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EYXAPIXTIEX

H exndvnon g 01dakTopikng avtig dtaTpiPng Nrav Eva Tpocowmikd oToiynua,
T0 omoio elye, TeEMKd, Oetikd amotélecpa, HETA omd emimovn kol ypovoPopa
npoonadeia. Xtn Sdpopn| ovtr, NTav onuoviiki 1 Pondela kot n cupTEPAcTACT
GUYKEKPLUEVOV TPOCOTMV.

Ye avtd 10 onueio Ba MBera va evyapiotiow Bepud tov Kabnyntm Znon
Mopobvpn, yio TV EUTIOTOGUVH TOL MOV €0€1EE, OlvovTag Hov TN duvaTOTNTO VO
aroted® péAog tov Epyactnpiov yia 6Aa avtd to ypdvia, yoo T ot)pién kol
BonBeta Tov oV TPOGEPEPE GE AVTH TN SLAOPOLLT.

Eniong, 6a n6eha va gvyaprotion v Av. Kabnynrpio Katepiva Movtov yia
TN cLppEeToyn ™¢ otnv Zvppfovievtiky Emttpony), ™ cvumoapdotact, Tic GLUPOLAES
™G KoL TNV €VYEPLOTN GuveEPYacia, OAa aVTA T YpOVLO.

®a NBela va ekepdow, eniong, Tig evyopiotieg pov otov Kabnyntm Anunrtpio
Kovpéta, mov pe tiunce, ovppetéyoviag otnv ZvuPovievtikn Emitpony|, v ™
mopOTPLVON KoL T GUUPOAT] TOL OTNV OAOKANP®OY OLTNG TNG OONKTOPIKNG
S Tp1pms.

Na evyopiotiow emiong, ™ Aéktopa Ocoroyior Zapa@idov yio T CLUUETOYN
m¢ omv Eetactikn Emitpomn, yw t Ponbeio kot tic cvpPfovrés g kotd ™
SLAPKELN TNG CLYYPOPTG TNG LTPPTG.

[dwiitepeg evyapiotieg otov Kabnynt Zoyapio Xxovpa, otov Av. Kabnynm
Xapbdiapro Mmddivn kot otov Av. Kabnynt] Amdctolo AmoGTOAIdN, mOL e
Tiumoav, pe ™ cvppeToyn tovg oty E&etaotikny Emtponn g dwatpiprg, Pondmdvrog
TNV OAOKANP®ON QVTNG KE TIG YPNOUES TAPATNPNGELS Kot S10pHDCELS TOVG.

Emiong, 6o MBera va evyaprotiow tv Emik. Kaf. AypiMo Ziga yoo T1g
GLUPOVAES TG Kot TV €VOAPPLVOT] OV LoV €01vE OO QVTO TO JACTNIA KOOMG Kot
Y0 TV EVYAPLOTN GLVEPYUGIAL.

Agv Ba pmopovca vo unv guyaplotinom OAa ta pwéAN tov Epyactnpiov yua
ouvepyosio Kol TIC EVYEPIOTEG OTIYUEG TOV LOPACTAKOUE OAC OVTE TA XPOVIO. Ko
wWwitepa 10 [dvvn Mopyapitotovro, t Bava Bapon, mv EAévn Yoywov, v
Evayyeiio Kovtsoylavvoodn, t Ztédia ['empyiov kot to Ogpictokin ['avvooin.

Ev xoataxAeidy, Oo Mbelo va ekppdom £vo PEYAAO ELYXOPICTO Kol TNV
EVYVOUOGHVN OV GTOVG Yoveig pov, Anuntpn kot Evyevia, v adepen pov, Avon ko

™ 60luYd pov, EAévn, ot omoiol NTav cuveymg dimAa Lov, 6€ VTN TN SLOOPOLT.
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HHEPIAHYH

O evpomnaixdg Aayog (Lepus europaeus Pallas, 1778) amoteAei éva gupémg
dradedopévo €idog otnv Evpdmn, pe peyddn mowidior evolautnudtov kot dwitepn
OKOVOUIKY] onuacio, 0Tt amotelel €vo amd To CNUAVIIKOTEPA Onpduoto otV
Evpomm kot witepa ot Baikavikn yepoovnco kar v EAAGda. H extetapévn
KOTOVOUN TOV Kot TO Yeyovog 6Tt ot TAnBucspol Tov avtamokpivovTol TaydToTe oTIG
aALOYEC EVOLOUTNHATOV, TO KaO1oToOV €va £100¢-HLOVTELD, HEGM TOL OTTOTIOV UTOPOVLE
va eEdyovpe ypNOLUO. GUUTEPACUOTO Y10, TY] CLUTEPIPOPE, TN Prodoyia Ko v
TAnOvcakn doun TV Ayplmv TANOVCUOV TOALDY ONAACTIK®V.

e autv T ddakTopkn datpiPn mpaypoatomomdnike TAnbvouakn avdivon
eVOC HEYAAOL aPlOHOL OEIYUATOV EVPOTATKOD AayoD o€ &vo EKTETANEVO OIKTVLO
detypatoAnyiog oty Evpdnn, v EALGda, v Tovpkia kot 1o IopaniA. H pedét
ompiydnke oy avdivon poplak®dv deKT®V Tov prtoyovoplakohd DNA kot deiktmv
tov upnvikod DNA (ypopdoopa Y), ypnoipomoiwvtog teyvikég omwg PCR-RFLP,
PCR-SSCP ka1 aAAniotvynon dapdpwv meploymv DNA.

O1 Bacwkoi 6T0Y01 TG LEAETNG OMOTLTMOVOVTOL G EENG:

o  Melétn G YEVETIKNG SOUNG TOV PUGIKOV TANOLGUMV TOL AAYOD KOl TNG
YOVIOLOKN G PONG LETAED TMV TEPLOYMV OELYLOTOANYIOG

e 'Eleyyog tng vmobeong g HETAVAGTELONG TOV EVPOMATKOL A0yo» PO TNV
Kevtpum Evponn amd katagdyla g Baikovikig xepocoviicov kabmg Kot g
Mikpdg Acioc, katd v televtaio [epiodo tov [Hayetdvov

o Melétn G YeVETIKNG OOUNG TOV EKTPEPOULEVOV TANOLGU®OV TOL Adyov,
eKTiUnon ™G YOVIOWKNG PONG OVAUECOH GE EKTPEPOUEVOVG KOl (PULGIKOVS
TANOLGLOVG

e FElpeon poplokdv Oekt®dvV oe emimedo ptoyovoplakohd DNA, yo v

TOVTOMOINOT) TOV EKTPEPOUEVOV KOl TOV QUGIKOV TANOVGUOV.

Ta cvumepdopota Tov TPokvyay amd T HEAETN elvan T €ENG:

e O gnowiopdg peydrov mepoydv g Evpdnng pe evpomaikods Aayovg, apyloe
070 TEAOG TNG TEAEVTOLOG TTOYETWVIKNG TEPLOOOV Kol otV apyn Tov OAOKOVOUL,
amd €vav povo apytkd TANBLoUO TOV KEVIPIKMOV 1| VOTIO-KEVIPIKOV Boikoaviov

Kot vanpée oyeTkd tayvTotog. Avtd épyetol o€ oviifeon pe v vmdbeom
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enowkiopod ™¢ Evpodmng amd pepwcd pikpd Onioaotikd, Katd to TEAOG TOL
[TAelotOKOUVOV, OO PEPIKA KOTAPVYLN TNG OVATOAKNG Evpdang kot g dutiknig
Z1pnpioc.

o Ot uéypt tdpa avarvoelg £dei&av 0Tt otV Inpikn xepodvnco ta un vppdtcuéva
dropo gVpOTOIKOV Aoyoh £€xovv TOVG KAAGGIKOVG amAdTLTOVS oto MIDNA,
YeYOVOG OV OmOKAEIEL TNV TEPLOYN OVTH O0md TO va EMAEE T0 POAO KOTOPLYIOV
v to L. europaeus katd tov [TAeiotokavo.

e Xt BovAyopioa xor 1 Popeoavatolkn EAALGSa eivor mapovoeg OAeg ot
OTAOOUAOES, ONUIOVPYDVTOG M0 EKTETAUEVY] TEPLOYN EMKAALYNG OA®V TV
ATAOTOTI®V.

e Aviyvevbnke yovidwokn por| and v AvatoAia mpog v Evponn, mbavortata
Katd ™ dbpkela g TeEdevtaiag meptddov Tov [TAeioTdKaVOL, HECH TNG YEPLPOG
tov Boondpov.

e Ot evpomaikoi Aayol omnd ™ M. Bpetavia epedvicav mwoAd  younid
TOAVUOPOIGUO, OAAL QaiveTan Tmg Oev amotelobv éva Eeywplotd vroeidog (L. e.
occidentalis), omwg gixe BempnOei maiarotepa. H Bopeia I'eppavia o pmopodoe
va glval 1 TEPLOYN TPOEAEVOTG TV GVYYpOoVeV TANBuGU®V TG Bpetaviag.

