOKO QUTO CUUUETEXEL ETILONG
Kal otov KUKAO tou Krebs kalL oL Téooeplg umopovadeg Tou To GuvBEtouv
KwSLKoToloUVTOL AMOKAELOTIKA amo mupnvika yovidia (SDHA-SDHD). To cuumAoko
eudavilel peyaAn opoloyia pe €va peyalo aplbuo PBaktnplakwv evlUpwv SQRs
(succinate ubiquinone reductases) kal WOlaitepa PE AUTEG TWV O-TIPWTEOPRAKTNPLWV
Tmou Bewpouvtal oL poyovol Twv pLtoxovdépiwv (Andersson et al 1998). H uikpn
oUXVOTNTO TWV KAWVIKWY $avoTUMwy mou oxetilovtal pe To cuumAoko I, n amouaia

EVEPYOTNTOG AVTANCONG MPWTOVIWV KAL N AIousia UITOXOVOPLOKWY UTIOoVASwV ival
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umevBuva yla TG Alyeg Slabéoueg MANPodopleg OXETIKA HUE TN CUVOPHOYH TOU
CUMITAOKOU, TIAPOTL ELVAL TO HIKPOTEPO CUMMAOKO TNG aAucidag. To SDHB daivetal va
nailel KeVIpIKO pOAo oTn otabepormoinon Tou cUUMAOKou, KaBwe UeTaANGEsLC oE
kaBe SDH unopovada odnyouv otnv anwAela tou SDHB (van Nederveen et al 2009).
To cUUMAOKO AUTO €MioNG TEPLEXEL APKETEG TMPOOOETIKEG OUASES, OMWG i opdda
aipng, tpia popla FAD kot tpelg opadeg Fe-S. IJUpudwva pe SlabEopueg HEAETEC, N
MPOOBOETIK OpAda TNG alung €XEL KEVIPLKO POAO OTNV ouvapupoyn KoL TN

otaBepomnoinon tou cupunAdkou (Hagerhall & Hederstedt 1996).

YUurmAoko I

Ita OnAaotikd, KABs povouepEg amoteAeital amo 11 SLadopeTIKEG SOUIKEG
uTtopovadeg. OL TPELG OO AUTEG EUTTEPLEXOUV TA KEVTPO TTOU €lval UTteUBuva yla T
petadopd Twv nAektpoviwv: To Kutoxpwpa b (mtCYTB), To kutoxpwua ¢l (CYC1) kat
n mpwteivn Rieske Fe-S (UQCRFS1 1} RISP). O poAog twv umoloinwv 8 unopovadwv
TLOPOLLLEVEL AKOMA UTTO PMEAETN. Mapd To yeyovog OTL To cUUTIAOKO |l Twv BnAaoTikwy
TePLEXEL pla emumpdobetn umopovada (umopovada 9) oe OUYKPLON HE TOV
{axapouuknta S. cerevisiae (Brandt et al, 1993), n Soukn opoldTNTA UETAEL TWV
evlOUWV TwV JUHOMUKATWY KoL TwV OnAdoTIKwY £XEL KATAOTHOEL TO £vIUPO TOU
{upopUKNTA WG €va TIOAD XPrOLUO TIOPASELYUA yLol TNV KaTtavonon tng dtadikaaoiag
OUVOPUOAOYNONG TOU OUMUMAOKOU Twv BnAaotikwv. Xtov JupoplKknTa, N
ouvappoAoynon tou CllI eivat pia Suvapikn, otadlakn Sladikacia mouv apxilel pe To
OXNUATIOUO TplwV SLadopeTIKWY UTopovadwy: Kutoxpwua b, Qcr7p kot Qcr8p,
KUTOXpwHa c1, Qcrép kat Qcr9p kot TEAOC TO UTTOCUOTNHA TIPWTEIVWY TIOU €XEL TO
POAO TOU TIUPHVA TOU CUMITAOKOU Kal armoteAeitaL amo tig mpwreiveg Corel kat Core2.
AUTA Ta UTTO-CUMITAOKA cuvappoAoyouvtal pall yla va oXNUATIoOoUV £€va TPWLUO
OUUMAOKO TOU Kutoxpwpoto¢ bcl, oto omoio teAlkd mpootiBevral n umopovada

Rieske Fe-S (RISP) kat n Qcrl0p (Cruciat et al, 1999, Zara et al, 2004).

YUumAoko IV

JUpudpwva pe tn Soun tou evlpou Tou Uooxou (Bos taurus), to CIV twv

BnAaoTIKWVY elval éva ETEPOUEPEC GUUTTAOKO, Ttou amoteAsitat anod 13 StadopeTIKEG
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urtopovadeg (Tsukihara et al, 1996, Yoshikawa et al, 1998). O kATAAUTIKOG TTUPHVOG
Tou ev{UpoU amoteAeitat amno T untopovadeg CO1 kat CO2 mou kwdlkomolouvTaL ano
To MtDNA Kot tepléxouv T Suo opadeg atpng A (a kat a3) kat ta SU0 KEVTpa XAAKOU
(CuA kot CuB) mou eival umevBuva yla tn petadopd nAektpoviwv. Mia tpitn
umopovada mou kwdikomoleitat amo to MtDNA (CO3) eival pépog tou Sopikou
Tupnva Kot pmopel va mailel éva poAo otnv avtAnon mpwrtoviwv. Ot umoloutecg 10
untopovadeg (COX4, COX5A, COX5B, COX6A, COX6B, COX6C, COX7A, COX7B, COX7C
kat COX8) kwdikomolouvtal and to mupnvikd DNA kal mpémel va glcaxboulv, va
umoPAnBouv os eneepyacia kal va cuvappoloyndouv pall e TIC UTTOUOVASEC TTou
Kwdkomolovvtal amd to MtDNA. H Asltoupyla Twv MUPpNVIKA KWSOIKOTIOLNUEVWY
umopovadwyv glval mpog to mapdv ayvwotn, aAAd mailouv podo otn puBULON Tou
oupmAokou (Arnold & Kadenbach, 1997) kat otn otaBepomnoinor tou. Itov avBpwro,
umapyouv Sladopetikéc Loopopdeg yia ta yovidia COX6A kot COX7A oe
S1adopeTIKOUG LOTOUG: 0 TUTOC TNG KApSLAG (H), o omolog uTtdpxEL OTOV OKEAETIKO KOl
TOV KapdLaKo PU Kol 0 TUTOG Tou Amatog (L), o omolog umapyxel oToug e€w-HUikoUg
Lotou¢ (Grossman & Lomax, 1997). Exel mpoodloplotel emiong pia e€elSIkeUEVN YL
TOUG OpXelg Loopopdn yia to COX6B2, evw yla to yoviblo COX4 éxeL emiong
PooSLopLOTEL UL Lloopopdr €l8IKN ylo Tov TveUpova, avadelkvioviag €T0L TNV

EVTUTTIWOLOKH AELTOUPYLKNA TTAOOTIKOTNTA TOU V(U OU.

YUUmAoKo V

To CV twv BnAaotikwv eival éva oUUTTAOKO HE TIOAAEC UTIOMOVASEC Tou
arnoteAeitat and 6vo Aettoupylkd potifa, TO Ubdpodlo F1, mou eival
TIPOCAVATOALOUEVO TIPOG TNV UNTPa Kal ta udpodofo FO mou eival eVowpaTwHEVO
otn HepBpavn. Ta F1 kat FO cuvdéovtal puoika PeTall Toug HEow SUO TMPWTEIVWV.
To F1 nepiéxel mévie Sladopetikég umopovadeg (3a, 3B, v, & kat €) kat dpa wg n
KATQAUTIKI) Teploxn tng ouvbetdong tou ATP. To FO amoteleital amd oktw
umopovadeg (a, b, ¢, d, e, f, g kaL A6L). O KEVTPLIKOG HLOXOC TIEPLEXEL EVA UTTOCUVOAO
urmopovadwv F1 (y, 6, kaL €) kol o TmepLPEPELOKOC HIoXOC amoteAsital amd TIg
umnopovadeg OSCP, F6, b kat d (Collinson et al, 1994, Walker et al, 1995, Stock et al,

1999). OLumnopovadeg a kat A6L tou FO kwdikomotouvtat amo ta yovidia MTATP6 kot
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MTATP8 tou mtDNA, avtiotoya. Ano toug Stddopoug mMapdyovTeG o £ival yvwoTto
OtL €lval amapaitntol yla tn cuvappoAoynon tou CV og {UpopUKNTEG, Hovo Suo
(ATP11 kot ATP12) €xouv tautomolnBel otoug avBpwrmoug Kat £Xouv amodelyBel otL
elval Aettoupykot (De Meirleir et al, 2004, Sperl et al, 2006, Wang et al, 2004). Ztov S.
cerevisiae, oL Atp11p kot Atpl2p mpodyouv tnv cuvapuoAoynon tou F1, cuvdéovtag
TIC B KOlL 0L UTIOROVASEG, OVTLOTOLXWG, EUMOSIToVTOG £TOL TOV OXNUATIOUO HEYOAWY, KN
AELTOUPYIKWV CUCCWHATWHATWY arnod a kot B urtopovadag (Ackermann & Tzagoloff,
1990, Wang & Ackerman, 2000, Wang et al, 2000). Ze kUttapa OnAactikwy, dgv €xouv

EVTOTILOTEL el81KOL TTapAyovteg otn cuvapuoAoynon tou FO (Houstek et al, 2006).

Oteldwtikn pwodopuAiwon kal mapaywyn SpaoTikwy popdwy ofuyovou (ROS)

Ta nAektpovia €xouv tn duvatotnta va «Edpuyouvy amod ta CUUTAOKA TNG
aAuoidag petadopag kat va EépBouv o€ apeon enadn He To ofuyovo, SNULOUPYWVTAC
umepogeidlo tou udpoyovou. Ta umepofeibla eival Spaotikég popdeg ofuydvou Kat
dlaitepa TOEIKA yLa TO KUTTAPO, TIPOKAAWVTOC OEELO WTLKO OTPEC. TO OEELOWTIKO OTPEG
Exel eumAakel oe TMOAAEC TOOOAOYIKEG KATAOTACELS, OMwWC¢ O dafATng Kot n
aBbnpookAipwon, oe OSlddopeg veUPOEKDUALOTIKEC aoBEVELEG, OTOV KapKivo Kal
Bewpeital otL Stadpapatilel onuavtikd poio kat otn ynpavon (Brandt et al, 2004).
Ynapyxouv dU0 Kupla onpela otnv aAucida petadopdg nAekTpoviwv ota omoia
Bewpeital ot mapdyovtat ot ROS, kat avtd eivat n 8éon FN oto cuumAoko | katn 6éon
Qp otnv eowteptkn pLtoxovéplakn pepPpavn (Muller et al, 2004, Kussmaul & Hirst,
2006, Murphy, 2009, Pryde & Hirst, 2011). ExeL mpotaBel mwg n diwdotaocn tou
OUUMAOGKOU | arod 1o Sipepég Tou cupmAokou Il odnyet oe avénuévn mapaywyrn ROS
amnod to cuumAoko | (Lopez-Fabuel et al, 2016). H Stappor) autr) Twv NAEKTPOViwY OxL
povo avéavel tic ROS aAAQ HELWVEL Kal TNV Toootnta Tou ATP mou napayetat. AUTog
0 ouvduaouog auEnuévwy ROS kat petwpévou ATP amotelel éva Koo Evauaopa yla
NV amneAeuBEPwaon TOU KUTOXPWHOTOC C TWV HLTOXovSpiwv, n omoia amotelel
ouvnBwWCE To MPWTO BrUA YLO TOV TTPOYPOAUUATIOHEVO .KUTTAPLKO Bdavato (anontwon)

OTO TIEPLOCOTEPA EUKAPUWTIKA KUTTOPA. TO €vauopa TNG QIMOTMTWONG emnpealel
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apvNTIKA TNV ovamtuén, odnywvtag o€ XaunA QappooTIKOTNTA, MELWUEVN

BLwouotnta, oTelpOTNTA Kol o€ avanmtuélakeg avwuaAieg (Ellison & Burton, 2008)

Oteldwtik dpwodopuAlwaon: mapoywyr EVEPYELAC Kal BeppoTNTAC

H ofeldbwtikn dwodopuliwon mapdyel TOC0 eVEPYELA OGO Kal Oepuotnta, He
TO EMIPUEPOUC TIOCOOTA VA €EQAPTWVTOL ATTO TNV AMOSOTIKOTNTA TNG OULEVENG TNG
aAuoidag petadopdg nAektpoviwv pe tnv ATP cuvBaon (Lowell & Spiegelman 2000).
H BepuotnTa mopAyeTOL OTA ULTOXOVEPLA UE HELWMEVN OUTELEN Kol UTopel va gival
€UVOIKN ylO TNV TPOCAPUOYN TWV OPYOVIOUWV O Kpua meptBailovta. AvtiBeta, n
napaywyn Bepuotntag pmopel va eivatl emPAapng oe Bepuodtepa neptPaiiovta, va
KaBlotd avaykaia tnv enumAéov npoéoAndn tpodng Kot va oxetiletal pe avénuévo
0€eldWTIKO 0TPeg Aoyw auénuévnc mapaywyng ROS (Portner et al 1998, Brand 2000,
Somero 2002, Fangue et al 2009, Stier et al 2014a, 2014b).

Opyavwaon twv cUUMAOKwY tou OXPHOS — Ta untepouumAoka (Super-Complexes, SC)

e TMaAaLOTEPEC UeEAETEG, elxe mpotabel n Umapén €vog «o&UoWHOTOCY
(oxysome) 1o omolio Ba mepleixe 0OAa ta cupnAoka tou OXPHOS (Chance et al, 1963).
e peAéteg mou akoAouBnoav, xpnotporow)Bnke n Swytovivn HE OKOmMo va
amopovwBouv Ta CUMITAOKA Ao TNV ECWTEPLKN HEUBpPAvN pe avaAluon Blue Native
Page (ewova 5), kal anokaAUdOnke n UMAPEn UTEP-CUUMAOKWY LE CUYKEKPLUEVN

otolyelopetpia (Schagger & Pfeiffer, 2000).

H mAelovotnta tou cupumAokou | Bpioketal pall pe eéva Siuepeg Tou cupmAokou Il kat
£€va Tou cupmAokou |V, ta onola pali pe tov popea NAEKTpovViwy Q Kal TO KUTOXp WA
C, aroteAoUV OAa TA CUCTATLKA TTOU QTTALTOUVTAL YLO TN LETAPOPA NAEKTPOVIWV o
to NADH 010 0fUyOvo Kal ylot auTO TO AOYO TO UTEP-CUUTTAOKO QUTO OVOUAOTNKE
“respirasome”. To umtepoUUMAoOKO SladEpel coPwe Amod TO MPONYOUEVO OXysome,
kaBwg bev meplhapfdvel ta cUpmAoka Il kat V. éva HIKPOTEPO TOCOOTO TOU
ouMmAOKoU | Bploketal o€ popdr UMEPGUUIAOKOU LE Eva SLUEPEG TOU GUITAGKOU I
(Schagger & Pfeiffer, 2001). EmutAéov, 10 SIUEPEG QUTO UMOPEL VAL OXNUATIOEL UTIEP-

OUUMAOKO Kal Pe To oupmAoko IV avefdptnta amo to cuumAoko | (Schagger & Pfeiffer,
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2000, Iwata et al, 1998). Eniong, ektog armod to cLUAoKo Ill Tou gival uTTOXPEWTLKA OE
Suepn popodn (lwata et al, 1998), ta cvuumAoka IV kot V umopolv emiong va
oxnuatioouv Siuepn (Tsukihara et al, 1996, Davies et al, 2011, Allegretti et al, 2015).

Ewkova 5:Ta unepovundoka tng uttoyovéplakng ETC. (amo Letts et al 2017)

AtileL va onuelwBel mwg 0 aplBuog kat n avoAoyia Twv UTEPCUUMAOKWY Sladépel
avAaAoya LE TOV OpYyaVIOHO KOL TOV LOTO KOl UMOpPEL emiong va EMNPEACTEL KA Omo TNV
QTOKPLON 0TI MUETAPOALKEG QVAYKEG Tou Kuttdpou (Greggio et al, 2017). Ot
Aettoupyilkol pOAOL TWV UTMEPCUUMAOKWY TtAPAUEVOUV OSLEUKPIVIOTOL KOl OPKETOL
EPELVNTEC audLoBriTnoav TNV onuacio Twv anoteAeopdtwy tou BN-PAGE (Enriquez,

2016, Barrientos & Ugalde, 2013). Exel Selxtel mw¢ Ta AMOUOVWHEVO respirasomes
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prmopouv va petadepouv nAektpovia and to NADH oto ofuyovo (n petadopd autn
otnv ouoia amoteAel Tn Sladkacia tng avanvong, Acin-Pérez et al, 2008, Shinzawa-
Itoh et al, 2016). EmutAov, unapyxouv dedopéva mou UooTnPIL{ouV WS To SLUEPEC
ToUu cupmAokou Il kat to cUpAoko IV otaBepomolovv to cUUIAOKO | otn pHepBpavn
(Acin-Perez et al, 2004, Moreno-Lastres et al, 2012, Diaz et al, 2006,2012). Ta
UTIEPOUUTTAOKOL EMIONG MELWVOUV TNV Ttapoaywyn Twv ROS katd tn Slapkela tng
uetadopag nAektpoviwv (Maranzana et al, 2013, Lopez-Fabuel et al, 2016). H Umapén
TWV UTLEPCUUMAOKWYV OTNPLXTNKE ETLONG KO ATtd TNV avakAAU YN ELSIKWVY TTOpayOVIWV
ouvappoyng (Lapuente-Brun et al, 2013, Chen et al, 2012, lkeda et al, 2013). Apxika,
elxe mpotaBel nmwg pia mpwrteivn mou eudavilel opoAoyia pe pia umopovada Tou
ouumAdkou 1V, n SCAF1, ntav amapaitntn ywa tn dnuloupyia Tou respirasome
(Lapuente-Brun et al, 2013). MapoAa avtd, mpoodateg LeAEteg £6el€av nwg o SCAF1
aratteital yla tn otabepomnoinon tou Sipepol¢ tou cupmAokou Il kat IV aAa dev
elval anapaitntog yla tn dSnuioupyia tou respirasome (Mourier et al, 2014, Cogliati
et al, 2016, Perez-Perez et al, 2016). MNpoodata Ssedopéva mpoteivouv mMwg o
OXNUATIOUOC TWV UTIEPOUMMAOKWVY UMOPel va odelleTal O TMPOCOAPUOYEC OE
QUENUEVEG EVEPYELAKEG ATALTAOELS TOU KuTttdapou (Greggio et al, 2017). Asv €xel
SLEUKPLVLOTEL, WOTOO0O0, EAV O OXNUATIOUOC AUTOC BEATLWVEL TNV PON TWV NAEKTPOVIWY
otnv aAucida petadopdg, €av HEWWVEL TNV Ttapaywy ROS oe ouvOnkeg vPnAng
anodoonc otn petadopa nAektpoviwv (Greggio et al, 2017, Lopez-Fabuel et al, 2016)
N €AV QTOTPETEL TN CUGCWHUATWON TWV CUUTTAOKWV Ttou epdavilouv unAad enineda
€kppaong (Blaza et al, 2014, Milenkovic et al, 2017). O OXNUATIOMOG TWV
UTIEPOUUTIAOKWV ¢alvetal va auvfdvel tnv amoteAeopatikotnta ¢ ETC péow tng

Sloxétevong Twv umooTtpwatwy (Bianchi et al, 2004).

Mttoyxovoplakec Aettoupylec: H avaykn yla yoviSw ATk cuvepyaoia

H mAelovotnta Twv SOoUWV KoL TWV CUCTATLKWY TwV HLtoxovdpiwyv Kwdlkomoleital
arno nupnvika yovidia (N-mt genes, N- nuclear, mt-mitochondrial) (Calvo & Mootha,
2010). AuTO €xeL oav OUVETEL, KABE TPOIOV TOU pITOXOVEPLAKOU YOVISLWHATOG va
TPEMEL va AELTOUpyEl 0€ cuvepyaoia PeE TMPOIOVTIOA TOU TUPNVIKOU YOVLSLWUATOG

(Woodson & Chory, 2008, Lane 2011). H cupfatotnta Twy poidovtwy; pitoxovépiou-
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TupnAva N pItonupnvikn cuppatotnta (mitonuclear compatibility) eival evdeiktikn
NG €Kktaong otnv omoia ta aAlnAemiSpovia oTolxelo Tuprva Kal pitoxovépiou
dtavouv oto BEATIOTO AELTOUPYLKO TOug Suva ko (Burton et al, 2013, Meiklejohn et
al, 2013). Eme1dn ta pitoxovdplakd yovidia KwdIKOMoloUv Kupiwg yla UTIOUOVASEG
TWV cUUNAGKwV tou OXPHOS, oL CUVENELEG TNG CUMPBATOTNTAG OVTOVOKAWVTOL OTNV
KUTTOPLKN avarmvor, TNV Baotkn Bloxnuikn dlepyacio TG EUKOPUWTIKAG {wng. Ta
enineda ¢ cupfatotntog Twv SU0 yoviSlwHATWY adopouV TEcoepls SLadOPETIKES

Katnyopieg aAAnAemibpacewv:

1. H proxovéplaky RNA moAupepdon - ol pitoxovdplokol petaypadikol
TIOPAYOVTEG TIOU KwdLKomolouvtal amd To TMUPNVIKO yoviSiwpa Kat To
ptoxovdplakd DNA otn petaypadr Twy ptoxovoplakwy yovidiwv

2. ApwodkuAo-tRNA cuvBetdoeg tou mupnvikol yovidltwpatog - Ta tRNAs tou
pLtoxovéplakou, otn $opTwaon Tou CwoTou apvofeéog oto tRNA, mou amoteAet
onueio-kAeldl yla tn putoxovéplakn petadpoon

3. PBoowpkég mpwteiveg Tou mupnva - ot rRNA unopovadeg tou pitoxovdpiou
ylot TNV HETADPACN TWV ULTOXoVEpLOKWY YoviSiwv o moAuTtentidia Kat

4. Ol UPNVIKEC - ULTOXOVOPLOKEG UTIOUOVASEG TTOU oxnuaTi{ouv Ta CUTAOKQ
HeTadopdg nAektpoviwv Kot mopaywyns ATP péow NG OEELOWTIKAG
dwodopuliwong (Rand et al, 2004, Burton & Barreto, 2012).

H ouvepyaoia pitoxovéplou-nupnva epdaviletal oxnUOTIKA OTNV EKOVA 6.
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Ewkova 6: H Asttoupyikn ouveLo@opd yoviSiwv ToU MUPHVA OTIC ULTOXOVOPLAKEG Asitoupyiss. Me
yaAalio ocuuBoAdilovrtalr ta mupnvika yovidla Kol T TPoIovTa TOUC TTOU OUUUETEXOUV OTNV
uttoyovéplakn Asttoupyia. Me mpaotvo cupuBoAilovtal ta mpoiovta TwVv ULTOXOVOPLAKWY YoVISIwV TouU
ouuBaAdouv atnv uttoyovdplakn Asttovpyio (aro Hill,2017)

FovidlwpaTikr) cuvepyaoia —H évvola Tng cUVEEEALENG

H vyevetkn apxitektoviky (6nAadn moiwa yovidla GCUMPUETEXOUV) KOl O
YOVISLWHATIKOG  eVTOTIOMOC (6nAadry oe mowo yovidiwpa evromiletol KaABe
EUMAEKOLEVO YOVISL0) TwV YoVISiwv Tou gUMAEKOVTAL OTIC SLEPYOOLEC QUTEG €lval
TOAU KOAQ cuvtnpnuéva avapeoa ota petalwa (Wolstenholme, 1992). Autd mou
eudavilel peydln etepoyévela elval Ta enineda Tou yeveTikoU MOAUHOPdLOUOU TIOU
TIOPOTNPEITOL AVAUECSA OTA YOVISLO TTOU KWSLKOTIOLOUV yLa TIG AELTOUPYIEG AUTEG, Kal
Slaitepa yta to OXPHOS, kabwg eival n povn diepyacia mou nephapPavel mpwteiveg
Kal oo ta SUo yovidiwparta. Mo cuykekplpéva, n dtadopomnoinon otnv aAAnAouyia

Tou mtDNA eival yvwoto edw Ko SEKAETIEG OTL UTIAPXEL O TTOAAA BLoAoyLka emineda:
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avapeoa o€ €idn tou dlov yévoug, avapeoa o€ MANBUCUOUG 1| OKOUO KOl QVAPETQ
oe atopa. H Swadopomnoinon autrp tou MtDNA Bewpolvtav MwWG TPOEKUTITE ATO
oubétepeg SLadIKOOLEG KoL ATV ETUAEKTIKA OUSETEPN Kol we Sev elye kamoia
EUMAOKN OTLG eEEMKTIKEG Slepyaoieg Twv MANBUopwy. Tig SUo TeAeutaieg dekaeTieg
umnpée pla otadlakni Hetatomnion and auth tnv napadootaky Bswpnon. AutA n
HETATOMION Baciotnke Kuplwg og Sedopéva, amo ornovouAwTa Kal acttovoula £idn,
TIOU avadelkvuav TO YEYOVOC OTL O YEVETIKOG TIOAU LOPPLOUOG Tou mMtDNA rtav oteva
ouvdebepévog pe datvoturikeg aAdayeg (Blier et al, 2001, Dowling et al, 2008, Rand,
2001, Ballard et al, 2004, Galtier et al, 2009). Ta neplocotepa anod autd ta dedopcva
TIPOEPYOVTAV OO KALVIKEG UEAETEC, OTIOU OUYKEKPLUEVEG UETAANALELG Tou MtDNA
ouoxetilovtav pe TNV eudAvion KAWIKwY awvotumwy Tou  TepAauBavay
SuoAettoupyie¢ ot utoxovdplakn Asttoupyla  (Wallace, 2010, MITOMAP

(http://www.mitomap.org)).

Ta U0 yoviSlwpata, Onwe €XEL Yivel oadEg, TPETEL VO CUVEPYAOTOUV yLa SLAdOopEeC
pLtoxovoplakeg Asttoupyies. EWdika oto eninedo tng ofelbwtikng pwodopuiiwong, n
ouvepyaoia Twv SU0 YOVISLWUATWY €lval eKTETAUEVN. To pLITOXovEpLaKO yoviSiwua,
onw¢ Nén avadepbnke, kwdikomolel yla 13 umopovadec Twv CUUMAOKwWV. To
TIUPNVIKO yovidiwpa eivat urmtevBuUvo yla T ocUvBeon TwWV UTTOAOLTTWY UTIOUOVASWY
TWV CUUIMAOKWVY TNG avVamveUoTIKNG aAuaoidag: mepimou 39 yia to cupmAoko |, 4 yia to
oupumAoko I, 10 yia to aupmAoko I, 10 yia to cupmnAoko IV kat 15 yia to cuumnAoko IV
(Scarpulla, 2008). Xtn ouvepyacia auTH, TPOKUMTEL €VOl ONUAVTLKO €EEALKTLKO
TPOPBANUa: ol puBuol petdAAagng tou pitoxovdplakol DNA eival apketd peyautepol
o€ OUYKPLON KE TouG avtiotolyoug pubuouc tou upnvikou DNA (Blier et al, 2001). Ot
Sladopéc autég  otou¢  pubpoug  e€EAENG amautouv  pio oTEVNA
ouveéEAEn/ouunpoaoappoyn Twv dVo yoviSiwuatwy (Lane 2011b, Pierron et al 2013).
Mia tétola ouveEeAiktikn Stadikaoia puBuiletal auotnpd pe okomo tn Slatrpnon tng
6paoTIKOTNTOC TWV ULITOXOVSplwy, N omoia ival amapaitntn yla tn BLwolpotnTa TWV

KUTTAPWV, KAl KOT' EMEKTACN KOL TOU OPYQVIOUOU.

H Bewpla Twv cupnpoocapuocpévwy yovidiwv epudaviotnke ocav Evvola ota mAaiola
¢ aAnAenidpaong petaty mupnvikwv yovidiwv (Dobzhansky, 1946, Orr 2005a),

kKaBwg elxe dnuioupynBel n memoibBnon nwg ta yovidia mou aAAnAsmidpolv Kot
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aAAnAe€opTwvTtal TPEMEL VA CUYKANPOVOUoUVTaL. YIApXEL pia oAoéva auEavouevn
BBAloypadia ou MPOTEIVEL TTWE OL TILO CNUOVTIKEG OUASEC CUUTPOCAPUOCHUEVWV
YOVLISLwV yla TOuG EUKAPUWTEG ival ta ptoxovéplaka kot ta N-mt yoviSia (Lane,
2011, Burton et al, 2013, Foley et al, 2013). Ot cuvéneleg TNG acupBatotnTeg HeTafy
Twv yovibiwv autwv adopolv tn pelwpévn oLleuén tng aluoidag petadopdg
nAektpoviwv (Brand & Nicholls, 2011) mou £xeL cov QMOTEAECHUA TNV HELWUEVN
napaywyn ATP kat tnv auénuévn napaywyn ROS (Lane 2011, Barreton & Burton
2013). Ta 800 autd yeyovota odnyouV LE TN OELPA TOUG O€ UELWHEVN APHOCTIKOTNTA
Twv opyaviopuwv (Ellison & Burton, 2006). Ot Stadopetikol BloAoyikol puBuol kot
QTALTNOELS UMOPEL va 06nyrnoouv o€ emiAoyn yla oTevOtepn N 1o xaAopn ouleuén
NG avamveuoTikng aAucidag (Lane 2011, 2014) aAAd n avAykn yLo CUVIOVIOUO TwV
yovISlwHATwy ivat KaBoAkr. H petwpévn cupBatdtnta Twy yovisiwv autwy pmopet
Va EMNPEACEL OUETAKANTA TNV HeTaypadr Kol PETAPPACN TWV ULITOXOVOPLOKWV
yovidiwv, to omoio ennpealel tnv kuttapikn avarnvor (Ellison & Burton, 2008,Burton
& Barreto, 2012). Katda oautd tov tpomo ol mAnbuopol pmopel va avamtuouv
HovadIKEC alAayEG ota ouvepyalOUeEVO QUTA YOoViSLa, KoL N GUUTIPOCAPUOYN TwV
HLTOXOVOPLAKWY KoL TTUPNVLKWVY YOVLSLWV va OXNUATIOEL VA ONUAVTIKO Gpayuo otnv
yoviSlakn pony Hetal twv mAnBuouwv (Gershoni et al, 2009, Chou & Leu, 2010,
Burton & Barreto, 2012).

Ma va dtatnpnBouv T CUUTTPOCAPUOCHEVA ULTOTIUPNVLKA GUUTTAOKA, T yoviSLa Ttou
Ta anaptilouvv npémnel va cuppetaBiBalovral amod yevid o€ YEVLA, 0TA OPLA TTIOU QUTO
elval edikto otav epmAékovrtat Suo yovidiwpata (Rand et al, 2004, Rogell et al, 2014).
Ta yovidia tou pitoxovdpiou petaBifalovral, Katd Kavova, xwpic avaouvouaopod Kot
amo TN UNTPLKNA yevealoyia, Kal £€Tol N cuppetofifoon Twv CUUMPOCAPHOCUEVWV
yovidiwv cupPaivel eniong péow tng idlag yevealoyiag, pEow tng petaBifaong piog
CUMBATAG XPWHOOWHULKNG OELPAG. YAPXOUV ONUAVTIKEG eVOEIEELG TTOU TIpOTEIVOUV
WG O XPWHOOWHULIKOC EVTOTILOUOC Twv N-mt yovidiwv mailel onuavtikdo polo otnv
ocuvppetafifaon Twv yovidiwv auvtwv (Rand et al, 2004, Drown et al, 2012), otnv
€KTOON oTNV omola Ta yovidia autd pnmopouv va cuveéeAtyBouv (Rand et al 2004, Hill
et al 2014a) otnv «yovidlwpaTiky ocUykpouon» (genomic conflict) petagt twv mt kot

N-mt yovibiwv (Drown et al, 2012, Crespi & Nosil, 2012), otnv amoteAeopatikoTTA
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™G emhoyng ocuvtpodou (Hill & Johnson, 2013) kat otnv enidpacn tou vPPLSLOUOL
otnv Buwopdtnta Twy anoyovwy (Burton et al, 2006, Foley et al, 2013, Hill & Johnson

,2013).

XPWHOOWULKOC evtomopog Twv N-mt yovidiwy kat cuppetaBiBaon

H ouvéeon twv N-mt yovibiwv ota GUAETIKA XPWUOOWHATA MUIMOPEL va
EMNPEACEL TNV MIBavoTnTa cupueTaBifaong Toug UE TO ULTOXOVOPLOKO YoviSiwpa
€MELSN N AVLON KATAVOUN TwV GUAETIKWY XPWHUOCWHATWY UETOED Twv SUo GUAWV
o6nyel o€ plo EVIOXUUEVN 1 LELWHEVN GUYKANPOVOUNGN TwV GUAETIKWY YoviSiwv Kal
TWV UNTPLKA KANPOVOUOUUEVWY ULtoxovoplakwy yovidiwv. H cuppetaBifacn twv
vovidiwv SteukoAUvetal av ta N-mt yovidia xaptoypadouvtal 0To XpwHOoWHA X
eneldn ta proxovdplakd yovidia KANPOVOUOUVTAL UNTPLKA Kol TO XpWHOowHa X
KAnpovopeital Katd 67% emiong armo tn untepa. To YEYOVOG QUTO EXEL WG OUTOTEAEC AL
To ptoyxovdplaka yovidia kat to N-mt yovidSia mou eival cuvdedepéva pe to X va
ouppetafiBalovral anod TG UNTEPEC oToug BnAukoucg anoyovoug (Drown et al, 2012).
AvTIBeTQ, 0 EVTOTILOUOG TWV YoVISiwV O€ OTIOLOSHTIOTE AUTOCWHLKO XPWHOCWHO OUTE
SleuKoAUVEL oUTe mapepmodilel tnv ocuppetafifacn twv yovidiwv, emeldn ta
OUTOOWHMIKA Kol Ta pttoxovéplaka yovidia petafifalovral avefaptnta. Etol,
AapBavovtag umoyn To TAaico tng mpowbnong NG ocuppetafifacng Twv
CUUMPOCAPUOCHEVWY YoviSiwy, Ta TUPNVIKA yovidia Ba Atav TPOTIUOTEPO va
xoptoypadouvtal oto xpwpoowua X (Rogell et al, 2014). Navtwg, Tpoopateg UEAETEC
€xouv Oelfel MWC 0 EVTOMIOMOG TWV YoVISiwV aUTWV O0To XpwHOowpa X glval mio
OTIAvLog amo OtL Ba avapévovtav AOyw TNG Tuxalag KOTaVOURG Twv yovidiwv ota
BnAaotika kot otov vnuoatwdn C. elegans al\d 6e Slédepe onuUAVIKA Amo TO

avVapEVOUEVO o€ AAa £i6n tou peletriOnkav (Drown et al, 2012, Dean et al, 2014).

Ita ONAAOTIKA, N UTTO-EKTIPOCWITNGCN TWV YOVISLWV QUTWV 0TO X XPWHOOW A UIopEL
va elval amotéAeopa TNG XOUNAAG EKMPOCWINOCAG TOUC OTA OUTOCWHLKA
XpwWHoowpoto ta omola £€elixnkav wote va dnuioupyrioouv Ta GUAETIKA
xpwpoowpata (Dean et al, 2015). Méxpt onuepa, dev £xouv Bpebel yovidla pe umep-

EKTIPOOWTNON 0TO X XpWUOoWHA o€ Kavéva taxon. To patvopevo auto daivetal va
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e€nyeltal anod 1o yeyovog nwe n cuppetafifoaon twv yovidiwv autwv dev eival o

HOVOG TTAPAYOVTOG TIOU EMNPEALEL T XPWHOOW ULKN OPXLTEKTOVLKA.

XPWHUOOWLKOC EVTOTUOMOC TwV N-mt yoviSlwy kot e€€ALEN

H ouppetaBifaon twv N-mt kat mt yoviSiwv mou mpokUTTEL amo TNV ouvdeon
HE TO XPWHOOWHA X OVOYKOOTIKA CUUMEPAAUPBAVEL KAl YEVETIK OUVOECH TWV
yoviSiwv autwv Kat £tol eplopilel tnv aveéaptntn €€€ALEn toug (Rand et al, 2004,
Hill, 2014). H ouveééAién twv yovidiwv SleukoAUvetal otav ta oAAnAemidpovra
yovidia €xouv tnv duvatotnta va eéeAxbolv avefaptnta (Barton & Charlesworth,
1998). H ouvéeon pe to X kot n cuppetafifaocn toug, avaotéAAEL TN oUVEEEALEN TwWV
aMnAosmiSpwvtwy yovidiwv (Hill, 2014). H ocuveééAEn twv yovidiwv autwv eivat
{wWTIKNC onuaciag emeldr), oTOUG TMEPLOCOTEPOUC EUKAPUWTEC, TA ULTOXOVOPLOKA
yovidia epdavilouv moAl upnAdtepoug puBuolg eEEAENG oe oUyKPLON HE T
mupnVvika yovidia (Lynch 1997). Me tov upnAd e€eAkTikd pubuo Kot Tnv amouaoia
avVaoUVSUOOUOU, TO HMITOXOVOPLOKO YOVISIWHO UTIOKELTOL O OLOPKN YEVETIKN
SLaBpwon Aoyw petalagswv (Wallace, 2010). Exel mpotaBetl mw¢ ta N-mt yovidia
TMPENMEL SlopkwG va ouvefeAiooovtal HE TA HLTOXOVOPLOKA yovidla yla va
avtiotaduilouv Tig emiPAapeic ptoxovdplakeg petarlatels (Osada & Akashi, 2012,
Burton & Barreto, 2012, Levin et al, 2014).

H ouve§eAi€n twv yovidiwv pmopet emiong va mailel onpavikkd poAo otnv
npocapuoyn oe véa neptBaiovta (Pierron et al, 2012). Etol, Ta TAEOVEKTHMOTA TNG
ouppetafifaong mou TPOKUTMTOUV amd TOV EVIOTIOUO Twv yovidiwv oto X
XpwHoowua daivetal va avtiotaduilovtal amo TV apvnTKA EMidpacn Tou £XEL TO

YEYOVOC aUTO oTnV ouvelEALEn Twv yovidiwv (Drown et al, 2012, Hill, 2014).

YuppeTaBiBaon yovidiwy Kot «yoviSLwHATIK cUykpouon»: To GalvVOUEVO TNC
KATAPOC TNC UNTEPOG

Mia AAAN apvnTLK CUVENELX TNG oUPpeTaBiBaonc twv yovidiwv otav autd
xoptoypadouvtal oTo XpwHoowa X €lvat N «yoviSlwuatikr) cuykpouaon» (Drown et
al, 2012, Rogell et al, 2014). H yoviSiwpatiky aut cuykpouon €ival n attia tou

dawvopévou NG “katapag tnG UNTépag” eneldn n petaBiBacn yeveTkwy oTOLXELWY
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HEOW TNG UNTPLKAG YeveaAoylag pumopel va odnynoetL otnv emhoyr LETOAAAEEWVY TTOU
elval wdpéAlpeg ota BnAuka ATopa, ACXETA E TNV APVNTIKA Nidpaon ou Ynopet va
£€Youv ota opoevika atopa (Frank, 1996, Gemmell et al, 2004). H eniSpaon tou
dawvopévou mapouataletal otnv elkéva 7. Evéeifelg yla to davopevo autd €xouv
Bpebel o€ évtopa (Dowling et al, 2007a), oe 6pviBeg(Froman & Kirby, 2005) kaBwg ka
oe avBpwrouc (Holyoake et al, 2001, Ruiz-Pesini et al 2004). To QMOTEAECUA QUTNG
¢ Stadikaoiag prmopel va ivat n cuoowpeuon aAAnAopopdwyv mou eivat emiPAafn
Yl TAL OPOEVIKA ATOUO OTA ULTOXOVOPLOKA Kal Ttupnvika yovidia tou X. H 6pdon tng
gmloyng mou Ba odnynoeL otnv anoguyn tou dalvopévou auvtol Ba sival lowg n
€TAOYN TIOU €UVOEL TNV Xaptoypadnon Twv yovidiwv autwv o€ omolodnmote aAAo
XpwHoowua amd to X (Drown et al 2012). EvaAAakTikd, €xeL mpotabel mwg n
ouppetafifaocn Twv apoevikwv Kol BnAukwv pitoxovépiwv Ba pmopoloe va
avakoPel pawvopeva OMwG auto TNE Katapag tng untépog (Kuijper et al 2015).
Eniong, n e€aAelPn Twv PETOAAAEEWV QUTWV HECW ETLAOYNG OTN UNTPLKN YEVEQAOYLA
€xeL mpotabel oav €vag pnxaviopog mou Ba pumopouce va mepLloploet TG EMOPACELS
TOU PaLvouEVOU aUTOU oTa apoevikd atopa (Hedrick, 2012, Wade & Brandvain, 2009,

Kuijper et al, 2015, Beekman et al, 2014, Dordevic et al, 2017).
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Ewkova 7: H erntibpaon tou paivouEvou TnG KaTapo§ THE UNTEPOC OTA APOEVIKA atoud. (arro Gemmell
et al, 2004)

H matpikr kKAnpovounon twv ptoxovéplwyv Kupaivetatl anod pndevikni oe peptkd {wa
péxpL adbovn oe pepkd €ibn dutwv (Gyllensten et al, 1991, McCauley, 2013). H
avénon NG MATPLKNG KANPOVOUNONG TWV ULTOXOVOPLWY oo YeVLA OE YEVLA aUEAVEL
TNV €vtaon tng ertAoyng Evavtl emBAAB WY yla TO 0POEVIKA ATOUO LETAANAEEWY, KOl
umapyouv povtéAa mou Seixvouv oOtL n petafifaon twv pitoxovépiwv katl Twv dvo
dUAwvV Ba umopovoe va meplopioel TNV €EEALEN TwV eTPAABwV aAAnAopdpdwy yla ta
0pOEVIKA ATtopo oto putoxovdplakod yovidiwpa (Kuijper et al, 2015). O poAog tng

YOVISLWUATIKAG CUYKPOUGONG OTNV WULTOTUPNVLKA ouVeEEALEn elval éva Bgpa mou
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anaoXoAel oAoEva Kol TEPLOCOTEPO TOV TOMED TNG eEEALKTIKNAG Bloloyiag (Wolff et al

2014).