e H vmepbnpevon wor ot cvveyelc amekevBepmoels oAAdyBovov Aayov Ho
puropovcav vo EnNynoouvv ™ Holikn mopovsio TV amAoTOT®V TNG EVPOTAIKNG
opdoag EU-A oy kevipwn kot Bopeta Itario. H mpaktikny avt icwg cuvéPaire
OV aVTIKOTAoTOON TOV Ynyevav amiotdnov SEE mov mboavog nMrav
dwdedopévol  apywd. To Odedopéva pog amoppimtovv Ty VmoapEn  evog
drapopetikov vrogidovg (L. e. meridiei) otnv Itahkn yepodvnoo.

e Av kol Ol TOAAEG EMYEPNOES EUTAOVLTICUOV KOl  avOpOTOYEVAOV
aneAeV0epOGEMV EVPOTATKOD Aayol Tov £yovv Tpaypatomodei Bo propovcav
vo e€nynoovv v TOpovciot PN OVOUEVOLEV®V OTAOTUTTOV GE OPLOUEVES
TEPLOYES, EVIOVTOLS OviyveDONKe éva £VIOVO QLAOYE®YPAPIKO oMo 6E OAES TIG
TEPLOYES TOV PEAETHONKOV.

o To @uloyeveTikd 06vOpa TOV TPOEKLYAY OO TNV AVAALGT TV Yovidimv tRNA
tov MDNA ftav cvykpico pe avtd mov £60G0V To VITOAOITO HTOYXOVOPLUKA
tuquata.  Eivor modd mBavd o6tt ta yovioww tRNA mov  avoivdnkav,
oLGOAPEVGAV HETAAAAEELS oe BEoELg 01 omoieg dev emnpedlovy To POAO TOVLG OTN

Htoyovoplakn cHvieon TOV TPOTEIVOV.
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e Ot poplakég avarvoelg avtdv tov yovidiov tRNA pmopel va ypnoyomromfodv
®¢g moAvTina PBondntikd epyodeion yioo v ovvdoeon g akpPois Proynuikng
Aertovpyiog TV HToYovOopimV HE TIC EEEMKTIKEG KOl QUAOYEVETIKEC LEAETEG.

e H perém tov tRNAS katéypaye eEeMKTIKEG 0ALOYEG TOL HWITOPOVV Vo GLVOEDOVV
GuecH e TN SLOKPLTH PLAOYEMYPAPIKN KoTavoun Tov L. europaeus. To yeyovog
OTL Ol VOUKAEOTIOKES OVTIKATAOTAGELS TOV aviyvevdnkoav gppavioviolr oe €va
HeydAo TocooTo TV atOU®mY ToL L. europaeus vrtodnimvet 0Tt gival avektés amd
NV TEST TNG PUVOIKNG EMAOYNG.

o e ovppovia pe Ta vroéroura evioyevetikd dedopuéva tov MIDNA, 1 avdAivon
tov  yovidiov Cytb emBefordver ™V  OmapEn  TOLAGYIOTOV  TEGCAPW®V
SPOPETIKOV  ATAOOUAO®V HE TOAD KOAQL TPOGOIOPICUEVT] KOTOVOUT OTNV
Evponn kot v AvatoAio.

e H avdivon tov Cyth vroompilel eniong to Pabdd dwywpiopd Twv TAndvoumv
tov L. europaeus avapecsa oty Avatoria (Tovpkia kou Iopoand) kot v Evpodnn
o¢ eninedo MDNA.

e g avtifeon pe Tovg dryoveikovg TupNVIKODS Hoplakovs deikteg, Ta dedopéva Tov
Y-DNA vroompilovv v dmapén 600 PBacikdv @UAOYEVETIKOV KAAO®V ylo TO
eldog L. europaeus avapeca oty Evponn kot v Avatolio.

e ¢ avtiBeon pe to MDNA, o tomog tov Y-DNA g AvatoAiag gviomiotnke Kot
oe pepkd dropa g kevipwikng EAAGdac. Eivor moAd mbavd 6t n tdon ywn
QuromaTpio TOV INALVKOV gVpOTAIKOV Aoydv, kablotd v g10d0yn Tov MIDNA
o OVoKOAN oe oyéon pe to Y-DNA kot kotaAnyel o S10popeTikd TpoOTLTA
KOTOVOUTNC.

e Ot elnvikol mAnBvcpoi tov L. europaeus gpgovifovv moAd HEYOAVTEPT YEVETIKN
TOWKIAOTNTO GE GYEOT| LE TOVG EKTPEPOUEVOVS OAAG KOl TOVG KEVTIPOELPOTAIKOVS
mAnBuopovg, 6mwg ocvvayetor and ta dedopéva tov MIDNA ko tov RAPDs.
Enopévmg, Ba ntav dotoyo va ypnoiporombodv aneAevfepmdoelg eKTPEQPOUEV®V
ATOU®V Y10 VO EUTAOVTIGTEL 1| O TAOVGLO YEVETIKY OECOUEVT TOV EAMANVIKAOV
TAnBuouoV.

e To emduevo Oayelplotikd epdTnua eival €dv Ba vdpéer T0 QovOUEVO NG
YEVETIKNG KATAMTOONG HETA ad avAIEN TOV TOTIK®V YOVISLUKAV OeEOUEVAOV L
un TpocapUocuéva yovidla elcaydpevav atopwov. H Bovkyapia kot mAéov, petd

T anelevbepmoetg, n Popeloavatoiikr] EALGda eivar ot udveg mepoyég g
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Evpormng o6mov cuvvumdpyovv kot ot técoepelg amloopddes. Kor otic dvo
TEPIMTMOGELS OEV VITAPYOVV TO, KATAAANAO OESOUEVA Y1 VO AmOPavOOVUE MG TPOG
g mbavég olinAemdpdoslg petald TV Sedpov  amroopddmv. Edv,
pokpoypovia, to ewcayopeve EEva yovidlo emPLOGOVY, INUIOVPYDVTOS VEOUG
YEVOTUTOVG UE TO. MOM vrdpyovia, Oo omodeyybel OTL avtd pmopovv va
npocapuootovy. KabBmdg ta  mopnvikd  yovidlw dev  givon  1dwoitepa
dwpopomomuéva  petald tov mAnduopudv g EAAGSag kot Tng vmoroumng
Evponng, 1o &éva mupnvikd yovidww Oev Oa  amotelécovv €va cofapod
pelovéktnua. Emopévme, vmd Tic CUYKEKPIUEVES TEPUTTMOELS, TOL TPOYPCLLLLOTO
aneAevBepmoemv Ba pmopovcay va eviaybodv ce €va daEPLOTIKO GYNUO, WE
™V TPoHTOBEST OTL KOl OAEG OL GAAAEG WN) YEVETIKES TOPAUETPOL AdpPavovTol

VIEOYN Kol EAEYYOVTAL AVGTNPA.

Institutional Repository - Library & Information Centre - University of Thessaly
04/06/2024 07:21:59 EEST - 3.145.59.163



ABSTRACT

The brown hare (Lepus europaeus Pallas, 1778) is widespread throughout Europe,
occurring in a variety of environments. It has considerable economic
importance because it isone of the most important game species in Europe and
especially in the Balkan Peninsula and Greece. The extensive distribution of this
species and the fact that its populations responds rapidly to environmental and habitat
changes, make this species a suitable model for the study of the behaviour,
biology and genetic structure of wild mammals populations.

In this thesis we analysed the population genetics of the brown hare (Lepus
europaeus) in European, Greek and Anatolian populations, using sequencing, PCR-
RFLP and PCR-SSCP methods, performed on mtDNA and Y-DNA genes, in order to:

e assess the genetic differentiation and the phylogenetic status of brown hare
populations

e test the hypothesis that this species migrated into central Europe from a
number of late glacial refugia, including some in Asia Minor

e estimate the genetic structure of reared populations and the impact of the
releases on the native populations genetic structure

e develop molecular markers for the identification of reared and native
populations

The conclusions drawn from the study are the following:

e Colonization of large parts of Europe started from only one late glacial/early
Holocene source population in the central or south-central Balkans, and it was
relatively quick. This contradicts Bilton et al., (1998), who suggested
colonization of central Europe by some small mammals from Late Pleistocene
refugees in eastern Europe and western Siberia, as an alternative to
colonization from Mediterranean refugees.

e So far, mtDNA of non-introgressed brown hares from lberia have standard
central European haplotypes, suggesting no late Pleistocene refuge in Iberia.