JuveEeALEn yovibilwy: Emthoyn cuvtpodou kal n emkpdTnon TNS GUAETIKNAG

QVaTIAPAYWYNC

H ¢uletikn avamapaywyr analtel U0 CUHUUETEXOVTEC TTIOU GUVELOPEPOUV T
VEVETIKA TOUG OTolxela, autd wotdéco dev amaltel kat tnv vmopén povo duvo
QVATTOPOYWYLIKWY TUTIWV. MapdTL To cUOTNUA UE TOUG SUO avVamapaywyLKOUG TUTTOUG
elval autd mou mopatnpeital o OAOUG TOUC (UAETIKA QVOTTOPAYOUEVOUC
0pPYyaVLOUOUG, EUdavilel CUYKEKPLUEVO HELOVEKTAMATA. Me tnv Umtapén Suo PpLAwv,
TO QoA atopa tou mAnBuopol amokAsiovial w¢ cuvtpodol (Lane, 2005). Ito
cvuotnua Twv dU0 avATTAPAYWYLKWY TUTIWV, €AV eUdAVIOTEL €vag TPLTog TUMOC ToU
elvat ouppatoc kat pe Ttoug SUo aAoug tumouc, Tote Ba StatnpnOei kat Oa e€amAwBOel
otov tAnBuouo (Fischer, 1958). Avtiotolxa, umopouv va e€eAtyBoUV Kol EVOG TETAPTOG
TUTOG, €vaG TEUMTOC Kol oUTw KoBe€ng Onuoupywvtag OSwadopa HOVIEAQ
avarapaywylKwv TUTwv. OMOTE To EpwTn TToU eVAoya SnuLoupyeital eival yioti to

oUOTNUA PE TouG SUO TUTIOUG ETIKPATNOE AVAUECO OTOUG EUKAPUWTEG;

H amavtnon oto epwtnua autd ¢aivetal va eival mwe TO CUYKEKPLUEVO cUOTNUA Elval
auto mou e€aodalilel oe peyaAltepo BaBUO TNV HOVOYOVELKN KAnpovounon twv
ptoxovdplakwy yovidiwv (Hoekstra, 2000). H evdexopevn yoviSlw ATk cUyKpouaon
umtapxel Nén otav éva TupPNVIKO yoviSlwpa CUVUTIAPXEL UE €val ULTOXOVOPLAKO
yoviSiwpa. Otav UTIAPXOUV IEPLOCOTEPOL ULITOXOVEPLAKOL AITAOTUTIOL UE AELTOUPYLKEG
Sl0pOpPEC OTIC TEPLOXEC TIOU KWOLKOTIOWOUV ylol TIPWTEIVEG, N YOVISLWUATIKA
OUYKPOUGN TIOU TIPOKUTITEL OVAUECO OTA HLTOXOVOPLA UTTOPEL VAL «EKTPOXLACELY TN
Aettoupyla tou atépou (Innocenti et al, 2011, Lane, 2012). O Lane (2005, 2014)
TIPOTELVE MWG 0 KAAUTEPOC TPOTIOC YLa Vol ETITEVXOEL N pLTo-TupNVIKA cupBatotnta
O€ QTOyOVOoUG TIOU TIPOEPXOVTOL aTto U0 TIUPNVIKOUE YEVOTUTIOUG Elval va SOKLOoTEL
0 VEOG, QVOOUVOUOOUEVOG TIUPNVLKOG YEVOTUTIOC HE £VOL HOVO HLTOXOVOPLAKO
amAotumo. H umapén evog povadikou pitoxovoplakou amAotumnou ota {uywtd Bonba

OTNV AMOTEAECUATIKOTEPN EMIAOYN OTO €Minedo Tou UYywToU, EULVOWVTOG TNV EMIAOYN
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UTIEP TOU TILO TIPOCOPHOCHUEVOU QTTAOTUTIOU TIOU O8NYel Kal otnv YOoVISLWHOTLKA
ouppatotnta. O Ap. Hadjivasiliou kat ot cuvepydteg tou (2012, 2013) avémrtuéav
HOVTéAa, To omoia €6elfav mwg n umapén &vo évavil MOAAMAWY TUMWV
{euyapwpatog €lval n TLO QMOTEAECHATIK Hopdn yld TNV  HULTO-TIUPNVLKA
CUUMPOCAPHOYN Kol yla tnv dlatipnon tng KUTTAPLKAG avamvong o€ €va PeYAAo
€UpoC TOEWVOUIKWY BaBuidwy. EmumAéov, ta povtéha mpoéBAeav TIC KATAOTACELG
OTLC omoieg Ba euvooluvTav N KANPovounon Twv HLToXovopLaKwy amAOTUTIWY Kal oo

ta 6uo dUAa (Hadjivasiliou et al, 2013).

H €€€A€n twv O6UO avamapaywylkwyv TUTWV TIOU CUUUETEXOUV OTNV GUAETLKA
avarapaywyn ¢aivetal va ntav eva Kpiolpo Bripa yia tnv €EEALEN TWV EUKAPUWTWY,
ETUTPEMOVTAC TN SLOTAPNON TWV CUUITPOCOPUOCUEVWY CUUTTAOKWY ULTO-TIUPNVIKWY
yovidiwv. MapoAa autd, n cupnpooappoyn Baciletal kal otnv UIAPEN YOUETWY OO
YOVISLaKEG SEEQUEVEG OL OTIOLEG €XOUV CUMPBATA ULTOXOVOPLOKA KAl TTUPNVLKA yovidia
(Gershoni et al, 2009, Hill, 2014). H €€€Ai€n autwyv Twv dU0 AVATIAPOYWYLKWV TUTIWV
odnynoe avamnodeukta kal otnV GUAETIKN €MAOYH — TOV AvVTaywviopo dnAadn ya
npooBaocn og atopa tou avtiBetou dpuAou (Andersson, 1994, Parker, 2014). Emeldn
T OnAuka atopa daivetal va emevdéUoUV MEPLOCOTEPOUC TTIOPOUC OTOUG ATIOYOVOUC
o€ oUyKPLON HE TO APOEVIKA Atopa, daivetal va eival cuvABwg Katl to ¢UAo Tou
ETUAEYEL KOl €TOL N €mAoyn cuvtpodou amod ta OnAukd atopa daivetal va gival n
Kwntnpla Suvapn tng GUAeTIKNC emtidoync (Andersson & Simmons, 2006). H puAeTikn
emloyn €xeL tn Suvarotnta va MPowOroeL TNV CUUMPOCAPHOYN TEPA ATO TNV

kAaoolkr Bswpnon yla amoduyn tnG UiENg yovidiwudtwy amnd Sltadopetika 6.

IToUG UAETIKA QvaIapayOUEVOUG OPYOVIOMOUG, VEOL TUPNVIKOL yovoTuToL
Snuoupyouvtal os KABe yevid PEOW HETAANAEEWV KOl OVOOUVOUAOUWY Kol €ToL
npokUTIToUV véoL cuvduaopol N-mt yovidiwv (Lane 2011, 2014). Kamotot and autoug
TOUG YOVOTUTIOUG €lval Ttio cupBatol pe ta ptoxovdplakd yoviSlwpato o€ cUYKpLon
hue AaAoug (Dowling et al, 2006, Arngvist et al, 2010). Ta BnAuka dtoua, Ba
amokopioouv od£An avayvwpiloviag kol amodpelyoviog TOUG OUVIPOPOUC HE
AlyOTEPO AELTOUPYLKA HLTOTIUPNVIKA yovidla Tou Tpogpxovtol amo MUETAANGEELS,
avaouvéuaopolg 1 yovidlakn pon. Etol, ta BnAukd dtopa, eMAEYOVTAG OPOEVIKA

ATOUO PE TIANPWC AELTOUPYLKI) KUTTOPLKN OVATIVOr) EUVOOUV TNV €MAoyr cuvtpodou
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yla XOPOKTNPLOTIKA yvwplopata tng anodoong tng ofeldwtikng dwodopuliwong
(Hill, 2011, Hill & Johnson, 2013). Npoodate epyacieg mpoteivouv mwg n vmapén
ONUATWYV YLO TNV oImMOS0TIKOTNTA TNC KUTTAPLKIC OVATIVONG ELVOL VOl XOPAKTNPLOTIKO
KOLWVO OTOLXELO TWV OPOEVIKWV KOOUNTIKWV XOpakTnploTikwv (Johnson & Hill, 2013,
Hill, 2014), to omoio Ouwg mpémel va PeAeTnBel ektevéotepa. OAeG QUTEG OL VEEC
Bewplec ylia TNV €mAoyn ouvipodou umd TO TpPlopA TNG  MULITOTIUPNVLKAG
CUUTPOCOPHOYNG HUMOPOUV VA EVOWUATWOOUV LKAVOTOLNTIKA OTo UTtApXOovTa
pHovtéAa TG uletikng emhoyng (Kuijper et al, 2012). Z0pdwva pe T Bewpleg TG
DUAETIKAG emAoynC, Ta ONAUKA atopa GEPETAL VA EMIAEYOUV TAL OPOEVIKA ATOUA TIOU
dépouv «kaAd yovidla» mou oxetilovral pe Tnv mpoooapuoyn (Hamilton & Zuk, 1982).
Ta povtéAa TNG ULTOMUPNVIKAG cuppatotnTag Sev €pXOVTOL VA AVTLKATACOTHOOUV T
HovTéAa autd, aAla Sivouv laitepn €udaon otnv emiloyn yovidiwv mou eival
amapaitnTa yLo TNV cupnpocappoyr. H avayvwplon tou ei6oug Katad tn SLapKeLa TG
emAoyng ouvtpodou oto TmAaioclo NG dlatApnong TNG  HLTOTUPNVLIKAG
cuunpooapuoyng daivetal va Anddnke unoyn oxetika npoodata (Hill & Johnson,
2013, Hill, 2016) aAAa n evioxuon TwV oplwv Twv EW8WV gival n maAalotepn e€nynon
ylot TO YEYOVOG WG Ta BNAUKA ATOMO EKTLHOUV TA KOOUNTLKA XOPOKTNPLOTIKA TWV
OPOEVIKWV Kata TN dlapkela Tng emiloyng ouvtpodou (Wallace, 1889). H umdBeon
WG ta OnAuka atopa emiAéyouv ouvipodoug tou blou eidoug PBaoiotnke o€
TLOPOTNPNOELG TTOU £ylvav o€ oplopéva (6n mouAwv. O Mayr (Mayr, 1963) ektiunoe
TIWG O€ ia pouoelaki cuAAoyn umrpxe Hovo eva delypa avapeoa o 60000 Seiypata
Tou ixe uPBpLdlakn mpogAeuon. EmumAéov, £xel avadepbei ektevwg otn BLBAoypadia
TIWG N €rAoyn ouvtpodou Baciletal oTNV EMAOYR KOOUNTIKWY XOPAKTHPWY TOU iSlou
eldouc mapa dadopetikwy eldbwv (Saetre et al, 1997, Smadja et al, 2015, Freeman &
Montgomery, 2017). Ta meplocotepa €i6n TMOUALWV £€XOUV €va ULITOXOVOPLOKO
YOVOTUTIO TIoU €ival EAAxLOTA TTOAUPOPDLKOG EVTOC TOU £(60ug aAAd SladEpel apKeTa

HeTalL Twv el6wv (Bareira et al, 2016, Tavares & Baker, 2008).

O YEVETIKOG TOAUUOPDLOPOC TTIOU TIPOKUTITEL OO TNV GUAETIKN avamapaywyn HEow
Tou avacuvduaouou, eival amapaitnto¢ WoTe Ta ATopa va elval oe Béon va
avtamnokpivovtal og meplBarlovtika epebiopata (Crespi & Schwander, 2012). Auti n

Bewpla eival yvwotn kot wg “The Red Queen Hypothesis” (Lively et al, 1990). H
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uomapén tou avacuvduaopol evioxVel tn Sduvatotnta Spdong tng emAoyng o€
aAAnAopopda evog Tomou aveaptnta amd to oAAnAopopda AAAWV TOTWV,
06NYWVTOG £TOL O£ YEVETIKO TTOAUopdLopo (Otto & Michalakis, 1998, Otto & Barton,
2001, McGaugh et al, 2012).

Mia véa umobeon ylo Ta TIAEOVEKTAHOTO TNG PUAETIKAC avarmapoywyng Tou
SlatunwBnke amnd toug Havird, Hall kat Dowling (2015) €MIKEVIPWVETAL OTNV WULTO-
TLUPNVLKN OUVEEEALEN KOl CUYKEKPLUEVO OTNV ETLTOKTIKN QVAYKI, TIOU UTIAPXEL yLal
OVTLOTOOULOTIKEG METAANAEELG OTO TUPNVIKO YoviSiwpa, oL onoieg Ba avtiotabuioouv
ta BAafBepa amoteAéopata Twy pLtoxovdplakwy petaAldéewy (Gershoni et al, 2010,
Zhang & Broughton, 2013, van der Sluis et al, 2015, Havird & Sloan, 2016, Osada &
Akashi, 2012, Burton & Barreto, 2012). T€tole¢ OVTIOTOOULOTIKEC METAANALELG
daivetal va cupBaivouv OxL povo oto emimedo aAAnAemidpacng MpwWIEivwy oTNV
oAvoida petadopdg nAektpoviwv, oAAA Kal oto eminedo aMAnAemdpacswv
npwteivwyv kat DNA katd tnv avtiypodr) tou mtDNA (Ellison & Burton, 2010), oto
eninedo aAnAenidpaong npwteivwv-RNA ota pitoxovéplakad plpocwuata (van der
Sluis et al, 2015, Havird & Sloan, 2016, Osada & Akashi, 2012, Burton & Barreton 2012,
Ellison & Burton, 2010, Barreto & Burton, 2013) kat oto eninedo aAnAsmdpAacewv
HETaEL Twv ptoxovdplakwyv tRNAs kat Twv apwvoakuAo-tRNA cuvBetacwv (Adrion et
al, 2015). Emeldn to ptoxovéplako yovidiwpa epdavilel uPnAotepou eEEALKTIKOUG
pUBLOUG amod autoug Tou TtupnVikoL yovidiwpatog (Lynch, 1997) kat dgv umokeLtal
o€ avoouvluaouo, epdavilel Eva HeyAAo YEVETIKO ¢OpPTILO OTO ULTOXOVSPLO, TO omoio
EMNPEALEL TNV AMOTEAECUATIKOTNTA TNEG AVOTTVONG Kal TNG mpooappoyng (Denver et
al, 2000, James & Ballard, 2003). AvtiotaBuiloTikéG aAAayEg ota yovidia N-mt
UIOpOUV VA aUENOCOUV TNV APUOCTIKOTNTA TwV opyaviopwv (Frank, 1996, Barreto &
Burton, 2013b). Nedtepeg HeAETEC TPOTE(VOUV TWC TO KUPLO TAEOVEKTNUA TNG
dUAETIKAG avamapaywyng €ivat n avénuévn duvatotnta mou Sivetat ota N-mt
yovidia va tatnprioouv tov (810 EEAKTIKO puBuO e Ta ptoxovopLlaka yovidio péow
YPNYOPWV YEYOVOTWV avacuvduaopol TUpNVIKWV yovidiwv, upéxpl va Bpebel o
KATAANAoG cuvbuaouog Tou Ba €xel avtlotabulotika anoteAéopata (Havird et al,
2015). Me aMa Aoyia, n PUAETIKA avamapaywyn HECW Tou avacuvduoopou

ETUTPEMEL TNV €EEALEN PEUOVWHEVWY YoVISiwv TTOU TpowBoUV TNV CUUPOCOPUOYH
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Twv yovidiwv, arnodpelyovtag £T0L yeyovoTta EMIAEKTIKIG cdpwoaon (selective sweeps)

miou Ba mepAdppavav oAokAnpa xpwpoowpata (Lane, 2014).

MILTOTTIUPNVLK CUVEEEALEN KOLL TIPOCOP OV

JUpdwWVA PE QUTEC TIC VEEC UTIOBEoELC, N UTtapén SUO avamapaywylKwy TUTTWY
KalL n emttAoyn cuvtpodou amo ta OnAukd dtopa eEeAlxtnKav wWote va §aodaALoTEL N
ULTOTIUPNVIKI) CUUTMPOCAPUOYN HUE TO TEPOAOHA TWV YEVEWV. OUWG, OE OGUVEXWG
petaBaropeva meplBAAovta, N OTOTIKOTNTA OTOUG HUNXAVIOMOUC TOpaywyng
eVEPYELOG elval éva amibavo oevaplo. OL TANBUGUOL TIPETEL VA TPOCAPUOOTOUV OTLG
nieplBaAlovTIKEG aAAayeg, SladopeTikd Ba uUTIAPEOUV OPVNTIKEC CUVEMELEG OTNV
appooTkoTtnTA Toug (Orr 2005b). MéxpL mpoodarta, n Stadopomnoinon oto emninedo
TOU pLtoxovSpLakoU yoviSlwpatog Bewpouvtav oudETepn Kal n cUVELOHOPA TOU OTLG
TIPOCOPUOOTIKEG OAAQYEG O QTOKPLON OTIS TEPPBAAAOVTIKEG aAAAYEC AUEANTEQ

(Ballard & Kreitman 1995, Galtier et al 2009).

MapoAa autd, umapxel pia ektetapévn BBAloypadia mou umootnpilel Mwg ta
ptoxovéplaka yovidla  umokewvtal otn  6pacn  TNG  €mAoyng, TOOO TNG
otaBepornolovoag 600 Kal tng kateuBuvouoag (Hahn 2008, Stoeckle & Thaler 2014,
Garvin et al 2015) kat Twg n €€EALEN TwV HLTOXOVEPLAKWY YoviIdiwy gival BepeAlwdng
yla TV mpooappoyn ota véa neptBarlovta (Dowling et al, 2008, Wallace, 2013, Levin
et al, 2014, Morales et al, 2015). lNa mopadeLyna, n LKAvOTNTA MTHONG TAVW AT TO
0po¢ IpaAdila Kol n UETOVACTEUON OFE QTOUAKPUOUEVEG TIEPLOXEG OTO €ld0C Xvag
Anser indicus daivetat va mpogékuPe amo plo apvofilky QVTIKOTAOTOON OTO
pLtoxovdplako yovidio COX3, to omoio KwdLkomolel yla pio urmopovada tou mupnva
Tou cupmAdkou IV Tou cuotrpatog petadopdg nAektpoviwy (Scott et al, 2011, 2015).
O vVE£oC UTOXOVOPLAKOC YOVOTUTIOC ETITPENMEL OTO OUYKEKPLUEVO €ldog va
TIPOCAPUOTLETAL O€ XAUNAEC CUYKEVTPWOELG 0EUYOVOU OTA TTOAU pEYAAa UPOUETPQ, OE
avtiBeon pe ta urtddouna (6N TNG OLKOYEVELAG TOU. H CUYKEKPLUEVN MEAETN amoTeAEL
€va mapadelypa avapeoa os pia ektevi BBAloypadia mou cUVOEEL TIG AELTOUPYIKEC
oAayEG Twv ptoxovéplakwv  yovidiwv HE  KAAUTEPN  OVTATOKPLON  OTLG
TeplBaANOVTIKEG ouvBnKeg kol €xouv avadepBel oe éva peydlo eUpog eldwv,

ocupnepAappfavopévou kat tou avBpwrivou (Wallace, 2010b, 2013, Cheviron &
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Brumfield, 2011, Wilson et al, 2013). ErmumAéov, n undpxouoa motkilopopdio oToug
HLTOXOVOPLAKOUCG QUTAOTUTIOUG GUVOEETAL TTAEOV HE TNV QVATIVEUOTLKA AELTOUpYLA Kl
Vv appootikotnta (Kurbalija et al, 2015). H €€€AEn twv pitoxovépLakwv yovidiwy,
onwg nén avadépbnke, €XeL OUOXETIOTEL UE TPOCAPUOYEC OE OepuokpooLOKA
nieptBaAlovta  upopetpa, aAAd daivetal va oxetiletal Kal e GOLVOUEVA AKTIVWTNG
npooapuoynG. Mpoodateg PEAETEG €XOUV OUVOEOEL TIG AELTOUPYIKEC OAAQYEC OfE
ONUOVTLKA pToXovOpLlaKkd yovidla pe MPOooapHOYEG TTOU adopouUV TO TETAYUA OTLG
vuyxtepibeg (Shen et al, 2010) ) tnv katavaAwon Ueyalwv Bnpapdtwv amod €ibn

dLdwv (Castoe et al, 2008).

Mpoocappuoyn kot etdoyeveon: H oupBoAn tg yevetikng Stadopormoinong tou mtDNA

H mpoooapuoy) ota mnepifdallovta eivalt pia Sdwadikacia moAU oteva
ouvdebepévn e TNV elOOYEVEDH. ZTOUG EUKOPUWTEG, N Slatripnon tTwv EExwpLlotwy
Se€apevwV CUUMTPOCAPUOCUEVWY YoVISLwV elvat o Bepéliog AlBog tng Bewpnong Twy
eldbwv (Coyne & Orr, 2004, Price, 2007). 0udwva HE TA CUUPATIKA HOVTEAQ TNG
eldoyéveong, otav ot mAnBuopol esivat amopovwpévol, n Siadopomoinon ota
yoviSliwpata odnyel oTnV avamopaywylkn anopovwaon eneldn unapxel Sltdomnaon ota
OUUTPOCOPUOCUEVO.  OUUMAEyHATa  yovidiwv, Otav  avapelyvuovtal ol
Sladopormoinpévol yovotumol otoug uBpldikoug amoyovoug (Coyne & Orr, 2004,
Turelli & Moyle, 2007). MéxpL TpoodATWC, OL YOVISLWHATIKEG AAANAETUOPATELG, TIOU
ATav UTeUBUVEC yla TNV ELPAVION ACUUPBATOTNTOG KAl UELWHEVNG APUOCTIKOTNTAC
ota uBpidla, Bewpouvtav OtL mepAduBavayv armokAELOTIKA yovidla Tou tuprva Kat oL
pitoxovéplakol amAotumol Bewpolvtav oudétepol Seikteg tng Sladopomoinong

(Gerber et al, 2001, Dowling et al, 2008).

H ekTipnon tNg CUUMPOCAPHOYNG TWV ULTOXOVSPLOKWY KAl ULITOTIUPNVIKWVY (auTo 1 Ba
elval £€tol [ mt kat n-mt) yovidiwv kabwg Kal n taxluTnTa Ue TNV omnoia epdavilovral
oL aoupPatotnteg Slvouv pio vEo TMPOOMTIKA OTNV UEAETN TWV HUNXAVIOUWV
eldoyéveong. Z0pUdwva PE TNV TIPOOTITIKI aUTr, N EAAeWPN TNC YOVISLOKIG PONG KOl OL
vdnlot e€ehiktikol puBpol tou pLtoxovdplakol yovidlwpatog Ba odnyrnoouv oe
ypnyopes kot ampoPAenteg  Siadopomnolnosl petafl Twv TANBuouwv ota

cuunpooappocpéva yovidla (Gershoni et al, 2009, Chou & Leu, 2010). Autol ot véol
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YOVOTUTIOL CUUMPOCOPHOOUEVWY Yyovidiwv Ba elval mAéov aocUUPATOL HE TOUG
YOVOTUTIOUG €VOG Sladopormolnuévou TANBuopoU Ba Snuiloupyroouv £ToL éva
HUETAOULEUKTIKO QIMOUOVWTIKO HNXAVIOUO OTn yovidlakn pon HUE OCUVEMELA TNV
eldoyéveon (Burton & Barreto, 2012). Me tnv €AAewdn tng yoviSlakng pong, ot
nAnBuopol tou dlou eidoug avapévetal va eEeAxBolv péow aveEdptnTwy «odwv»,
HE Tov KABe MANBUOUO va cucowpeUEL TO SLKO TOU CUVOAO TIPOCOPUOYWV OTa
aAAnAemidpovta yovidia twv dU0 yovISIWHATWY, UE TNV epudavion Twv emiPAafwv
pHeTaAAdéewv oto mtDNA kat tnv avtiotolxn eudavion twv oaAAnAouopdwv tou
nuprva nou Ba amokadLotouv T ducLoloyikr) Aettoupyia. To AMOTEAEGHA AUTWV TWV
«odwv» Ba elval Mwg ol UTOTMUPNVIKEG aAAEAETIOPACELS KoL N Asltoupyla Tou
OXPHOS Ba ggeAyBouv mtpog éva BEATLoTO, To omoio Ba eival e€elSikeu uévo yLa KABe
TANBUOUO KOl €TOL OL  ULTOTIUPNVLIKEG MovAadeg Tou KABe apyxlkou TMAnBucuou Ba
yivovtal ohoéva kat mio acUppartes kabwg ot MAnBuaopol amokAivouy, cUUPWVA LE TO
povtélo acupBatotntag twv Ntoumnldavoku-MiAAep yia ta uBpidia (acuppatotnteg
Dobzhansky-Muller), pe tv ptonupnvikr povada mA€ov va mailel KEVTIPKO pOAO
otnv eudavion autwv tTwv acupBatotitwyv (Burton & Barreto, 2012). Mevikd, ot
acupPatétnteg DM umopouv va adopolv omotodimote Leuydpt yovidiwv. Edv
AndBel umoPn mwg to MtDNA armoteAel €va OAU (KPS TOCOO0TO TWV EUKUAPUWTLKWVY
yovidlwpatwy, Ba avapevotav ot aoupPatotnteg va epdoavilovial KUplwg HeTaty
TIUPNVIKWYV YoVISLwV KaL Ol ULTOTIUPNVLIKEG acupBatotnTteg va eival aocuvniBloteg. MNa
napadelypa, o Eva opyaviouo pe 20000 yovidia mou KwdLKomoLloUV yla TPWTEIVES
arnd ta omola ta 13 yaptoypadouvrtal oto MmtDNA, povo to 0,1 % OAwv TwV
oaANAemibpaoewv Ba NTOV UITOMUPNVIKES. Mapola autd, ol aAAETIOPACEL] QUTEC
€XOUV QVAYVWPLOTEL WC €vaG ONUOVTIKOG TIOPAYyOVIAG TIOU OUVELODEPEL OE
avanapaywywkoug ¢paypous os SadpopomolnNpEVEG EUKAPUWTIKEC YEVEOXAOYLEC.
Eniong, peAéteg oe €id6n ¢utwv mMou adopolcav avaIoPaAywWYLKOUG GpaypoUc Kal
oxetilovtav pe aocupPatotnteg mAaotidiwv-mupnva avadelkviouv To POAO TwV
KUTOTTAQOULKWV-TIUPNVIKWY 0AANAeTdpdoewv otnv eldoyéveon (Levin, 2003, Greiner
et al, 2011). Ot mopatnPAoel OAWV AUTWV TWV UEAETWV CUVNYOpPOUV TwC To
KUTTOPOTAQOUATIKA yovidiwpata mailouv onuavtikd kol ducavaloyo polo otnv

QVATIOPOYWYLKH QOUOVWOoN.
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Mpooappuoyn kat etdoyeveon: H evdoelbikr) Stadopormoinon

Ta KAQOOIKA TElpAUATA SLAOTAUPWOEWY TIOU EEKivnoav akopa kKal to 18°
awwva amno tov J.G. Kolreuter (Mayr, 1986), £€6sl£av wg oL avamapaywylkol dpayuot
TIOU QTTOTPETOUV ToV UPBPLOOUO UETOED amopoVWUEVWY TIANBuouwy ival cuxva
aoUppEeTpOL, SnAadn n €KTacn Twv AcUUBATOTATWY O0Toug URPLSLKOUG amoyovoug
e€aptartal anod 1o molog MANBUOUOC Spa WC TATPLKOG KAl TTOLOC W¢ KNTPKOC (Turelli
& Moyle, 2007). H enibpaon Tou pitoxovdplakou DNA kot AGMwv
KUTTOPOTAQCUOTIKWY  KANPOVOUROLUWY  yoviSlwpatwy (. MAaotidiwv  Kat
Baktnplakwyv €evOOOUUBLWTWY) OMOTEAOUV €val MAPAYOVIO TIOU EMNPEAlEL TIG
OOUUUETPleG oTIC SlooTtaupwoelg autes. O AapPvog (1859) Rtav o mMPwWTOC Tou
ETILONUAVE QUTEC TIG AOUUUETPLEG KL TTPOG TLUAV TOU TO PALVOUEVO QUTO OVOUACTNKE

«AapBLvikod emakoAouBoy» (“Darwin’s corollary”) (Turelli & Moyle, 2007).

MeA€teg o €idn poviéla onweg kwnnmoda (Burton et al 2013), Toun (Chou & Leu,
2010), Drosophila (Sackton et al, 2003, Meiklejohn et al, 2013) kat (xB0e¢ (Bolnick et
al 2008) nmapéxouv onUAVTIKEG TANPOdOPLEC yLa TO TTWG OL ACUUPATOTNTEG QUTECG OE
Slootaupwoelg UeTall Sladopomolnpévwy MANBUCUWY 08nyolV O€ HELWMEVN

BLWOoLUOTNTA TWV ATTOYOVWY, AELTOUPYWVTAC WG EVAC ATMTOUOVWTIKOG UNXAVIOHOG.

OL onUavTIKOTEPECG evOEIEELG yia TN GUMBOAN TNC UITOMUPNVLKAG OUVEEEALENG OTNV
OPUOOTIKOTNTO TWV OPYAVIOHWV Tpogépyxovtal amd peAéteg uBpldlopol oto
kwnnnodo Tigriopus californicus. € melpapata SLACTAVPWOEWY HETOED KWINMWEwWV
TIOU TIPOEPXOVTOV OO YEWYPAPLKA QTMOUOVWHEVOUG TANBUOUOUG, Tapatnprnonke
Spapatikn pelwon tNG apUOOTIKOTNTOC amd TNV F2 yevid Kal EMELTQ, HELWUEVN
emBiwon twv AdpPBwv (Burton, 1986), kaBuotepnuévn avamtuén (Burton, 1990),
HUELWHEVN OvVaTTAPOyWYLKA Lkavotnta Kal Bliwowuotnta (Edmands, 1999) kabwg kot
HELWHEVN SpaOTIKOTNTA TOU GUUTIAOKOU IV tng ofeldwtikng dwodopuliwong Kot
HELwUEVN Ttapaywyn ATP (Edmands, 1999, Rawson & Burton, 2002, Ellison & Burton,
2006). H pelwpévn SpaocTIKOTNTA TOU CUMITAOKOU Kal Tapaywyr) ATP daivetal va
TLPOKAAOUVTAL ATTO £Va OET LETOAAAEEWVY OTO ULTOXOVOPLOKO KUTOXpwHA ¢ (Rawson et
al, 2000, Harrison & Burton, 2006). Autég ot petaAlaéelg oto mtDNA daivetal va

avtiotaduilovral and MupnVIKEG LETAANALELG ELOLKEG yia KaBs MANBuouO, n pacn
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TOUG OUWG armokaAuTtetal ota uBpidia tng F2 yeviag (Harrison & Burton, 2006). H
HELWMEVN appooTIKOTNTA ota UBpidia oxetiletal kal pe ta avénuéva emineda
ofeldbwtikng BAaBng (Barreto & Burton, 2013) kaBwc kat pe tn Stadopikn Ekdpaon
TWV ULTOXoVEPLAKWY Kal TtUupnVIKWV yovidiwv tou OXPHOS (Ellison & Burton, 2008),
Slvovtag €10l pia €vOelén yla TG TTOAUTTAOKEG ETUTTWOELG TIOU €XEL N dLatapaxn TG
OUVEEEALYUEVNC ULTOTIUPNVIKNG Yevealoyiag. H appootikotnta twv uBptdiwv pavnke
va omokaBiotatol PETA omo emMavadlaoTAUPWOELS UE TN HUNTPLKN YeEVeaAoyia,
avadeLKVUOVTOG £TOL TNV APVNTLKA ULITOXOVOPLAKNA EMLOTACN WG TNV YEVESLOUPYO altia

™c uBpLdLakn ¢ katantwong (Ellison & Burton, 2008b).

‘Evat Ao {wikO HoVTENO, 0To omolo £xel peAeTtnOel o poAog Twv aAAnAemdpAoewv
QUTWV OTNV QaPUOOCTIKOTNTA, €lvalt n Drosophila. Y& TEPAPOTIKEG UEAETEG,
xpnotpomnotionkav Stadopetikol pLToxovopLakol amAGTUTIOL TTOU TIPOEPXOVTAV ATIO
Sladopetikoug MANBuopoUg and Sladopa HéEpn Tou MAAVATN Kal TonoBetnBnkav ot
£€va KoLvO TupnVLKO yeveTikd umtoPabpo (Yee et al, 2013,Clancy, 2008). Me autd tov
TpoTo ealeidpOnke TeAeiwg 0 MapAyovTaG TNG TUPNVIKAG YEVETIKAG Sladopormoinong
omote oL GAWOTUTILKEG OAAQYEC OvAUeEoa Ot Oelpéc Ba odeiloviav otn
ptoxovdplakn motkilopopdia (Clancy, 2008). H ektipnon tng YOVILOTNTAG O OAEC
QUTEG TIG O€LPEC £6€LEE TTWG OAOL OL ATTAOTUTIOL TIPOKAAEC AV PELWUEVN YOVILOTNTA OTA
OpOEVIKA OTOV CUVOUAOTNKOV HE TO VEO TIUPNVIKO yoviSlwua o€ oUYKPLON MPE TN
YOVLUOTNTA TIOU €lxav oL cuumpocappocpévol yovotumol (Yee et al, 2013). Auta ta
TPOTUTIA TNG UELWUEVNC APHOOTIKOTNTOG AOYW HULTOTIUPNVIKNG aouBatotnTag ival
ocuudwva Pe TNV UTOBEoN WG Ta CUVEEEALYUEVA TTUPNVIKA yoviSlwpata dEpouv
QVTLOTOOULOTIKEC OAAayEC Tou petplalouv N e€odeipouv TG emIdPACELC TWV
emBAaBwv petaratewv oto mtDNA. Mia peAétn otnv omola xpnoluomnowénkav
OUTEG Ol OELPEG KATEANEE OTO CUUMEPACUA TIWE UTIHPXE HETABOAR TG €kdpaong
yoviSiwv Tou mupnva mou xaptoypadouvtav oe OA0 TO yoviSlwpa Kal mw¢ auth n
petaBoArn odeidovrav otnv mowkilopopdia tou mtDNA. Afilel va onuelwBel mwg ot
HETAPBOAEC QUTEG TopATNPAONKOV EVIOVOTEPA OE OPOEVIKA Atopa. Edikdtepa, n
ékdpaon mepinou tou 10% Twv YoviSiwv oTa OPOEVIKA ATOUO EMNPEACTNKE ATO TO
ptoxovdplakod amAoturo (mepimou 1500 petaypada Tou mupnva) evw ota BnAuka ta

avtiotola yovidla mou enmnpedotnkav Atav LOALG edta (Innocenti et al, 2011). H
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e€elblkevon AUTWYV TWV EMUTTWOEWVY OTA POEVIKA ATOUA CUUPWVEL e TNV UTIOBECN
WG N UNTPWKA KAnpovounon Twv MItoxovépiwv  SLEUKOAUVEL T CUCCWPEUON
HETAAAAEEWY TIOU €XOUV €VTOVOTEPN €MiSpPOON OTA OPOEVIKA ATOHO HECW HLOC
duloefaptwpevng Spaocng TG EMAOYNAG, TO OTOLo TEPLYPAPNKE TTPONYOULEVWE KO
WG «n Katapa tng untépag» (Camus et al, 2012, Innocenti et al, 2011, Frank & Hurst,
1996, Gemmell et al, 2004, Wolff & Gemmell, 2013).

MttomupnVikéG  acupPatotntec  €xouv  emionc TmapatnenBelt  os  uPBpldla
Stadpopomnoinpévwy mAnbuouwv otn ¢uon. O Morales kat oL cuvepydtec Tou (2016)
avéluoav duo mMAnBucpoug tnvwy tou eidoug Eopsaltria australis oL omolol giyav
npooapuootel ot Sodopetikd  mepBarlovia  dEpovtag  SLadopETIKOUG
pLtoxovdplakolg amAOTUTIOUC Kal evtomoav Tw¢ ol uPnAa Siadopomolnpuéveg
TLEPLOXEC TWV YOVISLWUATWY TOou¢ ATav TAOUOLEG O yovidla Tou KwdLKomolouv yla
LLTOXOVOPLOKEG TPwTElveS. ZUudwva UE T gupnpata autd, n Siadopomoinon
avAapeoa otoug MANBuouoUc dlatnpeital HECW TWV HLTOTIUPNVIKWY AoUUPBATOTATWV
mapd pEow dawvopevwy yovidlakng pong (Morales et al, 2016). e pia deltepn
UEAETN, o Baris katl ol cuvepyateg tou (2017) avéluoav mAnBuopolg BLuwv Tou
eldoug Fundulus heteroclitis mou ¢épouv Sladopomolnuéva  pLtoxovdpLakd
yoviSlwpata Kot eviomioav mwe Ta uBpidla mou mPoKUMTouV amd SLacTAUPWOELS
HETAEL TwV MANBUoUWY auTwyv gpdavilouv pelwpevn evepyotnta tou OXPHOS (Baris

et al, 2017).

Télog, oe pia pelétn mou adopouoe to £idoc tou EupwmnaikoU Aayol Lepus
europaeus, TPAYUATOTOLONKAV ETUAEKTIKEG OLAOTAUPWOELG HUETALU QATOUWV TOU
eldouc mou éEdepav Sladopomoinpuévoug pitoxovdplakous amAotumous. Mo
OUYKEKPLUEVQ, OE pia povada ektpodng Aaywv, TToU TIPoEPXOVTAV Ao TNV KEVIPIKN
Eupwrn, mpootéBnke €vag aplBog ATOUwWY TTOU TTPOEPYOVTAV oo pia SltadopeTikn
pitoxovdplakn yevealoyia, cupudwva pe tnv duloyewypadiky opadomoinon tou
eldoug (Kasapidis et al, 2005, Stamatis et al, 2009). And ta amoteAéopatTa TWV
Slo0TAUPWOEWY, TIPOEKUPE TWG OL APOEVIKOL Aoyol TIou TPOoEpXOvVIAV OO TN
Sladopormoinpévn pitoxovdplakn yevealoyia epdavicav PELWHUEVN AVATIAPAYWYLKH
ETUTUXLOL O OX€ON LE TOUG UTTOAOLTTOUG Aayous. To eUpnua auTo gival og cupdwvia

HE TO GALVOUEVO TNG KATAPAG TNG UNTEPAG, KABWC Ta omepuatolwapLlo. OVOUEVETOL
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Va ETNPENCTOUV TEPLOCOTEPO amod Ta umolouta kKUTtapa Adyw twv Sucavaloya
QUENUEVWVY EVEPYELOKWV TOUC QATOLTAOEWY, TIC OTMOIEG KOAUTITOUV KOl UECW TOU
OXPHOS, napott paAtota pépouv Alyotepa HItoxovdpla oe cUYKPLON HE TOL UTTOAOLTTA
kUTtapa (Cummins 1998, Diez-Sanchez et al 2003). Mg auTo Tov TPOMO, Ol LETAAAAEELG
mou ennpealouv tn Asttoupylkotnta tou OXPHOS pmopouv va €xouv MOAU PEYAAN
enidpacon otn Asltoupyia Tou omeppatolwapiou, KoL CUVEMWE OTNV OVATTAPAYWYLKA

ETUTUXLO TWV APOEVIKWY, XWwpi¢ va emnpedlouv ta OnAuka Atopa.

Mpooapuoyn kot etdoyeveon: H Slaeldikr Stapopormoinon

Ztolxela mou otnpilouv mwg ol acupPatotnteg avédavovtal Ye tnv avénon tng
Sladopormoinong mpoEpxovial amo HUEALTEC TIOU XPNOLHOToilnoav avOpWILVEG
KUTTOPLKEC OELPEG aTto TIG OTtOLEC eixe adalpebel To pitoxovopLaKo yovidiwpa Kat ixe
avtikataotaBel and to avtiotolyo yovibiwpa TOU AVNKE OE CUYYEVIKA TAfa Tou
sudpavilov Stafabuiopévn yevetikn Stagpopomoinon pe tov avbpwmo (Kenyon &
Moraes, 1997, Barrientos et al, 1998). e pio mpwtn UEAETN XpnOLUOMOLRONKE TO
mtDNA tou ywnatln (Pan troglodytes), tou muypaiov xwunoatln 1 pmovoumno (Pan
paniscus) kot tou yopiA\a (Gorilla gorilla) (Barrientos et al, 1998). H Statapaxn twv
OUVEEEALYUEVWV ULTOTIUPNVIKWYV Yovidiwv 08rynos otn Helwaon Tng EVEPyOTNTAG TOU
ouumAokou | ota uBpLdIkA KUTTApA o€ oXEon UE Ta KUTTAPA aypiou TUTOoU, EVw Ta
cupmAoka I, Ill, IV kot V &ev ennpedotnkav. e pia Oeltepn HeAETN,
XpNolpomolntnkav enuUTAéoV HLTOXOVOPLAKOL QITAGTUTIOL OO TILO QTTOUOKPUOUEVEC
TOEWVOUIKEG OMAdeg, OMwG O oupakotaykoG (Pongo pygmaeus), €i6n
QVTUMTPOCOWIEVUTIKA TWV Haipovdwv tou MaAwol kat Néou KOOMOU KaBwg Kol
Aepouplol. & OAEC TIG MEPIMTWOELS aUTEC &g mapatnpnOnke evepyotnta OXPHOS
(Kenyon & Moraes, 1997). Ot GUAOYEVETIKEG OXEOELC TwV ELOWV TTOU PeAETABNKAV

mapouctalovrtal otnv lkova 8.
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Mapopoleg acupuPatdtnTeg mapaATtnPNONKAV O KUTTOPLKEC OELPEC TIOVTIKWY OTLG
omoleg eixe avikataotabel to pitoxovéplakd DNA amd aviioTolo ToU AVNKE OE
OUYYEVIKA €18n tpwkTikwv (Yamaoka et al, 2000, McKenzie et al, 2003, Dey et al,
2000). Méow tnG afloAdynong TNG AVATVEUOTIKNG LKOWVOTNTOG TWV KUTTAPWY aUTWV,
To Melpapata £6et€av mwe Ta cUIMAOKA TG METS enMnpedoTnKav MOLKIAOTPOTWC, UE
To ovumAoko lll va ¢aivetal to mo €viova ennpeacpévo, Kabwg eudavios pia

Spapatikn peiwaon otnv tkavotnta petadopdg nAektpoviwv (McKenzie et al, 2003).