¢ In Bulgaria and northeastern Greece all haplogroups were present, forming a
large introgression zone.

e Gene flow from Anatolia to Europe, across the late Pleistocene Bosporus land

bridge, was detected.
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e Brown hares from the British Isles had very low mtDNA polymorphism
showing that they do not consitute a separate subspecies (L. e. occidentalis), as
previously suggested. Northern Germany could be a possible source region of
the current populations.

e Over hunting and continuous releases of brown hares could explain the
massive presence of EU-A haplotypes in central and northern Italy. This
practice might have replaced the native and possibly originally widespread
SEE haplotypes. Our data contradict the idea of the existence of the subspecies
L. e. meridiei in the Italian peninsula.

e Although various restocking operations could be partly responsible for the
presence of unexpected haplotypes in certain areas, we nevertheless trace a
strong phylogeographic signal throughout all regions under study.

e Phylogenetic trees produced by the comparison of mt tRNA genes are similar
compared to those that are produced by the standard methods.

e Molecular investigations on mt tRNA could serve as valuable accessory
elements for connecting analysis of precise and unimpeded biochemical
function in mitochondria with evolutionary and phylogenetic studies.

e We assume that the tRNA genes that were used for the present analysis
accumulated mutations in positions that do not seem to affect their role in
mitochondrial protein synthesis.

e These tRNA recorded evolutionary changes that can be directly connected
with the distinct phylogeographic distribution of L. europaeus. The fact that
the observed nucleotide substitutions appear in a large portion of the L.
europaeus individuals indicates that they are tolerated by natural selection
pressure.

e Consistent with previous data, phylogenetic analysis of Cytb gene
corroborates the existence of four different haplogroups with a well defined
distribution across Europe and Anatolia.

e The analysis consistently supports the deep separation of Anatolian (Turkey
and Israel) and European lineages of L. europaeus at the mtDNA level.

e Contrary to other biparental nuclear markers, Y-DNA data underline the
existence of two major phylogenetic clades within L. europaeus species
between Anatolia and Europe.
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e Unlike mtDNA, Anatolian Y-DNA extended into central Greece, where it was
detected in few individuals. It is very likely, that the tendency toward
philopatry of female brown hares makes mtDNA introgression more difficult
in comparison with Y-DNA, resulting in different distributional patterns.

e In contrast to natural populations, reared populations showed relatively little
genetic variation, as revealed by mtDNA and RAPDs. Greek populations have
also higher levels of genetic variation than populations from Central Europe.
The only advantage that the released animals could confer is the enrichment of
the already rich Greek mtDNA genetic pool, given the absence of the “reared”
mtDNA haplotypes from Greece.

In that case there is still a question of “outbreeding depression” from locally
maladapted genes imported with the allocthonous animals. Bulgaria and now, after
the releases, north-eastern Greece are the only European regions where all four types
of mtDNA profile occur. In both cases either there are no data or it is too early to
conclude any possible interaction between the different types of haplotypes. If, in the
long run, introgressed foreign genes survive, forming new genotypes with indigenous
genes, this would in fact demonstrate that they are successful in terms of competition.
As nuclear gene pools are not too divergent between Greek and other European hares,
foreign nuclear genes should not be a serious handicap. Hence, in certain situations
releasing programs might be tolerated under obeying all other non-genetic strict

controls.
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1. EIZATI'QI'H

1.1 ITAn0vopax) yeveTiKn

H mnBvuopioxn yevetikn etvol o KAGS0C 0 0moiog HEAETA TN YEVETIKY TOIKIAOLOPPia TOV
napoatnpeitar 1060 oto Aropa €vog TANOLOHOL OGO Kol HETOED  OLOPOPETIKDV
TANBLGUOV, ONAAOT TNV TOTKIAOTNTO CAANAOLOPP®V KOl YEVOTUTTMOV KOl TIC OVTIOTOUYEG
oLYVOTNTEG TOVG KOOMDG KOt TO aiTo-UNXaVIGHOVS Ol 0TToiol PETAPAAALOVV TN YEVETIKY|
dopn tv mAnBvcpuov. H minbuopoxn yevetikn etvor dppnkta cuvoedepuévn pe v
e€EMEN kot amoteAel tn Paon yio T yevetrik| Pertioon tov {OKOV opyoavicudv, TN
dwtnpnon tov oV kot e Promouwihdmrag (Russell, 2009). Epapudlovtag tig apyés
™G KAUGGIKNG YEVETIKNG G€ HEYOAEG ONAdES aTOU®Y, 1| TANOVGULOKY YEVETIKY] LEAETAEL
T TPOTLTAL TG YEVETIKNG TOIKIAOLOPPiag oV evtomilovtal péca og kdbe opdda, oniadn
TN YEVETIKT doUn TV TANBVCUAOV, TN YEOYPAPIKT] TOVG SPOPOTOINGT Kol TN UETABOAN

TOVG GTO YPOVO.

1.2 I'eveTikn mowkiropop@io

H minBvopaxn yevetikn mowhopoppia £xet T Pdon g 01N d10pOPOTOINGT| TNG
VOUKAEOTIOWKNG aAAniovyiag. TIpodmdbeon vy v Vmapén yeveTiknG mowIAOpOpPiog
etvat o1 VOUKAEOTIOKEG OAAAYEG-UETOALAEELS. AVTES O1 OAAAYEC LTOPOVV VAL TPOKVYOLV
Katd ™ dadtkacio g avtypaens tov DNA kot av copfodv ota KHTTOpO TNG YOUETIKNAG
oelpdg sivar dvvotdv va petafiPactoiv otig endueveg yeviec. Tig tedevtaieg dekaetieg, 1
eEEMEN TOV HOPLOKOV TEYVIKOV Kot TV HEBOO®V OAANAOVYNONG CULVETEAECE OTN
paydaioc avénon tov dedopévov g TANBLGUIOKNG TOKIAOUOPOING GTO EMIMESO TNG
VOUKAEOTIOWKNG aAANAovyiag. ['evetikn mouiAdtta pmopel eniong va mpokOyel Kot amd
TO YEVETIKO OVOIGUVOVOOHO. XTOVG EVKOPLMOTIKOVG OPYOVIGHOVS VITAPYOLY OO0 dlepyacieg
avacLvovacpov: A) O SaypOUOCOUATIKOS aVOCVVILOGHOS, Tov Yivetar pe Pdomn tov
eAEVBEPO GUVOVOGUO TOV YPOUOCHOUAT®V, KOTQ TOV ONOI0 To UEIOTIKE TPOoidvTa
avtietoryobv 6to 50% Tov GVVOAOL TV amoydvemv kot B) O evdoypopocomuaTikog

avaGLVOVOGHOG (O1oKeEMOUOG), TOL GLpPaivel KaTd TN UElOON OVAUESH GE U AOEAPES
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YPOUOTIOEC Kol 00Nyel o€ OlPOPETIKO GLVOLAGHO aAANAoUOpewv. Ta mapoyodpeva
HEIOTIKA TPOIOVIO OVTOV TOL TUTOV OVOGLVOLOGHOD OVIIGTOLYOVV GE TOGOCTO
pikpotepo amd 10 50% tov cuvorov TV amoydvev (TplavtaevAriong, 2001).

H yevetiky mowdopopeia, mov mapdyetor péoa oe €vov mAnduoud amnd Tig
UETOAAGEELG KOl TOV OVOGLVOVLOCUO, TPOoTomoleitol (avEopeldveTal, KadepOVETOL 1M
OTOAEIPETOL) HEGO OO LNYOVIGUOVS OEPYACIOV OTMG 1 PUOIKY ETIAOYN, 1 YOVIOLOKY)|
pon ka1 1 yevetikn mapékkiion. H puoikn emloyn ivar pio opddo diepyasiodv, HEcw TV
omoiwv, YOPOKINPOTIKA To omoid  KafioToOOV  TOLG  OPYOVIGHOUS  KOADTEPQ
TPOCUPUOGIEVOLG G6TO TEPPEALOV TOVG, avEdvouy dnAadn v mlavotta emPimong
KO 0VOmopoy®myng Tovg, dtatnpovvrot kot petafipdlovial, Sopopedvovtos Eva PLeydio
HUEPOG TNG POVOTLTIKNG TOWKIAOLOPPIOG oL Topatnpeitol oty (OHON Kol TavTOYPOVa
NG VTOKEIUEVNG YEVETIKNG TopailakTikotnToc. H yovidiakn pon meptypdoet v €i60d0
ot yevetikn degapevn evog minBucol, yovidiov (1 aAANAopdpe®V Tovg) omd £vav 1M
nePLocOTEPOLS TANBVoHoVE. XvviBwg ot TAnBvcpol avtol avikovv cto 1610 €ldog, o€
HEPIKEG TTEPIMTMOELS, OUMG, TPAYUATOTTOLEITAL VPPLOICUOG AVANESH GE JAPOPETIKA £IOM,
T omoia dgv elval TANPOC avamopaywylkd oamopovopéva. H o yovidwoxkn  pon|
TPOyUATOTOlEITOL e pHETOKivon atOpev  peTaEy  Ovo  mAnfuopdv, pécm  TNg
LETAVAGTEVLONG M| LETOPOPAS aTOU®V amd Tov avBpwmo. Eicdyel véa aAAnidpopoa 1
petofdAder ) ocovyxvotTo VIOPYOVIOV AAANAOUOPP®V oTovg TANBvouovs. O dpog
YEVETIKN TOPEKKAICT] OVAPEPETAL GE OAAAYEG OO YEVIA GE YEVIAL OTIC GLYVOTNTEG TMV
aAAnAopopeav ce éva mAnBvoud mov ogeilovior oe Tuyxaio yeyovota. Ilpdkertar yio
oA onuavtikn eEeMkTikn depyacio, 1 ool pwopel va 0dNynoel 6 andToUES QAAAYES
TOV OAAAOLOPPIKOV GLYVOTNTOV GE CGYETIKO GUVIOUO Xpovikd Otdotnua. Mrmopel va
ovuPdirer oty eykabiopvon vEmV aAANAOROPO®Y e éva TANBLOUO OAAG KOl GTNV