H gvawoBnoia tou OXPHOS ot acupBatdtnteg petall twv edwv ylvetal 1o
katavontn €av AndBel umdPn mwg OAeg oL pTtoxovOpLlakEG Aettoupyleg e€aptwvtal
QIO TTUPNVIKOUC TTOPAYOVTEC TTOU ELCAYOVTOL OTO HLTOXOVEPLO, OTIWE TTOPAYOVTEC TNG
HeTAdpaonc, MAPAYOVIEC TEPUATIONOU TNG pPeTaypadng, éviupa Tpomonoinong Tou
RNA, plBoocwikég Mpwteiveg, petaypadikol mapayovtec. OAoL auTol oL TaPAYOVIEG
aAANAemidpouv pe ouykekplpéva potifa aAAnlouyxtwv DNA 3 RNA mou mpoépyovtal
amo TO UITOXOVOPLOKO YOoVISiwpa yla va TPayUaToOnMoltjoouVv tn Asltoupyia Toug
(Smits et al, 2010), kat avutr) n aAAnAenidpacn epdavilel evalodnoia ota avénuéva

enineda yevetikng Sladopomoinong HeTafly Twv yovidlwpatwy. Ot aAAayéG OTLC
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B€oelg avayvwplong pmopouv va datapdfouv tn Aeltoupyia TG ULTOXOVOPLOKNAG
huetadpacng, odnywviag oe omwAela Asttoupyiag tou OXPHOS. Eva Ttétolo
XOPOKTNPLOTIKO TIAPASELY O TIPOEPXETOL ATO UEAETN OTNV OTola Xpnotpomnotnonke
€va in vitro ovotnua, mou ouvduale TAPAYOVIEG TOU QavVOPWIILVOU CUOTIUATOG
ptoxovéplakng petaypadng pall pe moapdyovieg tou movtikou (Mus musculus).
Napatnpndnke mwc n ptoxovéplakry RNA MOAUUEPACN TOU TOVIIKOU €£lXe TOAU
XounAn amodoon otn petaypadry tou MtDNA Otav  XpnOLUOTOLOUCE TOUG
avBpwrivoug umokvnTEG (Gaspari et al, 2004). Ta anoteAéopata AUTAG TNG LEAETNG
nmpoteivouv TwG n xaunAn amodoon ouvééstal UE TNV aAAayn ota potifa
avayvwpLlong tTng HetaypadIkng LNXavng, TIou lval amopaltnta yla tnv cUvEeon tng
POLRMT kot tou mtDNA kat €xouv ocuveéeAiyBel Eexwplotd ota Svo autad €idn . Eva
AAAO TETOLO TTAPASELY LA TIPOEPXETOL OTTO TO OVTEAD UBPLSLWY TwV S. cerevisiae Kal S.
bayanus, oto omoio MpoodlopioTNKE MWE O TUPNVIKOG UETAYPADIKOC TTOPAYOVTAC
AEP2 tou S. bayanus &6ev eival oe Béon va pubuicel TNV peTadpacn TNG
pLtoxovdplakng umopovadag ¢ tng FO-ATP cuvBdaong tou S. serevisiae, 0dnywvtag o€
OTELPOTNTA KO OE PELWUEVN oToployévean (Lee et al, 2008). Mapouola pavopueva
acupBatoétntag napatnpenOnkav kat oe uPpidla petafy edwv Vung (Chou et al,
2010). H aoupBototnta METAEU TWV CUYKEKPLUEVWVY 0wV TPOoodLloploTnKE TWG
eudavilovtav oto eninedo tng enefepyaciag Twv petaypadwv tou yovidlou COX1
KOTA TO PATIOMA QIO TOV TUPNVIKO mapayovta Mrsl, yeyovog mou odnyouoe o€
otelpotnta (Chou et al, 2010). e mpdodateg peAéteg uBpLdlopol o idn Drosophila,
napatnenOnKov UITOMUPNVIKEC aoupBatotnteg mou evromilovtov €WIKA OTo
ptoxovdplakwg kwdikomotovupevo tRNA tn¢ tupooivng tng Drosophila simulans ka
NG TUPNVIKAG dpwvoakuAo-tRNA ocuvBetdong tng tupooivng tng Drosophila
melanogaster (Meiklejohn et al, 2013). H acupBatotnta auth 08nNyoUoE O€ PELWHEVN
EVEPYOTNTA TWV CUUIMAGKwWV I, I kat IV kot oxetiotnke pe kaBuotepnuévn avamtuén
KOl LELWUEVN yovipoTnTa. Napodpola peiwon otnv Aettoupyilkotnta tou OXPHOS eixe
napatnpnbsl kol oe Tmepapata Slootaupwoewv HeTafy D.simulans kot D.
melanogaster, 6mou TPOKUTITOV UPBPLSIKOL amOyovoL PE UELWUEVN YOVILOTNTO KOl
HELWUEVN BlwolpdTnTa anoyovwy nou odnyouce o uPBpLdiki katamtwon (Ellison et

al, 2008, Niehuis et al, 2008, Koevoets et al, 2012).
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Mapopoleg aoUUPATOTNTEG UETALY TTUPNVIKWY KOL KUTTOPOTTAQCUOTIKWY OTOLXELWV
€Xouv obnynoeL o UBPLSLAKNA KATATTWON KAl O€ LELWUEVN EveEpyoTnTa Tou OXPHOS
oe UBpidla petafl twv eldwv opnkag Nasonia giraulti kou Nasonia vitripennis
(Niehuis et al, 2008). MNoapouola, HeWWMPEVN PBlwolpotnta €xel mapatnpnBel oe
Slaeldika uPpidla Twv Yapwwv tou yévoug Centrarchidae mou SladpEpouv oTOUG
€€eAIKTIKOUG pUBUOUC TWV pLToXovEpLlakwy Touc yovidiwpatwy (Bolnick et al, 2008).
Mapopola datvopeva €xouv mapatnpnOesl kal oto PovokOTuAa GuTA Tou eidoug
Loyisiana iris (Cruzan & Arnold, 1999), oto kOkkwvo okaBadpt Tribolium castaeneum
(Damuth & Wade, 2007), oto idoc¢ pmileAlov Chamaecrista fasciculata (Galloway &
Fenster, 2001) kat oto eudikotuAndovo Campanulastrum americanum (Etterson et al,

2007).

OL mapamdvw MPeAETEG mpoteivouv nw¢ n  datdpaén NG OuUVEEEALYUEVNS
HLTOTIUPNVLKNG YEVEQAOYLOG 06NnYel o€ aoUUPBATOTNTEG, LELWVOVTAC TN AELTOUpYia TOU
OXPHQOS, tnv ocuvappoyry Twv CUUTAOKWV eite auvfavovtag Tig eAeUBepeg pilec
ofuyovou Kal TWG OUTEG oL acupBatotnteg aufdvovtal 000 aufavetal n
Sladopomnoinon avapeoca OTIC OMASEG TWV OpyavIoUMwv. Mmopolue va
OUUTEPAVOUHE OTL N MLTOTUPNVLIKN Hovada eival pio eEeAKTIK povada Kal n
Sladkaoia tng ouveEEALENC TNG Hovadag auTtig elvat mBavo va emidpd oTo EEALKTLKO
Suvaplkd Twv MANBUoPWV. ZUUPWVO HE QUTO, CUYKEKPLUEVOL pLToxovdplakol
QITAOTUTIOL  QVOUEVETAL va  €xouv KaAn amodoon otav ouvduaotolVv e
OUYKEKPLUEVOUG TTUPNVIKOUC YOVOTUTIOUC, AN va €xouv TTOAU xaunAn anodoon oe
ouvduaouo pe dAlloug, mailovtag Baclkd poAo cav PuBULOTEG TNG TTPOCAPUOYNG.
‘ETOL, TO TTUPNVLKA KoL Ta ptoxovdplakd oAANAOpopda TwV CUUTAOKWY QUTWV eV
elval otolyela mou avapévetal va petafarlovral eAevBepa, aAld Spouv cav pia
eviaia, vPnAd mpooapUooPEVN AELTOUPYLKN Hovada. ZUudwva Pe autr tn Bewpnon,
o Hill mpotewve éva véo oplopod yla ta €i6n mou PaocileTal otnv ULTOMUPNVLIKA
ouvpBatotnta: «Eva eibo¢ amoteAeltat amd Eéva MANBUCHO  aVOTTOPOYWYLKA
QTOUOVWUEVO and AaMoug mAnBuopol¢ Adyw  acupPBatotiTwv  oTa
CUUMPOCAPUOCHEVA  HiToxovdplakad kat N-mt yoviSiay. Zuupmepacpatikda, Oa

UMOPOUCAE VO TIOULE TIWE N CUCCWPEUACH YEVETIKOU TTOAUHOPPLOHOU oTo eninedo
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Tou pLtoxovoéplakou DNA «obnyei» katotn Stadopomoinon Twv aviiotoywy yovidiwv

TOU TIUPNVLKOU YOVISLWHATOG, AELTOUPYWVTOC £TOL 0aV Wia «unxavn el6oyEveong».

FeveTikn Stadopomnoinon: tomoBetwvtag to MtDNA «oTov dyo»

H enidpacn twv TEAEUTALWY TTAYETWVIKWY TEPLOSWV OTNV Slapopdwon Twv
emunmédwv tou mMoAupopdlopoy, Wlaitepa yla ta xepoaio {wa, €xel peletnOel
€KTEVWG. MNapatnprioelg yla to patvopevo auto €xouv Kataypadel oe OAeg oxedov TIg
nneipoug, pe tnVv Eupwmaiky ‘Hmewpo va elval oTo EMIKEVIPO TWV HEAETWV
duloyswypadiag apketwv Taflvoukwy opadwv (Taberlet et al, 1998, Hewitt, 2004).
Ol peAéteg oe dladopa €idn wwv kat dutwv TG Evpwnng €6elav mMwg KATA TN
Slapkela tou MAelotokevou kat tou MAelokevou, ol mMAnBuopol tou Boppad elte
HETAKIVONKaV votlotepa, oc Oepudtepa KAlpata (Hewitt, 2000, 2004) eite
e€adaviotnkav. Katd tn SLdpKela TwWV TEAEUTALWY HEYOAWV TIOYETWVIKWVY TIEPLOSWV
(Late Glacial Maxima, LGM), oL Tpelg KUPLEG VOTLEG XEpoovnool TnG Eupwmng, n
IBnpwn, n ItaAkn Kat To BaAkavia, amotélecav Kataduyla Yo TOUC OpYOVIOUOUG
(Hewitt, 2000, Taberlet et al, 1998, Dubey et al, 2006, Orth et al, 2002)
arnopovwvovtag mapdAAnAa toug MANBUoUOUG TwV 6wV Kal odnywvtag Toug otnv
yevetikn dladopormnoinon, n onola NTAvV AMOTEAECUA TNG CUVSUACUEVNG SpAcnG TNG
TIAPEKKALONG KoL TNG emloyng (Hewitt, 2004). Ou tpeic autég xepoovnool, pall ta
kataduyla Tou oxnuatiotnkav otnv AvatoAia, Bewpeital 6tL cuvéBalav otnv
SL0TPNON TOU YEVETIKOU TIOAUMOPPLOUOU KOL OTOV LETO-TIOYETWVLKO ETIAVETIOLKIOHO
¢ Evpwnng amod {wika €i6n. H ggamAwon Twv MANBUOUWVY PETA TO TEAOG TWV
TIAYETWVIKWY Teplodwv daivetal va €ywve péow Sladopetikwv odwv, OL OMOIEC
adopoloav OTN CUUHETOXN N OXL TWV EEXWPLOTWVY Katapuylwv OTIC LETAKIVAOELG,
KaBwg Kal oTig mapepnodioelc mou eudavifovtav oo TG TAUTOXPOVEC UETOKLVAOELG
mAnBuopwyv €€w amo ta kataduyla. Auth n Stadopetiki e€anmAwon Twv MANBuoUwWY
ApaL KaL TOU YEVETLKOU TtoAupopdLopol obrynoe otn dnuoupyia uBptdikwv {wvwv
ornou ta dltadopormotnuéva yovidtwpataa Bpednkav oe emadr, mapdayoviac uBpidia,

To omoia AOyw TNG YEVETIKNG Sladopomoinong eudavicav uBpldiki Katamtwon
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(Hewitt, 2004b). Etot, ot uBpLdlakég auTtég {wveg, Asttoupynoav oav Gpayuos yla tn

YEWYPOPLKN KOL YEVETIKI aVAMELEN TwV Sladopomotnuévwy MANBUCUWV.

YBpiSLakec (wvec Kat eL&OYEVEDN

OL uPBpdlakég Twveg €xouv peletnBel extevwg otn PiBAloypadia Kat
Bewpouvtal wg «PUCLKA EPYAOTAPLA» YL TN LEAETN TWV EEEALIKTIKWY SUVAUEWVY TTOU
6pouv oe mAnBuoulako eninedo (Hewitt, 1988). Ot uPpidlakég {wveg daivetal va
Statnpouvtal amnd tn dpdon Suo StadopeTikwy Sladlkaclwyv: TG Tuxaiag dLacmopdg
TWV QTOPWV KAl TNG apvnTIKAG emAoyng Twv uPpldiwv (Barton & Hewitt, 1989). H
HUELWHEVN APUOOTIKOTNTA TwV UPpLdiwv ocuvnBwe mpokaAeital and moAAa yovidia,
Tou xaptoypadouvtal o OA0 TO yovidiwpa Kal €Xouv amo €va UIKPO TI0C00TO
enidpaong mapd anod Alya yovidia pe peydain emnibpaon (Hewitt, 1988). Etol, ta
aAnAopopda mou Siépyovtat pia uBpldlakn lwvn eMIAEyOVTOL OPVNTIKA, KABWC
Bpiokovtal oto «AdBog» mepBaArov i aAAnAemidpouv pe Ta «AaBog» aAAnAdupopda
(Barton & Hewitt, 1989). H Bewpnon avtr Aappavel dlaitepn Baputnta, av AndOouv
umoyn duo yeyovota ta omoia fdn avadépdnkav: n cuvelohopd TOU ULTOXOVSPLOKOU
DNA otnv mpooappoyrn ota Sladopetikd meplBAAovta Kol N avaykn yla
EVOAPUOVIOUEVN CUVEPYADLA KAl ULTOTIUPNVLKH CUUITPOCOPUOYH oTa mineda Kuplwg
™ ofeldwtiknG dwaodopuliwong. Me BAaon TNV EMEKTAON OUTH, OL TOPATIATPLOL
mAnBuopol kot ot uBpLdlakég Lwveg pmopel va avtavakAouv ta StadopeTika otadla
mou adopouv ta otadla ¢ YeVETIKNG Sladopomoinong: and Stadopomolnpévoud
mAnBuopoug péxpt dtadopetika eidn (Hewitt, 1988). Exel xapoaktnplotel n vmapén
uBpdlokwWY Twvwv yla €va HeyaAo gUpog elbwv, OMwe oL akpibeg tou eldoug
Chorthippus parallelus (Cooper et al, 1995), oL okat{oxolpol Tou €iboug Erinaceous
concolor (Filippucci & Simson, 1996, Santucci et al, 1998, Seddon et al, 2002), n
uuyoAn Crocidura leucodon (Dubey et al, 2007), o Eupwmnaikog Aayocg (Kasapidis et al,
2004, Stamatis et al, 2009) kat dA\a (avackonnon ano Bilgin, 2011).
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MtomupnVvikr ouveEEALEN: To mapadelypa tou Eupwrnaikol Aayou (Lepus europaeus)

To €ido¢ Tou Lepus europaeus amoteAel oNUAVTIKO (60¢, TOOO OE OLKOVOULKO
eninedo, kaBwg amoteAel OnpeuTIKO £(60C, 600 KAl o€ EPELVNTIKO Ttimedo, KABwWC N
EKTETAMEVN TOU KOTAVOWUN KL N TAXELO TOU TMPOCAPHOYH OE VEA gvdLlalthpoTa TO
KaBLoTA WG €va €60G HOVTEAO yla TN UEAETN TWV UNXOVIOUWV TTPOCAPMOYNG Kal
Slagopormnoinong. H katavoun tou eiboug ektelvetal oe 0An tnv Eupwrn kot tnv
AvatoAia, péxpl Ta péoa tng Aciag, ota Eupwmnaikd vnowa (Hvwpévo Baoidelo) kat
otn Meoodyelo (Lincoln, 1974, Caillol & Meunier, 1989, Poli et al , 1991, Broekhuizen &
Maaskamp, 1980) kot €xel eloaxBel pe entuxia otnv Notwa Apeptkn, Tnv Auotpalia
kat tn Néa ZnAavéia (Lincoln, 1974, Caillol & Meunier, 1989, Bonino & Montenegro,

1997). H katavoun tou eidoug epudaviletal otnv elkéva 9.

Ewova 9:H katavoun tou gibouc Lepus europaeus. Me KOKKLVO YPWUA EUPAVIIOVTOL OL TIEPLOYEG OTLG
oroleg to (606 givatl ynyeveg, evw e PO OL TTEPLOXEC OTLC OTTOLEG ELON) TN KATA TO TAPEATOV.

AVo peydleg peléteg mou adopovcav T Ppuloyewypadia Tou eidoug,
paypatonolénkav PUe tn Xpron MopLokwv SEKTwY Tou pitoxovdplakol DNA kat
neplAdppavav apkeTEG ePLOXEC SelypatoAnyiag, Tooo otov Eupwmnaikd 600 Kal oTtov
AvVaTOAIKO Xwpo, KatéAnéav oto i6lo cuumépacpa. To KOO CUMMEPOOUO TwV SUo
QUTWV HEAETWYV NTAV N UTapén U0 KAAA SLOXWPLOUEVWY, YEWYPODLKA KOL YEVETIKA,
vevealoywwv. Ot §Uo yevealoyieg, n Eupwmaikn, n omoia gudavilel kat pia umo-
Katnyoplomoinon og Kevtpikr Eupwmnaikn kot oe Notia AvatoAikn Eupwraikn, Kat n

AvatoAikn epdavitouv cadn yewypadiko dtaxwplopd, kabwg n mpwtn eudaviletal
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OTLC EVPWTIATKEG XWPEG, OMwG N Mepuavia, n FaAAia, n AyyAia, n EAAada kTA., evw n
Seutepn epdaviletal otnv Toupkia, TNV KUmpo, To lopanA Kal ota LECOYELOKA VNOLA

TIou Bpilokovtal Kovta ota apaila thg Mikpag Acioc.

Onwg avadpepOnke nén mponyoupévwe, To €ldog autd SlabEtel kamola Wlaitepa
XOPOAKTNPLOTIKA TIOU TO KOBLOTOUV WG €(60¢ HOVTENOD yLa TN UEAETN TWV EEEALKTIKWY
SUVAUEWV. AVAUECO OTA KUPLOTEPO XOPOAKTNPLOTIKA, UMOPOUME va SLaXwpPlooUUE
SU0 ta omola KaBLoTouV To €160¢ AUTO WG £va TTOAU KOAO urtoPridLo yia tn HeEAETN

NG ouVEEEALENC TwWV SUO YOVISLWHATWV:

1. Itn pelétn twv Smith kal twv ouvepyatwv (2010), mapatnpndnke to
dalvOUEVO TNG «KOTAPAC TNG UNTEPOGH, OE TEPAUATA ETUAEKTIKWV
Slootaupwoewv og  Aayolg Tou  €depav  SladopomolnpUéEVoUS

pLToxovopLakoU G amAGTUTIOUC Kall

2. H Umopén uiag uBpidlakng Lwvng otn Bopela EAMGSa kat tn BouAyapla,
mou €xel avadepOel kat otig SU0 PeyAAeg HEAETEC TNC duAoyewypadlag
tou eiboug (Kasapidis et al, 2004, Stamatis et al, 2009), otnv omnoia
OUVUTIAPXOUV KaL oL U0 KUpPLEG yeveahoyies. Mépav auThg TnG uBPLSLAKNG
{wvng, 6ev daivetal va umapxel Kapioo GAAn mepLOx otnv omoia va
OUVUTIAPXOUV Ol yeveohoyleg, piag kot dev €xel tautomolnBel mote
EUPWTAIKOG ULITOXOVOPLOKOC amAGTUTIOC 0TnV AvatoAia Kal avtlotpodwg

(Stamatis et al, 2009, Antoniou et al, 2013).
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2KOTIOC

JKOTOG TNG Tapoucag SlatplPrg eival n PeAETN NG CUMPBOANG TNG MLTOTIUPNVLKNAG
OUUMPOCApPUOYNG otnv ¢EAEN Twv edwv Kal oe Sdladilkaoieg elboyéveong, €xovtag oto
ETKEVTPO TO £(60G TOU gUpWTTATKOU AayoU, KaBwG KAl CUYYEVIKA TOU €idn. Ma To oKOmo auTo,

N UEAETN OPYOVWVETOL OE TEGOEPLG BacLkoUg AEOVEG:

1. MeAétn tng Sltadopomnoinong tou pitoxovoplakol DNA o€ yoviSLwaTLko eminedo Kat
0€LOAOYNON TWV ATMOTEAECUATWY OTO TIAALOLO TNG AELTOUPYIKOTNTAG TWV COUUMAOKWV
e ofeldbwtikng dwaodpopuliwong. MapdAAnAa, UEAETATAL KOL N emidpacn NG
duaolkng emthoyng oto eninedo tou mtDNA oe ox€on MAAL e TN AELTOUPYLIKOTNTA TNG
BloevepynTIKAG.

2. MEeA£TN TNG GUUMPOCAPHOYHG TWV LLTOXOVEPLOKWVY KoL TTUPNVLKWY Yovidiwv Twv Suo
vevealoyuwv tou eiboug tou Eupwmaikou Aayol pe tn xprion Sedopévwv armo
aAAnAoUxnon véag yevidg oto emimedo tnG PLOEVEPYNTIKAG KAl oUYKPLON LE TNV
e€EMEN Twv yovidiwv Twv uTOAowV SLaSIKACLWY TAPAYWYNG EVEPYELOG TOU
Kuttapou (YAukoAuon, kUkAog tou Krebs).

3. MeAétn NG CUUMPOCOPUOYHAG TWV HUITOXOVOPLOKWY KAl TUPNVIKWY yovidiwv
Slaeldika, pe t xprion oAAnAouxLWV TIoU PoEpxovTal and Tov Eupwmnaiko Aayo Kat
omd ouyyeviKd Tou €idn. To eninedo tng olykplong ivol to idlo pe tov deltepo
aéova.

4. Melétn Tng MAnBuoULaK G SUVAULKAG TNG TIEPLOXA G UBPLELOUOU TwV SV0 yeveaAoyLwy
LE TN XPNON YEVETIKWVY SEIKTWV TOU ULITOXovEpLaKOU Kal Tou upnvikol DNA yia thv
£€aywyr CUUMEPAOUATWY OXETIKA e SLaSIKAOLEG ELGOYEVEDNC TIOU TIPOKUTITOUV AT
NV avVamapaywyLlk amopovwaon Kal ThV armouocia YEVETIKAG PoAG LeTaly Twv Suo

VEVEQAOYLKWY KATA TLC TIAYETWVLKEG TIEPLOSOUC ToU MAeLoTOKEVOU.
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AnoteAEopata
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Ta anoteAéopata tng SLatpLprg xwpilovtal o téooepa StapopeTkA KepAaAala, OTWG
TapoucLAlovTal CUVOTTTIKA TTOPOKATW:

KeddaAawo 1: To pitoxovdplako DNA: yevetikn Stadopormnoinon kot emhoyn

210 KePAAALO QUTO A POUCLAIOVTOL TA ATIOTEAECUOTO TNG CUYKPLTIKIG YOVISLWUATIKAG TWV
LLTOXOVOPLAKWY YOVISLWUATWY TIOU TIPoEPXOVTOL Ao TG Suo yeveahoyieg tou Eupwraikou
Aayou, ta omoia eotialovral KUPLwE OTn VeVETIKN Sladopormoinon twv yovidiwv Tmou
Kwdlkomolouv yla Tmpwrteivec. Alepeuvdatal n Spdacn NG emMAOYNG OTA  ETUUEPOUC
pitoxovplakd yovidla tng ofeldwtikng pwodopuliwong, t0co o evOOeLSIKO OGO Kal O€
Slaeldiko emninedo.

Kedpalaio 2: H ptonupnviky cupnpocapuoy Twv dUo yeveaoylwv tou Eupwmaikol Aayou

Y10 KedbdAalo auto, Ta SeSopéva TWV HLITOXOVOPLOKWY YOVISLWHATWY Tou Kedalaiou 1
ouvbualovtal HE QMOTEAECUATA TIOU TIPOEPXOVIAL OO avAAuon HeTaypadwHOTOC OF
Selypata mou mpogpyovtal ano Tig Suo yeveahoyleg Tou EupwmaikoU Aayou e oKOTO TNV
UEAETN TNG OUVEEEALENG TwV aAAnAemdpovTwy yovidiwv uprva Kal pitoxovépiou. H avaiuon
ETUKEVTPWVETOL OTN UEAETN TwV YoviSiwv TIOU CUMMETEXOUV OTL Sladlkacieg mapaywyng
EVEPYELOG TOU KUTTAPOU: T YAUKOAUoN, Tov KUKAO Tou Krebs kot tnv ofeldwtikn
dwodopuliwaon.

KeddaAowo 3: H pitonupnvikr cupmnpocappoyr o€ SLaeldiko emninedo

Ta S6ebopéva mou ypnolponol)Bnkav oto kepdhato 2 cuvdualovtal pe dedopéva amd
QVAAUGON HETOYPOPWATOC TIOU TIPOEPXOVTAL OTIO CUYYEVLKA €16 Tou Eupwmaikou Aayou, pe
OKOTIO TN Slepelivnon Tou davopévou tng ouvelEAEng os dlaslSiko eninedo. H avdAuon mou
akoAouBeital eival iSta pe tnv avtiotown tou kepaiaiou 2.

KedaAawo 4: YBpLdlakeég {wveg Kal vnolwTtikol mAnBuopol: Ta puoilkd epyactipla yla tn
HEAETN TN e€ENLENG

210 teAeutaio kedpdAalo avaluovtal ol EEALKTIKEG SUVAUELG TTOU SPOUV OE VNOLWTLKOUG Kall
UBpLELIKOUC MANBUGOUG Tou ldoug Tou Eupwmaikou Aayou. OLTAnBuopol autoi Bswpouvtat
Slaitepa xpNoLpoL yla TV HEAETN TwV eEEAIKTIKWY SUVAPEWY, AOyw TNC yewypadIKAG Kot
avVamapaywyLlkng amopdvwong (vnowtikoi mAnBuopol) kot Adyw Twv POLVOUEVWY
yoviSlakng pong avapeoa oe Sladopomnolnuévous mMAnBuopoug tou eidoucg (uBpLdikol
mAnBuopot). H pelétn emkevipwvetal otn 6pdon TNG apxng TOU WPUTH KAl TNG YEVETLKAG
TapEKKALONG otn Slapopdwon Twv erumédwv tou MOAUHOPDLOHOU TWV ATMOUOVWHEVWV
mMAnNBuopwy, KABwG Kal TNV enidpaocn NG YEVETIKAG acUupPatotnTag twv uBpdiwv otnv
YOVLSLaKI) POr TWV ULTOXOVSPLAKWY KAl TTUPNVIKWY YOoVISiwv.
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KedaAaw 1: To prtoxovoprako DNA:
YEVETLKN dladopormoinon Kot Ermhoyn
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Abstract

The European brown hare (Lepus europaeus, Pallas 1778) is an important small game spe-
cies in Europe. Due to its size and position in the food chain, as well as its life history, phe-
notypic variation and the relatively recent speciation events, brown hare plays an important
role in the structure of various ecosystems and has emerged as an important species for
population management and evolutionary studies. In order to identify informative SNPs for
such studies, heart and liver tissues of three samples from the European lineage and a
three-sample pool from the Anatolian lineage were subjected to RNA-Sequencing analysis.
This effort resulted in 9496 well-assembled protein-coding sequences with close homology
to human. After applying very stringent filtering criteria, 66185 polymorphic sites were identi-
fied in 7665 genes/cds and 2050 of those polymorphic sites are potentially capable of distin-
guishing the European from the Anatolian lineage. From these distinguishing mutations we
focused on those in genes that are involved in cellular energy production, namely the glycol-
ysis, Krebs cycle and the OXPHOS machinery. A selected set of SNPs was also validated
by Sanger sequencing. By simulating the three European individuals as one pool, no sub-
stantial informative-SNP identification was lost, making it a cost-efficient approach. To our
knowledge this is the first attempt to correlate the differentiation in both nuclear and mito-
chondrial genome between the two different lineages of L. europaeus with the observed
spatial partitioning of the lineages of the species, proposing a possible mechanism that is
maintaining the reproductive isolation of the lineages.

Introduction

The European brown hare (Lepus europaeus, Pallas 1778) is an important small game species
in Europe. According to molecular data most of the African and European species of hare stud-
ied could have originated during the last 3 Myr, i.e. in the second half of the Pliocene and at the
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Competing Interests: The authors have declared Plio/Pleistocene boundary [1]. Brown hare originated on the open steppe grasslands of Eurasia,
that no compefing interests exist. adapted very successfully to mixed arable agriculture and was introduced successfully into
other countries such as New Zealand and Argentina [2]. Due to its size and position in the
food chain, brown hare plays an important role in the structure of various ecosystems. Never-
theless, its populations have decreased dramatically ([3] and literature cited therein).

A large number of studies over the last 20 years have focused on its distribution, ecology,
biology, population dynamics and evolutionary history and have helped us to better under-
stand fundamental issues concerning mammalian micro- and macro-evolution, conservation
biology and local adaptations. Data that were based on nuclear DNA markers have supported
relatively high rates of gene flow across large geographical ranges, whereas mitochondrial DNA
(mtDNA) analysis has revealed a higher degree of spatial partitioning [4, 5]. A comprehensive
phylogeographic analysis, based on mtDNA variability of >1200 individuals from Europe,
Asia Minor, Middle East and Cyprus identified three major haplogroups with a clear phylogeo-
graphic signal that reflected the presence of late-Pleistocene refugia in the central’southern Bal-
kans and in Anatolia ([4]; unpublished data). The latter study identified two distinct mtDNA
lineages, one in Europe and one in Anatolia that were well separated, whereas the European
lineage was further subdivided in a Greek and a Central European one (Fig 1) [4]. So far, no
European mtDNA haplotypes have been detected in Turkey and Israel. Also, no Anatolian
mtDNA haplotypes have been detected in North-Western, Central, South Greece or the rest of
Europe. Similarly, Greek mtDNA lineages have not been detected in north-central Europe.
However, there is a large introgression zone with all haplogroups present in Bulgaria and
North-Eastern Greece (Fig 1). The population dynamics and the spatial partitioning of the
introgression zone have been well described in a study of Antoniou and her colleagues [6] by
using mitochondrial sequences of the control region along with microsatellite data for 10 loci.
The existence of two diversified clades of mtDNA was confirmed once again, along with the
partitioning of the samples in five major groups, the parental populations that mate and pro-
duce offspring and three groups of hybrids (F1, F2 hybrids and backcrosses with parental pop-
ulations). Other studies also support the differentiation in nuclear level, using functional genes
related to immune response [7] as well as coding and non-coding regions of the Y chromosome
[8]. To summarize, in the above studies, a broad area of sampling have been used and the exis-
tence of the two lineages has been well supported so far from mitochondrial and nuclear data.

A big decline in the number of individuals of the species caused by extensive hunting and
spread of diseases raised the need for restocking operations in many European countries [1, 4,

Fig 1. Lepus europaeus’ distribution and phylogeny. The occurrence of two distinct, well separated,
mtDNA lineages, in Europe (blue) and in Anatolia (green) [4]. No European haplotypes have been detected in
Anatolia, and no Anatolian haplotypes have been detected in North-Western, Central, South Greece or the
rest of Europe. However, there is an introgression zone with the two haplogroups present in Bulgaria and
North-Eastern Greece (orange).

doi:10.1371/journal.pone.0159939.g001
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9,10]. Although various restocking operations could be partly responsible for the presence of
unexpected haplotypes in certain areas, previous studies traced a strong phylogeographic signal
throughout all the regions under study and especially between Europe and Anatolia [1, 4, 9,10].
This distribution pattern observed between populations within the species may reflect micro-
evolutionary processes that have resulted in local adaptations of specific gene pools.

Adaptive mechanisms and their genetic basis are nowadays in the centre of evolutionary
biology and molecular ecology studies. Most of the studies use neutral markers to estimate the
differentiation and genetic variability of natural populations, to elucidate evolutionary histories
and to deduce the influence of humans and the environment on demographic parameters and
gene flow. However, neutral loci cannot provide information on the mechanisms shaping
adaptive variation, the relative contribution of different micro-evolutionary processes and the
action of natural selection in the retention of adaptive polymorphisms [11]. So far, mtDNA
was considered neutral in selection terms [12]. However, since mtDNA encodes for proteins
that participate in the oxidative phosphorylation (OXPHOS), it may affect fitness by altering
metabolic performance [13]. OXPHOS is a great paradigm of genome cooperation: mtDNA-
and nuclear- encoded subunits form the five complexes of the machinery that produces ATP
via electron transport. Mitochondrial DNA mutation rates are high and new mtDNA alleles
are being continuously generated [12]. These alleles persist, even if they are slightly deleterious,
because the lack of recombination in mtDNA leads to an inevitable accumulation of linkage
disequilibrium. The higher mutation rates of mtDNA calls for tight co-evolution of the cooper-
ating nuclear genes. In several instances this cooperation may break affecting the performance
of the machinery. In the study of Smith et al [14] it was found that brown hares carrying differ-
ent haplotypes of mtDNA exhibited impaired reproductive success when crossing with each
other in captivity, proposing the phenomenon of mother’s curse: mtDNA mutations that affect
OXPHOS efficiency have higher impact on sperm cells due to its high energy demands, thus
reducing male fertility, unlike the ovum that displays low energy demands. Through such
mechanism, mtDNA mutations may act as drivers of adaptive evolution in nuclear genes.

The aim of this study is to analyze the trancriptome polymorphism, using transcriptome
shotgun sequencing (RNA-seq), along with mtDNA polymorphism of the European brown
hare and investigate sequence variation from individuals that belong to the two distinct major
mtDNA phylogroups, the European and the Anatolian one. The purpose was (a) to elucidate
the relations between the energy production procedures and the local adaptations of popula-
tions of the species and (b) to provide an explanation for the absence of “Anatolian” haplotypes
in Europe and vice-versa despite the presence of the large introgression zone bearing all hap-
logroups in Bulgaria and North-Eastern Greece for more than 10000 years. A plausible hypoth-
esis could be the reduced fitness of hybrids due to impaired efficiency in energy production.
The study focused on genes involved in cellular energetics, namely, the glycolysis, Krebs cycle
and the OXPHOS machinery. The first two are governed solely by nuclear-encoded genes
whereas the later demands the efficient cross-talk of nuclear- and mitochondrial-encoded
genes.

Materials and Methods
Ethics statement

The hare samples were collected opportunistically (no active capture, killing and sampling of
wild animals specifically for this study was performed) from animals hunter-harvested by
members of Greek Hunting Federation of Macedonia and Thrace and Cyprus (Licenced by the
Greek Ministry of Rural Development and Food and the Cypriot Service of Game and Fauna
respectively), from species considered quarry and during the hunting seasons, according to the
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prerequisites of the Greek Legislation (FEK3100 B’/06-12-2013) or the Cypriot Legislation
(EEKD 4617 8/8/2014), thus special approval was not necessary and steps to ameliorate suffer-
ing were not applicable in this study.

Sample collection, RNA/DNA extraction and sequencing

For the RNA-Seq analysis, total RNA was extracted from the heart and liver of six (6) speci-
mens of Lepus europaeus, using TRI Reagent (Sigma-Aldrich, Product No.T9424) according to
manufacturer’s protocol. For each individual, RNA from both tissues was pooled together.
Three of the samples belonged to the European lineage (originating from North Eastern
Greece), whereas the other three belonged to the Anatolian haplogroup (all three from
Cyprus). The tissues from each individual were immediately placed in separate tubes and held
in dry ice until the RNA extraction. Subsequently, the three Anatolian samples were pooled
together as one sample (thus reducing their sequencing cost to 1/3), indexed H456, whereas
the three European samples, indexed H1, H2 and H3, were processed separately (Fig 2).

The four RNA samples were dispatched to Macrogen Inc. (Korea) for analysis. Poly-A con-
taining RNA molecules were purified and fractionated. The RNA fragments were used for
cDNA synthesis, library construction and were sequenced on an Illumina HiSeq 2000, provid-
ing 100 nt long Paired-End reads. The filtered fastq files were submitted to the NCBI Sequence
read archive with accession numbers SAMN03382608-SAMNO03382611.

For mtDNA analysis DNA extraction was performed in the six samples using PureLink
Genomic DNA kits (Invitrogen, Carlsbad, CA) according to manufacturer’s protocol, followed
by mtDNA isolation using PureLink ® Genomic DNA Mini Kit according to manufacturer’s
protocol. The mtDNA samples were also dispatched to Macrogen Inc (Korea) and were
sequenced on an Illumina HiSeq 2000, providing 100 nt long PE reads.

Fig 2. RNA-seq analysis pipeline. Schematic representation of the bioinformatics pipeline used in
RNA-Seq analysis and SNP detection in nuclear-encoded genes.

doi:10.1371/journal.pone.0159939.g002
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Bioinformatics analyses

Assembly step. Quality control of sequenced reads was performed with the FASTQC soft-
ware (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequence reads were
trimmed based on g-score base qualities and filtered for PCR duplicates with the Condetri and
the filterPCRduplicates software [15]. All four samples (H1, H2, H3 ~European haplogroup;
H456 -Anatolian haplogroup) were pooled into one (H123456) to increase read overlaps and
thus improve the assembly of transcripts with the Trinity software (default parameters; [16]).
Next, these transcripts were further merged into contigs whenever possible with the CAP3 soft-
ware (default parameters; [17]). The Transdecoder program, within the Trinity software was
implemented (default parameters) to predict the protein coding sequences (cds) from the tran-
scripts (http://transdecoder.github.io/) (Fig 2). For mtDNA sequences, we used the same crite-
ria for quality control and trimming and the reads were mapped on the available mtDNA
sequence of L. europaeus (Accession number NC_004028.1) (Fig 3).

Homology search and annotation of nuclear genes. The human (GRC37.71.all.peps) and
rabbit (Oryctolagus2.73.all.peps) proteomes were downloaded from ENSEMBL and were used
for identifying homologous sequences in the brown hare proteins [18, 19]. Thus, two separate
Blastp runs [20] were implemented with an E-value cutoff of 1e-10, where the hare proteins
were used as queries and the human and rabbit proteomes as databases respectively. For every
hare protein we retained the best blastp hit (based on blast bit score) against human or rabbit
proteins. Next, if two or more hare proteins had the same human gene as their closest homolog,
we would only retain that hare protein with the longest cds. Successively, we only retained
those hare proteins that had good blastp query and subject coverage (>70%) against their best
human and rabbit homologs. The blast results were integrated with annotation from
ENSEMBL, concerning ENSEMBL gene id, protein id and function. This integration was done
with the ENSEMBL Biomart tool and custom Perl scripts (Fig 2).

Mitochondrial sequences. Using the blastn program with default parameters, with the
available mtDNA-encoded genes as query, we were able to retrieve the full length of the thir-
teen protein coding genes of the mtDNA for each of the six samples. The absence of insertions,
deletions or in-frame stop codons within the sequences indicate that they correspond to func-
tional mitochondrial genes and are not derived from pseudogenes from nuclear DNA’s resi-
dues that could be present in the sample (Accession numbers KU250057-KU250134).

SNP identification. The well assembled protein-coding nucleotide sequences were used as
a reference set, upon which BWA aligned the sequence reads of each sample, in order to detect

Fig 3. DNA-Seq analysis pipeline. Schematic representation of the bioinformatics pipeline used in DNAseq
analysis and SNP detection in mtDNA-encoded genes.

doi:10.1371/journal.pone.0159939.g003
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polymorphic sites [21]. Manipulation, filtering, and realignment of polymorphic sites were
implemented with the GATK [22] and Picard software tools (http://broadinstitute.github.io/
picard/) (Fig 2).

Unified genotyper of the GATK software was run three (3) times (Fig 2), using as cutoff a
QVALUE of 30.

o In the first run, the three European samples (H1, H2, H3) were merged together into a pooled
one sample (H123) and analyzed against the Anatolian pooled sample (H456). The two
pools were treated as hexaploids. The results of this run are saved as a vcf file in supplemen-
tary material (S3 File).

In the second one, the three European samples (H1, H2, H3) were stochastically down-
sampled with Picard (in a balanced way) and then were merged together into a pooled one,
thus generating a new pooled sample (H123_downsampled) of the same number of reads as
the H456 pooled sample. Afterwards, the two pooled samples (H123_downsampled and
H456) were analyzed against each other and were treated as hexaploids. The results of this
run are saved as a vcf file available upon request.

In the third run, each of the three individual samples (H1, H2, H3) and the 4t pooled sample
(H456) were analyzed individually against each other. The results of this run are saved as a

vcf file available upon request.

Filtering of polymorphic sites. The identified, confident polymorphic sites that could
potentially distinguish the European from the Anatolian lineages were filtered by applying five
stringent criteria in our analysis. The first criterion was that the alleles observed in one popula-
tion were not present at all in the other population. The second criterion was that any geno-
types observed were supported by a QVALUE of 100 or more. The third criterion was that any
allele observed in a certain population was supported by at least thirty sequence reads. The
fourth criterion was that in each sample/population we allowed only one read to support an
allele not suggested from UnifiedGenotyper in GATK. The fifth criterion was to exclude poly-
morphic sites from any sequences for which there was evidence that they could be merged
close duplicates.

Genes involved in Cellular Energetics. Following the annotation and SNP identification,
the SNPs of the coding sequences of genes involved in cellular energetics were retrieved and
compared among the two haplogroups. The complete list of genes is shown in Table 1. The
analysis was made treating the samples as hexaploids to detect their genotypes. A 50%-differen-
tiation criterion was used to make the call for the differentiating SNPs (e.g. genotypes 0/0/0/0/
0/0 and 0/0/0/1/1/1, where 0 and 1 are referred to different alleles, are considered
differentiated).

SNP Validation

A selected set of RNA-Seq determined SNPs was validated with Sanger sequencing. The
selected SNPs were from the total SNP list and weren’t extracted from the SNPs that could
potentially distinguish the two lineages (see Results section below). DNA was extracted from
10 European and 10 Anatolian samples that were not included in the RNA-Seq analysis. The
European samples were from Greece (4), Germany (3) and France (3) whereas the Anatolian
samples were from Cyprus (5) and Turkey (5). DNA extraction was performed using PureLink
Genomic DNA kits (Invitrogen, Carlsbad, CA) according to manufacturer’s protocol. PCR
Primers were designed for 54 RNA-Seq detected polymorphic sites (non-synonymous
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Table 1. The list of genes involved in cellular energetics that were targeted in the current analysis. Genes involved in Oxidative Phosphorylation are
also separated by Complex (Complexes I-V). Genes encoded by the mtDNA are presented as underlined.

Glycolysis

Krebs
cycle

Complex |
nuclear
genes

Complex|
mtDNA
genes

Complex i
nuclear
genes

Complex il
nuclear
genes

Complex Il
mtDNA
genes

Complex IV
nuclear
genes

Complex IV
mtDNA
genes

Complex V
nuclear
genes

Complex V
mtDNA
genes

HK1

ACO2

NDUFV1

ND1

SDHA

CYC1

CYTB

COX4l1

COXI

ATP5A1

ATP6

GPI

CS

NDUFV2

ND2

SDHB

UQCRC1

COX5B

COXIl

ATP5B

ATP8

PFKL

FH

NDUFS1

ND3

SDHC

UQCRC2

COX6A2

COXili

ATP5C1

ALDOA

IDH2

NDUFS2

ND4

SDHD

UQCRFS1

COX6B1

ATP5D

TP

MDH1

NDUFS3

ND4L

UQCRH

COX6C

ATP5F1

GAPDH

OGDH

NDUFS7

ND5

UQCRQ

COX7A2

ATP5G1

PGK1

SDHA

NDUFS8

ND6

ATP5G2

PGAM1

SUCLA2

NDUFV3

ATP5H

PKM

NDUFS4

ATP5J2

ENO1

NDUFS5

ATP5L

NDUFS6

ATP50

NDUFA1

ATP5S

NDUFA2

NDUFA3

NDUFA4

NDUFA5

NDUFA6

NDUFA7

NDUFA8

NDUFA9

NDUFA11

NDUFA12

NDUFA13

NDUFAB1

NDUFB1

NDUFB2

NDUFB3

NDUFB4

NDUFB5

NDUFB6

NDUFB7

NDUFB8

NDUFB9

NDUFB10

NDUFB11

NDUFC1

NDUFC2

doi:10.1371/journal.pone.0159939.t001

mutations) within 24 genes for validation with Sanger sequencing. The primer sets were
designed using the NCBI Primer-Blast algorithm (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) (see S2 Table; worksheet: Primers_Sanger_validation). The cycling conditions consisted
of an initial denaturation at 95°C for 5 min followed by 35 cycles of denaturation at 95°C for 30
sec, annealing at specific temperatures for each primer set and extension at 72°C for 30 sec,
with a final extension at 72°C for 10min. PCR products were purified using QIAquick PCR
Purification Kit (QIAGEN, Hilden, Germany) and sequenced bi-directionally. Sanger
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sequencing was performed at Macrogen Inc. (The Netherlands). Nucleotide sequences were
aligned using ClustalX [23].

Results
Identification of homologous sequences in Human and Rabbit

RNA-Sequencing of the three European RNA-Seq samples and of the one pooled Anatolian
sample generated between 10 and 17 million paired-end reads for each sample (H1:
10,378,247; H2: 17,869,153; H3: 16,463,647; H456: 16,288,904), after the filtering applied. The
Trinity assembly resulted in 174,942 contigs, whereas the extra CAP3 assembly step reduced
the contigs to 162,519 of which 147,818 were protein-coding, according to Transdecoder.

After Blastp and the relevant stringent filtering steps mentioned in Materials and Methods,
we identified 9496 hare cds/proteins that were the closest and best homologs against human
genes (see S1 and S2 Files). Thus, we did a 1:1 mapping between hare and human protein cod-
ing sequences. For these hare cds/proteins, the average identity and similarity against human
proteins was 89.9% and 93.9% respectively. Also, on average, 95% of each hare cds/protein was
aligned with its human homolog in a blastp pairwise alignment, an indication that for this set
of 9496 sequences the Trinity and CAP3 assemblies were very good (see S1 Table).

The same steps as above were performed between hare and rabbit sequences, but 8264 hare
sequences were retained this time, instead of the 9496 when using the human genes/proteins.
This is an expected indication that the human genome is more mature/complete than the rab-
bit genome. Of note, those 8264 hare sequences had an average 96.6% identity and 97.6% simi-
larity against rabbit proteins. Also, on average, 95% of each hare cds/protein was aligned with
its rabbit homolog in a blastp pairwise alignment.

In order to estimate the divergence at the nucleotide level of protein coding sequences
between the two closely related species L. europeus and L. granatensis, sequences of the latter
were obtained from an RNA-seq experiment by Cahais et al [24]. The 9496 cds of L. europeus
were blasted (blastn—evalue cutoff 1e-10) against the 45151 contigs of L. granatensis and the
average nucleotide identity was estimated at 99.29%.

Identification of SNPs

From the first run (H123 vs H456), and after filtering the vcf file (with a qvalue>100 and
DP>30 and MQO = 0 and MQ>30 or more), we identified 69,608 polymorphic sites in 7,755
genes/cds. After filtering out the 90 cds that could be merged gene duplicates our list was
reduced to 7665 genes/cds that had 66,185 polymorphic sites (see S2 Table; worksheet:
69608_polymorphic_sites & worksheet:7755_genes-cds).

The application of stringent criteria (see Materials and Methods) resulted in 2050 polymor-
phic sites (2046 SNPs and 4 indels) in 1147 sequences that could potentially differentiate between
the two lineages (see S2 Table; worksheet: differentiating SNPs_2popul). The top ten polymor-
phic genes of this type had between 9-31 polymorphic sites each. The above filters create two
biases, one in favour of highly expressed genes and the other in favour of homozygous sites. Nev-
ertheless, these biases are not our primary concern, because the goal of this specific analysis is to
generate a set of polymorphic sites that can distinguish one lineage from the other.

The effect of pooling the samples of one lineages

Treating the European samples either as individuals or as a pool had the following effects:
2541/2633 confident polymorphic sites (that could potentially differentiate one lineage from
the other) would be identified correctly if we investigated each individual separately. This is

PLOS ONE | DOI:10.1371/journal.pone.0159939 July 26,2016 8/17

Institutional Repository - Library & Information Centre - University of Thessaly

06/05/2024 20:43:46 EEST - 52.15.218.133



el e
@ ' PLOS ‘ ONE Energy Production's SNP Identification in the European Brown Hare

because in some cases one of the three individuals had a low number of sequence reads for a par-
ticular site, whereas another individual of the same population had a high number of reads for
the same site. When these samples were pooled together, this difference was ameliorated. In addi-
tion, if we applied an extra filter of 10 reads at least for each allele in each individual, then, the
number of confidently identified polymorphic sites that are capable of separating the two lineage
would drop to 2084/2633 (79%). On top of that, if we applied the additional filter of removing
polymorphisms from sequences that are suspected to be merged closely related gene duplicates,
the number of polymorphic sites that may separate one lineage from the other drops to 2050.
Therefore, the effect of pooling is not as dramatic, when considering the reduction of cost.

Polymorphic sites in genes involved in cellular energetics

After the assembly/annotation/SNP identification steps, the coding sequences from the genes of
interest were retrieved. For this purpose, the dataset of SNPs that derived from the first run of
variant calling mentioned above was used, when all the samples of one population were merged
in one pool and were compared as hexaploids (H123 vs H456). SNPs belonging to these genes,
along with SNPs from other genes with functions related with mitochondrion, were further vali-
dated with Sanger sequencing. The complete list of SNPs is provided in Table 2.

Subsequently, the SNPs in these genes for each separated lineage were identified and compared
in order to detect differences between the lineages/haplotypes. This procedure was run separately
for each step of energy production: the glycolysis, the Krebs cycle and the oxidative phosphoryla-
tion (OXPHOS). The rate of total mutations per nucleotide and the rate of non-synonymous
mutations per nucleotide differentiating the European from the Anatolian lineage was calculated
(Table 3). Interestingly, the OXPHOS nuclear genes exhibited the same level of total differentiat-
ing mutations with the glycolysis and the Krebs cycle, whereas non-synonymous mutations in the
nuclear genes of the OXPHOS were 3.5- and 2.7-fold more than in the glycolysis and the Krebs
cycle, respectively. The thirteen mtDNA-encoded genes exhibited a 4.6- and 3.5-fold higher rate
of non-synonymous mutations compared with the glycolysis and the Krebs cycle.

While the glycolysis, the Krebs cycle and the complex II are encoded solely by nuclear
genes, the complexes I, III, IV and IV of OXPHOS require mitochondrial and nuclear encoded
genes for their formation. For this reason, we calculated the rate of total mutations per nucleotide
and the rate of non-synonymous mutations per nucleotide for the mtDNA and nuclear encoded-
genes, respectively, for each of the five (5) complexes (I-V) of OXPHOS, to allow the comparison
on equal grounds. Complex II, which is encoded solely by nuclear genes, had approximately the
same rate of accumulating differentiating mutations with the glycolysis and the Krebs cycle, yet a
lower rate of non-synonumous mutations. The nuclear subunits of Complex IV, although they
accumulate differentiating mutations at a same rate with the glycolysis and the Krebs cycle, they
exhibited a 10- and 8-fold higher rate of non-synonumous mutations than the glycolysis and the
Krebs cycle, respectively. Generally, nuclear subunits of OXPHOS showed a little difference in
the rate of total mutations compared with the glycolysis and the Krebs cycle, but when the non-
synonymous rates were compared, the differentiation was at least 2-fold higher in the OXPHOS
genes. MtDNA-encoded subunits had higher rates in general in accumulating mutations differ-
entiating the two lineages, almost five times higher than the glycolysis and the Krebs cycle,
whereas they accumulated non-synonymous mutations at a lower rate.

COl Barcodes

In order to explore further the differentiation between the two lineages, we used the COI bar-
coding system proposed by Hebert and his colleagues [25], when a proportion of the mtDNA-
encoded gene of COl is used to identify even close related species. For this purpose, we used
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Table 2. RNA-Seq identified SNPs that were further validated by Sanger sequencing in other individuals of the two lineages. Shaded boxes corre-

spond to SNPs that Sanger sequencing failed to validate.

Gene name | SNP Position Reference allele | Alternative allele European Anatolian Haplogroup European Anatolian
RNA-Seq RNA-Seq Haplogroup RNA-Seq Haplogroup | Haprogroup
RNA-Seq Sanger Sanger
UQCRC2 1218 C T C CIT C C
UQCRC2 1234 G A G G/A G G
UQCRC2 1263 (9 T (9 CIT C C
NDUFB5 54 G A G G/A G G
NDUFB5 55 (] T (9 T C (o
NDUFB5 56 G C G C G G
NDUFB5 91 G A G A G G
ATP5G1 178 T A AT T A/T T
ATP5H 556 A C/G A/G A/C A A
NDUFA4 218 G A G G/A G G
NDUFS2 70 G T G/T G G G
EPRS 1258 A G G/A G G/A G
RARS 242 G A G/A G G G
RARS 280 (9 T C/T C C C
RARS 312 A G A/G A A/G G
DARS2 334 G A G G/A G A
DARS2 554 A C A A/C A/C A/C
DARS2 1405 G A G G/A G A
DARS2 1600 A G A A/G A A
ATP5J2 275 G A G/A G G/A G/A
ATP5J2 465 (o A C/A A C/A A
ATP5J2 474 T C T/C T T/C T/C
ETFA 139 G C G G/C G/C G/C
NDUFAF7 1145 A C A/C A/C A/C A
NDUFAF7 1215 G T G G/T G G
NDUFAF7 1248 G A G/A G/A G/A G
NDUFAF1 32 (9 T C/T C Cc/T (o
NDUFAF1 67 (9 G C/G C C/G (o
NDUFAF1 91 (3 T C/T C C (%
NDUFB6 386 A G A/G A A A
NDUFV2 519 A G A/G A/G A/G A
OXA1L 111 G A G/A G G/A G
OXA1L 122 G A G/A G G/A G/A
OXA1L 145 G C G G/C G G
SCO1 409 G A G/A G G G
SCO1 800 A T AT A A A
SCO1 804 C T C CIT C (o
SDHD 91 G A G/A G T/G G
SDHD 93 Cc T C/T C C/T Cc
SDHD 157 (9 T C/T C A/C/T C/T
TFAM 315 A T A AT A A
TFAM 371 G C G/C G/C G/C G
SARS2 487 T C T/C C T/C (o
FARS2 140 G A G/A G G G
(Continued)
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Table 2. (Continued)

Gene name | SNP Position Reference allele | Alternative allele European Anatolian Haplogroup European Anatolian
RNA-Seq RNA-Seq Haplogroup RNA-Seq Haplogroup | Haprogroup
RNA-Seq Sanger Sanger

FARS2 663 G C G/C G G/C G
FARS2 680 A G A A/G A A
FARS2 693 G A A/G A/G A/G G
FARS2 708 T C T/C T/C T/C T
FARS2 756 A G A/G A/G G A
LARS2 2434 G A G G/A G G
LARS2 2489 T Cc T/C Cc T/C (o
LARS2 2509 G Cc G G/C G G

LARS 1085 T C T/C T (o T
COX5B 356 A G A/G AlG A G

doi:10.1371/journal.pone.0159939.t002

our data combined with data available from BOLDSystems (http://www.barcodeoflife.org/) for
all the Lepus species available. The species selected were: Lepus americanus, L. capensis, L.
comus, L. coreanus, L. granatensis, L. hainanus, L. mandschuricus, L. microtis, L. oiostolus, L.
peguensis, L. sinensis, L. timidus, L. tolai, L. townsendii, L. americanus and the sequences we
derived in this analysis for L. europaeus, where we treated each lineage as a separate group. The
average differentiation among species was 6.77%, while the differentiation between the Euro-
pean and the Anatolian lineage was found 1.74%. Interestingly, there were species pairs which
showed lower differentiation than the two lineages. These pairs were: L. granatensis vs L. corea-
nus, L. arcticus vs L. granatensis and L. coreanus, L. timidus vs L. granatensis, L. coreanus and L.
arcticus, which had a distance between 0.31 and 1.11%.

Discussion

This genetic break at the margin between Anatolia and the surrounding areas has been
observed in a variety of species, the dispersal of which includes these specific territories [26].

Table 3. The rate of total and non-synonymous differentiating mutations, respectively, for the three energy producing procedures. Inthe OXPHOS,
rates are also presented for each of the five complexes separately, distinguishing between nuclear and mtDNA-encoded genes.

Energy Production Procedure

Mutations/nucleotide

Non-synonymous Mutations/nucleotide

Glycolysis 0.004685 0.000344

Krebs cycle 0.004060 0.000451

OXPHOS 0.008056 0.001258

OXPHOS nuclear 0.003691 0.001212

mtDNA 0.022641 0.001409

Complex | nuclear 0.003900 0.001282
mtDNA 0.020899 0.001583

Complex Il nuclear 0.005405 0.000257
Complex Il nuclear 0.003373 0.000930
mtDNA 0.033333 0.001754

Complex IV nuclear 0.005391 0.003732
mtDNA 0.016943 0.000664

Complex V nuclear 0.001978 0.000923
mtDNA 0.040677 0.002259

doi:10.1371/journal.pone.0159939.1003
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Some paradigms include the European green toad [27], the long-fingered bat [28], the yellow-
necked fieldmouse [29] and the European grasshopper [30]. In the majority of these cases,
mitochondrial DNA markers have been used in order to reveal the differentiation between the
geographically isolated populations of the different species.Although mitochondrial DNA
markers have proven their usage as molecular markers for inferring phylogenies, population
dynamics and evolutionary patterns, they tend to show some disadvantages when they are used
self-standing. Mitochondrial DNA, due to the uniparental inheritance and the lack of recombi-
nation is vulnerable to phenomena of selective sweeps, which tend to reduce the polymorphism
in species level. Also the uniparental inheritance creates a bias in which the marker does not
reflect the history of the species as a whole but only that of the female portion. For example, the
existence of the hybridization zone in North Greek territory and Bulgaria [antoniou] as well as
the hybridization between the L. europaeus and L. timidus in Switzerland, Scandinavia and
Russia, [5,31,32] were revealed by application of mtDNA markers and were confirmed using
nuclear markers. Moreover, the use of mtDNA as marker for DNA barcoding relies on the low
levels of variation within a species compared with intraspecific variation and monophyly of
mtDNA within species. Case studies have made clear that this general pattern may not be true
for all species. In a review of Funk and Omland [33], using mtDNA data, they suggested that
23% of species examined may not be monophyletic for mtDNA sequences. The disadvantages
of the application of solely mtDNA markers discussed above underline the need for combined
studies of mitochondrial and nuclear markers in order to infer more accurate theories about
species phylogeny and evolutionary processes currently acting on populations. However, in
Lepus europaeus the differentiation between Anatolian and European lineages has been sup-
ported so far by population studies using one or a small number of mitochondrial genes [4,
34], functional regions of the nuclear genome related to immune response [7] and a combina-
tion of coding and non-coding regions of Y chromosome [8].

This is the first study to use genome-scale sequence data in order to investigate the level of
differentiation and find a possible cause of the lack of the Anatolian lineage in Europe and vice
versa, despite the presence of all haplogroups in North-Eastern Greece and Bulgaria. Except of
the genomes of two lagomorph species, of the American pika (Ochotona princeps) and of the
European rabbit (Oryctolagus cuniculus), that have been sequenced and assembled by the
Broad Institute in the framework of the Mammalian Genome Project [18], to our knowledge
this is the first attempt to obtain transcriptome sequences by RNA-Seq in L. europaeus and the
second, after the iberian hare L. granatensis 24, 35], within the genus Lepus that is comprised
of 32 species with worldwide distribution [36].

RNA-Seq (heart and liver tissues) of samples from the European and Anatolian phyloge-
netic lineages resulted in 9496 well-assembled protein coding sequences. After applying very
stringent filtering criteria, 66185 polymorphic sites were identified in 7665 genes/cds. The
above numbers do not reflect the real level of polymorphism, because they are based on RNA-
Seq data, where the sequencing coverage is not uniform among the various genes. Therefore,
for highly covered/expressed genes, the current estimated (by RNA-Seq) level of polymor-
phism is closer to the true one, whereas for lowly covered/expressed genes the level of polymor-
phism is most probably underestimated.

Fifty four of those sites situated in 24 genes were validated with Sanger sequencing in 10
individuals from each lineage. In addition, 2050 of those polymorphic sites (found in 1147
genes) are potentially capable of distinguishing the members of one lineage from the other.
Although, for this analysis, three individuals per lineage were used, the strictness of the criteria
can ensure the validity of the SNPs that were uncovered from the analysis. However, the actual
number of lineage-separating polymorphisms is bound to be lower.
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An interesting finding in energy production processes, after the analysis of these large scale
data, was that the glycolysis and the Krebs cycle, governed solely by nuclear-encoded genes,
showed a slower rate (almost half) of accumulating differentiating mutations compared with
the OXPHOS machinery, which requires the cooperation of mitochondrial and nuclear
genome. Moreover, this difference is even higher when comparing the rate of non-synonymous
mutations between these three procedures; OXPHOS machinery showed a ~3-fold higher on
average rate of differentiating non-synonymous (ns) mutations compared with the glycolysis
and the Krebs cycle.

Also, when comparing the rates of nuclear-encoded genes of OXPHOS to the glycolysis and
the Krebs cycle, whilst the rate of differentiating mutations was approximately the same, when
comparing non-synonymous rates the OXPHOS’ nuclear subunits showed a three times higher
rate on average compared with the other two, and the mtDNA encoded genes show a 3.5-fold
higher rate compared with the glycolysis and the Krebs cycle.

More interestingly, when the differentiation in every complex of the OXPHOS was com-
puted separately (I-V), the results were more definite: complex II, which is encoded only by
nuclear genes, had a similar rate of ns mutations with glycolysis and Krebs cycle while com-
plexes LIILIV and V have a ~3.5-fold higher rate on average. The bigger divergence was found
in Complex IV, where the mitochondrial subunits have the catalytic functions and are showing
the lower differentiation among the mitochondrial genes and the nuclear encoded subunits,
which have role in assembly and regulation of the activity [37], are showing a nine-fold higher
rate on average when compared to glycolysis and Krebs cycle. The role of cytochrome C oxi-
dase (Complex IV) has been found to be responsible in hybrid breakdown in marine copepods
[38], where COX activity was significantly reduced in hybrids of crosses between different geo-
graphical populations. A similar mtDNA introgression study in Drosophila showed a more
pronounced COX disruption effect in interspecific versus intraspecific backcrosses [39].

It is very likely that the different rate of adaptive evolution of nuclear genes OXPHOS, as
opposed to the other two groups of genes (glycolysis and Krebs cycle), to be related to the
“effort” of nuclear genes OXPHOS to co-evolve and co-adapt with the corresponding, rapidly
evolving, mitochondrial genes. The co-adaptation of cooperating genes leads to normal func-
tion of the OXPHOS machinery. This coordinated evolution between genomes occur by recip-
rocal changes in interacting proteins; the deleterious impact of mutations can be “masked”
with a mutation in a second site which act as a compensatory mutation [40]. The well-estab-
lished cooperation between the genomes in separated populations is disrupted when distinct
lineages of mtDNA are crossed and the hybrids are less competitive due to low energy produc-
tion: the distinct mtDNA shows a lack of cooperation with the new nuclear background, affect-
ing mostly the OXPHOS efficiency [12].

The occurrence of 2050 polymorphic sites in 1147 genes, potentially capable of distinguish-
ing between the two lineages may be indicative of a gradual differentiation between “European”
and “Anatolian” population with absence of gene flow. The separation of gene pools will,
sooner or later, lead to low reproductive success or even to reproductive isolation. The accumu-
lation of non-neutral genetic variation could lead to speciation, with mtDNA polymorphism
between populations to drive the differentiation to the associating parts of the nuclear genome,
acting as an “engine of speciation”. This hybrid breakdown has been reported in species with
distinct geographical populations, such as Tigriopus californicus, where crossing of individuals
from distinct populations resulted in hybrids with lower energy production [39]. Also, Smith
and his colleagues [14] observed impaired reproductive success when crossing brown hares
carrying different mitochondrial haplotypes.

To conclude, a plausible scenario to explain the current phylogeographic status of Lepus
europaeus populations may be the following: (1) According to available molecular data
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sequence divergence of mitochondrial cytochrome b (Cytb) gene between European and Ana-
tolian lineages ranges from 3.4 to 3.8% (this study, [8]). If we apply the standard calibration of
Cytb divergence rate of 2-4% per million years (Myr) [41, 42, 43], with the most possible rate
for Lepus being 4%, according to fossil data [44] the splitting between the phylogenetic lineages
corresponds to 0.85 Myr; (2) During the Late Glacial Maximum (LGM), southern and south-
eastern European and Anatolian landscapes could have served as refugia for brown hares [45],
as indicated to a certain extent by fossil records from the late Pleistocene (see references in
[46]; (3) This palaeogeographic situation, under the absence of significant gene flow between
European and Anatolian refugia over millennia, has led to differentiated mitochondrial and
nuclear gene pools, as indicated by the present and several other studies. For instance sequence
divergence for Cytb between closely related L. timidus/L. corsicanus is at 3.3% which is very
similar with that between European/Anatolian lineages; (4) At the same time, within isolated
populations, mitochondrial and nuclear genes have co-evolved, assuring co-adaptation of
cooperating genes and normal function of the cellular energetics; (5) Melting of ice and expan-
sion of populations through various corridors enabled post-glacial colonization of large parts
of Europe and Anatolia and has promoted admixtures of populations with different mitochon-
drial an nuclear genetic backgrounds. The presence of haplotypes of different haplogroups in
Bulgaria and North-Eastern Greece indicates a large overlap zone and reveal gene flow from
Anatolia to Europe across the late Pleistocene Bosporus land-bridge; (5) In this contact zone it
is plausible that the well-established cooperation between the genomes in separated popula-
tions is disrupted when distinct lineages of mtDNA are crossed. Distinct mtDNA shows a lack
of cooperation with the new nuclear background, affecting mostly the OXPHOS efficiency and
the hybrids are less competitive due to low energy production. In this case, this post coupling
barrier reinforces reproductive isolation as a first step of an ongoing speciation between these
distinct lineages of L. europaeus.

Supporting Information

S1 File. 9496_hare_cds_nucleotide_seqs.fa. The FASTA file of the 9496 brown hare coding
sequences (as nucleotides).
(RAR)

S2 File. 9496_hare_cds_protein_seqs.fa. The FASTA file of the 9496 brown hare coding
sequences (as proteins).
(FA)

S3 File. SNPs.H123full_vs_H456_9496_contigs.vcf. The vcf file generated from Unified Gen-
otyper in GATK that contains information on the identified SNPs and their quality, when com-
paring the European samples (as a pool) to the Anatolian pooled sample.

(RAR)

S1 Table. Blast_human_rabbit.xIsx. An excel file that contains the blast results of the brown
hare assembled sequences against human and rabbit (downloaded from ENSEMBL).
(XLSX)

$2 Table. Polymorphisms.xlsx. An excel file that contains the following worksheets: (i) differ-
entiating SNPs_2popul: This worksheet contains the 2050 identified polymorphisms that sep-
arate the two populations (European vs Anatolian). (ii) 69608_polymorphic_sites: This
worksheet contains the 69608 identified polymorphic sites found in 7755 out of 9496 brown
hare sequences. (iii) 7755_genes-cds: This worksheet contains the 7755 brown hare sequences
and their annotation (based on Blast) for which we found the 69608 polymorphisms. (iv)
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effect_of_coverage_on_SNP_detec: This worksheet shows the effect of coverage (average num-
ber of reads/cds) on the detection of SNPs within a cds. (v) Primers_Sanger_validation: This
worksheet contains the primer pairs designed for validating with Sanger sequencing a selected
subset of RNA-Seq identified SNPs. (vi) Sanger validation: This worksheet contains the results
from the Sanger validation for a selected set of genes.

(XLSX)
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Themistoklis Giannoulis, Costas Stamatis, Andreas Tsipourlianos and Zissis Mamuris

Department of Biochemistry and Biotechnology, University of Thessaly, Larissa, Greece

ABSTRACT

European brown hare is a small game species spreading across Europe to Asia Minor, with important
economic traits. Population genetics studies using mitochondrial DNA markers have revealed the exist-
ence of two major phylogeographic lineages, the European and the Anatolian. European lineage is fur-
ther divided in the European type halpogroup and south-eastern European type halpogroup, while
Anatolian consists only by the Anatolian/Middle Eastern type halpogroup. All three haplogroups show a
discrete geographical distribution, with an overlapping zone forming in North-East Greece and Bulgaria,
forming a contact zone. Despite the existence of a contact zone, European haplotype was never
detected in Anatolia and vice versa, proposing the presence of genetic barriers responsible for this phe-
nomenon. In this study, we analyzed the whole mitochondrial genomes of specimens originating from
both lineages, aiming to detect the genetic and functional differentiation of the oxidative phosphoryl-
ation complexes that are encoded by mtDNA that could lead gradually to the reproductive isolation of
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the lineages.

Introduction

The European brown hare (Lepus europaeus, Pallas 1778) ori-
ginated on the open steppe grasslands of Eurasia, adapted
very successfully to mixed arable agriculture and was intro-
duced into other countries such as New Zealand and
Argentina (Flux 1983). During the past two decades, a large
number of studies focused on its distribution, ecology, and
evolutionary history gave insight in issues concerning micro-
and macro-evolution, conservation biology, and local adapta-
tion (Koutsogiannouli et al. 2009, 2012; Antoniou et al. 2013).

A phylogeographic analysis, based on mtDNA variability of
>1200 individuals from Europe, Asia Minor, Middle East, and
Cyprus identified three major haplogroups with a clear phylo-
geographic signal: two distinct mtDNA lineages, one in
Europe, and one in Anatolia that were well separated,
whereas the European lineage was further subdivided into
Greek and a Central European (Figure 1, Stamatis et al. 2009).
So far, no European mtDNA haplotypes have been detected
in Anatolia and Israel. Also, no Anatolian mtDNA haplotypes
have been detected in north-western, central, south Greece
or the rest of Europe. Similarly, Greek mtDNA lineages have
not been detected in north-central Europe. The absence of
European haplotypes in Anatolia has also been confirmed in
the study of Sert et al. (2008), where they studied samples
from Anatolia and all the haplotypes uncovered by this study
grouped together with A-haplotypes reported from Kasapidis
et al. (2005), which included specimens from SE Europe and
eastern Mediterranean islands, while all samples from Central

Europe, the lonian islands and mainland Greece were
grouped in cluster B.

However, there is a large introgression zone with all hap-
logroups present in Bulgaria and north-eastern Greece
(Figure 1).The existence of the hybridization zone as well as
the population dynamics in this territory were discussed in-
depth in a study by Antoniou et al., using microsatellite data
along with data of the mitochondrial control region.

This distribution pattern observed between populations
within the species could reflect the presence of late-
Pleistocene refugia in the central/southern Balkans and in
Anatolia (Stamatis et al. 2009; unpublished data), in combin-
ation with micro-evolutionary procedures that have resulted
in local adaptations of specific gene pools. The adaptive
mechanisms and their genetic basis have drawn the attention
of evolutionary studies. Mitochondrial DNA markers were
used as selection markers for such studies, showing a higher
evolutionary rate compared to the nuclear rate, it has unipar-
ental heritage, it lacks recombination and repairing mecha-
nisms, making it vulnerable to mutagenesis caused by the
ROS-rich environment inside the mitochondria. A typical
metazoan MtDNA contains 13 protein-coding genes (PCG),
coding for subunits of the oxidative phosphorylation system
(OXPHOS), 2 rRNA genes encoding for subunits of mitochon-
drial ribosome and 22 tRNA genes. Since OXPHOS is produc-
ing ~95% of cellular energy, genes encoding for OXPHOS
subunits must be under selection, because variations in these
genes may affect the organism fitness by directly influencing
the metabolic performance. The understanding of selective
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Figure 1. Lepus europaeus’ distribution and phylogeny. The occurrence of two
distinct, well separated, mtDNA lineages, in Europe and in Anatolia (Avril et al.
2011). No European haplotypes have been detected in Anatolia, and no
Anatolian haplotypes have been detected in North-Western, Central, South
Greece or the rest of Europe. However, there is an introgression zone with the
two haplogroups present in Bulgaria and North-Eastern Greece.

pressures acting on mtDNA genes can give insight in the
adaptive evolution of mitochondrial genome and its contribu-
tion to environmental adaptation, fitness and fertility
(Rand 2001). Considering that mtDNA has a maternal inherit-
ance, deleterious mutations that are present in males will not
be under purifying selection, but they will have an impact in
male fertility, because sperm cells have high energy demands
and so impairment in OXPHOS efficiency due to mtDNA var-
iations can lead to lower reproductive success. This phenom-
enon has been named as ‘a mother’s curse’ by Gemmell et al.
(2004) and has been observed in hares in captivity, where
individuals carrying different haplotypes of mtDNA exhibited
impaired reproductive success when crossed with each other
(Smith et al. 2010).

The usage of mtDNA genomic data has been proven use-
ful in the inference of phylogenetic relationships in detail and
depth, in close related species (Yu et al. 2007) or even in dif-
ferent population of the same species (Zhou et al. 2014)
adapted in different environments. Since the acquisition of
Next Generation sequencing technologies, obtaining genomic
data for mitochondrial DNA has been relatively easy com-
pared to classic Sanger sequencing methods.

So far, phylogeographic studies on the species have uti-
lized only segments of mitochondrial genes (Kasapidis et al.
2005; Stamatis et al. 2009), genomic regions related with
immune response (Koutsogiannouli et al. 2009) or a combin-
ation of coding and non-coding regions of Y chromosome
(Mamuris et al. 2010). A functional genomics study performed
recently (Amoutzias et al. 2016), using transcriptomics data
along with mtDNA data of the two separate lineages of the
species showed that nuclear genes which participate in the
oxidative phosphorylation (OXPHOS) accumulate differentiat-
ing mutations between the lineages much faster than
the genes participating in the other two energy productive
procedures of the cell, glycolysis, and the Krebs cycle. The
driving force for this fast evolutionary rate of these genes
could be the cooperating mitochondrial genes that are also
participating in the OXPHOS to form the four of the five com-
plexes (I, lll, IV and V). The differentiation of these genes

(nuclear and mitochondrial) may be the genetic barrier that is
responsible for the absence of European haplotypes in
Anatolia and vice versa; although hybrids are produced, there
is a breakdown in energy production procedures due to the
incompatibility between mitochondrial and nuclear genes,
making these individuals less competitive in the natural
populations.

The aim of this study is to analyze mitogenomic poly-
morphism and investigate sequence variation from individu-
als belonging to all three distinct lineages mentioned above
along with sequences derived from the other species of the
genus Lepus in order (i) to reconstruct the phylogenetic rela-
tionships in mitogenomic level, (ii) to evaluate the selective
pressures acting on mitochondrial genes, and (iii) to provide
an explanation for the absence of migration between the
European and Anatolian territories despite the presence of
the large introgression zone in Bulgaria and NE Greece for
more than 1000 years. Phylogenetic relationships for the spe-
cies would be more descriptive with the usage of samples
from West Turkey as well, yet we chose samples with proxim-
ity to the hybridization zone in SE Europe since these haplo-
types are more possible to disperse and get in contact in this
particular territory.

Materials and methods
DNA extraction

Fourteen tissue samples were collected for the analysis, origi-
nating from Greece (4), Germany (2), Poland (3), Cyprus (4)
and Anatolia (1). DNA extraction was performed using
Invitrogen Kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol.

After PCR-RFLP analysis on a segment of CytB gene
(Stamatis et al. 2007), samples from Greece were assigned to
the south-eastern European lineage, samples from Poland
and Germany to the central European while Anatolian and
Cypriot samples were assigned to the Anatolian lineage.

mtDNA sequencing

In order to obtain the whole mitochondrial sequence for
each sample, two different methods were chosen: eight sam-
ples of mitochondrial DNA were dispatched to Macrogen and
were sequenced with Illlumina Hiseq 2000 (lllumina, San
Diego, CA), producing 100 base pairs, paired end reads. For
the rest of the samples, we design a set of primers which
produced overlapping segments of mitochondrial DNA
sequence.

NextGen sequencing pipeline

Quality control of sequence reads was performed using
FASTQC software (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Sequence reads were trimmed based on g-
score base qualities using Condetri software (Smeds &
Kunstner 2011). A g-score of 30 was chosen to ensure high-
quality data and grow the reliance on SNP calling steps
which followed. The high-quality reads were mapped on the
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available  mitochondrial genome  (Accession number
AJ421471.1) and one contig was retrieved for each individual.

Sanger sequencing pipeline

PCR reactions for each segment were carried out using the
following parameters: 95°C for 4min, 35 cycles of denatur-
ation in 95°C for 40s, annealing at 50-60°C (depending on
primers) for 40s, extension at 72°C for 1min, and a final
extension step at 72°C for 10 min. PCR products were puri-
fied using QIAGEN PCR cleanup and sequenced bi-direction-
ally. Sequences were edited using the BioEdit software and
were mapped to reference genome, to produce one contig
per sample.

Sequence analysis

Additionally to the 14 samples, we used the available mito-
chondrial genomes for the species from GenBank (accession
number AJ421471.1). The sequences were aligned using
Muscle 3.8.31 (Edgar 2004) and refined by eye. Using the
BLAST algorithm, we were able to retrieve coding sequence
for each of the PCG, the ribosomal RNAs, and the tRNAs. For
phylogenetic reconstruction, we used two types of data: (i)
the whole sequences derived from the analysis; (ii) the con-
catenated sequences of PCG, rRNA genes, and tRNA genes.
jModeltest (Guindon & Gascuel 2003; Darriba et al. 2012) was
used to identify the model of nucleotide evolution for each
dataset, under the BIC criterion. Pairwise distances were com-
puted for each pair of sequences and after grouping the
sequences in three distinct groups, the distance between
groups was also calculated using MEGA version 6 (Tamura
et al. 2013).

Analysis of selective pressures

For the detection of selective pressures acting in protein
sequences and quantification of dN and dS, we used the
DataMonkey gateway (http://www.datamonkey.org) (Pond &
Frost 2005a), selecting the FEL, REL, and SLAC methods (Pond
& Frost 2005b) with default parameters and significance level
p <.05. Moreover, PARRIS analysis (Scheffler et al. 2006) and
Branch-site REL methods (Pond & Frost 2005c) were used for
the detection of positive selection events that took place in
the evolution of the Leporidae family. Substitution models
determined in sequences analysis were used, the PCG were
aligned and uploaded and the five methods were executed
separately for each gene. Additionally to our sequences, we
used sequences of known Lepus species with available mtDNA
genomes (L. americanus, L. townsendii, L. capensis, L. tolai, L.
timidus, L. granatensis, L. coreanus, L. sinensis, L. hainanus) as
well as the rabbit mitochondrial genes (Oryctolagus cuniculus).

Results
Characteristics of mitochondrial genomes

The general characteristics are summarized in Table 1. The
lengths of the sequences derived from the analysis were
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Table 1. Mitochondrial genes characteristics on polymorphism and substitution
models.

Parsimony-informative  Best-fit
Gene name Complex Length sites model
Whole mtDNA sequence 16,224 348 HKY + 1
Combined PCG data 11,391 279 HKY + 1|
ND1 | 957 27 HKY
ND2 | 1044 28 HKY +1
ND3 | 346 6 HKY
ND4 | 346 24 HKY
ND4L | 297 8 HKY
ND5 | 1812 45 HKY + 1
ND6 | 525 13 HKY
CYTB 1] 1140 41 HKY +1
COoxX1 \% 1542 33 HKY + 1
COX2 \% 684 15 HKY
CoX3 \Y% 784 7 HKY
ATP6 \Y 681 27 HKY +1
ATP8 \Y 204 5 HKY
rRNAs combined 2536 25 HKY +1
tRNAs combined 1491 10 HKY +1
Control region 1239 43 HKY 4+ G

16,680 bp and they were deposited in GenBank under the
Accession numbers KY211021-KY211034. The mitochondrial
genomes are AT-biased, with an average content AT% 61.2%.
Pairwise distances among individuals ranged from 0% to
1.9%, with an average distance of 1.7% while group distances
where: central European-south-eastern European 0.52%, cen-
tral European-Anatolian 1.8% and south-eastern
European-Anatolian 1.8%. The average sequence distance
between the Lepus species was 6.3%, with some species pairs
showing a smaller divergence than the one observed
between the Europea-Anatolian lineages (L. timidus vs L. cor-
eanus 0.9%, L. timidus vs L. granatensis 0.9%, L. coreans vs L.
granatensis 0.6%, L. capensis vs L. tolai 0.5%). In concatenated
PCG' sequences, the pairwise distances ranged from 0% to
2.2%, with an average of 1.2%. When grouped, the distances
were 0.5% between the European groups and 2.1% between
the European groups and the Anatolian.

Complex analysis

As mentioned in the “Introduction” section, 13 out of the 37
genes of mtDNA are PCG and are encoding for the four of
the five complexes of the OXPHOS machinery. Here, we cal-
culated variation in both intra-species and inter-species levels
for each of the four complexes. Particularly, in the inter-spe-
cies analysis, we detected total mutations, non-synonymous
mutations and parsimonious, and the same analysis was per-
formed for the intra-species level with the addition of distin-
guishing mutations, i.e. nucleotide/aminoacid positions that
are monomorphic within the lineages but are differentiated
between them and could be used to assign individuals to the
two lineages.

Complex |, which includes 7 out of the 13 PCG, was found
to be the most polymorphic, with 1908 mutations (266 non-
synonymous) in inter-species level and 213 mutations (27
non-synonymous) in intra-species level, followed by complex
IV with 773 mutations (36 ns) and 55 (11 ns) respectively for
inter- and intra-species level. Detailed results for every com-
plex are shown in Table 2. Interestingly, when we computed
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Table 2. The four of the five complexes of OXPHOS, for which mtDNA genes are encoding for.

Distinguishing

Non-synonymous Distinguishing

Total mutations mutations Parsimony-informative mutations NS-mutations
Complex name Total length (inter/intra-species) (intraspecies) (inter/intra-species) (inter/intra-species (intraspecies)
NADH:ubiquinone 6356 213/1908 109 151/1464 27/266 1
reductase
(complex 1)
Coenzyme Q: cytochrome 1140 41/328 41/264 7/38 0
¢ — oxidoreductase
(complex 1)
Cytochrome C oxidase 3010 55/773 55/573 11/36 1
(complex 1V)
ATP synthase (complex V) 885 32/277 32/176 8/50 1

Total length corresponds to the summary of gene lengths while total mutations correspond to the summary of synonymous plus non-synonymous mutations.

Table 3. Mutation rates for the four complexes of the OXPHOS.

Mutations/nucleotide

Complex name (intraspecies)

NS-mutations/Nucleotide
(intraspecies)

NS-mutations/Nucleotide
(interspecies)

Mutations/nucleotide
(interspecies)

NADH:ubiquinone reductase 0.0238 0.0025 0.2303 0.0269
(complex 1)

Coenzyme Q: cytochrome 0.0360 0.0018 0.2316 0.0167
c-oxidoreductase(complex IlI)

Cytochrome C oxidase 0.0183 0.0007 0.1904 0.0050
(complex V)

ATP synthase (complex V) 0.0362 0.0045 0.2215 0.0305

the rate of mutations (total and non-synonymous) for each
complex, by dividing the number of corresponding mutations
with the coding length of each complex (by summarizing the
gene lengths of each complex) complex IV showed the lower
rate of accumulating parsimonious NS mutations compared
to the other three complexes, which have 3-fold to 7-fold
higher rates in intraspecific and interspecific levels. Results
are shown in Table 3.