OTMOAELN KATOLWV, € GUVETELD TV CNUOVTIKT 0ALOIOGCT) TG YEVETIKNG TOWKIAOTNTAS.
1.3 Mehétn TOV eEEMKTIKAOV GYECEMV TOV OPYOVIC LDV
O 6pog @uAoyéveon oavagépeTon ot UEAET] TOV eEEMKTIKOV oyécewv  pPeTalld

OpYAVICUAOV, TANOLGUOV KOl OGOV OTMG OVTEG SOUOPPOVOVTOL LE TO TEPAGHUO  TOV

xpovov. H eghktikn dradikacio eivar dOuvatodv vo ONpiovpynoel StokAadmMaGels, kabmg ot
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mnbvouol petafdirovion  oto  ypovo, Odaywpiloviar oe  Egymplotohg  KAGOOLG
(e10oyéveon), dactovpmvovror 1 eEapavifoviat. O TPOGOIOPIGUAIC TV PVAOYEVETIKMOV
ox£0EmV Vol GVVOESENEVOC e TNV TASIVOUNGT TV OPYOVIGU®V, KOODC, amd TNV Enoyn
00 AapPivov axkdun, otdyog TOV EWIKOV NTaV 1 TaSVOUNGeN VO OVTOVOKAQL OGO 71O
TOTA YIVETOL TIC PUAOYEVETIKEG GYECELS TV OPYOVICUMV.

[MoAoidtepa, n mepLypoapn TV oxécemv HeTad TV opyoviopov Pacilotav
KUPIOG GE QOIVOTLTIKA YOPOKTINPIOTIKA, GTN GLYKPITIKY] HOPPOAOYin, 6T QLGLOAOYia
KA. Ot pébodot avirlvons Tov yVoPIoPATOV (Tov OVOUAoTNKOV KAASIOTIKEG HéBodoL)
Bacilovtar gv yével otic apyéc mov meprypdonkov amd to ['epuavd evropordyo Willi
Hennig oto Bipiio tov Phylogenetic Systematics (1966). Epdcov ftav yvootd 4t o
YEVOTUTOG €VOG  ATOUOL  OVTIKOTOTTPILETOL GTO  QOIVOTLTO TOVL, TO HOPPOAOYIK(L
YVOPIoHOTO NTOV 0LTE TTOL Ypnotpomombnkay Kotd kvplo AOY0 OTIG KAOSIOTIKEG
peréteg. EmmpocOétmc, o @owvotumog eivar ekeivog mov veictator TiC TEGES NG
QLOIKNG emloyng kot eEehioceton opatd. ‘Eva axdun mAgovékTnuo tng ypnomng tov
HOPPOAOYIK®V YVOPICUATOV, Elval 1 SuvatdTNTa YPNONG LEYAAOL OEIYIATOC ATOUMV OTIG
OVOADGELS, HEWDVOVTOG HE TOV TPOTO avTdOV TNV THAVOTNTO GTATIGTIKOD  GOAALOTOC,
KaOAdG Kot 1 SLVATOTNTO EMAVAANYTG TOV OVOAVGE®MY LE TN PO TOV 010V ATOU®YV,
epocov givar dvvarn n dwtpnor] tovc. o tovg mapoamdve Adyovg, M ypNoN TG
popporoyioag Bpiokdtav o dvbion péyxpt m dekoetioo Tov *80. QoTdG0, 01 AVOAVGELS TOL
ompilovtor ot HOPEOAOYIDL T®V OTOP®V £YOLV KOl UEWOVEKTNUATO, OTMG Yo
TOPASELYLLOL TO YEYOVOS OTL T SLAPOPETIKA Yvopicuata eival, optopéves popéc, dSVCKOAO
va d1akplBov, cuvendc mpémetl va AopBAaveTot VITOWYN 1) VITOKEEVIKOTNTO TOV EPEVLVNTY).
EmnAéov, ta mpodTLTTOL TNG KANPOVOUKOTNTAG TV HOPPOAOYIKAOV YVOPICUAT®V eV elvar
névta capn. Télog, vdpyoLY TEPWMTOCEIS KATA TIG 0moieg To TANOOC TV dedouévmv
(dwBéoipumv yvopiopdtomv) oev emapkel yio v oSOMOTN oTHPEN TOV QLAOYEVETIKOV
vofécemv.

M Abon oto TpoPAnpate avtd £0MGE N AVATTLEN TOV HOPLOKOV HEBOd®V, o1
omoieg Ppiokovv epapuoyr| 6€ OAOVG TOVE OPYOVIGHOVS Kol 6€ KAOE LOp1o T0 omoio pEPEL
TAnpoeopia. yioo ToV opyavicpd. Me v avantuln HOPLOKAV TEYVIKAOV, OT®OS M
aAvcot avtidpacn moivuepdong (Polymerase Chain Reaction, PCR), 666nke otovg

EPELVNTEC N OLVATOTNTA TPOGOIOPIGHOV aAANAoVYIdV DNA o€ peyain kAiipoka. ‘Etot,
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N Hoplokn avdivon eviaydnke g amopaitnto epyareio OTIC QLUAOYEVETIKEG UEAETEG
kabmg Bewpnnke OTL ToL poplaxkd Oedopéva, kol Kupimg ot aAAniovyieg tov DNA
TapEXOVV amOdEIEELS Ol OTOTEG EMTPENMOVY TOV TPOGIOPIGHO TNG PLAOYEVESC OADV TV
popomv (ong. EmmAiéov, Bewpnnke 6t o0 poprokd dedopéva Mtav avatepa ond To
HOPPOAOYIKA, KaODS avapépovtal oto emimedo tov DNA kol tov yovidiov, to omoia
TAPEYOLV TIG amapaitnTeg omodeilelg ya 11§ oyéoelg petald tov atdpmv. Qot10c0, amd
™V apyn oxedov NG ¥PNoNG TV HOPLoKdV dedopévav, Ntav yvootd o0tL ot uébodot
aVTEG, OTMG Kot ot uEBodol Tov y¥pNooToloVcaY HopPoAoYKd dedopéva, elyav TG0
TAEOVEKTNUATO 000 Kot petovektiuota.. H pedétn tov DNA emrpémer v dpeon
avdAvon Tov YeveTikoy LVAKOV, To omoio £xel  KAnpovoundel and tovg mpoydvoug Kot
GUVETIMG OVTAVOKAG TN Yeveoroyia Kot elval aSIOTIGTO Yo TN LEAETT] TOV QLAOYEVETIKOV
oxéoemv. AvVTIOETOC, o oLykeKPEVN Odopr] o€ évav  opyavicpd, Oev  mopEYEL
TANPOPOPIES Yo TOV TPOTO e TOV 0Toi0 €Yl TPOKLYEL, dNAUdN bV opeileTon o€ dpeceg
nePPaALOVTIKEG EMPPOEG N otV KAnpovopkotnta. Epdcov, Aowmdv, yuo ™ perét
TOV QUAOYEVETIKOV OYE0E®V &lval omapoitnn 1 HEAET TOV KANPOVOUOVUEV®V
YOPOKTNPIOTIKOV, 1| popporoyia kabiotatonr AMydtepo aldmoTn Yo TIG QLAOYEVETIKEG
LEAETEG.

‘Eva amd o mpoPAnpate Tov LopPOAOYIKOV HEAETOV givol TO YeYOvHg OTL OL VIO
peAétn opyavicpoi umopel va potdlovv efapetikd petah TOvg OTN HOPQOAOYid, HE
OUVETELD, Ol OHOWOTNTEG OVTEC v KOO1oTOUV SVOKOAOTEPT TNV €0peon evog aptBuod
YOPOKTAPWOV, TKOVOD Y10 a&lOMOTN Kol GUGTNUOTIKY avAALOT). AvTBET®C, ot aAAnAovyieg
DNA eivon evpetdfAnteg avapeoa oto €0 kot Kotd ocvvémeiwn, elvar duvatdv va
Bpebel peydrhoc apBuog yopaxtpov (Béceigc (evyav Pdoewv) ot omoiot GEpovv
QLAOYEVETIKO TANpooplokY] petapfAntomnta. To «OCTOC eivor €vag  onUOVTIKOG
napdyovtag o€ KOs pedétn. H pedém g popeoroyiag eivar mOAD 7O  OIKOVOLIKTY
amd TN HEAETN TV oAAnAov v Tov DNA. Avtd onuaivel 0Tt pe 10 1010 K66T0G glvar
duvatov va peAetnBobv TEPIGGOTEPEG OOUEG EVOC OPYOVIGHOV, o’ OTL yovidlwa. XTnv
nepintwon avty N popeoroyia vreptepel tov DNA. Qotdco, 1 texvoroyic tov DNA
yiveTon OAO Kol O OUKOVOUIKY KOl YPNYOPT), OTOTE TO GUYKEKPYEVO TAEOVEKTNUAL TNG
pop@oloyiog cuveymg edivet.