Phylogenetic analyses

The full sequences and the combined data of PCG were
selected for genomic-level phylogenetic analysis. The analysis
was based on maximum likelihood methods, using the substi-
tution models that were defined using jmodeltest, using 500
bootstrap replications. Phylogenetic trees that were resulted
for each of the two types of datasets were in accordance
between them (Figures 2 and 3, respectively) and with the
presence of three well-defined phylogeographic groups, with
the Anatolian group to be the more differentiated. Still,
phylogenetic analysis with PCG sequences exceeded higher
bootstrap values, even in the deeper branches of the tree.

COI barcodes

In order to explore further the differentiation between the
two lineages and compare this differentiation with species-
level differentiation in the genus of Lepus, we used the COI
barcoding system proposed by Hebert et al, when a propor-
tion of the mtDNA-encoded gene of COl is used to identify
even close related species. For this purpose, we used
our data combined with data available from BOLD
Systems (http://www.barcodeoflife.org/) for all the Lepus spe-
cies available The species selected were: Lepus americanus,
L. capensis, L. comus, L. coreanus, L. granatensis, L. hainanus,

L. mandschuricus, L. microtis, L. oiostolus, L. peguensis, L. sinen-
sis, L. timidus, L. tolai, L. townsendii, L. americanus and the
sequences we derived in this analysis for L. europaeus, where
we treated each lineage as a separate group. The average dif-
ferentiation among species was 6.77%, while the differenti-
ation between the European and the Anatolian lineage was
found to be 2.3%. Interestingly, there were species pairs
which showed lower differentiation than the two lineages.
These pairs were: L. granatensis vs L. coreanus, L. arcticus vs
L. granatensis and L. coreanus, L. timidus vs L. granatensis,
L. coreanus, and L. arcticus, which had a distance between 0.
21% and 2.11%.

Divergence time of the lineages

Molecular analyses of cytochrome b gene combined with fos-
sil data have resulted in the creation of a molecular clock for
the species of the genus Lepus, with a standard divergence
rate of 2-4% per million years (Myr) (Martin & Palumbi 1993;
Avise et al. 1998, Santucci et al. 1998). According to available
molecular data, sequence divergence of CytB genes between
the European and the Anatolian lineages range from 3.2% to
3.8% (this study; Pierpaoli et al. 1999; Mamuris et al. 2010),
thus the splitting of the phylogenetic lineages corresponds to
~0.85 Myr before.

Selection analyses

Using the above-mentioned methods, no positive selected
sites were found in all 13 PCG. However, strong evidence for
negative selection was found in all genes in at least 1 codon
position. Considering the fact that we used more than one
methods for detecting selective pressures, we choose the
sites that were in accordance in at least two of them.
Complex | had the higher portion of negatively selected sites,
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Figure 2. Phylogenetic tree based on the complete mitochondrial genomes of
Lepus europaeus. Phylogenetic tree confirms the existence of the two distinct lin-
eages. Also, the sub-division of the European lineage to central European and
south-eastern European haplotypes is observed.

Figure 3. Phylogenetic tree based on the concatenated sequences of the PCG
of Lepus europaeus. The topology of the tree derived from the analysis of the
PCG are in accordance with complete mtDNA analysis (Figures 2).

with 435, followed by complexes lll, IV, and V with 169, 118,
and 91, respectively. The numbers of selected sites for each
mtDNA-encoded gene are shown in Table 4. The PARRIS ana-
lysis as well as the branch-site REL analysis also did not result
in any positive selection site among the 13 genes examined.

Discussion

This genetic break at the margin between Anatolia and the
surrounding areas has been observed in a variety of species,
the dispersal of which includes these specific territories
(Bilgin 2011). Paradigms include the European green toad
(Bufo viridis) (Stock et al. 2006), the long-fingered bat (Myotis
capacinnii) (Bilgin et al. 2008), the yellow-necked fieldmouse
(Apodemus flavicollis) (Michaux et al. 2004), and the European
grasshopper (Chorthippus parallelus) (Cooper et al. 1995). It is
suggested that Ice ages must have played the central role in
the allopatric isolation of populations and the consequent
genetic differentiation rather than the geographical barriers
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Table 4. Results from selection analysis using FEL/REL/SLAC

methods.
Negatively-selected Negatively-selected
Gene sites (L. europaeus only) sites (All species)
ND1 20 47
ND2 33 37
ND3 3 46
ND4 41 202
ND4L 0 17
ND5 51 68
ND6 9 18
CYTB 39 169
COX1 50 74
COX2 3 27
COX3 15 17
ATP6 18 74
ATP8 12 17

that could prevent the dispersal of the species; clades of the
species were seen on both sides of the major barriers, such
as Taurus, the Anatolian Diagonal, and the Sea of Marmara
(Bilgin 2011). Only in a number of cases the distribution of
genetic differentiation overlaps with the geographical barriers
while most of them support the post-glacial dispersal beyond
the barriers. Especially in Bulgaria and NE Greece, there is a
large overlap zone of the distinct lineages of Lepus europaeus,
where Anatolian haplotypes are the invasive (Antoniou et al.
2013) and it is believed that the migration occurred through
the late Pleistocene Bosporus land-bridge. The dispersal of
the Anatolian lineage is halted in this particular contact zone
and no Anatolian haplotype has been detected so far in
Greece or Central Europe, despite the absence of geograph-
ical barriers that could limit the migration to these territories
(e.g. there is no geographical barrier between Thrace and
Central Greece that could possibly affect the migration). Thus,
the genetic barrier rather than the geographical barrier is the
strong force that leads to isolation: diverse genomes meet
and form hybrid zones and the hybrids are showing low fit-
ness and are less competitive compared to others, preventing
the gene flow between Europe and Anatolian populations.

In the majority of these cases, mitochondrial DNA markers
have been used in order to reveal the differentiation between
the geographically isolated populations of the species. In
L. europaeus the differentiation between Anatolian and
European clades has been supported so far by population
studies using one or a small number of mitochondrial genes
(Kasapidis et al. 2005; Stamatis et al. 2009). However, this is
the first study to use genomic-scale mitogenomic data to
investigate the differentiation between the lineages and give
a possible cause of the lack of introgression of Anatolian
clade in Europe and vice versa, and also to infer the phylo-
genetic relationships of the species using data from massive
parallel sequencing methods. However, the detection of dis-
persal between geographically separated populations should
use nuclear markers as well, especially in the species of
L. europaeus, because the applications of solely mitochondrial
markers fail to detect male dispersal, which was found to be
double than the female dispersal (48% vs 22% respectively)
(Bray et al. 2007; Avril et al. 2011). This sex-biased model of
dispersal is common on mammal species (McLellan & Hovey
2001; Devillard et al. 2004; Macdonald et al. 2008) and have
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been found on other lagomorphs as well (Kunkele & von
Holst 1996; Gillis & Krebs 1999).

Our results are in accordance with previous results inferred
from the analysis of partial mtDNA-encoded genes (Kasapidis
et al. 2005; Stamatis et al. 2009). The presence of two distinct
lineages, the European and the Anatolian, also the sub-divid-
ing of the European clade to a Greek and central-European
sub-clades is well-supported. The utilization of combined
data of PCG and the whole mitogenomic sequence resulted
in the same tree topology (figures) being able to distinguish
the major lineages but, yet the PCG data showed greater
bootstrap values even in deeper nodes compared to the
whole mitogenomic data.

Nucleotide differentiation between the Anatolian and the
European clades was found to be four times higher com-
pared to the differentiation between the European clades
(2.1% and 0.5%, respectively). The occurrence of 196 distin-
guishing sites between the clades (13 of them correspond to
non-synonymous mutation sites) indicate a gradual differenti-
ation between the two populations with the absence of gene
flow. Furthermore, this differentiation is well-supported by a
functional genomics study of the species, where we detected
2050 distinguishing sites between the clades spanning in
1400 nuclear genes (Amoutzias et al. 2016). This mtDNA dif-
ferentiation may be the explanation for the absence of migra-
tion: mtDNA-encoded genes are cooperating with nuclear-
encoded genes in order to form the four of the five com-
plexes of oxidative phosphorylation. The higher mutation
rates of mtDNA calls for tight co-evolution of the cooperating
nuclear genes. The well-established cooperation between the
genomes in separated populations is disrupted when distinct
lineages of mMtDNA are crossed and the hybrids are less com-
petitive due to low-energy production: the distinct mtDNA
shows a lack of cooperation with the new nuclear back-
ground, affecting mostly the OXPHOS efficiency (Rand 2001).

Among the OXPHOS complexes, complex IV tends to show
lower rates of accumulating non-synonymous mutations,
whereas the other complexes show 3-7 times greater rate. In
complex IV, the mitochondrial subunits (COXI, COXIl, COXIII)
have the catalytic functions while the other mitochondrial
genes mainly have a role of assembly and regulation in their
complexes (Goldberg et al. 2003). The role of cytochrome C
oxidase (complex IV) has been found to be responsible in
hybrid breakdown in marine copepods (Edmands & Burton
1995), where COX activity was significantly reduced in hybrids
of crosses between different geographical populations. A
similar mtDNA introgression study in Drosophila showed a
more pronounced COX disruption effect in interspecific ver-
sus intraspecific backcrosses (Sackton et al. 2003).

The importance of the OXPHOS machinery for energy pro-
duction, and thus cellular and organism function can lead to
the assumption that the genes of this procedure are under
selective pressures. Evidence for purifying selection on the
mitogenome has been reported (Ruiz-Pesini et al. 2004; Sun
et al. 2007; Stewart et al. 2008) and only in a few cases has
been found evidence for positive selection (Foote et al. 2010;
Zhou et al. 2014) because positive selection will act only in a
few sites and for a short period of time, which is followed by
long periods of purifying selection and so the signal of

positive selection in PCG will be weak or even lost by the
effects of purifying selection. Purifying selection will act to
ensure that protein sequences will carry out their function
and will not be affected by deleterious mutations that can
arise from random mutations in the mitogenome. The only
case that positive selection can be favoured is when the
mutations lead to an evolutionary advantage or benefit for
the individual or the population, e.g. when amino acid
change make a protein more efficient (Creevey & Mclnerney
2002).

Interestingly functional regions of the nuclear genome
related to immune response (Koutsogiannouli et al. 2009) and
a combination of coding and non-coding regions of Y
chromosome (Mamuris et al. 2010) showed also a pro-
nounced divergence between Anatolia and Europe. Using
functional genomics approach, Amoutzias et al. assumed that
PCG of the mtDNA are the driving force for the faster evolu-
tion rates of nuclear genes that encode for the four of the
five complexes of the OXPHOS comparing to genes that con-
tribute to the other energy-producing procedures of the cell,
namely the glycolysis and the Krebs cycle. These genes were
found to accumulate differentiating mutations between the
lineages with higher rates and so when these differentiated
genomes meet, the hybrids are showing impairment in
energy-producing procedures, causing an energy breakdown
in the individuals (Amoutzias et al. 2016).

To summarize, the time of divergence calculated by the
standard molecular clock using Cytb sequence differentiation
is giving a possible explanation for the lack of haplotype
introgression in the distribution area of the species: popula-
tions of the species have inhabited different refugia during
the few to many Ice Ages of the Quaternary, where they
adopted and developed a well-established cooperation
between nuclear and mitochondrial genes, ensuring the nor-
mal function of the cellular energetics. Peripheral areas were
colonized and cleared during the repeated cooling periods of
the Quaternary, allowing the refugial populations to diverge
and develop genetic differentiations (Hewitt 2000). This is a
form of allopatry, which may accelerate speciation by selec-
tion for different adaptations. After the ice meltdown, the
populations expanded and colonized the majority of the
European continent, without being affected by geographical
barriers that could prevent the dispersal, and so populations
with different genetic backgrounds came in contact. In the
contact zones, where the lineages meet, the cooperation
which is responsible for the cellular energetics is disrupted,
because the distinct mtDNA shows a lack of cooperation with
the new nuclear background affecting mostly the OXPHOS
efficiency and the hybrids are less competitive due to low-
energy production. This genetic barrier is leading to a repro-
ductive isolation of the differentiated populations, which we
believe is the first step for an ongoing speciation happening
between the distinct lineages of the species of L. europaeus.

In this case, this post coupling barrier reinforces reproduct-
ive isolation as a first step of an ongoing speciation between
these distinct lineages of L. europaeus, which is accompanied
by a strong divergent selection on diverse genomes and local
adaptation to differentiated habitats. This hypothesis for
divergent selection is strongly supported by our recent study
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(Amoutzias et al. 2016), where the differentiation in nuclear-
encoded genes was found to be high for the two lineages,

especially in genes which cooperate with the mtDNA
genome.
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KepaAawo 3: H ptonupnvikn
oupnpooappoyn o€ OLaeldko enimedo
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Ma tn YEAETN TNG ULTOTIUPNVLIKNG CUUTTPOCAPUOYNG o€ SLasldiko eminedo, xpnoLyonol)nke
to £idog Tou Eupwrmaikol Aayou (Lepus europaeus), To €i6o¢ tou kouveAlou (Oryctolagus
cuniculus), o Aayog twv Bouvwv (Lepus timidus) kat To €i6og¢ Tou American pika (Ochotona

princeps). Ta €ldn autd emAéxbnkav pe SUo KpLTPLA:
1. Na glval CUYYEVIKA LE TOV EUPWTTATKO Aayo

2. Na untapyouv SlaBéotpueg aAANAOUXLEG O€ YOVISLWUOTIKO eTtinedo.

OL duloyeveTikég oxéoel Twv edwv mapouclalovial oTo ToPakAtw O&&vipo, Tou
KOTAOKEUAOTNKE LE TO Tpoypappa MEGA, pe tn xprion tou yovidiou tng umopovadag | tng

KUTOXPWHLKAG o€el8aaonc kal tng Sokipaoiag bootstrap pe 500 emavainPeLg.

COchotona princeps

Cryctolagus cuniculus

Lepus europaeus

100

Lepus timidus

0120 0.100 0.020 0.080 0.040 0020 0.000

Eikova 10: Ot (pUAOYEVETIKEG OXECELS TWV ELOWV TNG aAvAAuon§
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Ma tnv avaAluon Tng HLTOTMUPNVLKAG TPOCAPHUOYAG, XPNoLUomolBnkav ot idleg opadeg

YOVLS{WwV OMWGE Kal 0To POoNYoULEVO KedpAAalo:

A. Ta ULITOXOVSPLOKA YoViSLa TTOU KWwSLKOTOLOUV YLO UTIOUOVASEG TWV GUUITAOKWY TOU

OXPHOS (mt-OXPHOS)

B. Ta mupnVIKd yovidia mou KwSLKOToLoUV yLa UTIOMOVASES TWV cUUTAOKWYV Tou OXPHOS

(nu-OXPHOS)
I Ta TUPNVLKA YovidLa TTou KwSIKOToLoUV yia €viupa tng YAUKOAUONG

A. Ta UpnVIKA yovidla mou kwdikomoloUv yla €viupa Tou KUKAou Ttou Krebs

Ta dedopéva g avaluong yla Ta TUpnVIKA yovidLa pogpyxovtav:

e amnod tnv avaluon RNA-Sequencing tou Eupwmnaikol Aayol (Amoutzias et al, 2016)

e amno tnv availuon RNA-Sequencing tou American pika (Lemay et al, 2013)

e amnod tnv avaluon RNA-Sequencing tou Aayol twv Bouvwy (Marques et al, 2017)

e and to Olobéoo yovibiwpa TOu KouveAlol oTov Lototomo tng Ensembl

(https://www.ensembl.org/Oryctolagus cuniculus/Info/Index)

EVW yla TO pLtoxovdplakd yovidia xpnolgonotdnkav ot mpotumneg aAAnAouyieg Tou Kabe

elboug and tnv Genbank, pe Accession numbers:
NC_004028.1 yLa Tov eUpWTAiKO Aayo
KR019013.1 ywa Tov Aayo Twv Bouvwv
NC_001913.1 yLa To KOUVEAL KalL

NC_005358.1 yia to American pika

Me tn xprion tou aAyoplBuou BLAST kal xpnotponolwvtag ocav aAnAovyia emepwtnong tnv
avtiotolyn aMnAouxia Tou eupwrmaikol Aayol, cuykevtpwOnkav ot oAAnAouxleg Twv
EMPEPOUC yovISiwy. ZTn ouvéxela, ol aAAnAouxieg autég otolynbnkav Pe T Xprion tou
aAyopiBuou MUSCLE, mou PBploketol €vOWHATWHEVOC OTO TPOoypappa Aliview Kkal ot
otolyioslg OlopBwBnkav. It OUVEXElD, HME TN XPNON TOoUu Tpoypdppatog MEGA,
npocdlopioTtnkayv TO00 Ol CUVWVUHEG OGO Kl Ol N CUVWVUHEG UETAAAGEELG ava yoviblo, pe

TN XPron Tou KATAANAOU YEVETIKOU KWALKA KATA MepiMTwaon. O aplBUOC TWV CUVWVUHWY Kot
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https://www.ensembl.org/Oryctolagus_cuniculus/Info/Index)

LN CUVWVU LWV PETAANAEEWY SLOLPEBNKE E TO KOG TNG OTOLXLOUEVN G 0AAnAoU)LOG, WOTE va
UTTAPXEL MO KAVOVIKOTIOlNoN o€ 0Aoug Toug puBuouc epdaviong petalalewv ota yovidia

outa (ekdppaocpévol 6hot ol pubpol wg: petalaén/voukAeotidio).

2T OUVEXELA, UTIOAOYIOTNKE 0 WECOG OPOC TWV PUBUWV AUTWY KOL YLO TIG TECOEPLG OUASEC
yoviSiwv Kat ot oxetikol puBuol petaA\déewv, oe aUYKPLON HUE TO HLTOXoVEPLAKO YoviSiwpa.

Me Baon autd, mpoékuav Tpeic TIHEG ou ekdpalouv Toug akoAouBoug Adyouc:
o. PuBpuot petal\d€swv mt-OXPHOS / PuBpoi petolhagewv nu-OXPHOS
B. PuBpoi petalratewv mt-OXPHOS/ PuBpol petaAAaéewv yAukoAuong

y. PuBpuoi petal\aéswv mt-OXPHOS/ PuBpoi petadafewv kUkAou tou Krebs

Ta anoteAéopota tNg avAAuon g mapouoLdlovTol 0TOUG MOPOKATW TIVOKEG:

Mivakag 2: AptSuoc uetardaéewyv otic ouadec yovidiwv tn¢ LEAETNC AVAUECH OTA TECOEPA

€06 (ot TiuéG apopolv Tov aptdud peTaAddEswy ava Séka voukAgoTibia)

Movidla JUVWVUMEG LETAANGEELG Mn oUVWVUPEG LETAMAEELG
(ds) (dns)
mt-OXPHOS 3,29 1,99
nu-OXPHOS 0,94 0,62
Glycolysis 0,97 0,34
Krebs 0,85 0,34
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Mivakag 3: Zyetikoi puduoi uetardaéewv Twv tecoapwv ouadwyv yovidiwv tne UEAETNG
avaueoa oTo TECOEPA (6N

ds dns

mt-OXPHOS /nu-OXPHOS 3,50 3,21
mt-OXPHOS/Glycolysis 3,41 5,94
mt-OXPHOS /Krebs 3,87 5,93

YTn oUVEXELa, N Bla avaAluon mpaypatonolnOnke efalpwvtag to eidog Ochotona princeps,
yla 800 AOyoUC: yLO VOl TIEPLOPLOTEL TO «GUAOYEVETLKO Aoy TNG avaAuong (omwc dpaivetal
Kal amo To ¢duloyeveTikd 6€vEpo, amoteAel TO TO AMOUAKPUOUEVO, £EENIKTIKA, £(60¢), Kot
Aoyw tne kakng mowdtntag aillnAouxiwyv, mou meplAdpPBavav moMEC apdifoleg Béoelg
(endavitovrat wg N otnv voukAeotdikry aAAnAouyia). Ot umtoAoylopol €ywvav ek VEOU ylo Ta

Tpla €idn Kat mapoucLdlovtol OTOUG APAKATW THVAKEC:

Mivakog 4: AptOuog uetaldaéewv otic ouadeg yovidiwv tne UEAETNG avaueoa ota Tpia £(6n
(oL TipEC apopouv Tov aptduo uetaAraéewv ava Séka voukAsgotidia)

Movidla JUVWVUMEG LETAAGEELG Mn ouUVWVUPEG LETAMGEELS
(ds) (dns)
mt-OXPHOS 2,06 0,77
nu-OXPHOS 0,19 0,22
Glycolysis 0,20 0,06
Krebs 0,22 0,07

Mivakag 5:5xetikol puduol petaldaéewv Twv Teooapwv ouadwv yovidiwv Tt UEAETNG
avaueoa ota Tpia (6N

ds dns

mt-OXPHOS /nu-OXPHOS 9,93 3,5

mt-OXPHOS/Glycolysis 11.01 11,2
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mt-OXPHOS /Krebs 10,31 10,3
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Kedaato 4: YBpLOLaKEC LWVEC KoL
vnolwwtkol mAnBuopol: Ta duoka
EPYQOTNPLA VLA TN LEAETN TNC €EEALENG
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Abstract

Background: The aim of the study was to use hybrid populations as well as island
populations of the European brown hare (Lepus europaeus) to explore the effect of
evolutionary events, such as the post-meltdown translocations, spontaneous and
human-mediated, local adaptation and the genetic drift in the shaping of the
phylogeographic patterns of the species. For this purpose, we used molecular markers,
both nuclear and mitochondrial, that are indicative for local adaptation as well as
neutral markers to elucidate the patterns of population differentiation based on
geographic isolation and the lineage of origin. To broaden our analysis, we included
data from our previous studies concerning mainland populations, to explore the
genetic differentiation in the base of the geographic origin (mainland/island) of the
populations.

Results: Our results suggest that local adaptation shapes the differentiation in both
genomes, favoring specific alleles in nuclear genes (e.g. DQA) or haplotypes in
mtDNA (e.g. DLoop). The differentiation in the mtDNA was found to be in a higher
level and was able to give a phylogeographic signal for the populations. Futhermore,
we found that the differentiation was influenced not only by the geographic origin, but
also by the lineage of origin, since specific island populations belonging to one
lineage showed a greater degree of differentiation compared to specific mainland
populations of the other lineage. Concerning the hybrid population, we confirmed the
existence of both lineages in the territory and we provided a possible explanation for
the lack of introgression between the lineages.

Conclusion: Our results indicate that the Quaternary played a major role in the
shaping of the phylogeographic patterns of the species, by isolating populations in the
distinct refugia, where they adapted and differentiate in allopatry, leading to genome

incompatibilities observed nowadays.

Keywords: adaptive variation, neutral loci, brown hare, phylogeography
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Background

By their own very nature, islands and hybrid zones are considered as “natural
laboratories” for the study of acting evolutionary forces in populations inhabiting such
territories [1,2]. Island populations are often small, derived from a bigger continental
population through the founder effect, resulting in reduced levels of heterozygosity
[3]. Migrations to and from the population are usually rare, especially for species with
low dispersal ability. Thus, the genetic drift is acting to shape the levels of variation
through generations. Translocations of such populations are usually human-mediated,
especially when the species are lacking the ability to fly (e.g. the paradigm of Iberian
red deer, [4]) but many times, permanent or transient land bridges mediate the
translocations [5,6]. On the other hand, hybrid populations are formed in territories
when two distinct genomes meet and hybridize [7]. During the last ice ages, which
took place on the Quaternary, populations of the North have declined dramatically by
extinction or by migration to southern and warmer territories [8,9] (e.g. the paradigm
of the Gray Wolf, [10]). In the example of Europe, northern population have
migrated to the South, where certain and distinct refugia for the species have been
recognized so far in Italy, the Iberian Peninsula, the Balkans and Anatolia
[8,11,12,13]. The isolation of those populations for a long period resulted to their
genetic differentiation. Subsequent post-glacial expansion of the populations led to
the formation of the hybrid zones, where different genomes met, yet their differences

were responsible for hybrid unfitness [9]. Genetic differentiation of the genomes

3
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could be a result of selection or drift. Despite the hybridization, the intraspecific
lineages do not geographically mix, which could be a result of the classic hybrid
unfitness: F1 hybrids are usually fertile and well-adapted but F2 hybrids tend to show
low levels of fitness and adaptation [2,14,15]. It is believed that hybrid zones are
maintained by the action of two different processes: random dispersal and selection
against hybrids [7]. The reduced fitness of the hybrids is usually caused by many
genes with small effect, spreading throughout the genomes rather that a big
contribution of a few genes [2]. So, alleles that are crossing the zone are selected
negatively: they are in the wrong environment or they are combined with wrong
alleles [7]. These parapatric populations and the hybrid zones may reflect the different
stages corresponding to scaling levels of differentiation: from divergent populations,
up to different species [2]. The existence of hybrid zones has been well characterized
for a variety of species, such as the grasshopper, hedgehog, shrew, mouse and the
European brown hare (reviewed in [16]).

A paradigm of a species to study the above evolutionary forces acting on multiple
levels of population dynamics is the European brown hare (Lepus europaeus). Brown
hare distribution covers Europe and Anatolia and has been introduced in the past in
South America, Australia and New Zealand [17]. It is also present in European
Islands, such as the UK and Mediterranean islands. The introductions of the species to
these islands have followed two major paths: (a) human mediated translocations, for
restocking operations for hunting purposes or as a symbol of fertility, brought during
migration activities and/or (b) by movement through temporary land bridges that
connected the mainland with these islands and gave the ability to migrate [18]. Thus,

hares from islands with proximity to the Anatolian coast, like Chios or Lesvos
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originated from the Anatolia and migrated when sea level was lowered enough during
the Late Glacial Maximum [19,20].

Two major studies for the phylogeography of the species have revealed the existence
of two well-separated, spatially and genetically, clades: The European clade, which
can be subdivided in Central European and South-Eastern European sub-clade, and
the Anatolian clade [20,21]. The European clade is present in European countries,
such as Germany, France, Italy, Greece etc., and the Anatolian clade encompasses
Anatolia, Cyprus, Israel and the Mediterranean islands with proximity to the
Anatolian coast. Despite the distinct geographical distribution of each clade, there is a
contact zone in Northern Greece and Bulgaria where the two clades meet and form a
hybrid zone. The distribution of the clades is shown in fig. 1. A recent study of the
population of the hybrid zone has revealed that the intruding clade is the Anatolian
and also areas of genetic discontinuities were found, indicating the reduced gene flow
between clades. The reduced gene flow between the clades on contact zone may have
resulted in an intriguing fact, which is the absence of geographical mix of the clades
anywhere else than the hybrid zone; there has been found none individuals carrying
the European haplotype in Anatolia and vice versa [21,22]. Djan and her colleagues
[23] by using an extensive sampling in the Balkans (Serbia, Kossovo, Bulgaria,
FYROM) and a partial control region of the mitochondrial DNA proposed a refined
phylogeographic model for the species, which is in accordance with the previous
ones, while they also observed the lack of introgression of the Anatolian clade further
from the contact zone in Bulgaria and Northern Greece.

In two recent studies, we tried to explain this phenomenon by using two different
approaches. In the first one [24], we used transcriptomics data from individuals of

both clades, accounting for fixed mutations in energy producing procedures that are
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differentiated between the clades. With this approach, we detected signs of co-
adaptation in the nuclear genes of OXPHOS, which cooperate with the mitochondrial
protein-coding genes to perform the cellular respiration. The theory of co-adaptation
refers to genes that cooperate to complete a process are thought to have similar
evolutionary rates [25]. In the second study [26] we sequenced fourteen complete
mitochondrial genomes representing also both clades. The differentiation of the genes
encoding for the mitochondrial OXPHOS subunits was confirmed once again. The
contribution of “mother’s curse” could be responsible for the hybrid breakdown in the
above-mentioned territory: male individuals carrying a specific mitochondrial
haplotype are showing a lower reproductive ability. This phenomenon has been
observed in individuals of the species of the brown hare kept in captivity, where
crosses between individuals with different mitochondrial background resulted in
different reproductive success [15]. Sperm cells have higher energy demands
compared to ova, so when the mitochondrial haplotype has to cooperate with a
differentiated genetic background, there is a breakdown in energy production,
affecting the male individuals rather than the females [27].

This model of differentiation is in accordance with the allopatric model, which
requires a geographic gap between the populations and a reduced gene flow between
them for a long period of time. These criteria are met by the conditions that existed
during the Ice Ages mentioned above. Separated populations have developed local
adaptations and have diversified through time and these have resulted in a genetic
incompatibility, when these two genomes are meeting and hybridizing.

In this context, one of the adaptive loci widely studied is the major histocompatibility
complex (MHC). MHC is part of the adaptive immune system and its gene family is

comprised by several genes, usually organized in clusters (e.g. in human chromosome
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6, in  mouse chromosome 17, data from Ensembl  Genomes
(http://ensemblgenomes.org/info/genomes)). The major role of MHC is the
presentation of processed antigens to T-cells (CD4 or CD8). MHC molecules are
binding antigens using specific structural domains, called peptide-binding regions
(PBRs) or binding pockets. A match between the three components, PBR, the antigen
and receptors of T-cell are required to start the immune response of the organism [28].
MHC gene family possesses a position among the most polymorphic genes and most
of the variation is mapped in the PBR regions, resulting in the extended ability of
recognizing a great repertoire of antigens and subsequent presentation to T-cells [29].
In such a manner, populations are capable of resisting a variety of pathogens,
affecting populations’ adaptation and viability. These high levels of variation are
maintained by overdominance or frequency-dependence [30,31]. Generally, the
variation in MHC genes is maintained by positive selection, increasing the available
pool of different antigen presenting molecules [32,33].

Many associations between the variation of DQ genes (genes of the HLA complex,
encoding for surface receptor proteins found on antigen presenting cells) and
susceptibility or resistance to disease have been conducted so far, reflecting the
importance of maintaining high levels of variation at these particular genes. In the
species of European brown hare, there are paradigms correlating specific alleles of
MHC genes with susceptibility to EBHS virus [34]. Furthermore, studies in other
vertebrates have associated MHC variations with susceptibility to autoimmune
diseases, individual odors, mating preferences, kin recognition, co-operation and
reproduction success [35,36,37]. Especially in the species of L. europaeus, which is
the only small sized mammals in Europe which raise their young above the ground

right from the day of birth, there is a need for a very efficient immune system, which
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ensures the protection against any possible infectious factors [38]. Considering the
implication of MHC genes in the above-mentioned functions, which are tightly
connected to fitness and adaptation of individuals and populations, it has been the
marker of choice in studies focusing the mechanisms and significance of molecular
adaptation in vertebrates.

The aim of this study is the analysis of adaptive and neutral variations that are
established in island populations of the species of L. europaeus and compare it with
the respective levels in mainland populations. For the former, we use a marker of the
MHC gene family and more specifically the exon 2 of DQA gene (MHC class Il), that
has been proven to be useful for this kind of studies [28,34] and a mitochondrial
region [containing partial sequence of the CytB gene, two genes encoding for tRNAs
(tRNA™ and tRNAP™) and a partial sequence of Control Region or D-Loop] while
for the latter we genotyped six microsatellite loci. Additionally, we applied the same
microsatellite markers in a hybrid population and populations that belong to the major
haplogroups, to estimate the current population dynamics in this particular area and
how it is affected by the simultaneous existence of the two diversified mitochondrial

haplotypes at the same region.

Results

Samples’ assignment

All samples were assigned to the 3 major phylogeographic group according to their
restriction pattern according to the method proposed by Stamatis and his colleagues
(2009). The samples from Greece were assigned to the South-Eastern European

group, while the samples of New Zealand and the UK were assigned to the Central
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223  European group. The samples of the Greek islands along with the samples of
224 Anatolia, Isreal and Cyprus were assigned to the Anatolian group, with only one
225  exception in the Cypriot population (1 sample was assigned to the Central European
226  group). The samples from the hybrid zone were assigned as follows: 6 were assigned
227  tothe SE European, 20 in the Central European and 22 to the Anatolian group.
228
229
230 Variation in MHC DQA exon 2
231
232  Twelve different alleles (named allele 1 — allele 12) were detected combined to 21
233  different genotypes. Six alleles were discovered for the first time and were deposited
234 in GenBank under the accession humbers MH029632-MH029637. Allele frequencies
235 are presented in table 2. As shown in the table, there are overlapping alleles between
236  populations belonging to different clades (e.g. alleles 1 and 2). Pairwise Fst values of
237  the population pairs range from 0.046 (Rodos vs New Zealand) to 0.434 (Samos vs
238  New Zealand) and are presented in table 3.
239
240
241 Table 1:Allele frequencies (%) of DQA exon 2
1 2 3 4 | 5 6 7 8 9 10 | 11 | 12 | Samples
N.Zealand | 88.2 | 39 | 53 |00|26| 00 | 0.0 | 00 | 0.0 | 0.0 |0.0] 0.0 38
Samos 14 |500| 0.0 |43/00| 00| 00|00 | 00 |443|0.0]| 0.0 35
Rodos 66.7 | 0.0 | 0.0 |0.0|00| 0.0 | 0.0 |16.7]16.7| 0.0 |0.0| 0.0 6
Mytilini 00 |41.7|250|00|00| 00| 0.0 |333| 0.0 | 0.0 |0.0| 0.0 12
Chios 11.8| 88 | 0.0 |59|00| 0.0 | 0.0 | 59 |61.8| 0.0 |59 0.0 17
Cyprus 0.0 |175| 25 |0.0{0.0|250|488| 00 | 0.0 | 0.0 |0.0| 6.3 40
9
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Table 2:Pairwise Fst values of DQA exon 2 genotype frequencies

N.Zealand | Samos | Rodos | Mytilini | Chios
Samos 0.43
Rodos 0.05 0.18
Mytilini 0.38 0.11 0.21
Chios 0.39 0.23 0.15 0.20
Cyprus 0.38 0.20 0.13 0.12 0.19

Pocket analysis

The translation of the sequences of the twelve alleles revealed also twelve different
amino acid sequences, which means that each allele carries at least one different non-
synonymous mutation compared to the rest. Specific positions of the amino acid
sequence encode for partial regions of pocket 1, 6 and 9 according to Bondinas and
his colleagues [49]. In this study, we detected five, four and three different pocket
variants for pocket 1, 6 and 9 respectively. Their respective frequencies per
population are presented in additional table 3. Interestingly, several variants were
present only in one or two of the studied populations. Particular variants were
detected in Cyprus and Chios populations, while being absent in their parental
populations of Anatolia. All pocket variants detected in this study were also
discovered in the study of Koutsogiannouli et al [28].

Given the fact that the variants were five, four and three respectively for the pockets
1, 6 and 9, we would expect a maximum number of sixty combinations (haplotypes).
However, the unique combinations we observed were only 8 and their frequencies are

given in table 4.

10
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Table 4: Unique pocket combinations and their respective frequencies (%)

Pockets Combinations | N.Zealand | Samos | Rodos | Mytilini | Chios | Cyprus
YHEFWR/NETAN/YNILR 92.11 51.43 | 66.67 | 41.67 |20.59| 17.50
YHLFWT/NETAN/YNILR 5.26 0.00 0.00 25.00 0.00 2.50
YHQFWT/NNTAN/YNILR 0.00 4.29 0.00 0.00 73.53 | 0.00

YHEFWA/NNTAN/YNIMR 2.63 0.00 16.67 0.00 0.00 0.00
YHQFWA/NNTEN/YNILR 0.00 0.00 0.00 0.00 0.00 | 25.00
YHQFWA/NNTAG/YGIMR 0.00 0.00 0.00 0.00 0.00 | 55.00
YHQFWT/NNTAN/YNIMR 0.00 0.00 16.67 33.33 5.88 0.00
YHQFWA/NNTAN/YNILR 0.00 44.29 | 0.00 0.00 0.00 0.00

The most frequent haplotype in the European clade was found to be the
YHEFWR/NETAN/YNILR with a frequency of 92%. In the Anatolian clade, the
most  frequent combination was the same as in the European
(YHEFWR/NETAN/YNILR), with a significant difference in their frequencies (34%
versus 92%). The combination analysis revealed also three unique variants for the
Anatolian group, two of them were only present in Cypriot population
(YHQFWA/NNTAG/YGIMR and YHQFWA/NNTEN/YNILR) and the third one

(YHQFWA/NNTAN/YNILR) uniquely in Samos.

Selection analysis

A total of 49 sequences (6 new alleles and 43 already deposited in GenBank) were
used for the selection analyses. Since we used more than one methods for detecting
selective pressures, we chose the sites that were in accordance in at least two of them.
Applying the above criteria, we found strong evidence for positive selection in codon
8 and six positions under negative selective pressure (codon positions: 2, 10, 17, 19,
26, 30). Neither the positively selected site nor the negatively selected sites are
encoding for the PBR regions that we mentioned above.

11
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Mitochondrial DNA analysis

After splitting the region in its counterparts, we detected 10 different haplotypes for
the tRNAs genes, 23 for the partial CytB gene and 54 in the partial DLoop sequences
(GenBank Accession Numbers: MH029638-MH029691). The outcome of the
BlastClust program showed that the CytB and tRNAs regions fail to show geographic
grouping of the sequences in finer scale (sequences from different populations were
grouped together due to their 100% similarity) while D-Loop grouping has a clear
geographic signal following the distribution of the samples. The only exception in the
D-loop grouping were three haplotypes shared between the samples of England and
New Zealand, possibly due to their common origin, which led us to treat these two
populations as one in the ongoing analysis. For this reason, we focused our analysis in
the DLoop region, so we could detect the differences between the geographic
territories as well. The pairwise genetic distances among the DLoop haplotypes are
shown on table 5. Pairwise distances varied from 0.65% (between Samos and Lesvos)
to 6.4% between England/New Zealand and Chios. The overall mean distance was
calculated to be 3.7%, while the intragroup distances ranged from 0.22% (Chios) to
2.55% (Anatolia). Island populations had an average value of intrapopulation genetic
distance equal to 0.63% and the continental population had 2.55% respectively. When
we split the populations to the two major haplogroups and calculated again the
distances, we found an intragroup distance 0.58% in European populations and 2.7%

in Anatolian and the pairwise distance between them was calculated 5.97%.
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Table 5: Pairwise distance of DLoop haplotypes per population

Rhodes Anatolia Lesvos Samos Chios Cyprus

Anatolia 2.94

Lesvos 2.26 2.17

Samos 2.37 2.13 0.65

Chios 2.71 2.90 2.87 2.88

Cyprus 3.95 3.18 3.14 3.08 3.96

UK/N.
Zealand 6.04 5.94 5.53 5.87 6.41 5.94

The phylogenetic tree revealed the expected topology; we observed two major groups
corresponding to the two major lineages, the European and the Anatolian. In the
Anatolian lineage, there are also two sub-clades formed, one containing the
haplotypes of Cyprus mainly and the other containing the rest of Anatolian
haplotypes. Moreover, the haplotypes of Samos and Lesvos are grouped together in
the sub-structuring of the Anatolian clade. This type of grouping for the samples of
Cyprus, Samos and Lesvos is in accordance with the results from the network analysis
in the study of Kasapidis and his colleagues [20] and with the results of our network

analysis (fig. 4).

Microsatellite analysis

Tests for HWE and LD

By comparing the results of the chi-square tests with the corrected p-values using the
sequential Bonferroni method, we detected population-locus specific deviations from
the HWE (additional table 1). In most of these cases, the corresponding Fis values for
these combinations were positive, thus were indicative for a deficiency in
heterozygotes. Furthermore, in these specific combinations of populations and loci,

there was an excess of null alleles (e.g. 13% in Cyprus-Sol30, 21.7% Cyprus-Sat2)
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and a significantly large frequency of rare alleles (frequency < 10%) (e.g. 19.5% of
Cyprus-Sat2, 28.5% of UK-Sat2 were assigned in rare alleles combined).

All 15 tests for LD failed to reject the null hypothesis of linkage equilibrium between
the pairs of loci (additional table 2). By using the nominal p-value for our
comparisons, the pair of loci Lsal and Sat2 showed a significant signal of LD.
However, the markers are mapped in chromosomes 5 and 15 of the rabbit genome
respectively (which is the most relative species to L. europaeus sequenced so far), so
we believe this is not a true signal of physical linkage of the loci. Based on these

results, we used all the 6 markers for the downstream analysis.

First approach - Population number =11

The six microsatellite loci analyzed in this study were polymorphic with a mean
number of alleles per locus equal to 15.3, ranging from 6 (Lsa6) to 30 (sol30). The
number of alleles, the observed and the expected heterozygosities (Hobs and Hexp
respectively) calculated for each locus and population are shown in additional table 3.
The continental populations had an average of Hobs equal to 0.520 while the island
populations had an average of 0.299. Also, there was a difference between the number
of alleles between continental and island populations, with continental populations
containing approximately double numbers compared to the island populations (6.6 vs
3.2in Sol08, 11 vs 4.1 in Sol30, 4.5 vs 2.85 in Sol 33, 5 vs 4.7 in Lsal, 2.75 vs 1.85
in Lsa6 and 10.25 vs 5.28 in Sat2). The number of alleles and the Hobs and Hexp for

each locus and population are presented in additional table 4.
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Pairwise Fst values (table 6) ranged from 0.05 between N. Zealand and the UK,
(Central European clade), to 0.44 between Samos and Mytilini (Anatolian clade). The
hybrid zone population showed a minimum pairwise value compared to the Greek
population (0.07) and the maximum values were calculated when compared with
Anatolian populations (0.27 vs Mytilini, 0.26 vs Rodos, 0.24 vs Anatolia).

(Table 6 location, placed in the end of the file due to its big size)

Plotting the g-values of each individual (fig. 5) reveals differences between the
populations of the three haplogroups (South-Eastern European group: samples 1-39,
Central European Group: samples 40-73, Anatolian Group: Samples 74-144), with the
populations of Rodos (74-78) and Mytilini (79-83) showing an admixture of patterns.
The populations of Samos, Anatolia and Cyprus (84-99, 100-117 and 118-144
respectively), despite belonging to the same clade, are shown to have diversified from
each other. The hybrid population (145-192), is showing a uniform pattern, regardless
of the mitochondrial haplogroup of origin. The same pattern is observed partially in

the Greek individuals also.

Second approach - Population number = 3

Examining the plot K~AK, we could infer the real value of K for our data to be equal
to 3 as expected, due to the phylogeographic status of the species. We sub-divided the
samples to the 3 groups using the g-values, which are calculated automatically by the
Structure program. Samples from Greece and the hybrid zone were assigned to group

1, samples from N. Zealand and England were assigned to group 2 and the Anatolian
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samples were grouped in group 3 with minor exceptions (e.g. the Cypriot sample
carrying the Central European mitochondrial haplotype). Pairwise Fst values were

recalculated (table 7) for all the three population pairs.

Table 7: Pairwise Fst Values (k=3)

SE
Anatolian Central European European
Anatolian 0.19 0.13
Central
European 0.19 0.11
SE
European 0.13 0.11

The observed and expected heterozygosities (Hobs and Hexp respectively) were
calculated for each locus and populations. The Hobs values ranged from 0.04 to 0.88
(in marker sol30 in South-Eastern European population) (additional table 5).

Plotting the g-values of each individual, we resulted in the fig. 6. The South-Eastern
European samples (showing in red) and the Central European samples (in blue) are
showing a discrete grouping from the Anatolian group (green colour). However, in
this grouping, the samples from Mytilini and Samos are showing to have the Central
European pattern.. Hybrid samples (145-192) are mostly assigned to the South-
Eastern European group, with minor assignments to the Central European group while
the Anatolian-type grouping is almost absent from the hybrid individuals (green
color).

Kinship analysis

Taken into account that the hybrid population contains European (both Central and
South-Eastern) and Anatolian haplotypes, we would expect the full-sib or half-sib
relationships to be limited between samples from the same lineage in the case of pre-
zygotic reproductive isolation between them. However, we detected half-sib

relationships from all the different combinations (Central-South Eastern European,
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Central European-Anatolian, South-Eastern European — Anatolian). Considering the
fact that samples from different lineage have different mitochondrial genetic
background and so different maternal lineage, we can conclude that these inter-

lineage halfsibs are paternal halfsibs (i.e. they have the same father).

Discussion

To our knowledge, this is the first study of the species to combine the analysis of
adaptive and non-adaptive variation in island and hybrid populations simultaneously.
The importance of studying these populations have well been documented elsewhere
[1,2,7,60,61], since they represent perfect examples of isolation (islands) and mix of
differentiated genomes (hybrid zones). The formation of these populations under
dispersal/translocations was followed by the action of the forces that shaped their
genetic pool, which led in the fixation of adaptive and non-adaptive variation as well.
So, the adaptive variation that was generated and maintained (fixed) in the
populations can be indicative for the populations’ history and local adaptation in the
different habitats. On the other hand, non-adaptive variation that was generated
probably by random mutations in the different populations can give useful insights in
the phylogeography of the species, while the adaptive variations may fail to show a
phylogenetic signal. One example is the MHC DQA locus, which reflects the absence
of the phylogeographic signal: the pairwise Fst values are not following the expected

pattern of the phylogeographic status of the species.
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Adaptive variation - DQA and mitochondrial loci

DQA exon 2

The different challenges each population had to face during the isolation in the
distinct refugia was the selective force that shaped the DQA variation among the
lineages. This is reflected by the diversity in allele distribution in DQA gene between
the Anatolian and European populations; they had to challenge different pathogens in
their refugia, so specific alleles were favored by selection in each population. The
overlap of common alleles between the lineages was found to be absent [28]or limited
(this study). This overlap could also be a result of human-mediated translocations in
the specific islands. However, even in common alleles, the frequencies showed a
significant difference between the lineages. These differences are highlighted also in
pocket variant frequencies, where we calculated significant differences in specific
pocket variants (P1, P6 and P9) but also in combinations of pockets boring in each
allele. Interestingly, the differences are not only observed between lineages but also
among populations belonging to the same lineage (e.g. Pocket 1 variant YHQFWA is
present in Samos and Cyprus, but totally absent from the rest populations, Pocket 6
variants NNTEN and NNTAG are only present in Chios and Cyprus and absent from
the rest populations). The same pattern of differentiation is observed in pocket
combinations: unique combinations are observed in specific populations
(YHQFWA/NNTEN/YNILR, YHQFWA/NNTAG/YGIMR in Cyprus population,
YHQFWA/NNTAN/YNILR in Samos). The important thing behind this finding is
that these combinations are not only unique in specific populations, but are also

absent from their presumably parental population of Anatolia [28]. So, the
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introduction of random mutations may have played a role in the appearance of the
specific alleles and later on they were positively selected in order to be fixed in these
territories. However, positive selection analysis didn’t reveal any PBR residues that
are positively selected, since codon 8 doesn’t contribute to the formation of any
pocket. This codon however is in proximity with a codon forming the pocket 1 (codon
9) and with a codon forming pocket 6 (codon 11). There is a number of studies
concerning positive selection on DQA genes, that failed to find evidence for positive
selection on cotton rat and the European woodmouse [62,63]. Also, a large proportion
of codons under positive selection are positioned very close to PBR codons, as a
consequence of inferring PBR residues of DQ genes from the three-dimensional
structures of DR genes. The absence of positively selected residues in DQ genes may
be a result either of a different assembly of DQ genes from the one inferred or by a
weaker selection pressure in these genes [64]. This hypothesis is also supported by
our finding of 6 codons under negative selection, which may be a result of different
selecting pressures acting on DQ genes. Interestingly, there is a variety of positions
identified in other species to be positively selected (codons 47, 55, 56, 68, 69, 76 and
79 in species from a variety of orders, e.g. Primates (H.sapiens), Rodentia
(M.musculus), Lagomorpha (O. cuniculus), Cetartiodactyla (B. taurus, O. aries),
Carnivora (C.familiaris)). These positions that are recognized in a variety of species
as positively selected are might have functional implication in antigen presenting
process [64]. The remodeling of PBR positions from DQ specific crystal structure
information could shed the light on this phenomenon.

Comparing the values of Hobs and Hexp, we can notice the extremely low values of
Hobs in all populations under study. This results is in contrast with the

overdominance (the heterozygote advantage), which is believed to be one of the
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factors contributing to the high levels of MHC variation. This may be a result of a
failure to amplify the second allele in the PCR reaction, so we get a pattern of
homozygosity in SSCP pattern, or due to selecting only the exon 2 of the gene, where
the samples appear to be homozygous, while they are heterozygous at other exonic
regions. However, repeating the PCR/SSCP method or sub-cloning the PCR products
and further sequencing them, didn’t change the results of the analysis.

Interestingly, Hobs values range from 0 (in Rodos population) to 0.33 in Mytilini
population, with a weighted mean value of 0.18, while the continental populations
from the study of Koutsogiannouli and her colleagues revealed a mean value of Hobs
of 0.31 for the Greek haplogroup, 0.42 for the Central European and 0.42 for the
Anatolian haplogroup. This reflects a signal of the founder effect: small island
populations are created either by translocations (e.g. New Zealand, [20]) or by natural
dispersal through temporal land bridges (e.g. Cyprus, [19,20]) and a small proportion
of the genetic diversity of the parental population is present in the newly formed
island population, leading gradually to homozygosity through inbreeding and through
the action of genetic drift, which is also responsible for the fixation of the newly
found alleles in the island populations, which are totally absent in their parental
populations.

Another example of adaptive variation is the genetic variance of D-Loop
region under study among the different territories. The mitochondrial DNA, once
considered neutral in terms of selection, now it is believed to be under purifying
selection [65]: protein-coding genes are encoding for subunits of the oxidative
phosphorylation. Any mutations leading to impairment of the complexes of the
OXPHOS would lead to reduction of the energy produced, having a big effect on

individual fitness and reproductive success. Also, the control region is harboring
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essential items for mtDNA’s replication and expression. Cooperation of the DLoop
elements with counterparts of the nuclear genome, for example the YDNA polymerase
or transcription factors, is essential for mitochondrial functions and therefore for the
organism’s viability. According to the above, the control region of the mtDNA may
not be under selection per se but it is in high LD with genes under selection, since the
mtDNA is transmitted as a whole, due to the absence of recombination events. Traces
of selection in the species’ mtDNA have beed documented elsewhere [26].

In our populations, there is a clear phylogeographic signal in the D-Loop
region; the European haplotypes are grouped together and separately from the
Anatolian haplotypes in the constructed phylogenetic tree. This could be explained by
two, not mutually exclusive, hypotheses: DLoop is showing an elevated rate of fixing
mutations since it is the only non-coding area of the mitochondrial DNA, making it
more susceptible to mutations (this study, [26]) and is used for evolutionary studies in
many animal species (e.g. Cattle, [66], European brown hare, [20]). There is also
evidence for length variation along with sequence variation in the D-Loop region of
certain species [67,68]. On the other hand, the functional role of the DLoop described
above, could lead to the assumption that this particular region is
coevolving/coadapting with the cooperating nuclear genes, so the most adapted
combination is favored in terms of effective replication and expression of mtDNA
[69,70,71] under specific environmental conditions.

Concluding, the DLoop region is affected by high mutation rate and possibly
by coevolution patterns governing the relations between the two separate genomes,
leading to locally adaptive variants, specific for each lineage of the species.

It is noteworthy that D-Loop variation is not only influenced by the population

localization (mainland, island) but also by the lineage of origin. In this study, we
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detected a higher rate of haplotypes per sample in mainland populations when
compared to island populations (0.76 to 0.24 respectively). However, when taken into
account the data of Stamatis and his colleagues (2009), the mainland populations of
Anatolia exceeded a higher rate compared to mainland populations of Europe (0.48 to
0.21), while the Anatolian islands exceeded also a higher rate compared to the
European islands (0.26 to 0.20) and to the mainland European populations (0.26 to
0.21). These observations are in accordance with the data obtained with mtDNA and
allozyme markers [19,72] and are probably caused by the biogeographic position of
Anatolia, which is characterized by few environmental barriers for gene flow during
the Pleistocene and Holocene epochs for many mammalian species [73,74]. Also, the
density of the sampling could be a factor for the variation, since the samples from the
mainland Anatolian populations are limited compared to the samples from the
mainland European populations (45 vs 751 in this study and Stamatis et al., 2009). A
more extended sampling in the Anatolian populations might have lowered the

intrapopulation differentiation levels.

Non-adaptive variation - Microsatellites

Concerning neutral variation, the study of the six microsatellite loci, resulted
in the expected outcome, if we take into account the phylogeographic status of the
species. Using Evanno’s estimation of the real K of the populations, we calculated the
number of discrete populations to be equal to 3, which corresponds to the distinct
phylogenetic haplotypes of the species. The downstream analysis of the samples
distribution and assignment revealed some discrepancies in particular island samples

(e.g. Rodos, Mytilini), which may be a result of human-mediated translocations.
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However, when we studied variation in the level of mtDNA, these samples showed a
clear signal of belonging to the Anatolian lineage, as was revealed by the
phylogenetic tree constructed by the D-Loop region as well as by the restriction
pattern of the mitochondrial Cytb gene. We believe that these ambiguities are a result
of human-mediated translocations of male individuals; human-mediated because there
is no land bridge connecting the Central Europe to these islands and male individuals,
since the mitochondrial lineage remains of the Anatolian origin.

Tests for HWE revealed some specific population-locus combinations that
deviated from the expected equilibrium. These deviations may be explained by the
homozygote excess, as revealed by the Wright’s Fis values. Furthermore, null or rare
alleles may be responsible for the deviations. According to Hale and her colleagues
[75], there is a need for 25 to 30 samples per population to estimate the allele
frequencies and the heterozygosity range of each population. In our study, this
criterion isn’t met in specific populations with limited sampling, which affects the
estimation of the frequencies which are used in the HWE models. Taken into account
these factors, we decided to keep all six markers for the downstream analysis.

The continental populations showed a higher level of Hobs compared to island
populations (0.55 vs 0.34 respectively), which is a result of the creation of island
populations under the founder effect and the action of genetic drift. Also, it is notable
that in all six loci, island populations appear to have alleles that are absent from the
parental terrestrial populations. Random mutations may be the “creative force” for
these alleles, which remain to the population and establish more easily than the newly
created DQA alleles, because of the selective neutrality of these nuclear loci. Pairwise
comparison of the 3 groups that were formed in our analysis with Structure showed

that the groups that comprised the South-Eastern European samples and the Central
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European samples had the minimum difference (0.11), while the groups South-
Eastern European versus Anatolian and the Central European versus Anatolian
showed an elevated differentiation (0.13 and 0.19 respectively). Samples from the
hybrid zone, despite carrying all the possible mitochondrial haplotypes, are showing
the South-Eastern European pattern as the dominant pattern in their grouping, with
some particular individuals to show an intermediate pattern among the Central
European and the South-Eastern European. Anatolian pattern is almost absent from
the profiling of the samples of the hybrid zone, so we can hypothesize that the hybrids
are not F1 hybrids, where we would expect an intermediate pattern in the samples.
The SE European haplotype is in geographical proximity with the territory, so we can
assume that it is the prevalent one in the specific area through random dispersal of
individuals. Mitochondrial haplotypes of the other two groups may be present through
the maternal lineage for a prolonged period of time, but their correspondent nuclear
loci seem to decrease over time. The decline in their frequency may be a result of
their limited dispersal along with the limited fitness of hybrids carrying an admixture
of different mitochondrial and nuclear counterparts. Furthermore, when performed
sibship analysis, we detected half-sib relationships among individuals carrying
different mitochondrial haplotypes (e.g. Anatolian — SE European or Anatolian —
Central European), meaning that these individuals share the paternal lineage. Thus,
this is another indication that the lineages do not only mix geographically in this
territory but they also reproduce and produce offspring. Considering the fact that the
lineages meet and mate but there is no introgression between them, we can
hypothesize that there is a genetic barrier in the gene flow since there are no
geographical barriers that could halt the translocations. This hypothesis can be

supported also by the finding of our studies [24,26], where we detected that the
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OXPHOS genes, nuclear and mitochondrial, are showing an elevated rate of evolution
between the lineages of the species, that can cause incompatibilities in the adaptation
and the reproduction of the species, when differentiated populations meet and mate in
the case of hybrid zones. This phenomenon has also been observed in other species
when differentiated populations were crossed to study the effect of the OXPHOS
evolution rate in reproductive isolation (e.g. Tigriopus californicus, [76,77],
Drosophila, [78]).

Another possible explanation for this pattern of introgression is the outcome of
the meta-analysis of Petit and Excoffier [79], which concluded that species with male-
biased dispersal, like many mammals (and the species of L.europaeus among them
[80,81] appear to have an introgression biased towards mtDNA. Furthermore,
according to Petit and Excoffier, the organelle genomes (and the respective markers
like CytB, which assigns the samples to the haplogroups) introgress more easily than
the nuclear genomes, because they are less likely to hitchhike with a region under
selection, that could limit the introgression or even prevent it. A more comprehensive
multilocus study of the adaptive variation in the hybrid zone population and in
populations with ambiguities between their mitochondrial and nuclear background
(e.g. Mytilini), using genomics approaches, would give useful insight on the
population composition regarding their current condition and could infer some
conclusions on population history and dynamics, which would be used on future
approaches for the conservation and the management of the local populations, since
the restocking operations is a common practice used worldwide for the species,
especially for hunting purposes. The genomics approach could reveal the levels of

genetic mixture of the lineages in the nuclear level as well, so that we could detect
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incompatibilities between the cooperating genes of the two genomes by detecting

unusual combinations of alleles in specific genes.

Conclusions

Our multilocus phylogeographic analysis of European brown hare populations from
islands allowed to test the effect of the founder effect on these populations in terms of
genetic polymorphism, compared to mainland populations. We showed that island
populations are showing a lower level of genetic polymorphism but the geographic
origin is not the only decisive factor, since the lineage of origin seems to contribute
also in the levels of the genetic polymorphism of the island populations. Concerning
the hybrid population, we confirmed the mtDNA introgression in the hybrid zone
which was not followed by the nuclear DNA introgression of the invasive haplotype
(the Anatolian) and we provided a possible explanation based on previous studies of
the species and in a theory developed by Petit and Excoffier [ref] that concerns
species with male-biased dispersal. According to this theory, the introgression is
biased towards mtDNA. Furthermore, using these results of introgression along with
data from other studies (Stamatis, Kasapidis, Djan) we can conclude that the
Quaternary played a major role in the shaping of the phylogeographic patterns of the
species, by isolating populations in distinct refugia, leading to genome differentiation

and genomic conflicts observed nowadays.

Methods

Sample collection and assignment
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One hundred ninety-two samples (192) were collected during 2000-2016 from
hunting associations. Sampling areas were selected in the way to ensure that the major
haplogroups are represented in the analysis. Sampling areas are shown in fig. 2. DNA
extraction was performed using Invitrogen Kit (Invitrogen, Carlsbad, CA) according
to the manufacturer’s protocol. The samples were assigned to the three different
phylogeographic groups, using the method described in Stamatis et al. [39]: (a) the

south-eastern European; (b) the central European; (c) the Anatolian.

PCR amplification
The primers sets we used for the analysis were: DQAF: 5'-
TCATCAGCTGACCACGTTGG-3' and DQAR: 5'-

GACAGCAGCAGTAGAGTTGG-3' for DQA exon 2 (a 231-bp long amplified
region) [40], LepCyb2L: 5-GAAACTGGCTCCAATAACCC-3' and LepD2H: 5'-
ATTTAAGAGGAACGTGTGGG-3' for the mitochondrial region (a 1200-bp long
amplified region, comprising the partial CytB, the tRNA™ and tRNAP® and the
partial DLoop regions) [41]. DQA samples were screened further for variation by
single strand conformation analysis (SSCP) and sequencing, according to the method
described in Koutsogiannouli et al. [28]. More specifically, 5ul of the PCR product
were mixed with 10ul of loading buffer (95% formamide), denaturated at 99° C for 10
minutes and immediately kept in ice to avoid re-hybridization of the clones. The
samples were loaded in a 10% acrylamide gel and electrophoresed overnight at 220V.
The results were visualized using silver staining and the samples were grouped
according to their electrophoretic profile. Representative samples of each profile were

selected and cloned in a pGEM-T easy vector and transformed into E.coli DH5a
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competent cells. Using this approach, we could obtain both sequences from a
heterozygote profile and a unique sequence from a homozygous profile. After
blue/white screening, a number of clones were selected and grown in order to perform
isolation of the plasmid DNA. The subsequent PCR-SSCP analysis provided all the
alleles in hemizygous condition, so we could perform the sequencing analysis.
Sequences were aligned in Bioedit 7.0 and refined by eye. Along with these data, we

used data from our previous analysis [28] that used the same genomic regiom.

For the microsatellite analysis, we used 6 primer sets (sol08, sol30, sol33, Lsal, Lsa6
and Sat?) [42,43,44]. DNA samples were shipped to BGI China, where the
amplifications and the sequencing reads were performed in an ABI 3730XL. Raw
data were imported to GENEMARKER, exporting the peak figure (FSA files) and site

information sheet (Excel format).

Data analysis

MHC locus

Genotype and allele frequencies for each population as well as genotypic
differentiation between island populations were measured using GenePop 4.6.
Expected and observed heterozygosities and pairwise Fst values among populations
were estimated using the package adegenet which is implemented in R [45,46], using
individual data (genind option in package). Synonymous and non-synonymous
substitutions were detected with MEGA 7. Traces of selection acting in this region
were estimated with Datamonkey gateway [47] under the FEL, REL and SLAC

methods with levels of significance p < 0.05, using the alleles we detected along with
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all the deposited sequences mapping to this region. FEL and SLAC methods are using
Maximum Likelihood approaches to infer nonsynonumous and sunonumous
substitutions rates per base of a given alignment while REL tests for selection
signatures for each branch of the phylogeny instead of testing for specific sites [48].
To estimate pocket differences between the different alleles, a custom script was
written to extract the combinations of partial pockets 1, 6 and 9 encoded by this
particular region. The custom script extracts the specific pocket positions of a given
amino-acid alignment according to Bondinas et al [49] and records unique pocket
variants (pocket 1 variant for each allele etc) and a combination of all three pockets
for each allele of the alignment (pocketl-pocket6-pocket9 for allele 1 etc). The exact
positions of the alignment that correspond to the pocket positions were retrieved from
the study of Koutsogiannouli et al [28]. The frequencies of the combinations per
populations were also measured and compared with the respective frequencies from a

former study on mainland populations of the species [28].

Mitochondrial DNA region

The 1200 bp-long region was further split in the three different parts: the partial CytB
region, the tRNA™ and tRNAP™ region and finally the partial DLoop region by
aligning it to the reference genome (Accession number: AJ421471). The total
numbers of mutations in each of the three sub-divisions of the amplicon were
measured using MEGA 7. We used the BlastClust algorithm to extract the unique
sequences among the samples (100% length coverage plus 100% similarity) and
distributed each sample to the unique haplotypes derived from the program. The total

number of mutations and haplotypes (unique sequences) for each region is presented
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in table 1. Using the unique haplotypes, we constructed a ML tree with bootstrap test
to test for the potent phylogeographic signal of the haplotypes (fig 3). Additionally,
we performed a network analysis, using the program PopART [50] to visualize the

spatial relationships between the unique haplotypes.

Table 3: Total number of mutations and haplotypes per locus

Genomic Region l:lnuuTabt?or:: Number of haplotypes | Geographic grouping
Dloop 79 53 Yes
tRNAs 8 10 No
Cytb 33 23 Partial
DQA exon 2 37 12 No

Microsatellites analysis

Genotype construction for each sample was extracted using GeneScan with default
parameters, using LI1Z 500 as a marker (ThermoFisher Scientific). Homozygous
samples exceeded one peak at a specific size while heterozygous samples showed two
peaks at two different sizes. The sizes of the peaks were estimated by comparing the
samples’ peak distance from the peaks of the LIZ 500 marker, which are of known
sizes (ranging from 35 to 500). In order to round all allele sizes in an equivalent way,
the program tandem was used, which uses an exhaustive search using the power
function (transformed allele size) = a + b x (observed allele size)® while optimizing
parameters a, b and ¢ so that rounding errors are minimal when rounding transformed
allele sizes to integers that fit the expected nucleotide repeat patterns [51]. The first
step in data analysis was checking for Hardy-Weinberg equilibrium across all
population and loci combinations and for linkage disequilibrium for each pair of loci
across all populations. For the purpose, we used the program Genepop 4.6 (available

online at: genepop.curtin.edu.au) [52]. We considered all tests of all loci/locus pairs to
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be part of a single experiment, which produced n*m independent tests of HW (n:
number of populations, m: number of markers of study) and m(m-1)/2 tests of LD.
The p-values of each test were compared to the corrected o for multiple testing using
the sequential Bonferroni correction, according to Holm and Rice [53,54] to check for
departures from HWE or for loci with signs of LD. At some particular combinations
of populations and loci (e.g. Mytilini for the marker Sol08, Chios for the marker
Sol30), the HW test couldn’t be performed (one allele per locus) so we excluded these
from the correction of o. Futhermore, we computed the Wright’s coefficient of

inbreeding (Fis) for every combination of population and loci (F; =

He%;’;obs) [55]. Positive values of Fis are indicative of deficiency in heterozygosity

while negative values are indicative for excess, thus, we could use this information to
explain any deviations from HWE. The specific departures of HWE are shown in
additional table 1 with the corresponding Fis values. Pairwise p-values for the LD
testing are shown in additional table 2.

For the downstream analysis, we used two different approaches: in the first, we
assumed the number of populations to be the number of distinct geographic groups
and we calculated allele frequencies, observed and expected heterozygosity for each
population and each locus using the package adegenet, and the pairwise Fst values for
every locus, using the program MSA 4.05 [56]. In the second approach, we wanted to
avoid the use of the geographic origin of the samples as a distribution criterion for
populations assignment, for two main reasons: first, for samples in proximity, we
can’t assume genetic similarity due to undefined genetic barriers in gene flow (a
phenomenon which is observed in European hare populations in the contact zone) and
second, geographic separation is not always resulting in genetic differentiation [57].

For these reasons, we tried to infer the real number of populations (from now on
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referred as K) using the Structure program [58]. The true number of K is usually
inferred using the maximum value of LnP(D), which stands for the posterior
probability of the data for a given K. However, this method fails to detect the real K,
since the LnP(D) tends to increase slightly for larger Ks until it reaches a plateau. So,
we used the alternative method, plotting the second order of change of L(K) (A(K)) as
described in the study of Evanno and his colleagues [57], using among others
simulated datasets of island populations and contact zones. We ran twenty simulations
for each value of K ranging from two to nine and the mean value of LnP(D) along
with the variance was used for further analysis. The calculations of the A(K) require
multiple steps: calculation of the mean likelihood L(K) over 20 runs for each K,
calculation of the mean difference between successive likelihood values of K, L’(K)=
L(K)-L(K-1), which corresponds to the rate of change for the likelihood function. In a
third step, there is a calculation of the absolute value of the differences between two
successive values ok L’(K), which corresponds to the second order rate of change of
L(K) (L’(K)). Finally, the estimation of AK is the average mean of L”’(K) divided by
the standard deviation of L(K) [57]. By examining the plot K~AK (additional fig.1)
the real K was inferred for our data to be equal to three (K=3). Samples were divided
in three groups using the Q-values, which are automatically produced by structure
runs. Then, we set K=3 in a single structure run with all the details implemented to
plot the distribution of the generated Q-values of each individual. The Q values
represent the cluster membership coefficient, i.e. the probability of the individual to
be a member of a specific genetic cluster.

Additionally, to assess the deeper structure of the hybrid population and infer the
relationships between individuals, we used the program Colony [59], which

implements likelihood methods to infer kinship relationships between individuals
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(halfsib and fullsib, sharing one or both parents respectively) using multilocus
genotype data along with information about species ploidy, mating systems and

genotyping error rates.
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1066 Tables
1067 Table 6: Pairwise Fst values (k=11)
1068
N. Hybrid
Greece Zealand UK Rodos Mytilini | Samos | Anatolia | Chios | Cyprus | Israel Zone
Greece 0.22 0.15 0.17 0.22 0.20 017 | 0.18 | 0.17 | 0.16 | 0.07
N. Zealand 0.22 0.05 0.28 037 | 0.33 037 | 036 | 029 | 038 | 0.22
UK 0.15 0.05 0.23 0.27 0.17 028 | 029 | 023 | 030 | 013
Rodos 0.17 0.28 0.23 0.31 0.40 022 | 023 | 015 | 021 | 0.26
Mytilini 0.22 0.37 0.27 0.31 0.44 0.33 036 | 026 | 035 0.27
Samos 0.20 0.33 0.17 0.40 0.44 031 | 038 | 031 | 038 | 0.14
Anatolia 0.17 0.37 0.28 0.22 0.33 0.31 024 | 016 | 021 | 024
Chios 0.18 0.36 0.29 0.23 0.36 0.38 0.24 021 | 030 | 0.23
Cyprus 0.17 0.29 0.23 0.15 0.26 0.31 0.16 | 0.21 0.07 | 0.20
Israel 0.16 0.38 0.30 0.21 0.35 0.38 021 | 030 | 0.07 0.21
Hg:r:;d 0.07 0.22 0.13 0.26 027 | 014 | 024 | 023 | 020 | 021
1069
1070
1071 Figures titles and legends
1072
1073  Figure 1: The distribution of the species. The discrete lineages (green for the
1074  European, red for the Anatolian) are having a contact zone in North-Eastern Greece
1075 and Bulgaria (blue).
1076
1077  Figure 2: The sampling locations. The coloring is in accordance with the lineage of
1078  the species present in each location.
1079
1080  Figure 3: An ML tree of the unique D-Loop haplotypes.
1081
1082  Figure 4: Network analysis of the D-Loop haplotypes. Coloring is in accordance
1083  with the lineage of origin of the population (green for the European, red for the
1084  Anatolian).
1085
1086  Figure 5: Samples’ assignments to eleven clusters, using the geographic origin of
1087  the samples.
1088
1089  Figure 6: Samples’ assignments to three clusters, using the phylogeographic
1090  origin of the samples.
1091
1092 Additional files
1093
1094  Additional Figure 1: The K-A(K) plot using the Evanno’s approach. The peak of
1095 the plot is for K=3.
1096
1097
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Additional table 1: Deviations from HQE and the respective Fis values
Additional table 2: Pairwise test for LD among marker pairs
Additional table 3: Pocket frequencies per population

Additional table 4: Number of alleles, observed and expected heterozygosities in six
microsatellite markers

Additional table 5: Observed and expected heterozygosities in six microsatellite
markers
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H BloevepynTikr) ocuveLoOPA TWV TPOKAPUWTWY OTNV EUKAPUWTLKN EEALEN

H nAtakn aktvoBoAia gival n mtnyr mou MapEXeL To GUVOAO TN EVEPYELOG YLaL
TO OUVOAO TWV €0WV, PECW TWV TPWTOVIWV LPNANG evépyelag. Ta MPWTOVIA QUTA
oUAAEyovTal amnod Toug YAWPOTAAOTEG TwV GUTWV KL N EVEPYELA XPNOLOTIOLELTAL YLa
T Sldomnacn tou vepol o ofuyovo kol udpoyovo. To uSpPoyOVO OTn CUVEXELD
EVOWMOTWVETOL OTOUG AVOPAKEC yla TO OXNUOTIONO TNG YAUKOING. Méow TtNng
Katavalwong twv ¢utwy, ta {wa mpocAapufdavouv tn YAUKOIn Kol Ta ovnyuéva
LoodUvapa, Ta onoila SLacToUV KAL 0T CUVEXELD T TTPOTOVTA SLACTIOONG ELOEPXOVTOL
oTa pLToXovdpla, Omou TeAKA Tta USpoyova avAayouv To 0fUYOVO TIPOC VEPO, HE
TouTOXpOVN Tapaywyr EVEPYELOG. Omwg €xel avadepBel, T000 oL YAwPOTMAACTEC 000
KOl Ta ULToxovépla mpogpyxovtal and Paktnplakég popdég {wng. Fivetal, Aoutodv,
KOTOVONTO TWC Ol TIPOKAPUWTEG OUVERAANQV Ta MEYLOTA OTN PLOEVEPYNTIKA TWV
EUKOPUWTWY, HECW TNG AVATTTUENG OUUPBLWTIKWY OXECEWV KATA TO TPWTA oTASLA TNG

EUKOPUOYEVEDNG.

H evowpdtwon twv ptoxovdpiwv daivetal va ameAeuBEPwoe TOV EUKAPUWTLKO
TPOYoVo amod TouC PBLoevepynTikoUC TEPLOPLOUOUC OTOUC OMOLOUG UTTOKELVTOL TO
apxoia kol ta Baktipla, EMITPEMNOVTOG TNV EMEKTACN TOU aplOUOU Twv yovidiwv Kot
TNV TOUTOXPOVN AVATTUEN TNG KUTTAPLKNG ToAumAokotntag (Lane & Martin, 2010).
Yrniapyouv evleielc mwg ta Baktrpla EKavayv TV apxr aAAd n mpoomnabela Toug auth
daivetal va eykataleidpBnke cuvtopa. YTAPXOUV MPOKAPUWTIKA Ttapadelypata yla
YPOUULKA Xpwpoowuata (Bentley et al, 2002), yia yevetikd avaocuvduacuo (Maynard
Smith et al, 1993), wtpodvia kat g€ovia (Simon & Zimmerly, 2008), moAumAosLdia
(Mendell et al, 2008), Souéc mapopoleg pe tov mupnva (Lindsay et al, 2008),
EOWTEPLKEG HeUBpaveg (Pinevich, 1997), au&nuévo kuttapko peéyeBog (Schulz &
Jorgensen, 2001), Suvauikd KuttapookeAeto (Vats et al, 2009), napacttiopd (Moran,
2007), evbokuttwon (Lonhienne et al, 2010), akopa kot yia evéooupBiwon (von
Dohlen et al, 2001, Wujek, 1979). Autd mou daivetal va amoucldalel sivat n
TOUTOXPOVN TIOPOUGCLA TTEPLOCOTEPWY TOU EVOC QIO OLUTA TOL XAPAKTNPLOTIKA, YEYOVOG
TIOU OUVOEETAL PE TO KUPLO XOPAKTNPLOTIKO TNG TIPOKOPUWTLKAG €EEALENC: TOl LUKPA

TIPOKOAPUWTIKA yoviSlwpata €MAEyovTaL €vOvTiov TwV UEYOAUTEPWY, AOYW TNG
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Suvatotntog tng ypryopng avilypadnc kal ta mAsovalovta yovidia xavovtal eUKoAa
(Dagan & Martin, 2007, Lynch & Corvey, 2003). To i6lo palvopevo mapatnpeitat Kot
otnVv €€€ALEN TwV evOOOUUPBLWTIKWY YOVISLWHATWY, TO omoio £xeL avadepBel NN wg
«UELWTLKA €EEALEN Y, He anmwAela yoviSiwy Ta omola elte xavovtal eite petapEpovral
OTOV TUPAVA, OTIWG TIEPLYPAdNKE OTNV AVTIOTOLXN EVOTNTA TNG EL0AYWYAG. TUTIKA, N
ouVoALK moootnta tou DNA oto kuttapo dev emnpealetal, oAAG n KATAVOUN TOU
o6nyel o€ pLo yoVISLWHOTLKA QCUPUETPLA, PE EKOTOVTASEC I XIAASEG ptoxovdpLa, va

umnootnpilouv evepyelakd €va TEPACTLO TUPNVLKO yovidiwpa (Gregory, 2005).

H anwAela yovidiwv adevog dev enmnpeadlel to pubud napaywyng ATP, adetépou
oényel og €va evepyelakod kEPSoG, otn peiwaon tng damavng yla mpwteivoouvOeaon.
Exel umoAoylotel mwg pla anwAsta 5% twv yovidiwv amd 100 evéooupuPlwTtika
kUTtapa €€owkovopel 50 Sioekatoppupla popla ATP yua tov eviotr). Adyw NG
g€olkovounong autng, ntav duvatn n epudavion 3000 VEWV YOVISLOKWY OLKOYEVELWY
oTou¢ eukopuwteg (Koonin et al, 2004, Frint-Laylin et al, 2010). Ta ptoxovdpla
napeixav otov feviotry 10-100 xAladeg popég meplocOTePn eVvEPyELa ava yovidlo,
ETUTPEMOVTAG £TOL TNV €EEAIEN KAl TNV EKPPACN OPKETWV EKATOVIASWV XALASwV
YOVISLWV Xwpi¢ ouoLaoTikO evepyelakod KOOTOC yLa Tov EevioTh. EmumAéoy, n StaBgoiun
evépyela emétpee TNV €€EAEN KOl VEWV TPWTEIVIKWY  Slopopdwoswy.
XOpaKTNPLOTIKA, ovadEPETal TwWG Ol €UKAPUWTEG eudavidlouv mévie OpPEG
TIEPLOCOTEPEC TTPWTEIVIKEC SlapopdWOELC O OXEON UE Ta euBaktipla Kal SEka GopEC
o€ oxéon pe ta apyaia (Koonin et al, 2010), evw to pETO PEYEDOG TWV MPWTEIVWV TOUG

elvat mepimou 30% peyaAUTEPO ATIO TO AVILOTOLXO OTOUG TIPOKAPUWTEG.

Ta SwaBéoua evepyelakd amoBépara, Aoutov, emerpedPav tnv avamtuén Tng
KUTTOPLKNC TIOAUTIAOKOTNTOC KAl TNV ELPAVION TWV TTOAUKUTTOPWY OPYOVIOHWY, TTOU
guvonlnkav amnd ta opEAN TOU TOUG TPOCESWOE TO UeyaAUtepo HEyeBOG, OMwE N
QTOTEAECUATIKOTEPN SLOOTIOPA, N EKUETAANEUCN TIEPLOCOTEPWY Kal SLAPOPETIKWV
EVEPYELAKWYV TINYWV, N TIApAywyr TEPLOCOTEPWY QIOYOVWY, N amoduyr Bnpeutwv
kKol @AAa (Bonner, 1988, 1998, Lachmann et al, 2003). Emeldr] OAEG Ol KUTTAPLKEC
Aewtoupyieg amattouv tn damavn evépyelag, n HETABOAKN puBULON avauéveTal va
Sladpapatilel keviplkd podo ota cuyxpova kuttapa (Lazar & Birnbaum, 2012, Wang

et al, 2012). Mo CUYKEKPLUEVA, N AVATTTUEN KOL O KUTTAPLKOC TIOAAQTTAQCLOCUOC
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amaltolVv evEPYELX Kal €€apTWVTOL AUECO OO TN MUETABOALKN KATAOTOON TOU
opyaviopou (Lane, 2011). H petafoALKr KATAOTOON KE TN OELPA TNG e€0PTATAL OO TN
SlaBesopotnta Twv ofeldoavaywylkwy, Ta omoia tpogépyovtal amo to mneptfallov
(Allen, 1993). Me autd TOV TPOMO, N avamtuén Kol O TIOAAATMAACLAOUOC TEALKA

daivetal va puBuifovral anod to nepBaiiov.

ToTukr) mpooapuoyn Kat e€EALEN Tou pitoxovoplakou DNA

“It is not the strongest of the species that survives, nor the most intelligent that survives.

It is the one that is most adaptable to change.”

H ¢dpdon autr, mou cuxva AavBaopéva anodidetal oto AapPivo, avikel otov Leon
Megginson (1963), o ornoiog otnpLlopevog otnv Kataywyn twv Edwyv, dtatunwoe pe
QUTO TOV TPOTO TN onHAcia TNG MPOCAPUOYNG OTNV EMLBIWON TWV OPYAVICUWY OTA

puetaBarlopeva neptBailovra.

JUpudwva pe ta ponyoUlUeva, To MepBArAov daivetal va gival Evag OnUAVTLKOG
PUBULOTAG TNG METOPOALKAG KATAOTAONG TWV OPYyaviouwv. To Beppokpactlakd
nieptBarov pmopel va o6nynoeL o€ Loxupn €MAOYI OE OPYQAVLOUOUG Kol EEEALKTIKEG
QTmoKploEeLg, ol omoleg oxetilovral pe LETOBOALKEG Slepyaoieg TOU EUTTAEKOVTAL OTNV
npooapuoyn (Weathers, 1979, Bozinovic & Rosenmann 1989, Hosken & Whithers,
1997, Rezende et al, 2004, Swanson & Garland, 2009). Ta pttoxovdpla eivat umteuBuva
yla tnv oepoflo avarmvor] omoTe QVAPEVETAL va Talouv onUAVTIKO POAO OTn
Stapopodwon tou petafoAilopol twv opyavicpwy (Ballard & Melvin, 2010). Eniong,
€xel avadepbel mwg Ta ptoxovdpla e€eAixbnkav wote va mpooappolouv to pubuod

Tou OXPHOS ot e181kég meptBaliovTikég ouvOnkeg (Das, 2006).

OL MPOCAPUOYVEG TWV E6WV Ot €va TOAU UeEYAAO €UpoC Oepuokpaclwv €Xouv

QTOTEAECEL TO OQVIIKEIPEVO HEAETNG OE €PEUVEG TOU E€ixav oav otoxo va
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npoodlopioouv TIC al\ayég, Tooo oe eninedo ¢uaololoyiag 600 KkalL ot emimedo
HETABOALOUOU O€ cUVAPTNON UE Tn BeppoKpacia Kal TNV avASELEN TwV GOLVOTUTIKWY
XOPAKTNPLOTIKWY, Ta omola gival oe B€on va mpooappolovtal (Johnston & Benett
1996, Angiletta et al 2006, Angilleta, 2009, White et al, 2012). Emiong, o
POOSLOPLOUOG TWV YEVETIKWV oTtolxelwv Tmou odnyouv oe emBiwon o€
QATOWLKO/TIANBUOLaKO £Ttinedo 1 o€ emninedo eiboug €xel TpaPnéeL nén tnv mpoooxn
NG EMOTNUOVIKNAC Kowotntac. Xuudwva pe pa umdbeon, ta (wKa €i6n
xopaktnpilovial amd pia Bepuikn) avOektikdTnNTa, N omola meplopiletal and T
SlaBeopotnta tou ofuyovou (Oxygen Capacity Limited Thermal Tolerance, OCLTT)
(Federich & Portner, 2000, Portner, 2001, 2002, 2006, 2007). Me Bdon tnv unoBeon
auTn, TOo0 Ta Kpua 600 KoL ta Bepud mepLBaAlovta, mpokaAouv SUCAELTOUPYLEC OTOV
aepOPBLo peTaBOALOUO, €ite AOYW ACcUUPWVLWY OTLG AVAYKEG KOL OTNV TAPOXN TOU

o€uyovou, elte AOyw TEPLOPLOUWV OTN pLTtoxovdplakn Aettoupyia.