‘Eva ocvuykekpipiévo pop@oroyikd yopaxtnpiotikd sivar dvvoatdv va kabopileton
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amd TEPIOCOTEPA TOV EVOC YOVIOLN, LE OMOTELECUO 1] LEAETY] TOV VA OVTAEL TANPOQOPiES
Y10 TOAAOTTAG TUAUATO TOV YEVETIKOU LAIKOV. AVTIOET®S, cLuVNOmE AGY® OKOVOLUK®V
TEPLOPICUDV, 1| HOPLOKT avaAvoT Tteplopiletal o€ €va 1 og pkpd apdud yovidiov. Etot,
dev AapPavetor v’ dywv M mBavy oAAnAenidpacn Tov pe GAla dyveoto yovidla, pe
OGUVETELD, VO VTLAPYEL TOOVOTNTO YOPAKTIPES Ol OTOI0L OVOPEPOVTOL O EEXWPLOTOL, VL
eEelMocovion KaTd GVOYETILOUEVO TPOTO, YEYOVOS TTOV KOO1GTA TN QUAOYEVEST AYOTEPO
aomotn. Avtifeta, €dv 1 HEAETN APOPA YOPOKTINPIOTIKE TOL KMOKOTOOHVTOL 0o
dtpopeTikd yovidwa, stvar Ayotepo mbavo m eEEMEN tovug va. ovoyetiletar. Xtnv
TEPIMTOON AVTY], Ol LOPPOAOYIKEG HEAETEG LILEPTEPOVV. QGTOGO, OVTN 1 OLLPOPA LLE TIG
LOPLOKEG HEAETES LEUDVETOL OGO LEYAADVEL O aplOUOC TV VIO LEAETN YOVIOI®V.
SOUTEPAGUATIKA, Ol TAEOV OEIOMOTES PLAOYEVETIKEC peAétec Pacilovior oe
OLVOLOOUO SLOPOPETIKMY EOMV dedOUEV®DY. Avti M TPocEyylon T15 kabiotd 7o
OAOKANPOUEVEG KOl UEWDOVEL TNV TOAVOTNTA VO TEPEYOLV GPAApaTa OGOV aPopd Ta
cuumepAcaTa TOV £EAyovVTaL, 30ATEPA OE EAV OVTA CLUPOVOVV OVALEGH GE SLUPOPETIKE.
elon avaivoewv (Bininda-Emonds, 2000). ITap’ 6Aa avtd, n cvoppfoin ¢ HOPLOKNG
aviALONG OTN QLAOYEVEST KOl O ONUOVTIKOG TNG POAOC OTN OOAEDKOVOY TOV
(QUVAOYEVETIKMOV GYECEMV OKOUO KO HETAED avATEP®V TASIVOIK®OV PBabuidwv dev givat

duvatdv va aperepnnOel.

1.4 Mopwokoi dgikTeg

Ot popokol deikteg ypnoyomoovvIon gVpEm oty eEeAMKTIKY] PlroAoyla Kol o©TIg
QULAOYEVETIKEG UEAETEG evdd Ol poplokés pEBodol avaivomng PeAitudvovror pe Toyelg
pLOpove. Ymapyet pio TANO®pa LOPLOK®OV SEIKTOV OV LEAETOVV TOV TOAVLOPPIGUO EiTE
o€ eninedo mpoTeivaV gite og enimedo DNA. Ot kupidtepot amd avtovg eivat:

o AAMoévlopa, mov Pocifovioar oV TOWKAOTNTA TOV TPOTEVOV AdY® U
CUVOVULL®MV  VOUKAEOTIOIKMOV  TOAVHOPPICUDV OTNV  KOOIKY TEPLOYN  TOL
avtiototryov yovidiov. Ta aAloévivpa S1apEPOVY MG TPOS TNV NAEKTPOPOPNTIKN
KIVNTIKOTNTA TOLG,.

e [lolvpopeiouoi peyébovg tunudtov mepropiopod (RFLP) (Botstein et al., 1980)

oV apopd oty mapaymyn Tunuatwv DNA dagopetikod pnkovg, petd omd
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TEYT e TEPLOPLOTIKA EVELLLOL.

e Toyoio evioyvpévo moivpopeikd DNA (RAPD) (Williams et al., 1990) o omoiog
BaocileTon 6T0 d10POPIKO TOALATAAGIAGHO, TVXOUMV OAANAOLYLDOV EVOG OElyLOTOG
DNA. H tavtonoinon tovg emttvyydverar pécw PCR pe olyovoukieotidukong
exkvntég (8-10 Bdoeig).

e  Mikpodopv@opol, 7oL  amOTEAOVVTIOL OO  JdOYIKEG  emavoAapPavOuEVES
aAAnlovyiec 1-6 Baocewv ot omoieg pépovv ekatépwbev povadiaieg aAAnAiovyies.
EpgaviCovv vynid Pabud molvpopeiopov kot eviomilovior o mhpo TOAAEG
drapopetikég Boelg Tov yovidtopatog (Queller et al., 1993).

e Alniovyieg DNA. TTaAowdtepa, ot mopondve pEBodOL YPNOLLOTOIOVVTAY EVPEMG
OTIC PUAOYEVETIKEG UEAETEG KVPIWS AOY® TOL YAUNAOD KOGTOVS KOt THG TOXVTNTOC
EKTEAEONG TOVG GE GUYKPLoT He TNV aAAnAovymon tov DNA. Qotdco, mhéov 1660
T0 KOOTOG OGO KOl O YPpOVOG TOv omonteiton Yoo THV aAAnAoOymon pHeumdnkav
dpapatikd. ‘Etol, n aAAniodynon tov DNA epoppdletor mold cvyvé oTic
QLAOYEVETIKEG LeAéTEC, KABMG CLUVIGTA Pl AemTopep] Kot ovoAVTIKY  HEB0SO
Y10 TNV EKTIUNOT TOV YEVETIKMOV AMTOCGTAGEMY YOVIOIOKAOV TUNUAT®OV Kot YOVIOL®V.

[Mapoéra oavtd, oe pion cLYKEKPUEVT] QLAOYEVETIKY] avlAvon eivar duvatov va

amonteitor 1 avAALGON  TOAAMTA®DV — HOPLOKOV  OEKTMOV  TOV  TOPEYOLV

CUUTANPOUATIKES TANPOPOPIEC.

1.4.1 To prroyovoproké DNA (mtDNA) 6Tig QuA0YEVETIKEG NEAETES

Ot poprokég uloyevetikég peAéteg omnpilovtor cuVHOOE ot YPON LUTOYXOVIPLOUKDV
yoviov. To prtoyovopliokd DNA, o¢ poprokds deiktng, ypnoiLonoteitor vpHtata oTic
QuhoyeveTikég peAétes. To meplocOTEPO LUITOYOVOPLOKE YOVIOIOMOTO €lvol KUKAIKA,
dikhova, vrepeMkopéva pope DNA eved ypoppkd poplo evtomilovtolr povo o€
oplopéva TPMOTOLMA KO LOKNTEG. X& TOAAEG TEPITTAOGELS, TO TEPLEYOLEVO TOL MtDNA cg
yovaviveg/kutooives (GC) dtapépet onpovtikd and o Topnvikd DNA kat yio ovtd etvon
duvaTOV va Ola®PIoTEL OO TO TLPNVIKO PE PUYOKEVTPNON € dafaduion TukvoTnTOg
yAoplovyov koisiov (avapopd). To mtDNA de cvvdéeton pe 1otdéveg M TOPOUOLES
npoteiveg (Russell, 2009). Ta prtoxovoplokd YoviSiOUOTO OLUPOPETIKOV 0DV

ToPOVGIALOVY TOAAEC OUOLOTNTEG G TTPOG TOV AP0 KOl TIG AEITOLPYIEG TV YOVIdi®mV
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touc. To proyovoprakd DNA towv (owv (Ewova 1) sivan éva puxkpo, eEoypopocompotikd
yovidiopa, mov &xel ouvibme péyebog e taENg twv 16-17 kb ko mepthapPaverta idwo
37 yovidwa: 2 ywo pipocoutkd RNAS (rRNAS), 13 yio npoteiveg kot 22 yio. LETOQOPIKA
RNAs (tRNAs). Emumdéov, vapyet o peydin un kodwn mepoyn (D-loop), n omoia
elval yvootd OtL mepiéyel otoreion EAEYYOL TNG GVILYPOQNG KOU TNG HETAYPOUPNS
(Krzywinski et al., 2006). Aev givar EgxdBapo KOTA TOGO QVTEC OL TEPLOYES ELEYYOL Elvan
OLOAOYEG HETAED AmOUAKPOV (OIKMV EWMV 1, EVOALUKTIKA, £X0VV TPOKOWYEL aveEdpTnTa,
amd OlPOPETIKEG UM KOOWEG aAdnhovyies oe Eexmplotég eSeMKTIKEG Yevealoyieg,
O€dOUEVOL OTL OEV TOPOVGLALOVY VOUKAEOTIONKT OLOAOYI EKTOG OO TIG TEPITTAOGELS TOV
TPOKELTAL Y10, 6TEVE GVYYevikd €idn (Boore, 1999).