H e&éAén twv pitoxovdplokwv yovidiwv ¢aivetal va eivalt BepeAlwdng yla tnv
neplBaArlovtikny pooappoyn (Dowling et al, 2008, Wallace, 2013, Levin et al, 2014,
Moraes et al 2015). H oeldwtikr) dwodopuliwon eival oe BEon va mapayeL T0co
evépyelat 000 Kol Oeppotnta Kal n wooppormia aut) efaptatal amd TNV
anoteAeopatikotnTa TNG culevéng tng ETC pe tnv ouvBdon tou ATP (Wallace, 2005,
Portner, 2004). H .oopporia mou KAlvel Tpog tn ALlyOTEPO ATMOTEAECUATLIKA TTApAYWYH
EVEPYELOG KOl TNV Topaywyn Oepuotntag euvoesital Slaitepa oe  Puxpad
neplBarlovta. Eva tétolo patvopevo napatnpndnke os €idn Papuwv mou dafovv
oe Yuxpotepa evdlatiuato o€ oUykplon We TANBuopoug mou Swaflovv o€
Bepuodtepa neplBarovta (Pereira et al, 2014). Avtibeta, n mapaywyn Bepuotntag
umnopei va eival BAaBepn os Bepuad meptBarlovta, va KaBLoTa avaykaia tTnv EMUTAEoV
npooAnPn tpodng Kal va oxetiletal pe auEnuévo oEeldwTIKO oTpeg Adyw auénuévng
napaywyng ROS (Portner et al 1998, Brand 2000, Somero 2002, Fangue et al 2009,
Stier et al 2014a,b). MoAupopdlopol tou avBpwmivou MtDNA oe yovidia mou
KwdLkomoloLv yia tpwteiveg kat rRNA gpdavicav dtadopeTikd MPATUTTA KATAVOUNG
o€ MANBuoPOUG TNG APKTLKAG, TNG EUKPATNG KAl TG TPoTkn G {wvng (Ruiz-Pesini et al,
2004, Ruiz-Pesini & Wallace, 2006, Mishmar et al, 2003). Mia apiwvofikry aAAayn oto

pLtoxovoplako yovidio COX3 €édwoe TNV kavotnta o€ MANBuopoUGg Tou idoug xnvag
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Anser indicus va MeToUV MAVW amo ta |HaAdila, XPNoLULOTOLWVTOG CUVTOUOTEPOUC
S6poéuoug petavaoteuong (Scott et al,2011,2015). O véog auTOC AmAGTUIOC ETLTPETEL
Tn AElToupyla TOU OpYyOVIOHOU Ot HELWMEVN Slabsolpdtnta ofuyovou os peyala
vpopetpa. Eival yvwoto otL ta ptoxovépla emnpealouv AUESA OTNV TPOCAPHOY Kot
oe TofkA mepLBAAAovTa, OMWG OTNV MEPIMTWON TOU HMOVOKUTTAPOU EUKOPUWTN
Rhodotrula glutinis, o omoloc £€xeL tn duvaToTNTA VA AVATTUCOETAL TTOPOUCL
aloupviou (Tani et al, 2008). Autéc oL peAETeg amoteAoUv mopadelypata pLog
ektetapévng  PBBAloypadiag mou ouvdEeEl TIC AELTOUPYLIKEG OAAAYEC TwV
HLTOXOVOPpLOKWY YOoVISlwv HE TNV KOAUTEPn Tmpocappoyny o€ TEPLBAANOVTIKEC
kataotaoslg (Wallace 2010b,2013, Cheviron & Brumfield, 2011, Wilson et al 2013,
Bernatchez et al 1995, Mishmar et al 2003, Melo-Ferreira et al 2005, Dowling et al
2008, Morales et al 2015). EmutAéov, o umapxov TOAUUOPODLOPOG OTOUG
pLToXovOpLaKoUG armAOTUTIOUG TTAEOV CUVOEETAL UE TNV AVOTTVEUOTLKH AELTOUpYia KOt

Vv appootikotnta (Jurbalija Novicic et al 2015).

Mapopola POTUTIA YEVETLKNA G TTOKIAGTNTAC 0TO Ttinedo Tou mtDNA sudavidovral kat
oto €idog Tou eupwmnaikol Aayou. Katd tn SLdpKela TwV TEAEUTOIWY TIAYETWVIKWY
neplodwv (Late Glacial Maxima, LGM), peyaAa tunpata tng Eupwnng kaAudOnkav
arnd nayo (Frenzel et al, 1992). Ta voTLa Kol VOTLOQVOTOALKA TUAMATA TNG Eupwrng,
TIoU SLEBETAV IO OTEMEG KOl AVOLXTEG SAOLKEG EKTAOELG (Bennett et al, 1991) éywvav
kataduyla yla 1o £idog¢ tou Aayou (Corbet et al, 1986), omwcg pavepwvouv Kot
armoAlbwpata mou mpoépxovral and tov MAswotokevo (Suchentrunk et al, 2003).
Qaivetalr va unnpéav Stddopa kataduyla, mou eudaviotnkav otnv BaAkavikn
xepoovnoo (Kasapidis et al, 2005), ta omoia AOyw TNG Omouciag YEVETIKAG PONG
obnynoav oe yevetiky Sladopomoinon autwv Twv TMANBUCUWV oTo eminedo Tou
mtDNA. H yevetikn Stadopomnoinon twv duo amdoopddwv npocdloplotnKe yLa mpwtn
dopd oto eminmedo OAOKANPOU TOU HITOXOVOPLOKOU YOVISLWHATOG OTnV mapoloa
pueAétn (Giannoulis et al, 2017) kat emBeBawdnkav ta mpotuna ¢uloyewypadiag
and mponyoUUeveg peAEteg (Kasapidis et al, 2004, Stamatis et al, 2009). H
TapadooLoKn Xpron evog HOVO 1 LEPLKWY SELKTWV YLl TNV EKTIMNGCN KAl AMOTIUNGON
NC yevetikng dladopomnoinong daivetal va eyKataAsmeTAL KoL OTO YEYOVOC QUTO

BonBdel kat n paydaia avamtuén Twv TeXVIKwY oAANAoUXNoNG VEQS YEVLAG KOBwWGE Kal
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TWV avaloywv BlomAnpodoplkwyv epyaAeiwy yla TNV avaAucon Tou PeEyAAoU OYKOU TwV

Sedopévwy, Pe TNV MapAaAAnAn peiwon Tou kK6oTtoug aAANAoUXNOoNG avA VOUKAEOTISLO.

H «Slapeplopatonolnon» tng yevetikng dtadopomnoinong — H cupBoAr tou
AELTOUPYLKOU TIEPLOPLOLLOU

H yevetikn Stadopomoinon twv duo amdoopddwyv kupaivetal oe uPnAad enimeda Ko
glval xapaktnpLotikd mwe n xprion tou DNA barcode yovidiou, COX1, spudavilel pia
StamAnBuopakny Sladopomoinon, n omolo EemMepvAEL TIC AVTIOTOLXEG SLOELSLKEG
Sladpopormnoloelg LETOEY CUYKEKPLUEVWY {ELYWV EL8WV TTOU AVAKOUV OTO YEVOG TOU
Lepus. Tétola mpoTUTIA EUPAVIONG YEVETIKNG Sladopormoinong eival oe cupdpwvia pe
T Spaon g emAoyn¢, N omola UMopel va amoTeAECEL ONUAVTLKO Brpa otnv rmibavn
Snuoupyia avamapaywylkwv dpaypwv ou odnyouv otnv ewdoyéveon (Dowling et
al, 2007). H mpooappoyn, Aoutdv, sival plo Bspediwdng Suvaun mou otnpilel
OPKETOUC UNXAVIOUOUG eldOYEVEDNG, TOOO MO LOVN TNG OCO KoL OE CUVEPYAOia LE

AAAEC e€eAkTIKEG Suvapelg (Templeton, 1981, 2008).

Ta yovidia mou kwdwkomowolv yia rRNAs kat tRNAs eudavilovtalr apketd
ouvinpnuéva o olyKplon HE ta yovidla mou kwdikomololv yla mpwrteiveg. Auto
QVTOVOKAQ KoL TN onpacio Twv yoviSiwv autwy otnv £KkPpacn TwV ULTOXOVSPLOKWY
yovidiwyv, mou elval umevBuvn yla TNV mapaywyr Twv unopovadwv tou OXPHOS.
MNapopotla enineda cuvtrpnong epndavidovral kat ota yovidla mou Kwdlkomolouv yLa
urmopovadeg tou oupmAokou IV (COX1-3), ta omoia ouvodelovtal kot amod
ekteTOpéveg evleifelg yla tn dpdon tng apvnTikng emidoyng. Ta U0 auta oToleia
OUUGWVOUV UE TO AELTOUPYLKO TIEPLOPLOUO, TIOU EVOEXETAL Va eMNPEALEL TNV £EEALEN
TWV OUYKEKPLUEVWVY yovidiwy, kabwg kal ta Tpila yovidia eival umevBuva yla tnv
KATOAUTIKN) §pAcn Tou cupAOKou IV, evw oL UTIOAOLTTEG SEKA TTUPNVIKEC UTTOLOVASEC
€xouv pubulotikd poho (Rich, 2017, ewkova 11). Ta pitoxovdplakd yovidia tou
oupmAokou IV ¢avnke va elval ta AlyoteEPO TOAUMOPPLKA OVAUECA OTa
ptoxovdplaka yovidia kat oe aAeg peléteg (Pesole et al 1999, da Fonseca et al 2008),

eneLldn unokewtal otn §pdon g apvnTknG etidoyng (Kerr 2011).
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Ewkova 11: H Soun tou ouuntAokou 1V ota pttoxovépia twv InAaotikwv. Ol TPEIC KATAAUTIKEC
UTTOUOVASEC KWOLKOTOLOUVTAL QTTO TO ULTOXOVOPLAKO yovISIwuUa Kol eupavifovTal UE TPAOLVO
(uropovada 1), uwB (vrmouovada Il) kot unAe (urmouovada Ill). Ot déka umouovadeg mou

kwdLKomoLouvTaL arto Tov nupnva eu@avilovral Ue ykpL xpwua (€ikova aro Rich, 2017).

H €€€AEN twv aAAnAouxwwv daivetal va eaptatal anod TETolou eldoug AeLToupyLKoUg
TLEPLOPLOHOUG, oL omoiotl meplhapBavouv tn dadopikn €kdpacn, TNV MPWTEIVIKA
Stapopdwon, TNV AELTOUPYLKA onuacia Kal tnv EKToon TG €kbpaong Twv yovidiwv
QVAUETA O0TOUG LoToug (Zhang et al, 2015). Mapouota §pacn TNg ApvNTIKAG EMAOYNG
€xel avadepBOel kal oe yovidla tou OXPHOS pe Wblaitepa auvénuévn ékdpaon ot
oUyYKpLON ME TupnVika yovidla oe aAAeg peléteg (Nabholz et al 2013, Zhang &
Broughton 2013).
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E€EALEN ToL pTtoyovdplakol DNA —H emtidpaon Tng BLoevepynTKC OTNV avamopaywyn

Twv eldwv

Ta wokuTTapa TwV ONAACTIKWY TIEPLEXOUV OO PEPLKEG EKATOVTASEC XIALASEG UEXPL
gKatoppupla avtiypada tou mtDNA evw dailvetol va umtapxel Heyain Stakupovon
TO0O HeTafl TwV SLadOoPETIKWY WOKUTTAPWY 000 Kal HeTafl Twv eldwv (Wai et al,
2008, Thundathil et al, 2005, Smith et al, 2005, May-Panloup et al, 2005, Wai et al,
2010). Ta putoxovépla emidexovral SPAOTIKEC aAAAYEC KATA TNV WOYEVEON, TN
yovigoroinon kat tnv epPBpuoviky avamtuén. OuL alhayég tng popdoloyiog
EMNPEAI{OUV TNV TOPAYWYN EVEPYELAG: T ETIUNKUMEVO pLTOoXOVOpla mapdyouv
Teploootepa popla ATP, evw ta odalplkd pitoxovépla dev eival TO00 amodotika
(Yoon, 2005). Ta pttoxovépla oto WOKUTTAPO TwV BNAUKWY aTOHWVY £lval opaLpikad
pe Alyeg povo akpohoodieg (Cummins, 2001), Kal TAPOAUEVOUV HETAYPADLKA KO
BloevepynTtika avevepyd. H avevepyr kataotaon daivetal va eival cuvtnpnuévn
e€eliktika (Allen & de Paula, 2013, de Paula et al, 2013), blaitepa ota avwpLua
KUTTOPQ, TO oTtoila €xouv Hikpr mmapaywyn ATP (Bentov et al, 2011). Auti n avevepyn
kataotaon daivetal va Slatnpel T METAAAAEEL OTO €AdxLOoTO, KABWCG OO0EC
petaAAagelg mpokUPouv untapxel n mBavoTnTa va KAnpovopunBouv 6Touc amoyovoug

(de Paula et al, 2013).

ITO QvVamapPOYWYLKO cUOoTNUO Twv BnAukwv daivetal va umdpxel €va cloTnUO
€TAOYNG, TO omoio analeidel Ta MPWTO-WoKUTTAPA TTOU PEPOUV TLG TtLo emiBAaBeilg
petaAlagelg oto mtDNA (Fan et al, 2008, Stewart et al, 2008). Etol, péow autol Tou
OUOTNHATOG OTEVWIOU, HOVO Ta wapla pe pétpla emiPAofeic n enwdeleig
pHeTaAAAgelg petafiBalovial otnv emopevn yevid. H avakdAun autol Tou
ocuotipatog erthoyng e€nyet ylati ot upnAol e€ehiktikol puBpol dev odnyoulv ta €i6n
oe etadavion, Aoyw tou Muller’'s ratchet. H ékdppaon twv yovibiwv Ttou
pitoxovdplakol DNA oe 6Aa ta KUTTOPA Kal OAQ Ta OoTASLA TNG AvAMTUENG KAVEL
Sduvartn t §paon autol TOU CUCTHUATOG ETILAOYAG, TO OTtolo elval o€ BEon va eAEyEeL
TI¢ emdpAocelC TwV PeTaAAAEewv Kat va araleipel tic o eriPAaBeic. AvtiBeta, ta

yovidla tou muprva mou oxetilovtal pe tnv avamtuén dev ekppdlovtol OTOUG
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YOUETEC, OTOTE Ol YAUETEG Tou dEpouv emiBAaBeic petaAAdgelg o auta Ta yovidla
Sev avayvwpilovtal kat Sev analeidovtal. H emidoyn yla ta yovidia autd pmopel va
6pAoel YETA TN Yyovipomoinaon, aufdvovtag £ToL TO YEVETIKO ¢opTio Kabwg Kal Tnv

gvepyelakn damavn.

Ta onepupatolwapla Twv OnAaotikwv Twv OnAacTikwv TeplExouv amod 50-75
pwtoxovdpla (Ankel-Simmons, 1996), ta onoia epudavifouv ULo GUUTTUKVWHEVN Hopdn)
Kol €va LOLaltepa TIEPLOPLOUEVO OTPWHA, YEYOVOC TIOU ETUTPEMEL TNV HEYOAUTEPN
QTMOTEAECUATIKOTNTA  OTNV  mapaywyrnp evépyelag. O  petafoAlopog  Ttwv
oneppoatolwapiwv OSladépel  Spapatikd peTall Twv edwv, mOavov Adyw
npooapuoywv ota  Sladopetikd  MEPPBANOVTOL  TIOU  CUVOVTWVTOL  OTO
QVATIAPAYWYLIKA Opyova Twv BnAukwv, OL OMOoLEC EMITPEMOUV TNV avamtuén
Sladopomol)cewy oTNV KLVNTLKOTNTA KAL TIG EVEPYELAKEG ATIALTAOELS. Ta pitoxovépla
evtonilovtal OMOKAELOTIKA OTn HEON Twv omneppatolwapiwy, VW OTO HAOTIYLO
evrtonilovral ta éviupa tng YAUKOAUONG (ekova 12). H yAukoAuon kot n ofeldwtikn
dwodopuliwon eival Ta duo KUpLa HETABOALKA LOVOTIATLO TIOU TTAPAYOUV EVEPYELQ
HE TN Mopdn ATP. Apketol epeuvntég umootnpilouv Tmwg n  yAUKOAuon
QVTUTPOOWIEVEL TNV KUPLA TINyN EVEPYELOG yla Ta oneppatolwapta (Turner, 2006,
Narisawa et al, 2002, Nascimento et al, 2008, Miki et al, 2004) evw dAAot otnpilouv
NV onuaocia twv pttoxovéplwv yla tnv aepofla mopaywyr evépyelag Kabwe n
arnodoon tn¢ yYAUKOAUonG os ATP eival blaitepa pikpr (Ruiz-Pesini et al, 1998, Ruiz-
Pesini et al, 2000, Marchetti et al, 2002, Gallon et al, 2006, Nakada et al, 2006,
Ferramosca et al, 2012). Mpaypati, Tt omneppotolwapla eivalt oe Béon va
XPNOLHOTIOL 00UV SLadOPETIKA UTTOOTPWHATA KOL AV Xpnotpomnotjoouv SladopeTika
HOVOTIATIO TIapaywyns evépyelog oe Sladopa otadla tng yovipomoinong Kal o€
Sladopetikeg meptBarlovtikéc ouvOnkeg (Ruiz-Pesini et al, 2007, Storey, 2008).
Eniong, To MPOTIHWUEVO UETOPBOAKO povomaTL daivetal va eival €8IKO yla KABe
Slagpopetikd eidog (Piomboni et al, 2012). Ot duo Sladikacieg dev eival apolBaia
QTOKAELOPEVEC, KABWC Ta omepuatolwapLa XpnoLUOToLoUV KoL T SUO HOVOTATLA YLa

va KAAUPOUV TIG EVEPYELOKEG TOUG QVAYKES (elkova 12).
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Yniapyouv Stadopég avapeoa ota SladopeTikd €i6n mou oxetilovtal pe To Llooluylo
Twv SUO HOVOTATLWY, ETUTPETMOVIAC €TOL VO UTIAPXEL MO TIAOQOTLKOTNTA OTLG
HETAPBOAKEC OTPATNYIKEC YLl VO UMOPECEL va. OAokANpwOel «to tafid» mou Ba
odnynoeL otn yovipomnoinon. Na mopadsiypa, ta oneppatolwdpla Twv avlpwnwy,
TOU XOilpou Kal TOU TMOVTIKOU KAlvouv mpog éva PeTOBOALOUO Tou oTnplletal otn
YAUKOAUON evw Ta omeppatolwapla Twv oaAoywv emidéyouv To OXPHOS (Tourmente
et al 2015, Herebg et al 2011, Rodriguez-Gil & Bonet 2016). Ta onepuatolwapla Tou
Taupou Bplokovtal og éva EVOLAPECO OTASLO PE TNV LKAVOTNTA VA XPNOLUOTIOLOUV Kal
TI§ 6uo bdlepyaocieg pe uPnAn anoteAdeopatikotnta (Losano et al 2017). MBavwg, n
YAUKOAuon otnpilet tnv TaxluTnTa TNG Kivnong AOyw TOU EVIOTIOUOU TWV
YAUKOAUTIKWV €VIUUWV OTO XWPO Tou HaocTtlyiou (duPlessis et al 2015). O cuv-
EVTOTILOMOC TOUG ME tnv Suveivn, mou eival pla ATPAon, €MUTPEMEL TNV ypriyopn
KatavaAwaon tou ATP pe oKomo TNV augnpévn Kivntikotnta. H putoxovdplakn diaxuon
Tou ATP umopel va unv eival oe B€on va koAU eL OAEC TIG TIEPLOXEC TOU HOOTLYiOU

(Mukan & Travis, 2012).
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MeA£teg €xouv TPOTEIVEL WG TA TO Yovipa omeppatolwapla «louv ypryopa Kol
neBaivouv véay, o€ amokplon ota avénuéva enimeda ROS mou mpokaAouvtat and tnv
avénuévn Asttoupylkotnta Twv oneppoatolwapiwv (Gibb et al 2014). Ta
oneppoatolwapla Stabétouv SODs, untepofeldaon tng yAoutabelovng Kal LoopopdEC
™G mepoéLdivng mou evrtomilovtal OTO PECALO TUAMA KOL TMPOOTATEUOUV OO TNV
BAGBN twv ROS (Aitken et al, 2014). Ektog amod ta Suo onueia mapaywyn¢ ROS oto
ETC, umapyxouv Kal GAAEG pUTOXOVOPLOKEG TINYEG Tapaywyng ROS: oL avtidpAoelg
oeldbwtikng amokapPBoluliwong tou Autoikou of€og, oL adudpoyovdaceg Tou
mupootaduALKoU Kot Tou 2-0€oyAoutaplkou, To cUUTAoKO I, kat n ofeldbwavaywyacn
UQ mou petadépel ta nAektpovia amo tn ptoxovdplakny B-ofeidwon (Nicholls &
Ferguson, 2013). Emiong, mnyég ROS umadpxouv Kol €KTOG pitoxovdpiwv, OmMwe yla
napadelypa amno ofeldaoeg tou NADPH tn¢ MAQOUATIKAG LEUBPAVNG, Otwg To NOXS5,

To onolo evrtomiletal ota oneppatolwapla Twv OnAaoctikwy (Aitken et al 1997) .

To o&eldWTIKO OTPEG WIMOPEL va £XEL KOTOOTPEMTIKEG eMIOPACELG oTn Soun Twv
oneppoatolwapiwv kot otn Asttoupyla, odnywvtag oe umepofeidwon Autdiwy,
QMWAELD TNG KLWNTIKOTNTAG, O OQMWAEd TOU MPEUPBPAVIKOU SUVOHIKOU Twv
ptoxovdpiwv kat oe datapaxn tng ETC, ofedwtikry BAABN tou DNA kabwg Kot
EVEPYOTIOINON TWV KAOTIOOWY KOl EMOMEVWY KOL TOU ECWTEPIKOU HOVOTATIOU TNG
anomtwong (Amaral et al 2013, Aitken et al 2016). Ta evdlapeca enineda 0€eldwTIKOU
oTpeC BewpouvTal we pia GUCLOAOYLKH AmOKpLoN KoL eivat amapaitnta yio S1adpopec
AELTOUPYLEC TOU OTMEPUATOC, OMWEG N YOVIUOMOoinon, N KWNTKOTNTA, N AKPOOWLKN
avtibpaon kal n unepevepyonoinon (Baumber et al, 2003,. Amaral et al, 2013, Gibb
et al, 2014). Npoodateg peAéteg oe oneppotolwapla £86sav MwG avénueévn
mapoaywyr ROS oxetileTal KOl LE TA TILO KLVNTLKA KOLL YOVLIO OTtEpaTOlwapLa KoL lval
eVOELKTIKA yla TNV auénuévn evepyotnta Twv ptoxovdpiwv (Gibb et al, 2014, Darr et
al, 2016b, Yeste et al 2015). lvetal cadég Mw To oMepUATOlWAPLO EAPTATAL OO
E0WTEPLKOUG UNXAVIOMOUC YLO VOl EEMEPATEL TO OEELOWTLKO OTPEG KL VO LOOPPOTIHOEL
TV KuTtaplkn PAABN pe TG Kploleg AELTOUPYLEG TTOU €lval amapaitnTteg ylo N

yoviuormnoinon.

Onwg yivetat katavonto, adevog n Letaypadlkn anevepyomnoinon kat adpeTEPou To

oUOTNHA EMAOYHC TWV WOKUTTAPWY TIPOOTATEVOUV T BNAUKA YOUETIKA KUTTOPA OO
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T1§ eTBAaPeig emdpdoelg Twv petaAAagewy Tou pitoxovdplakou DNA. Antd tnv dAAn
TAEUPA, OL QAUENUEVEC EVEPYELOKEG OUMALTACEL KAl N amoucia emloyng ota
oneppoatolwapla dnuioupyolV To GalvOUEVO TIOU £XEL TIEPLYPADEL WC «N KOTAPA TNG
untépacg» (Gemmell et al, 2004). To pawvopevo auto, meplypadnke Katl oto 6o Tou
eupwraikol Aayou (Smith et al, 2010), oe nelpdpaTa EMAEKTIKWY SLOOTAUPWOEWY
HETAEL aTOpwV Tou £depav dladopormolnpuévous ptoxovdplakou amAotumnoug. H
napouoa HeAETN apeixe yla mpwtn dopd Sedopéva yia ta enineda moAvpopdpLlopov
TwV yovidiwv tn¢ yAukoAuong kat tou OXPHOS, mou amoteAouv ta Bacikd HeTaBoALkd
LLOVOTTATLO TWV oTteppaTtolwoapiwy. XTo €i60¢ Tou eupwMAikoy Aayol, Sev £XOUV YiveL
£€PEUVEC TTOU VoL adopoucayv TN KEAETN TNE TTPOTLUNONG TWV LETABOAIKWY LOVOTIATLWV.
Mapola auta, yia mpwtn dopd nmapatnpndnke oto KouvéAL (Oryctolagus cuniculus)
EVEPYOTNTA TNG YAAOKTIKAG adudpoyovaons 0TO OTPWUO TWV HLTOXOVEPLWY Twv
oneppotolwapiwy, n omolot KATAAUEL TNV HETOTPOMN TOU YOAAKTIKOU O€F
nupootaduAlko (Storey & Kayne, 1977) kal n avtibpaon auth evtoniletal povo oto
pLtoxovoplakod HeTtofoAlopnd Twv omepuatolwapiwv (Passarella et al, 2008). To
TIUPOOTADUALKO OTN CUVEXELO EVOWMOTWVETOL 0TOV KUKAO Tou Krebs kat emayel to
OXPHOS (Ferramosca, 2014). H napoucia autou tou ev{ULOU OTO CUYYEVIKO (860G TOU
g€UpWMAikoL Aayol Ba prnopouce va anoteAéceL To epaAtrplo yla tn Stepelivnon tng
6paong tou evlpou Kal oTo £(60¢ Tou AayoU Kal TV amocadrnvion TG CUUUETOXNC
TWV E€MUEPOUC Slepyoolwy OTNV  KAAUPN TWV EVEPYELOKWY OVOYKWV TWV

omneppatolwoapiwy.

TNV mopouoa UEAETN, oL pubuol eudavions Twv KN CUVWVUUWVY (1 AELTOUPYLIKWV)
HETAAAAEEWV TTOU TIPOCGSLOPLOTNKAYV VLA TA YOVISLa TTOU CUMUETEXOUV 0T YAUKOAUGN
elval otaBepd pikpotepol, T0o0 StamAnBbuopilakd (avapeoa ot SUo anAoopddes Tou
Eupwrnaikol AayouU) 600 Kkal SLaEelSIKA 0€ CUYKPLON PE TOUG avtiotolyoug puBuoug
TWV TUPNVIKWYV YoviSiwv tou OXPHOS. To amotéAeopa aUuTO Uopel va €XeL pia SUTAN
avayvwon: amo tn ua, n yAukoAuon sival pa Stadikaoia cuvtnpnuévn, T000 ota
CWMOTLKA KUTTAPA, OTMOoU TOPAyEL TEPIMOU TO 2% TWV OCUVOALKWY EVEPYELOKWVY
anmoBeudTwyY TOU KUTTAPOU, 000 Kal ota omnepparolwapla, omou dalvetal va
OUMPETEXEL EVEPYA OTNV KLWVNTIKOTNTA TwV omneppatolwoapiwv. Me Bdaon aut)

AELTOUPYLKN ONUooia TG, AVaUEVETAL TA yovidla TnG va e§eAiocoovtal apyd Adyw Tou
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AELTOUPYIKOU TIEPLOPLOHOL Ttou avadEPONKe KoL TPONYOUUEVWG. ATtO TNV AAAN, Ta
TUPNVIKA yovidia tou OXPHOS, mapOTL GUUHETEXOUV EMIONG O€ ia Sladikaoia oAU
KOAQL CUVTNPNUEVN KOL GNUOVTLKA yla TNV mapoxn T mAsioPndiag tTng KUTTAPLKNC
eVEpPYelaG, Bplokovtal oe éva SLAPKEG «KUVAYLY UE TOug pubuolg Tou €xouv
aAAnAemibpovta pitoxovdplakad yovidia, ta omoia eéeAicoovtal taxvtepa. H avaykn
yla cuvepyooia Twv SU0 aUTWV OHAdwV yovidiwv yla TNV OUOAN OTIEPUATOYEVEDN
«0dnyei» Toug e€eAIKTIKOUC pUBOUG AUTWYV TwV yoviSiwv o uPnAotepa enimeda ano
Ta avtiotola TnG YAukoAuong. H mpooappoyn Twv pubuwv PeTAAAAENG TwV YoviSiwv

QUTWV £XEL avadepBEL TTPONYOUUEVWE KAl WG CUVEEEALEN TwV SU0 YOVISLWUATWV.

H cupBoAn TG oUVEEEALENC OTNV TTpOOA POV

H npoocappoyn ota neptBaiiovta ival pa dtadikacio moAl otevd cuvSedepévn pe
NV €lboyEveon. ITOUC eukapuwteg, n dlatpnon Twv exwplotwv Sefapevwy
CUUTPOCOPHOOUEVWY YoviSiwv elvatl o Bgpéllog AiBog tng Bewpnong tTwv elbwv
(Coyne & Orr 2004, Price 2007). ZUpdwva e TO CUMBATIKA HOVTEAD TNG ELOOYEVEDNC,
otav ot mMAnBuopot eival amopovwpévol, n dtadopormnoinon ota yoviSltwpata odnyet
OTNV QVOITOPOYWYLKN ATOROVWON EMELST uTtapXeL SLappnén oTa CUUITPOCUPUOCUEVA
cuumAéypata yovidiwy, otav ot SltadopormoLnUéVoL yovOTUTIOL OVOUELYVUOVTAL OTOUG
uBpLSLKOUG amoyovouc (Coyne & Orr 2004, Turelli & Moyle 2007). MéxpL tpoodatwe,
Ol YOVISIWHATIKEC aAANAETOPACEL TIOU NTAV UMELBUVEG ylo TNV epdavion
aoupBatotnTag Kol HELWHUEVNG OPUOOTIKOTNTOG ot UPpidia Bewpolvtav otl
nepAdpupavayv amokAELOTIKA yovidla Tou upAva Kol oL pitoxovdplakol armAotumot
Bewpouvtav oudétepol Seikteg tng Stadopomnoinong (Gerber et al 2001, Dowling et al
2008). H extiunon tNg CUUMPOCOPUOYNAG TWV HLTOXOVOPLAKWY KOl HLTOTIUPNVIKWVY
yoviSiwv kabwg kat n taxvTnta pe tnv onoia epdavilovtal oL acuppatotnteg divouv
HLOL VEQL TIPOOTITIKY) OTNV HMEAETN TWV UNXAVIOUWV €ldoyéveonc. TUpdwva HE TNV
T(POOTITIKA auth, N dtdppnén tng yovidlakng pong kat ot uPnAot e§eAktikol puBuotl
Tou pLtoxovéplakol yoviSlwpatog Ba odnyrnoouv oe ypriyopes Kol arpOPAEMTES
Slapopormoloelg avapeoa otou¢ TMANBuopoUC oTa CUUTPOCApPUOCHEVA yovidla

(Gershoni et al 2009, Chou & Leu 2010). Avutoi oL véoL yovotumol
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CUUMPOCOPHOCUEVWYV YovISiwv Ba eivat mMAéov acUUBATOL LUE TOUG YOVOTUTIOUC EVOC
Sladopomnoinuévou  MANBuopoU  dnuloupywvtag EToL  Eval HETAOULEUKTIKO
QTTOMOVWTLKO HUNXOVLIOUO oTn yovidlakn por), odnywvtag otnv eldoyéveaon (Burton &

Barreto 2012).

Me tnv EAAeln tn¢ yovidlakng porng, oL mAnbuopol Tou iSlou eldoug avapévetal va
e€eAxbolv péow avetaptntwyv «odwvy», Pe Tov KABe MANBUCUO VO CUCCWPEVEL TO
S1KO TOU OET Mpooappoywy ota aAAnAsmdpovta yovidia Twv Suo YoVISIWHATWY, HE
™V epdavion Twv emiBAapwv petaAatswv oto mtDNA kot Tnv avtiotowxn epdavion
Twv aAAnAoudpdwv tou muprva mou Ba amokablotouv TN ducLoAoyikr) Aettoupyia.
To aMOTEAECUA AUTWV TWV «0dwv» Ba £lval WG oL ULITOTIUPNVIKEC AANEAETILOPACELG
Kal n Aettoupyia tou OXPHOS Ba e€ehixbolv mpog £€va BEATIoTo To omoio Ba eival
e€eldlkevévo ylo kKaBe MANBUOUS Kal £TOL Ol UITOTIUPNVLKEG HOVASEG TOU KABE
apxkol TMANBuouoU Ba yivovtal ohoéva kot o acUppateg kabBwg oL MAnBuouol
amokAivouv, cUpdwva Pe To HovTéAo acuppatotntag Twv Ntoumnlavoku-MiAAep yla
ta UBpiSLa (DMIs), pe TNV ptomupnviki povada mAgov va mailel KEVTpko poAo otnv
geudavion avtwy Twv acuppatotitwy (61). AapBdavoviag umtoPn Tov KEVIPLKO POAO
™me ofeldwtikng dwodopuliwong OTNV OPUOCTIKOTNTO TOU OpPYavIopoU, KABe
Slatdpagn Twv cuveSEALYUEVWY CUVOUAOHWY avapEVETAL Va 0dnynoeL o emiBAaBeic
ETUMTWOELG YLl TNV APHOCTIKOTNTA TwV UPBPLSIwv. OL dlatapaxEG auTtéG o€ PAOLKEG
AELTOUPYIEC KOl KUPLWG OTNV €KPPacn TwV QVAITOPAYWYLKWY XOPAKTNPLOTIKWY,
avadeIKVUOUV TOV ONUAVIIKO POAO TWV UITOMUPNVIKWY OAANAemIOpAcEWY OTNV
OPUOOTIKOTNTA KaL TNV TiBavr onUacio aUTWY TWV EMLOTATIKWY aAANAeTdpAcewy
otnV €€€ALEN TNG AVOTTOPAYWYLKA G AMOUOVWONG HETAEY aAAOTIATPLWY TANOUC WY TOU
dlou eidouc (10,43,72). Mehéteg oe €va peydlo aplBud eldwv €xouv deifel mwg oL
ULTOTIUPNVIKEG acupBatotnteg umopel va €xouv emiPAafeic embpaocelg kot va
ouvelodEpouv otn Snuloupyla avamopoaywylkwv ¢paypwyv HeTafy mAnBuouwv
(Burton & Barreto 2012, Gibson et al 2013, Hoekstra et al 2013, Lamelza & Ailion 2017,
Ma et al 2016, Narbonne et al 2012,Sloan et al 2017, Spirek et al 2014). NMavtwg, o€
TIOAU AlyEG MEPUTTWOELG EXEL TIPOOSLOPLOTEL KATIOLO CUYKEKPLUEVO Yoviblo To omoio
guBuvetal yla TG acupBatotntec auteg (Chou et al 2010, Lee et al 2008, Meiklejohn

et al 2013, Singh & Brown 1991, Spirek et al 2014).
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210 €160¢ Tou gupwmaikoL Aayou, TETola pavoOpeEVA SLOKOTIAG TNG YOVIOLAKAG PONG
daivetal va mpoékuav EMAVEIANUUEVA KOTA TIG TEAEUTALEG TTAYETWVLKEG TTEPLOSOUC,
He Ta Stakplta kataduyla va epdavifouv pla yewypadLkr KOTOVOUN, EVOELKTIKA TNG
vewypadIkng amopovwong tTwv mAnbuouwv (Stamatis et al, 2009). H 6pdon g
VEVETIKNG TIAPEKKALONG KAl TNG MPOCAPHOOCTIKNG €mAoyng odnynoe avamodeukta
oTnV yevetikn Stadopormnoinon Twv mAnBuopwy autwv. Elval xopaktnpLoTiko mwe, He
Baon ta poplokd Sedopéva Kal Tn XpOVoOAOynaon HLE tn Xprion tou putoxovdplakol
yovidiou Cytb, ol 600 yevealoyieg Tou eidoug daivetal va dtaxwplotnkav mepimou
850 xtAladeg xpovia mpv. H meplodog autr), yvwoth PeE TNV ovopacia Quaternary,
QVAKEL OTn HEYAAN yewAoylk mepiodo tou MMAELOTOKEVOU E€ilval yvwoTn yla ta
enavalappavopeva yeyovota €udAaviong MOYETWVWY. XapoKTNPLOTIKA avadEpeTal
TIWG £XOUV avayvwpLlotel Touddyxlotov 11 kUpLeg mayeTwvikeG tepiodol (Richmond &
Fulerton, 1986). OL kUpLleC eMIOPACELC TWV TIOYETWVIKWVY TIEPLOSwV adopoloav o€
SLaBpwon twv edadwyv, o€ avakaATAVOUN TWV UAIKWY KOTA UAKOG TWV NTELPWYV, OE
aMayn ota enineda Twv Bahacowv, o MANUUUPEG Kol acuvBLoToug avépoug. Ot
eMIOPACEL aUTEC «emavaoxedblaocav» Tto TePBAMOV TwWV EVSLOLTNUATWY, OMOTE
enidpaoav KoL OTLG avTioTolXeG BLOAOYLIKEG OVTOTNTEG. H TPOoapUOOTIKA ETAOYH TWV
mAnBuopwv ota kataduylwa Sev avravakAatal BERaia poévo oto emimedo TG
HLTOXOVOPLOKAG TOLKIAOTNTAG. Eva Xapaktnplotiko mapadsypa Stadopomnoinong
AOYW MPOCAPUOCTLKN EMAOYNC OIOTEAOUV KoL TO yoviSla Tou Yel{ovog OUUMAEYLOTOC
lotoouppatotntag, Ta omoiot €lval umevBuva ylo TNV  AVOCOOTOKPLON TOU
opyavIopoU. ITnV napoloa HEAETN, KaBwe Kat otn peAétn Twv Koutsogiannouli kot
Twv ouvepyatwyv tng (2009), mpoodlopiotnke pia cadng dadoponoinon twv dvo
yevealoylwv oto emninmedo tou yovidiou DQA, mou amnoteAel éva yovidlo tng ta&ng I
Tou MHC. A£LoONUELWTO €lvalL TO YEYOVOC TTWC OL KUPLOL NTMEPWTLKOL MAnBuapol ou
peAetrOnkav amo toug Koutsogiannouli kat toug cuvepydteg Tng (Toupkia kat lopanA
Tou taglvopouvtatl otnv AvatoAlkr yeveaioyia, mAnBuaopol Eupwmnaikwy xwpwv 1mou
talvopouvrtal otnv Eupwnaikr yevealoyia) dev epdavilouv kowva aAAnAopopda oto
g€ovio Il Tou yovidiou DQA (elkéva 13), To omoio CUPUETEXEL oTn Slapopdwoaon tng al
TEPLOXNG, TOU oxetiletal pe TNV  TPoOcdeon Tou  avilydvou KoL TNV
avtlyovomapouaciaon: ol mAnBuaopot avantiooovtal o€ dladopeTikd meplBaiiovra,

£XOVTOG VO QVTLUETWTTIooUV SladopeTikd maboyova, EMoOPEVWE N Spaacn TNG EMAOYNC
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euvoel TNV emkpdtnon Sadopetikwyv  aAnAopdpdwv  ota  yovidia NG
QVOOOAIOKPLONG. TNV apoloa HEAETN, N eUdAvion Kowwv aAAnAopopdwy otoug
VNOLWWTIKOUC TTANBuopoUC pe dadopetikr) duloyewypadikr) TTPOEAEUCN UMOPEL va
armoteAel eite amotéAeopa ouykAivouooag €€EAMENG (N QVTLLMETWION KOWWV
naBoyovwy odnyel oe emnikpdtnon tTwv dwwv aAAnAoupdpdwv), eite upmopel va
odeiletal oe avBpwmoyevei¢ mapepPaocelc. Idlaitepa og vnold mou oTepoLVIAV
dUOLKWV OUVOECEWV HE TNV NMELPO, Ol OvOpwIoyevel( HETAPOPEG ATOUWV
Stapopodwoay katl ta eninmeda tng yeveTikng Sltadopomoinong kabwg KAl TnG YEVETIKAG
doung twv mAnBuopwv avtwv (Shuckentrunk et al, 2003). Emopévwg, n epdavion twv
oAANAOUOPD WY AUTWV UTopEel va unv oxetiletal pe tn 6pAcn TNG MPOCAPHOOTIKNC

ETUAOYNAG.

Ewkova 13: H katavoun twv aAAnAoudppwyv tou géoviou 2 tou yovidiou DQA. (ano Koutsogiannouli

et al, 2009)

AMa: nAnSuouoi tnc avatodikrc yevealdoyliag, SEEa,CEUa: nAnSuouol tn¢ eupwraikr¢ yeveadoyiag,
OVERa: mAnSuouol tnc uBpibiaknc {wvng

H mpoooapuootikn emthoyr, Sopopdpwvovtag onwe avadépdnke ta emimeda tng
ptoxovdplakng yevetikng OSiadopomoinong, «Snuolpynoce» TNV  avaykn yla

TIPOCAPUOYH KAl TWV TUPNVIKWVY yovidiwv mou aAAnAemidpolv pe Ta aviiotolxa
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pitoxovdplaka yovidia. Etal, ta mupnvika yovidia tou OXPHOS, mou cuUETEXOUV OoTa
cupmAoka LIILIV kau IV, avapévetal va gpdavioouv kat upnAotepoug eEEALKTIKOUG
puBuOoUG. Mpaypatt, n xprHon Twv Se60UEVWY OE YOVISLWHATIKO emiBeBaiwoe auth
Bewpla, 1000 oe SLamAnBuoutlakd 600 kot o€ Slasldiko emnimedo. Itn peAétn Twv duo
YEVEQAOYLWV TOU EUPWTIAIKOU Aayou, oL AELTOUPYLKEG (N CUVWVULEC) UETAANGEELG
TWV UPNVLKWV yovidiwv Tou OXPHOS spdavicav cuxvotnta 1,20/100 voukAsotidia,
Twv ptoxovéplakwy yovidiwv tou OXPHOS 1,40/100 voukAsotidla evw TNG
YAuKOAuonG kat Tou kUKAou tou Krebs 0,34 kat 0,45 avtiotolya. X mapopoLla XapunAa
enineda kupaivovtal kot ot UeEToAAGéslc Tou ocupmAokou || tou OXPHOS mou
Kw&LKOoTOoLE(Tal AMOKAELOTIKA amo mupnvikad yovidia (0,25/100 voukAsotibia). 3e
YOVISLWHATIKY avdAucon HE T XpNnon Twv ewWwv tou Aayol, TOU KOUVEALOU
(Oryctolagus cuniculus), Tou Aayou twv Bouvwy (Lepus timidus) kat tou American pika
(Ochotona princeps) yla ta onoia untdpyouv StaBEaiua yoviSlwpatika Sedopéva amo
aAAnAouxnon yoviblwpatog (Whole Genome Sequencing,WGS) eite amno
aAnAovUxnon petaypadwpuato¢ (RNA  Sequencing), mpoékuljav mopouoLla
armoteAéopata. Me Tn OUYKPLTIK OvAOAUCNH KOl TwWV TECOAPWV EBWv, TA
pLtoxovéplakd yovidia gpddvicav tputddcioug pubpols epudavions AELTOUPYLKWY
HETAANGEEWV O€ OXEoN e Ta mupnVika yovidia tou OXPHOS, evw ot puBpuol o oxéon
He TN YAUKOAUGON Kal Tov KUKAO Tou Krebs ntav e€amAaaciot. Afilel va avadepBel mwg
T anoteAéopata autd daivetal va emnpedlovtol Kol amd TG KAKAG moldTnTog
aAAnAouxieg kal oo to Kako annotation tou petaypadwpatog tou eildoug American
pika. Apatpwvrtag To £(60¢ aUTO amod TRV AVAAUGCH KAl TTPAYLLATOTIOLWVTOG TOUG (5Lloug
UTIOAOYLOMOUG, Ol OXETKOolL puBpol twv ptoxovéplakwy yovidiwv epdaviotnkov
€vteka kal Sekatpeic opég peyalutepol armo tn YAUKOAUGN Kal Tov KUKAO tou Krebs,
EVW OE OXEON HE TO TUPNVIKA yovidia tou OXPHOS ¢davnke va sival TputAdctot.
Juumepaopatika, n dtagpopormnoinon tou pitoxovdplakou DNA daivetal va eival n
«KwnTRpLla SUvaun» yla tnv €EEALIKTIKA TTOPELA TWV TIUPNVIKWV Yovidiwv tou OXPHOS
(Moontooth et al, 2010), evw ta yovidia tng yAUKOAUGNG Kal Tou KUKAou tou Krebs
daivetal va eivol apkeTd cuvtnpnUéva, KUpiwg Adyw AELTOUPYIKWV TTEPLOPLOUWY. H
otevy oUVeEEALEN Twv yovISLWHATWY CUMUPBAMAEL otnv oOfuvon TNG AELTOUPYLIKNG
acupBatotnTag HeTal yevetika Sladopomolnpuévwy umoBabpwv. Autr eival Kol n

aroyn tou Gershoni kal Twv cuvepyatwv Tou (2009) ou Bewpouv OTL N cuVEEENLEN
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Kal oL acupBatdtnteg mou dnuloupyel umopel va odnynoouv o eldoyéveon.