Ta mpoidvta avtdv tov yovidiov, pall pe popio RNA kot mpoteivec mov
€16AYoVTOL amd TO KLTTOPOTAAUCUO, TOPEYOLV GTO UITOYOVOPLO TO O1KO TOL GUCTNUA
avTiypaeng kot petaypagnsg tov DNA kot petdopoong tov tpoteivov. H peiétn tov
MIDNA mapéyer moAdtipeg mAnpoeopieg yoo v yovidwwpatikny e£éMén. Emmiéov, 1
OVYKPION TNG OPYAVOCNG TOV UITOYOVOPLOKAOV YoVIdimV elvatl duvatdv vo, 0dnynoel otnyv
eCayoyn apyoiov eEEMKTIKOV oyéce®mV, KaODG 1 ddtaln TV YoVidiov G€ amOUOKPES
Ta&volikd opdoeg etvar povadtkn kot €totl givar oyeddov addvaro va cvpuPel avtd 1o

YEYOVOG e TOV 1010 TpOTO G avelaptntes eEeMkTikd yeveahoyieg (Boore, 1999).

Ewova 1: Mitoyovdpiokdé DNA (MtDNA)
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Ta yovidiopota tTov opyavidiov avilypdeoviol Kot KAPOVOUOOVTOL UE OLPOPETIKO
TPOTO O’ OTL TOL YOVIOL TOV TVPVO KOl OC EK TOVTOV 1 SVVOUIKT TOV VOUKAEOTIOIKOV
aVTIKATOOTACE®V  €lval  moAd  Swgopetiky. O pécog  pubudg  cuvovopmv
OVTIKOTOOTUCEDY GTOL LLTOYOVSpLokd yovidia tmv Onloaotikdv sivon mepinov 5,7 x107°
avd 0€on avd €tog, etval ONAad mePImov deKOTAAGIOC OO TO HEGO PLOUO GLVOVLUWOV
OVTIKOTAOTAGE®Y TV YoVIdiwv Tov muprva. O puBUdS N CLVOVLUOV OVTIKATOCTAGE®MY
TOWKIAAEL ONUOVTIKA HETOED TV YOVISI®V TOv putoxovdpiov aAld ce Kabe mepintwon
elval onuavtikd vynAdtePog amd 10 UEGO PLOUO GLVAOVLUMOV OVTIKOTAGTAGE®V TOL
nopaTnpEital 6To TVPNVIKA Yovidwa. Avtd oyetiletal pe v youniotepn adlomiotio Tov
punyoviopot avtrypaeng tov DNA, yeyovog mov €xel ¢ GuvEmeLd Tov LYNAGTEPO PLOULO
EICOYMYNG CQOAUATOV KOTd TNV aviiypaen kot v emdopboon tov mtDNA. Zeg
avtifeon pe tig moAvpepacec DNA tov muprva, ot tolvpepdoeg DNA tov putoyovdpiov
dev €yovv wavotra emdlophmtikov eAéyyov. Emiong, ot vynldtepec GLYKEVIPMOGELS
petaAla&ryovov, omwc otr elebbBepeg pileg o&vydvov, ot omoieg mpokdmToLV Omd
petafoAtkég diepyacieg mov dleEdyovtor ota PToyovopla, eivar duvatodv va tailovv poro
GTOVG VYNAOTEPOLS PLOLOVG VOLKAEOTIOIKAOV OvTIKOTACTAGE®Y. EmumAéov, eivan mBavov,
N wieon ™G QLOIKNG EMAOYNG, OV QUOIOAOYIKE eEodelipel TOAAEG peETOAAAYES oTO
yovidwa Tov mupnva, va ivor Ayotepo £vIovn oTo HToYOVOpLa, ETEWN TO TEPLGGOTEPQ
KOTTOPO TEPLEXOVY TOAAEG OeKAdES LTOYXOVOPLa KaBEva amd T omoio mTEPLEXEL LEXPL Ko
OMOEKN AVTIYPOPO TOV UITOYOVIPLAKOV YOVIOLOUOTOS. TEAOG, o1 HETaALAYEC oTa Yovidln
TOU UITOYOVOPLOKOD YOVIOIOUOTOS 7oL KmOwomowovv mpwteiveg, tRNA kot rRNA
eatvetor va unv emnpealovy TG0 apvNTIKE TV TPOGOPUOGTIKOTNTA TOV 0TOLOL OGO Ol
OVTIOTOTYEG LETOALOYEG OTOL TUPMVIKA YOVIdLL.

[Tapott glvar yvootd OTL o [uTo)ovoplokd yovidiopato towv (oov eEeAicoovton
TOYOTOTO, 1| OPYAVMON TV YovVidimv @aivetor vo givol amopdAloktn yio peYQAES
YPOVIKEG TTEPLOOOVG TG EEEMKTIKNG 1oTOpiac. Me opiopéveg e€apécels, | opydvoon TV
yovidlwv elval oyetikd otabepn HEGH OTIC KUPLEG OUAOES, OAAGL SLOPEPEL LETAED OVTAV,
KOl 1 OULYKPION OLTAG TNG OPYAVAOONG TOPEXEL CNUOVTIKEG TANPOPOPIES Yo TIG
QLAOYEVETIKEG OYEGELS 0TOVG Pabvtepoug KAAdovg TV petalmwv. O peydhog apBudg
TV mOavavV yovidlokdv Oatdéemv kobotd oxeddv adbhvoato TO VO OITOKTOVV

Swpopetikég talvopukéc Pabuideg to 1010 poviého opydvmons. H olvykpion g
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0pYAVMONG TOV UITOYOVOPLOKADOV YOVISI®MV TOPElYE TEICTIKEC PLAOYEVETIKEG GYECELS O
OPKETEC TEPUTTMOOELS KOTA TIG 0moieg Tor vTdAoumo dedopéva fTav apeifola, OTMC m.y.
OTIG TEPUTTMCELS TOV PEYAAWDV OUAS®V TV EXVOSEPUOV KOt TOV apOPOTOSW®V.

H gvkolio 6tov moAlomlactacpud, ot oxetikd ypryopor e&ehktikol pubuot,
KaBmOG Kol 1 omovsion YEVETIKOV avacLvovacpov, ékavay 1o mtDNA  avarndcracto
KOUUATL TG OLOTNUOTIKAG Kot TNG YEVETIKNG mAnbvoumv (Avise, 1986, Awadalla et
al., 1999, Simon et al., 2006). Ene16n 6A0 10 putoyovoprokd DNA kinpovopeitor og pio
povada, 1 amAOTuTog, 1 cUYKPLoN ToL ptoyovoplokod DNA amd dtopopetikd dtopo
pmopel vo. TapovclacTtel LE TN HOPPY] QLAOYEVETIKOV Oévdpov. Tlap’ O6Aa avtd, to
pitoyovoplakd DNA avtavakAd poévo v 1otopio TV OnAvkdv atdpmv tov TAnfucuov
KoL £TG1L UITOPEL VO UMV OVTITPOGMTEVEL TNV £EEMKTIKN 1oTOpiot OAOL TOL TANOVoLOY. [
avTO TO AOYO YPNGILOTOOVVTOL GLVNOMG GUUTANPOUATIKE Kot LEAETES TOV TLPNVIKOD
DNA 1 meproyn Tov ¥poHocOUATOS Y, TO 0moio dlokpiveTal amd TOTPIKY KANpovounon

(Garrigan & Hammer, 2006).

1.4.2 TTvpnvikoi yeveTikoi TOTOL

[Topdro To TAEOVEKTNUOTA OV TOPOLGLALEL TO HITOXOVOPLOKO YoVdimUa, ®¢ TNyn
LLOPLOK®V SEIKTAV YL0. QUAOYEVETIKEG HEAETES, TO YEYOVOG OTL KANpOVouEiTol g gviaio
povada, £xel o¢ ovvémew vo, punv givor duvatov va Bgwpnbodv tar yovidlw mwov
TEPAAPPAVEL OC aveEAPTNTEG TTNYES PLAOYEVETIKNG TANpopopiag. Avtibeta, 10 TLPNVIKO
yovidiopo meptlapPdvel TepLoyég mov Kmdkomolovy tpmteiveg Kot RNA, eved @épetl kot
UN KOOKES TEPLOYEG TPOCPEPOVTOG £TGL L TANOMPA aveEApTNTOV OEIKTMV, Ol 0TOioL
eEeMocovionl pe OPOPETIKOVS pLOUOVE, KaboTOVTAG TO YPNOWO epyOAEio Yo TN
HEAETN TOV QUAOYEVETIKOV oYEcE®V HETASD cuyyevav g0V (Dolman & Phillips, 2004,
Willows-Munro et al., 2005).