YuveeALEn yovidilwy kal Bloevepyntikn: Metwvtac PnAd r (wvtag ev

Me Bdaon ta 6ca avadepOnkav, HUMOPOUHE VA CUUMEPAVOUUE OTL N
HLTOTIUPNVLIKN Hovada ivatl pia e€eAKTIKN povada kat n dtadikacia tng ouveEEALENG
¢ povadag autng eivat mbavo va emdpd oto eEEAKTIKO SUVOLKO TwV TANBUCHWV.
JUudwva e auTr TN Bewpnaon, CUYKEKPLUEVOL ULTOXOVO PLOKOL ATAGTUTIOL VA LEVETOL
va €xouv koA amodoon Otav ouvduaoTOUV HE GCUYKEKPLUEVOUG TIUPNVLKOUG
yovotumoug, aAAd va €xouv TOAU xapnAn amodoon oe ocuvluaopo e AAloug,
nailovtag £1ol Backo poAo cav puBULOTEC TNEG TPOCAPUOYNG. AUTEG OL ETILOTATIKEC
OAANAETUOPACEL] METAED TWV HUITOXOVOPLAKWY KOl TIUPNVIKWY YEVETIKWV TOTWV
Slapopdwvouv TNV MPOCAPHUOYN TWV OPYAVICUWY KaL TN YEVETIKI TOU OPXLTEKTOVIKNA
oUudwva Pe TNV €EEAIKTIKN TPOXLA TwV MANBUCoHWY Kal Twv eldwv. ETal, Ta mupnvika
Kall Tt ptoxoveplakd aAAnAopopda Twv cUUTTAOKWY autwv Sev €lval otolxela ou
avapévetal va alalouv ehelBepa, ala OSpouv cav pia eviaia, uvPnia
TIPOCAPUOOHEVN AELTOUPYLKA Hovada. H amoteAsopatiky AElToupyila TNG AVATIVONG
efaptaral o éva peyaio Babuod amo 1o KaAo “taiplacua” Twv aAAnAouopdwv auvtwy,
HE TOUG AlYOTEPO TALPLAOTOUG oOuvduaOoUoUG va odnyolv oe pelwon NG
OPUOOTIKOTNTOC, EMELON OAQ TOL XAPAKTNPLOTIKA TNG ApHOoTIKOTNTAS Bacilovtal otn
ptoxovdplakn Asttoupyia (Lane, 2011). Na va emnutevxbel n BéATiotn avarmnvon, ta
NAEKTPOVLA TIPETEL va peTadepBoUV KaTd UAKOG TNG AVATVEUOTIKAG aAuoidag xwplg
npoPBAnuarta, kol kabe avtiotaon o auth T pon Ba mpénel va anaAsidpetal. Autd
onuaivel mw¢ KABe HUIKPH AcUUBOTOTNTA OTIC ULTOTUPNVIKEC aAAnAsmdpdoelg Ba
TPEMEL va 0dnyel og amomntwon, «Buoldlovtac» £ToL akOUa Kal EUBpua HE HLIKPN
armokAlon amd tn BeAtiotn amodoon. Auth n anwAswo Ba £xel vonua €Aav ot
EVEPYELOKEG aQmaltioelG €ival uPnAég, OMwG yla TMAPASELYHA TO TETAYUA OTLC
vuxtepideg Kal ota TOUALd, To omoio poUmoBETelL ypriyopn NAEKTpOVIAKN por, Kol
£€T0L N AQUOTNPN EMAOYN YLO TOL LLTOTIUPNVIKA CUMITAOKA Ba elval emkepSNE MapaA To
uPnAd kbéoToC €mAOYNGC. ATO TNV GAAN Hepld, o Iwo HE XAUNAEC EVEPYELAKEG
QmalTnoelg, ONMwE oL apoupaiol, AVAUEVETAL va UTAPXEL HEYQAUTEPN avoxn O€

Slappor) ROS katd tnv guPpuikn avamtuén. Etol, Ba pmopoloape va TIOUPE TTWG
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UTIAPXEL Eva “amomtwtikd KatwdAl” eldlkd yla kabe €idog. Autd to KatwoAl Ba
umopouoe va xpnolwdomolnBel yia va mpoBAedpBolvV XOPOKTNPELOTIKA OMwWE N
OPUOOTIKOTNTA, N YOVIUOTNTA, N Stdpkela {wn¢ Kabwe kal aoBEveleg mou oxetilovtal
he TN ynpavon. MNa mapddelypa, €Aav UTIAPXEL OVAYKN Yla APLOTN CUVEPYACia TWV
ULTOTIUPNVIKWV CUUMAOKWYV, TOTE OL OpyavIoUoL e acupBatotnteg va analeidovrat
Kata tn Stapkela tng avamtuénc Aoyw Stappor ¢ ROS. Eav oAa ta €uPpua pe Stappon
ROS obényouvtal oe Bavarto, TOTe HOVO PEPLKA EUPpua avapéveTal va emilrioouy, Ta
orota Ba €xouv Kal tn xapunAotepn dtappon ROS. Me Bdon auto, n yoviuotnTa Kal n
Slappon twv ROS avapévetal va epdavilouv pla cuoxetion ota £idn. Ta €idn twv
MITNVWV KoL TWV VUXTEPLOwv €xouv xaunAn Siappory oe ROS omote kat xopnAn
YOVLUOTNTA, UKPOTEPO aplOUO VEOYVWVY avd yévva, VW OTOUG OPOUPALOUG PE TN
peyaAn Siappon ROS, €xoupe augnuévn yoviROTNTA Kol aplBpo VEOYVWY avd yévva.
JUudwva Pe To PoVTEAD auTo, n mapaywyn ROS sival kpiowo otolxeio yia tn dpaon
NG €mAoynG, Kal Pmopel va amoteAel Kal MAEOVEKTNUA Kal va ETIAEYETOL BETIKA,
omnote 6¢ Oa mpénel va Bswpeital anAd pia aventBupunTn mopevEPYELA TNG OVATIVONC.
H onUOvTIKOTEPN CUVENELA AUTOU TOU YEYOVOTOG £(val Kal N cUVOEON TNE TAPOYWYNG
ROS pe tn Sudpkela Lwng twv edwv (Barja, 2007). Ta meplotépla Kal oL apoupaiot
€XOUV TOPOUOLO PEYEDOC CWUATOG KOl TTAPOUOLO HETABOALKO pUBUO OE KATAOTAON
npeplag, oAA@ n mapaywyrnn ROS ota meplotépla eival moAU xapnAotepn kot {ouv
nepinou 10 popég neplooodtepo. Emiong, To amontwtiko KatwdAl mou dpa o kaBe
YEVLA Umopel va emnpedlel kal Tn yRpavon kol tnv gvawcdnoia oe acbéveles. To
TIPOPBANUA TIPOKUTITEL QO TO YEYOVOG OTL oL petaAlaelg oto mtDNA eudavilovral pe
TO MEPOOUO TOU XPOVOU Kal N pitoxovdplakn etepomAacpia ival moAv cuvnOng os
YNPAOUEVOUG LOTOUC KoL O€ TIOAAOUG KapklikoUG Lotou¢ (He et al, 2010). H
£TEPOMAQCHIO EVIOXUEL TNV acupPatotnta, odnywvtac os avénuévn mbavotnta
QMOMTWONG, TOU Umopel va odnynoet kal oe anwAela otwv. Ot LoTol Tou €xouv
unAn petaBolAikn evepyodtnta, OMWG O €yKEPAAOG Kal OL MUEG, QVOUEVETOL va
eudavicouv onuavtika mpoAnpaTa OTaV MEPACOUV QUTO TO OMOTMTWTIKO KATWOAL,
obnywvtag otnv eudavion ekPuAlotikwy ooBevelwv. Mapola outd, HEPLKA
ynpaopéva KUTtapa pmopel va dtaduyouv amd authi TNV AMOMTWTLK TOUuG poipa,
TIAPAYOVTAG EVEPYELX HEOW TNG YAUKOAuong, eudavilovtag €tol uPpnAa enineda

o€eldwtlkol OTPeC. To yeyovoC aUTO 0Onyel Ot EMIYEVETIKEG OANAYEC KAl OTNV
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ékdppaon mpodAeypovwdwv mapayoviwv (Wallace, 2010) mou oxetilovtatl e
KOATAOTACELS XPOVLIOG PAEYUOVAG OTWG 0 SLaBTng Kal o Kapkivog (Green et al, 2011).
Me Bdon to mapandvw, N UITOTUPNVLKA TIPOCAPLOYr UMopEl va EnyroeL Tn ox€on
QVALEVO OTNV OPUOCTIKOTNTA, TNV SLAPKELD {WNE KAL TN YOVLUOTNTA TWV ELOWV UE €va

QTTAG KUTTAPLKO UNXOVLOUO, OTtwG N mapaywyn ROS.

AUTO TO evepYELaKO KatwdAL paivetal va Bplokel edappoyr KoL OTOV EVPWTALKO Aayo
KOl TILO OUYKEKPLUEVA OTOV TPOTO {EUYyOpWHATOC: OTav To BNAUKO ATopo €lval o€
neplodo avamapaywyng, apxilet va dlaoyilel tpéxovtag otnv UMalBpo, EekvwvTag
£€va KUVAYL LE TO APOEVIKA atopa. To KUVAYL auTo, Aettoupyel oav pia Sokipaoia ya
TNV aVToX TWV APOEVIKWVY ATOUWYV TIou akoAouBoulv. Otav mopapeivel TEAKA LOVO
€va apOEVIKO, TO ONAUKO OTOUATAEL KAl Tou emLtpenel To Levydpwpa (Holly, 2001).
Onwg yivetal €UKOAA KATOVONTO, N QMOTEAECUOTIKOTNTA TNG oULIELENG KAl TNG
TLOPOYWYNC EVEPYELAC OTA APOEVIKA ATOUO AVAUEVETAL VO EXEL LEYAAN Tt pacn Kal
otnv mBavotnta mou €xouv va avarnapaxbouv: atopa He acupBatdtnieg ota
ptorupnvikd  yovidla  epdavilouv  pewwpévn  avamopoaywyn ATP, au&nuévn
napaywyr) ROS omote pewwvovtal alodntda ot mbavotnTteg avamopaywyng Toug
ocUpdwva Pe autd To povieho. Me autd Tov TPOTo, N EMAOYA €EVOG CUVTPODOU TIOU
umopel va mapéxel éva ouvolo N-mt yovidiwv mou eivat cupPoatd pe Ta
ptoxovdplaka yovidia waote va mopaxbolv amoyovol ANPWE AELTOUPYLKOL, lval n
Kwntnpla Suvapun ywo tnv €€EAEN TNG emAoyng Twv OnAuKwv atopwv yla
OUYKEKPLUEVO KOOUNTLKA Xopaktnplotika ota {wa (Hill & Johnson, 2013). ZUpudwva
HE auTr tnv Unobeon, n MPOCUIEUTIKA ETIAOYN YLl TO. KOOUNTIKA XOPOKTNPLOTIKA
TLPOKUTITEL QIO TNV AVAYKN yla StoAoyr Twv yoviSlakwy SeEAUEVWV TIOU TIEPLEXOUV
oupPBata yovidia N-mt Kkal pLtoxovdplakd, Kal €TI0l TO XOPOKTNPLOTIKA auTtd
AElToupyoUV WG OVOYVWPLOTIKA OTOLEla Ta omola oploBeTolv T CUMPATEG
6efapevéc. H umoBeon authy emiPePfalwvetol Kal amo TO YeEYOVOG TWC TA
XOPAKTNPLOTIKA auTtd ota {wa daivetal va €xouv UKPN TolkAopopdila eVviog Twy
eldbwv evw epdavilouv PeyAAeC Kal TOCOTIKEC Oladopeég avdapeoa ota €idn
(Dalrymple et al, 2015). Emopévwc, n ekTipnon tng pitoxovdplakng Asttoupylog ivat
éva onueio kAeldl otnv ektipnon tNg mOWOTNTAG TWV ATOPWV €MEWSN N

QTOTEAECUATIKOTNTA TNG avarmvong €ival éva Baciko otolxelo tng andodoong evog
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atopou (Gershoni et al, 2009). H xapunAn anoddoon tng KUTTOPLKAG OVATIVONG UTTopEl
va odpelAETAL OTO YOVOTUTIO (TOOO OTA HULTOXOVSPLAKA OG0 KoL 0T TTUPNVLIKA yovidia),
oto neplBAarlov f Kol oto cuvUACHUO TOU YyovOTUTIoU HE To eptBaliov (Innocenti et

al, 2011, Frank & Hurst, 1996).

BloevepynTtikn kat eldoyéveon: H cupBolr twv uBptdiwv 0TouG avamapaywyLlkoug

dpaypoug

MpLv amo PePLKEG OEKAETIEC, Elxe MpoTaBEel MWCE Ol LETAGUTEUKTLKOL OMOUOVWTLKOL
punxaviopot mou odeidovtat otnv acupBatotnta uPpldiwv mpokUTTOUV ATo
ETUOTATIKEG aAAnAeTudpacewv aAAnAloudpdwv mou €xouv SladopomolnBel Adyw
HETAAAAEEWVY Kal UTIOKEWVTAL otn dpdcn tng emloyng péoa ota €6n 1 oToug
nAnBuopoug (Wolff & Gemmell, 2013, Lane, 2011, Arnqvist et al, 2010). OL iBavol
pUnxaviopol mou epmAékovtal otnv Sladkaoia Tng elboyéveonc TPEMEL va GEPOUV

TPLOL CNUOVTLIKA XOPOKTNPLOTLKA:

1. Na epmAékovtal oOtTnv  avamapaywy Kkat otn  OSnuoupyia  Ttwv
QVaTIAPAYWYLKWV GpayUwV

2. Na eival otevd cuvdedepEVOL LE NXOVLIOUOUG TIPOCAPUOYAG

3. Na eival onpavtikol ya T BLwoludTnTa TOU 0pyavVIoHOoU
‘EvOiG TETOLOG UNXAVIOUOC dailveTaL VO ElvolL AUTOC TNG LToXoVEpLAKAG BLOEVEPYNTLKAG,
0 ormoiog, onw¢ avadépbnke kal ota mponyolueva KebdAata, KaBwg amoteAel
KEVIPLKO LNXOVLIOMO yla T Statripnon tng {wng, oTnV YAUETOYEVEDT, TNV YOVLUOTNTA,
™G avamntuén tTwv euPfplwv KaBwG Kal ylo TNV MPOCAPHOYN Kol Tn pubuion Twv
EVEPYELOKWYV OTOLTACEWV TWV LOTWV. H OTEVI) CUUMPOCOPUOYH TWV HLTOTIUPNVIKWV
yovibiwv miBavwg mailel onuavtikd polo otn Snuloupyla TwV aVATTOPOYWYLKWY
dpaypwv. e avtiBeon HE TIC TEPLOCOTEPEC TPWTIEIVIKEG AAANAETLOPACELS, Ol
HLTOTIUPNVIKEG AAANAETILOPACELG SLATNPOUV LA LOVASLIKE) AELTOUPYLKI KOl PUOULOTIKN
aAnAenidpaon yovidiwv mou petadpalovial 0To KUTTAPOTAACoUA UE yovidla Tou
puBuilovtal o€ £€va  TIPOKAPUWTIKO TepBAarAov. Ou oaoupBatdtnteg oOTIC

OAANAETUOPAOELS QUTEC, OMWC TPOPAEMETAL ATIO TO MOVIEAO QCUMPBATOTATWY TWV
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Dobzhansky-Muller, eumAékovtal oe UBPLSLOKN KATATITWON KOL O€ UETOOUIEUKTLIKN
OTELPOTNTA OTIWG €XEL avadepOel o apkeTA Mapadeiypata mapaywyng uppLdiwy, eite
oe puolkol¢ MANBuopoUC elbwy, TOGO evSOELSIKA 000 Kol Slasldikd, 000 Kol OE
KOTOOKEUQOUEVEC UPBPLOIKEC KUTTOPLKEG OeElpéC, Tou Edepav  SladopeTIKOUG
ouvduaopoUg pLtoxovoplakwy Kol Tupnvikwy yovidtwpatwy. OL AdyolL Tou
gudaviletal autn N «yeVeTKn mpodldbeon» Twv yovidiwv oUTWV va cUVELGHEPOUV
otnv €ldoyéveon. MePAOUBAVOUV TN GUXVH CUVEEEALEN TWV YOVISIWUATWY QUTWVY,
ouumepAAUPBAVOUEVWY  KOL TWV  SLOYOVISIWUATIKWY  CUUTTPOCAPUOYWY  OE
Sladkaoleg omwce n avarnvor) kot N pwrtoouvOeon (Rand et al 2004). Ta yoviSuiwpata
TWV opyaviSiwv €xouv HELWUEVO SpaoTikod péEyeBog Kal anouoio avavaouvouacouou
(Birky 2001). Ta xapaktnploTikd autd aufdvouv Ttn O6pdcn NG TAPEKKALONG,
odnywvtag otnv nbavr) cuoowpeuon emPBAaBwy peTaAdfewv Kol otnv emthoyn
QVTLOTOOULOTIKWY HETOAAGEEWY oTa aAANAemIS&pOVTA TTUPNVLIKA yovidila, odnywvtag
oe SlayoviSlwWHOTIKA ocupmpoacpuoyd. AOyw auTwv TwV TOpayovIwy, Ol
acupPatdtnteg opyavidiwv/mupnva €xouv Tpotabel OTL €lval amo T TPWTEG
acupBatotnteg mou epdavilovral, emnpealoviag Ta apxXLlkd otadla TG eL6oYEVEDNC
(Levin 2003, Fishman & Wills 2006, Greiner et al 2011, Burton et al 2013). Edv autég
oL acuppatotnteg emnpealouv Ta apxikd otadla tng eldoyEveang, Ba avapevotayv va
OUVELOPEPOUV KOl 0 POLVOLEVA QVOTTOPAYWYLKAG ATIOUOVWONG HETA oTa €16N. 2T
BiBAoypadia €xouv avadepbel meploplopéva mapadelypata aouBaTOTATWY PETA
ota €idn (Ellison & Burton, 2008, Chang et al, 2016) evw QapKETEC UEAETEG EXOUV
avadeifel TN cuveloPopd TOUC OTNV OVATIAPAYWYLKI) AMOUOVWON AVANESA OTa £16n
(Fishman & Willis 2006, Sambatti et al 2008, Chou & Leu 2010, Greiner et al 2011,
Burton et al 2013).

Eva akopa mapddelypa acUMBATOTATWY TMOU OXeTL(ovTal HE TNV HLToxovdpLlakn
BLoevepynTIKN) TIPOEPXETOL QMO TOV EUPWMAIKO Aayo. ITA TMEPAUATA ETUAEKTIKWV
Slaotaupwoewv Twv Smith kal twv cuvepyatwv tou (2010) mpoodlopiotnke yla
npwtn ¢opd n oupPoAr] TNG MITOXovOPLAKNG YEVETIKNG Sladopomoinong otnv
QVaTIAPAYWYLKI EMITUXLA KaL TNV Ttapaywyn uBpldiwv petafl Twv duo yevealoylwy,
omnou kat avadépdnke yla mpwtn dopd n enidpacn tou Galvopévou TNE KATAPOG TNG

UNTEPOG OTO £(60¢. Ta TLO EKTETAPEVA OTOLXELD TTOU OXETL(OVTAL PE TN CUMBOAN TWV
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acupfatotnTwv Kot tn SpAon TOUG WG YEVETIKOG GPAYHOG TIPOEPXOVTOL amd TN
duaokn Lwvn emadng Twv duo yevealoylwv otn ¢ucn. OL SUo yeveaoyleg, OTwE EXEL
noén meplypadel, cuvuTIApXOoUV LOVO OTNV TIEPLOXH TNG BopeloavatoAikng EAAASag Kot
¢ BouAyapiag. H Umapén autng tng uBptdlakng lwvng EXeL ovayvwpLloTeL armo MOANES
peAéteg (Stamatis et al, 2009, Kasapidis et al, 2004, Antoniou et al, 2014, napovoa
peAETn). Napa tnv Uapén autng Tng uBpLSLaknc Lwvng, dev £xel mapatnpnBel moté
EUPWTAIKOG amAOTUTIOG otnv AvatoAia kal to avtiotpodo. EmumAéov, o pa
npoodatn peAétn twv Djan kal twv cuvepyatwv tng (2017), n omoia meplhappave
SeypatoAnyieg amod xwpeg mou nmeptBarlouv tTnv uPBpLdlakn Lwvn (ZepPia, FYROM,
MaupoBouvio) avadépbnke n MARPNG AOUGIA TOU OVOTOALKOU OTTAOTUTIOU TIEPQV
™¢ uPBpLdlaknc Lwvng. H cuvduaoTikr Xprion ULITOXOVSOPLOKWYV KL TTUPNVLKWVY SELKTWV
oTnV mapoloa HEAETN avESELEE SUO CNUAVTIKA OTOLXELQ: TNV ELCPON TOU OVATOALKOU
pLtoxovdplakol amAotumo, n onoia Sev cuvodeUeTaL OO TNV ELOPON TWV TTUPNVIKWV
VEVETIKWV OTOolXElwv, KaBw¢ ta dtopa tng uBpdlakng lwvng dev epudavilouv tov
TIUPNVIKO « LWOOIKLOMO» TIoU Ba avapeVOTaV O€ TEPIMTTWAON CUV-ELCPONG. EMUTA£oy,
armo ta anoteAéopata twv Koutsogiannouli kol Twv CUVEPYATWY TNG, TIPOKUTTTEL KAL N
arnouoia twv aAAnAopdpdwv avatoAikou TUTou yia to yovidio tou DQA. Me Bdon ta
TIAPATIAVW, UIMOPOUUE VO CUUTIEPAVOULE TIWE N €TAOYN €UVOEL TOUg MANBUGCHOUG
Tou €lval Tomika mpoooapuocpévol (Burton, 2010). H emdoyn auth Snuwoupysl pa
otaBepn uBpdlakn {wvn mou Slaxwpilel ta opla twv duo MAnBuouwy, n omoia
AeLToupyel oav YEVETIKOG GpaypOg oTnV yoviSlakn pon Kal tn pién twv mAnbuopuwv. O
EVTIOTILOMOC TWV TUPNVIKWV Yovidiwv Tou elopéouv eival SUOKoAOG, KaBwc
TapOTNPEITOL TO GALWVOUEVO TNG KYEVETIKNAG apaiwong» oe kabe Slaotavpwon
(Marques et al, 2017), evw avtiBeta n pitoxovopLakr yevealoyia mou ELCPEEL UmopELl
va evrtoriletal yia moAAEC yeviég (Arnold, 1997, Alvet et al, 2008, Boratynski et al,
2011). Ta dawvopeva autd TG «ACUUUETPNG» €L0pOoNG daivovtol va evioxuovTtal
Wdlaitepa o €i6n mou eudavilouv donatpia twv BnAukwv (Petit & Excofier, 2009),
EVW TA APOEVIKA ATopa Telvouv va epdavilouv peyalutepn tkavotnta Slaomopdg,
onwg oupPaivel kal otov gupwrnaikd Aayo (Bray et al, 2007, Avril et al, 2011).
Emopévwe, n acupPfatotnta Twv uPfpldiwv, TOU MPOKUTTEL Ao TNV ULTOTIUPNVLKN
Sladopomnoinon mou mpoodlopiotnke otV MApoUoO UEAETN UE TN ouvOUAOTIKA

XpNon Htoxovdplakwyv yoviSlwpatikwv dedopévwy kal dedopévwv amd avaluon
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peTaypodwuatog, dailvetol va AELTOUpyel wG €voG UETAOUIEUKTIKOG UNXAVIOUOG
amopovwaong, Tou amoteAel éva amno ta mpwrta Bripata tng eldoyéveon. To HovTtéAo
QUTO OUPPWVEL KOL PE TO MOVTEAO HELWHEVNC OPUOOTIKOTNTAG UPBPLSIWV Tou
avadépel o Hewitt (1988), oto omoio n KATATTWOoN TPOKAAELTAL OO TN cuvelodopd
oMWV yovidlwv MPE UIKP OCUPUETOXN (OMw¢ T MLITOTUPNVIKA yovidla otnv
OUYKEKPLUEVN TiepimTwon) ta omoia eival dtdomapta oto yovidiwpa, mapd ano tn

OUVELoPOPA POVO Alywv yovidiwv.
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O 0pLOUOG TWV ELBWV, ATIOTEAECE KOl AOTEAEL Eval oo Ta KUPLOTEPA BEpaTa
TIOU €XOUV QMOLOYXOANOEL KOTA KALPOUC TOUG €PEUVNTEG. YIAPXOUV ToUuAdyxlotov 34
SL0POPETIKEG TIPOOEYYIOELC YLl TNV £vvola Tou eidouc (Zachos et al, 2016). H évvola
ToU BLoAoylkoU (60U EMIKEVTPWVETAL KUPLWE OTNV OVATTAPOYWYLKI QTTOUOVWON Ao
AaAAou¢ mAnBuopolg, n omola elval €va onUAvTLKO XOPAKTNPLOTIKO yLa éva £160¢ Kat
£T01 0 UBPLOLOUOG TWV YeveaAoyLwV Kal n yovidlakn pon LeTafl mAnBuouwv ivat duo
otolxela mou avtitiBetal otnv KAaoolkr Bewpnon Twv eldwv oludwva pe Tov Mayr
(1940). Nap TNV MoK La TWV OpPLOPWV Ttou €Xouv SlatumwBel, 6AoL cupdwWVoUV WG
Ta €16n elval amopovwpEveg yeveahoyieg mAnBuopwv nou e€elicoovtal ol pdpwva He
Vv e€eAiktikr) Bewpnon tou €idoug (Evolutionary Species Concept, ESC, Wiley 1978).
MNpdéodata, Statunwbdnke pa véa Bewpla yla tov oplopd tou eidoug: H Bewpia tng
pLtomupnvikng ocuppatotntag (Mitonuclear Compatibility Species Concept, MCSC,
Hill, 2017). O Hill avadépet nwg: «n Stadikacia tng eldoyéveong sival n dtadikacia
¢ Sladopomoinong Twv CUUTPOCAPUOTHEVWY yoviSiwv mt kat N-mt, ta omola givat
o€ B€on va oploouv €va 1606 Kal va SLaTnPrioouV TNV TAUTOTNTA Tou. H amwAeLa TG
OPHUOOTIKOTNTOC OTOUC QITOYOVOUG TIOU TTPOEPYovTaL amo pi€n mt kot N-mt yovidiwv
Ba Aettoupyel wg dpayudg ya tn yovidiokn pon UeETagy Twv edwv». H yevetikn
Sladopomnoinon Twv CUUIMPOCAPHOCUEVWY YOVISLWV elval pla Suvapikn diepyaocia:
VEOL pLtoxovdplakol amAoturmol dnuioupyolvTol O KABe yevid Kal ta SuvnTika
emBAaBr} TOUG AMOTEAECUOTO TIPETIEL VA AVTLOTAOULOTOUV amtd aAAAYEG OTO TTUPNVIKO
DNA. Etoi, ot mAnBuopol Bplokovtal oe pa dapky oAAnAemidpacn YEVETIKWV
oAAOYWV KO TTPOCOPUOYWV TIOU €XEL OOV OTOXO TNV MPOCAPLOYN Kol Tn Slawwvion
touc. H Stadikacia autr eival ouvexng kot opiletal we n €€€AEN twv eldwv. MNa 1o
Ao6yo autod, o Dobzhansky (1937) avédbepe xapaktnpLoTIkA Mwe: «To idog eival éva

otadlo pag Stadikaciog Kal OxL HLo OTATIKA Hovaday.

To €(60¢ Tou eupwmnaikol Aayou amoteAel £va TOAU KOAO CUCTNUA VLA T LEAETN TWV
ULTOTIUPNVIKWY aUTWV OAANAETISpACEWV TIOU 08nyoUV O TPOCOPUOYN KOl OF
eldoyéveon. H yewypadik amopévwon twv MANBUOUWVY KATA TIG TIOYETWVIKEC
neplodoug odnynoe otn Yevetlkn Sladopormoincn Toug Kol N HUETOMAYETWVLKN
e€anmAwon toug «Edpepe 0To GWEC» TIG AacupPaTOTNTEC TwWV SUO yeEvVEAAOYLWV TOU

elboug. H mapouoa peAétn ouvelodEpeL 0TNV KATavonon Kat e€Rynon Twv MPOTUTTWY
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duloyswypadiag Tou €ldoug KABwWEG Kal TwV UNXavIopwy £EENENG TTOU oXeTi{ovTal
TOOO HE TG OOUMPPATOTNTEG TWV YEVEOAOYLWVY, OCO KOl ME TI( YEVETIKEC
Slapopormnoloelg mou cUVEBAANAY OTO SLOXWPLOUO TOU £(60UC HE AAAQL GUYYEVIKA
€ldn, onwg o Aayoc twv Bouvwv (Lepus timidus), to €idog¢ tou American pika
(Ochotona princeps) katL to kouvéAL (Oryctolagus cuniculus). Ta TLO ONUAVIIKA

gupnuata tTnG HeA£TNC ouvoyilovrtal ota €EAG:

e [poodlopiotnke n yevetikn dtadopomnoinon Twv duo yevealoylwv oe eninedo
ptoxovdplakol yoviStwpotog yio mpwtn ¢opd. H aAAnAolvxnon twv 14
pLToXovOpLOKWY YoVISLwHATWY Tapeixe mMAnpodopie¢ TO00 yla TA YEVIKA
EMiMeSA YEVETIKOU Kal MPWTEIVIKOU TTOAUHOPpdLOOU, 00O Kal ylo Ta enineda
TMoOAUHopPLOpwY Tou  epdavidovtal ota  emimeda TwV HEUOVWHUEVWV
OUUMAOKWV TNG o&eldwTikAG pwodopuliwong. Amo Tnv avaluon, TPoEKUYE
WG N HeyaAltepn ouvinpnon oto emnimedo Tou ptoxovdplakou DNA
gudaviletal oto ovumAoko IV, oto omoio ot umopovadec COX1-3 eival

UTIELBUVEG yLa TNV KOTAAUTLKI TOU EVEPYOTNTA

e AvaAlBnke n enibpaon Twv MOVIEAWV emMAOYNG oOTa emineda  TOU
ptoxovdplakol DNA, 1600 HETAEU TWV YEVEQAOYLWV TOU €L60UC OCO KOl OE
€lbn mou amnaptifouv 10 yévog tou Lepus. Me tnv edapuoyn StadopeTikwy
aAyopiBuwv, mpoodlopiotnkayv oL B0l TwV yoviSiwv mou KwdLKomolouv yLa
npwTteiveg, oL omnoleg dpaivetal va Bplokovtat umo t dpdacn TG mloync. H
avaluon dev avédele kapia voukAeoTLSIK B€an otnv omola va pa n BeTikn
erloyn. AvtiBeta, mpoodloploTnKav apKeTEG BE0ELG o€ OAQ TA CUUMTAOKA TNG
o€eldwtikng dwaodpopuliwaong mou Bpiokovtal UTO Th dpAcn TNC APVNTIKNG
emloyne. Ta anoteAéoparta autd Bplokovtal o cupdwvia e TTPONYOUUEVEG
evdeifelc mwg to ptoxovdplakd DNA bev eival emAekTikd oudétepo, aAAd
AOYw TNG AETOUPYLIKAG TOU onuaciag, n emloyn Spa oto emnimedo Twv

yovidiwv
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e Me tn Xprion tou maykooulou Seiktn DNA barcode, tou pttoxovdplakou
yovidiou tng umopovadag | tng KutoXpwpikng ofewdaong (COXI),
umoAoyilotnkav ot dtapopomolioelg katd (euyn yla Ta i&n tou yévoug Lepus
000 KoL TG Suo EexwpLoTEG yevealoyieg Tou l6oug tou eupwmaikol Aayou. H
Sladopomnoinon mou napatnpnOnke HeTafl Twv SUO YEVEAAOYLWV OE PEPLKES
TIEPUMTWOELG PAVNKE va elval HeyaAUTEPN amo TIC SladopOoToLoelg HETALY
Sladopetikwy eldwv. H eldoyéveon eivat pia Stadikacio mou cuppaivel péow
TIPOCOPUOOTIKAG Sladopomoinong oTo CUUTIPOCOPUOCHEVA HLTOTIUPNVLKA
yovidla kat ta yovidia COX eival miBavo va amoteAoUVv OTOXOUG TETOLAG
TIPOCAPUOOTIKAG EEEALENC KABwWC To cuumAoko IV glval onUavtikog puBULOTAG
¢ aAuoidag petadopag nAektpoviwv (Villani and Attardi 1997, Piccoli et al
2006, Pacelli et al 2011, Arnold et al 2012). Emopévwg, n Stadopomoinon
avapeoa otig Suo yevealoyleg umopel va elval eVOEIKTIKI yla Ta YEYOVOTA
QVATIAPAYWYLKN G ATMOUOVWONG TWV YEVEAAOYLWY, TTou 06nyouVv cuvrRBwg otnv

eldoyévean.

e [poodlopiotnke to petaypddwpa Tou eidoug yla mpwtn ¢opd KAl anoteEAecE
TO MPWTO HETAYPAPWHA TOU YEVOUG To omoio aAAnAouxnOnke. AkoAouBnoe
OTN CUVEXELO O XOPAKTNPLOUOC TOU HETAYPOPWHATOG TOU Aayol Twv Bouvwy
(Marques et al, 2017). H ouykpltikj avAAucn TOU HETAYPADWUATOG OE
enimedo aMnlouxwwv avédelke TG ToOAupopdkég Béoelg twv  duo
yeveadoywv mou BOa pmopovcav va xpnolpomotnfolv w¢ SlayvwoTtikol
Selkteg yla TNV Tagvopnon. H avadAuon twv Aetoupylkwv PeTardéewy ota
Tpla KUpLO eminmeda mapaywyng TNG KUTTAPLKNAG EVEPYELAC, TNG YAUKOAUONG,
Tou KUKAOU Tou Krebs kal tng ofeldwtikng dwodopuliwong ATV EVOELKTLKNA
yla Ta YEYOVOTA CUVEEEALENG TWV ULTOTIUPNVIKWVY yoviSiwv: Tta yovidla tng
YAUKOAUONG, Tou KUKAoU Tou Krebs kat tou cupmAdkou Il TNG ofElOWTIKAG
dwodopuliwong, ou KWEIKOTOLETAL MOKAELOTIKA Ao TUPNVLKA yovidia,

gudpavidlouv mapoépoloug pubuol¢ ouoowpeuong UeToAAGEswv  TOU

193

Institutional Repository - Library & Information Centre - University of Thessaly
06/05/2024 20:43:46 EEST - 52.15.218.133



Sladpopormololv TIg uo yevealoyieg, oL OToLeC lval TPeiG pe TEooEPLS GOPEC
HIKpOTEPOL amd Toug avtiotowyoug pubuolg mou eupdavilovv Ta
ptoxovdplaka yovidia tng ofeldwtikne dwodopuUAlwonc Kal To TTUPNVIKA
yovidia twv cupmAokwy LILIV kaw V. Ta yovidia autd teivouv va gpdavilouv
udnAdtepoug e€eAkTIKOUG pUBUOUG, yia va avtlotabuioouv ta emPBAafn

QTTOTEAEC AT TWV UTOXOVOPLAKWY UETOAAGEE WV

e H CUYKPLTIKA YOVISLWHATIKY avdAuaon Tou eupwraikol Aayoul, Tou Aayou Twv
Bouvwv, Tou KouveAlou kat Tou American pika ota enineda TG Mapaywyng
TNC KUTTOPLKNG EVEPYELOC NTAV E£MIONC €VOEIKTIKA yla T ouVeEEALEN Twv
pLtonupnVvikwy yovidiwv, ta omoia Siadopomolovvtal kat odnyouv Tn
Sladopormnoinon PeTaty Twy E6WV, HECW TNG AVATTTUENG OLOUUBOTOTATWY OTLG
YOVIOLOKEG  OAANAETUIOPAOCELC KAl TNG  OVATTUENG  avVAIOPAYWYLKAG
arnopdvwong. Ta pitoxovdplakd Kal TuPNnVIKA yovidla g o&ELOWTIKAG
dwodopuliwong Bpebnke va e€eAicoovtal TaxUTEPA AT TA TUPNVIKA yovidla
TNC YAUKOAUONG KOl TOU KUKAOU tou Krebs, Omwg Kal otnv mepimtwon tng

oUYKPLONG TwV SU0 yevVEQAOYLWV.

e HouvbuaoTikn Xprion LOPLAKWY SELKTWVY TOU TTUPNVA KaL TOU pLtoxovdpiou o€
QTOMOVWHEVOUG MANBuOoUoUE Kol otov TANBUoUO TnG uPpldlakng Twvng
napeixe mAnpodopieg ya ™ SpAcn TNG YEVETIKAC TAPEKKALONG KOL TNG
duoknc emhoyn¢ otn  Slapopdwon Twv  EMUMESWV TOU  YEVETIKOU
TIOAUMOPPLOHOU oTou¢ TMANBuopolg autoug. OL vnowwtikol mAnBuopot
gudavioTnkav KOTtA Kavova va eival Alyotepo TMOAUpopdIKolL oMo Toug
NMELPWTLKOUG MANBUoHOUG. H avaAuon tou mAnBuaopol tn¢ uBpidlakng Lwvng
avESELEE TOV UNXAVIOMO TIou €ival umeuBuvog yla TNV amoucia YovidLlakAg
poONG TWvV yeveohoylwv. H OSlaomopd TOU ELOEPYXOUEVOU  QVOTOALKOU
amAotumou meplopiletat otnv uPptdlakni {wvn, KABWCS N acupBatotnTta TwWv
UBpLGiwv Tou odeilleTal OTIC ULTOTIUPNVIKEG acupPatotnteg daivetal va

EMNPEALEL TNV APUOCTIKOTNTA TWV UBPLSIWY Kal TNV LKavOTNTa SLaoTopdg
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TouG. H amoucia ouv-£l0pORG TOu AVOTOALKOU TIUPNVIKOU TPOTUTIOU €ival
€VOEIKTIK yloL TNV €MAOYr) TIOU EUVOEL TOUG TOTIKA TIPOCOPUOCHUEVOUG

YOVOTUTIOUC EVOVTL TWV ELOEPXOUEVWV.
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Summary

Mitochondrio is a semi-autonomous organelle of the cell, which produces the majority of
the cellular energy through the Oxidative Phosphorylation system (OXPHOS). OXPHOS is
mediated by 5 multisubunit enzymatic complexes. The subunits of the complexes are
encoded by genes mapped in both the cellular genomes, the nuclear and the
mitochondrial. The mitochondrial genome possesses some unique features, mentioning
the maternal inheritance, the absence of repairing mechanisms, its autonomous
replication system, resulting in faster evolutionary rhythms compared to the nuclear
genome. So, in order to keep the functionality of the OXPHOS machinery, the nuclear
genome has to keep the pace in the evolutionary rhythms of the genes that are
cooperating with the mitochondrial genome, by co-adapting the respective nuclear genes.
Until the last decade, the mtDNA was considered neutral in terms of natural selection and
it was believed that is didn’t participate in adaptive mechanisms. However, in nowadays,
mtDNA is not considered neutral and natural selection acts on mutations that affect the
organisms’ fitness. Due to its maternal inheritance, the selection acts solely in the females
rather than the males, so mutations that are neutral or beneficial to the females are
favored. Though, these beneficial or neutral mutations for the females may have a
negative impact in males’ fitness, leading to the phenomenon of the “mother’s curse”.
Allopatric populations of the species differentiate genetically through natural selection
and the random genetic drift and this divergence can lead to reproductive isolation. The
interpopulation hybrids tend to show lower fitness and reproductive ability compared to
the parental populations, and these effects are mainly caused by the mitochondrial
dysfunction of the hybrids. This model of incompatibility is well-known as the
Dobzhansky-Muller model of incompatibility (DMI) and includes many genetic loci.
Nowadays, there are numerous studies that detect the cause of the hybrid failure in the
mitochondrial dysfuncntion of the hybrids.

In this thesis, we studied the selective pressures that act upon the mitochondrial genome
in the species of the European brown hare (Lepus europaeus) as well as in closely relative
species of the genus and how these pressures are shaping the levels of genetic variability.
Also, by using data of transcriptomic analyses, we studied the effect of coadaptation in
the genetic differentiation of both genomes, the nuclear and the mitochondrial, by
assessing the relative rhythms of the genes encoding for the major energy producing
mechanisms of the cells, namely the glycolysis, the Krebs cycle and the OXPHOS. The
results, both in interpopulation and interspecies level, are in accordance with the
coadaptation patterns of cooperating genes that are mapped in different genomes. Lastly,
by studying both nuclear and mitochondrial markers in a hybrid population of the species
of the European brown hare, we defined the major factors that affect the lack of gene
flow and the introgression between the two lineages of the species.
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