Ot mopnvikol yevetikol TOMOL TOL KMOOKOTOWOLY TPMTEIVEG GLVNOMG dev
epupoaviCovv molvpopeiopd peyébouvg 1M, €dv epeavicovy, avtodg avtioTolyel 6e aplOuod
TOAMOTAGGIO T®V TPLOV  VOUKAEOTOI®MV, HE OmOTEAEGHO 1 opomapdbeon TtV
OAANAOVYLOV VO UNV TapOoVGIALEl SLGKOAIEG. QQGTOGO, 01 GUYKEKPUYUEVOL YEVETIKOTL OEIKTES
etvat duvatdv vo dNUIOVPYNGOLY SVGKOAEG KATA TNV ENEEEPYOTIO TV AMOTEAECUATOV,

AOY® TV wvipoviov ov mepiéyovy (Downie & Gullan, 2004) kot yia avtd o Adyo, oe
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OPIOUEVEC (QUAOYEVETIKEG WEAETEG YPNOUYLOTOLOVVIOL HEUOVOUEVEG TEPLOYES eEovimv.
Avtol ot deikteg a&lomoovvior cLVHOWG G QLAOYEVETIKEG UEAETEC LYNAOTEPOV
TOEWVOMIKAOY emmédwV. Amd v GAAN mAevpd, oL aAANAOLYiEG Kol 1 TOTOAOYiM T®V
wrpovimv givar Suvatdv vo TaPEYOLY YPNCILES TANPOPOPIES YioL TNV EEMKTIKY 16TOpioL Kot
™ QuAoyéveon Mg opadoc ewmv. 'Etol, ot aAAnlovyieg tov vtpovimv, ot omoieg
eCeMooovtal ToyEmG, YPNOYOTO0VVTOL GUYVEL Y10 QLAOYEVETIKEG UEAETEG OV OPOPOLV
otevl oyxetildpevo €dn evd M e&EMEN ™G YOVIOOKNG Oopydvedons, HECEH OmMAENG M
TpocNKNG wipovimv, yeyovog mov ¢aivetonr va cvopPaivel pe moAld apyovg puBupovsg ce
OPLOUEVEG YEVENAOYIES, YpNOLLoTOLEiTOL GLYVE Y1 TN depevvnot PabOTEPOV PLAOYEVETIKOV
OYECEMV Y10 TIS 0Moieg amd POV TG 1 aAAnAovyio, AOY® peydAmv amokMoemV, eV TapEYEL
a&omoto ovpnepdopoata (Irimia & Roy, 2008). AAlot mupnvikoi YEVETIKOL TOTOL TTOL
UTOpOLV Vo xpnotpomombovy ylo peAETEG QLAOYEVESNG E€IvOl Ol UIKPOSOPLPOPIKES
aAniovyiec. Ilpdkerrar vy emovoropPovopeveg oaAAnlovyieg evog €wg mévie
VOUKAEOTIOIOV TTOV VILAPYOLV GE GMUOVTIKO TOGOGTO GTO YOVIOIMUO TOV EVKAPLMOTIKMV
opyavicpuav. EpgaviCovv vynid eninedo mOALHOPPIGHOV, AOY® TOL LYNAOL pLOUOD
petoArdEewv. H aglomoinom toug oe peAéteg minbuouiokng YEVETIKNG GLVEPOAQY GTOV
KaBopIoUd TG YEVETIKNG OOUNG TOAADV E0AV, GLYKPIvOVTAG TIG eEEMKTIKES GYEGEIS Kot
HEAETOVTAG TNV TPOGPOTY 1oTopia ot eminedo TAnBuoudv (Buburuzan et al., 2007).

TéN0G, OTIC PLAOYEVETIKEG OVOADGELS YPTNOLOTOIOVVTOL ETIONG Ol YEVETIKOL TOTTOL
mov kmotkomolovv rRNA. Avtol ot yevetwkol toOmOl Ppickoviar cLyKEVIp®UEVOL GE
YETOVIKEG TEPLOYEG TOVL YOVISUDUOTOS KOl OPYOVAOVOVTOL GE M0 EVioia AETOLPYIKN
povada. Kabe tétoto povéoda meptrapfavel yoviole, to omoio KOIKOTOWOUV TN UEYAAN
(28S) kou ™ pikpn (18S) vopovéda tov procopatog, kabmg kot to 5,8S rRNA, 1o
omoia dtoympilovron amd pn kmokég meproyés (ETS, ITS1, ITS2). To kbpro mAeovéknua
mov kafiotd 10 TVPNVIKO prPocmpikd DNA katdAinio @uAioyevetikd deiktn, eivar 10
peydro péyebog g aAANAOLYIOG TOL GUVETAYETOL KOt LEYAAN TOGOTNTO PUAOYEVETIKNG
minpoopioc. H emdloyn tov KatdAANAOL YEVETIKOV OEIKTN OTNV EKAGTOTE PUAOYEVETIKT)|
perétn egoptdror amd Tov aviiotolyo eSeMKTIKO pLOUO evd, KOTA TEPIMTMOT, Ol
EVOALOKTIKOL YEVETIKOL OElKTEG PTOPOVV Vo, ypnoipomombovy kot cuvdvactikd (Olsen &

Woese, 1993).
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1.4.3 To ypopoécopa Y

To ypopdcoua Y eivor Eva amd o 500 PUAETIKA Ypwpocodpato (XY), Ta onoio dtabétovv
o€ kéBe KOTTOPO TO TEPLOTOTEPO ONAaoTIKG KO TTEPLEYEL peTalhy dAlwv to yovidlo SRY
(sex determination region- gvAo-KaboploTIKOS TAPAYOVTOC), TO 0moio OTaV gival Tapdy,
evepyomolel v avdmtuén tov Opyewv kot kKaboonyel T Onpovpyio apCGEVIKOV
eowvotomwv. To Y ypoudcopa meptéyel Kol puepkd dAlo yovidoto mov givor omapoitnto
Y v mapoaywyn onéppotoc. To ypopodcope Y tov avBpomov amotedeiton amd 60
exatoppvplo Cevyn Pacewv. To yeyovog 6Tt o DNA tov ypopocopotoc Y petapipaleton
oamd TATEPA OE Y0, N OVOALON TOL UmOpeEl vo. 0dNYNOEL OE OlEPELVNON TOV

TOATPOYPUUUKADV GELPDOV GE PLAOYEVETIKEG AVOAVGELC.

O avoovuvoLaopog avapeso oto Ypopocopate X kot Y amodeiytnke emlnpiog
O€dOUEVOL OTL KATEANYE GE OPCEVIKA Y®PIC T amapaitnTa YOVIidlo TOL TPONYOLUEVMS
Bpiokoviav oto Y kot og Onivkd pe axpeiocto N axodun kKo PAafepd yovidwa, mov
TPONYoLUEVMG PBprokdtay puovo oto ypopdcopa Y. Qg amotélecua o xpnoia yovidw
YW TO OPGEVIKA GLYKEVTIp®ONKOV kKovid oto yovidto SRY kot o avacuvovaopog
KataoTtaAOnke, mpokewévov va datnpndel avty n bk mepoyn avémoaen (Graves,

2006).

To ypopdcope Y elvor ektebepévo  oe  oyetikd  vymiodg  pvOupode
petoAlalyéveong oe oyéon pe to vIoAouto wopnvikd yovidiopa. To ypoudcopon Y
petofifaletor amokAEIoTIKO OO TO OMEPUN, TO Omoio LWOPAAAETOL GE TOAAATALG
KUTTOPIKEG JapEcelg Katd tn dudpkela tng youetoyéveonc. Kabe xvttapikn dwipeon
amotedel por emMmALOV gukapia Yo cLGGMPELON HeETOAAGEEY. EmmAéov, 10 onépua
amofnkevetal oto Wwitepa 6Ewvo mepiPdAiov TV Opyewv, 10 omoio evBappLVEL
wepatép® TV HETOALAELYEVEST. Ot 600 avTOl TAPAYOVTEG dNUOLPYOLV TIC GLVONKEG
MoTE T0 YpOUOSOUL Y va dtatpéyet Eva Kivouvo petaAraéewv 4,8 popéc Leyaldutepo amod

10 vEoroumo yovidiopa (Graves, 2006).

To mnBvoaxod péyeboc tov xpOUOGOUOTOS Y ival TEPLOPIGUEVO KANPOVOUIKE
o010 1/4 o€ oyxéon pe aTtd TOV OTOCOUAT®V. Ot SUTAOEIDEIC OpYOVIGHOL TEPIEXOVY VO
avTiypoQa TOV OVTOCOUK®OV YPOUOCOUAT®OV, VO HUOVO 0 Hoog mepimov mANBuoudg

nepéyet éva ypopocoua Y. 'Etol, 1o eovopevo g yYeEVETIKNG TOpEKKAIONG elvar o
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wiaitepa €viovo oto ypopodcoue Y. Méoom g tuyaiog oevbétnong, éva eviiiko
OPCEVIKO Hopel vou pn HetafiBacel ToTé T0 YPOUOCOUO EAV OTOKTAOEL LOVO ONAVKOVG
amoyoévovg. ‘Etol, av kot 10 apoevikd pmopel va €xel €vo. KoAd TPOGOPUOGUEVO
ypouodcoua Y, amoailoaypuévo amd vmepPorkés peToAAAEES, pmopel mOTé Vo Unv 1o
nepacel oty emouevn yevetikn de&apevn (Graves, 2006).

INa 6Aovg T0VG MOpOTAVE® AOYOV, TO YPpOUOcOUE Y amoTtelel €vav AKPMG
EVOLPEPOVTO LOPLoKS deikTn, 0 omoiog Ba pmopovoe va dDCEL TOADTIUEG TANPOPOPiES
Yoo TV YEVETIKN TANBVoUIKY JOoU Kol TNV KOTOY®YN] TOV CUYYPOVOV YOVISLOK®OV
de€apevav ota dapopa €101 ONAAGTIK®OV, CUUTEPIAAUPOVOUEVOL KOL TOV EVPMOTOIKOD

Aayo?.

1.5 O gvponaikog hayog (Lepus europaeus Pallas, 1778)

1.5.1. Zvotnpotki] katdtosn tov gidovg Lepus europaeus

BaoiAglo: Zoo,

dvlo: Xopowtd
Yno-@ovAo: 2movovimtd
KAidon: Oniootikd
Té&én: Aoaydpopoa
Owoyévela: Leporidae
["évog: Lepus
Eidoc: europaeus

Amo: http://www.ncbi.nlm.nih.gov/taxonomy/

1.5.2 ®vown weprypopn

Ewova 2: Lepus europaeus
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O gvpomaiKoc Aayog £xel GLVOAKO UNKoG Tov kvpaivetor amd 60 £wg 75 cm ko Quyilet
and 3 éoc 5 wha (Hall & Kelson, 1959, Peterson, 1966). To ypodpa tov eivon
Kkaotavoykplo émg ykpilo kagé, ekTO¢ amd TV TEPLoYN TG KOLMAG Tov givol yKptl-
dompn. To ke@dAl £xel KAPE AMOYPDOCELS LLE O AVOLYTOYPMUOVG KOKAOLS YOp® amd Ta.
pdrtwo. ‘Eyxel pokptd avtid, to ticom wédto Tov ivat o Hokpld ard to. UTpocTivd, EVE To
TEMLOTE TOL KaAVTTOVTOL Od TToryd TPiYOUe Yoo va, epmodilovv v oAMcOnon. H ovpd,
pe punkog cvvnbwg 7-11 cm, eivor podpn oto endved péEPOg TG Kot Aompn oto Katm. H
ddpketo (ong Tov etavel To 7-8 ypovia (Peterson, 1966, Bansfield, 1974). To yeywdva to
Tpiyopo tov gupOmAIKOL Aayoy yiveton gloppmg mo ykpilo. Emiong, oev éyxet
napatnpn el a&roonueimtog SHOPPIGHOS avdpesa ota dvo eOAa. H povadikn dapopd
mov €xel mapatnpnOel eivar 6TL o apoevikd Exovv cuvnBmG mo KovTo Kot oD AAUO GE

oyxéon pe ta Onivkd dropa (Bansfield, 1974, Dragg, 1974).

1.5.3. Xvpmeproopd

O evponaikodg Aayoc Bewpeitar voktoPio (wo. N'evikd wpotipd ™ povaykr) (o1 av kot
é&xovv onuewwBel eppavioelg v og  KPEG ouddes, Kuvplwg TNV mEPiodo TOL
Cevyopdpotoc. XopoKInpioTikd Tov YVOPIGHa £Ivol 1 LEYOAN ToXDTNTO TOV OVOTTUGGEL,
n omoia umopet vo ptdoetl o 70 km/h. ‘Exetl dwapoppopéve modia €161 doTE vo, Tdd, vo
wepmatd Kol vo. Tpéxel. Awnbétel 1dwitepo avemtvuypévn v aicBnon g Opoong,
o6cppnong kot akong. Otav axovoel BOpvPo otéketan ota To® OO PE oNKOUEVO TOL

avtid tov (Hamilton & Whitaker, 1943).

1.5.4. T'emypoapui) eEamimon

O gvpomaixodg Aaydg cuVAVTATOL 6TO HEYOADTEPO TUNHA TNG Evpdnng Ko avatoikd tng
M. Aociag éog v Kevipikn Acia (Ew. 3), (Lincoln, 1974, Broekhuizen & Maaskamp,
1980, Caillol & Meunier, 1989, Poli et al., 1991). Eniong, éxet sicayfel omnv Apepikn,
Avotpora kot Néa Zniavdio (Lincoln, 1974, Caillol & Meunier, 1989, Bonino &
Montenegro, 1997).
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O Brown Hare Distribution (appros.)

Ewoéva 3: Tlaykdouia kotovour tov Lepus europaeus (amd: Flux & Angermann, 1990).

1.5.5. Bwdétomog

O evpomaikdg Aoydg (et oe meduddeg kot e Pouva péyxpt T0 vyouetpo tv 1800 m.
YuvBmg dpacTNPLOTTOLEITUL GE OVOLXTEG TTEPLOYES, OPloBeTUEVEG OO OUGIKEG EKTACELS
EVAD OmOPEVYEL TOL LEPT HE TOAAN vYpacia. O Aaydg £xel avaykn amd po (oTikn Teployn
300 otpeppdTov, onVv omoio LIWAPYOVY APKETES dtadpopeg dopuyns. H poid tov, v
omoia avaintd e PLGIKE TPOGTATEVUEVA GNUElN XOPIG VAL TNV SAUOPPDVEL O 10106 OTWG
T.Y. TO OCLYYEVIKO TOL KOULVEM, Ppioketol 6e KOWOUATO KAT® omd Ynid yopta 1

Bauvoug, kadd kapovprapiopévn (Peterson 1966, Bansfield 1974).

1.5.6. Avatpo@ikég ovviiOeieg

Trv nuépa, o evpeTATKOS Aoydg KpOPETAL EVAD TIG VUXTEPIVES MPEG OPTVEL TN WAL V10!
va avalntinoel TV TpoeN Tov. AVt amoteAeiton amd PeYAN motkKiAio Kol E0PTATOL Ao
TIC emoyég Tov €tovg. ['evikd, Tpépetarl pe kdbe €idovg eutd, YOpTa, GLTNPd, Aoyovikd,
eOAMO Bauvev kol pkpd kKiadwd. Emiong, yopoxtnpiotikd tov eivor m Kompogoyia,
KaOADC oLYVA KOTOVOADVEL HOAOKES KOVTGOLAMEG TOVAMV TOL €ivol TAOVGLEG GE
Brrapivee, apuvoééa ko Paktipilo Ta omoia Tov gival omapaitnto (Hamilton & Whitaker,

1943, Bansfield, 1974).
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1.5.7. Avamapayoyn

Av ka1 0 VpOTAIKOG AayOg elvar YeVIKA povaykod (Mo, KOW®VIKOTOLEITaL 110iTEP KATH
v mepiodo Tov (ELyopdUaTOS, KT TN O1dpKelo TG omoiag emdidetal og Beapoticd
dApota Ko pyeg 01eKOIK®MVTOG TO Taipt Tov. Méypt Tpdopata, avTég ot LbyeS, KOTA TIg
omoieg 0 £vOC A0yOG YTLTTOVGE TOV OVTITOAO LE TIC TATOVGES TOV, Bewpohvtay [ Lopen
avTOYOVIGHOD HETAED TV apoeviK®V. QoTOC0, U0 TO AETTOUEPNS TOPOKOAOVONON
£0€1Ee OTL TOAAEG POPEG EMPOKELTO Yoo ONALKA ATOLO TTOV YTVTOVGOV APCEVIKA EITE Y10
va 0eiéouv g dev NTav akdpa £towa yuoo (evydpopa gite yoo vo doKipdcovy v
OTOPUCICTIKOTNTA TOV apceVIKOV. H avamapaywyikn mtepiodog tov Aayod eivar cuvibwg
eV LECH YEWMVA KOt €V LEGH KaAokoptov. To OnAvkod yevvd Tpelg og T€ooepig POPEG TO
xpovo, énetta amd kvopopio 30-40 nuepav. H televtaio kvopopio cuvnbwg eival 6to

T1éA0G TOoV KoAokaplov (Peterson, 1966, Bansfield, 1974, Bonino & Montenegro, 1997).

1.5.8. Kivovvolr kon ameirhég
O evpomaikdc Aaydg oamotelel OMpopo TOAADV OPTOKTIKOV Kot Yoo ovTd TO AOYO
Oswpeitor  OpKETA  ONUOVTIKOG — OWKOAOYIKOG  mopdyoviag — otafepdtntag  tov
0ocLGTHHATOC. Tov Kuvnyodv GYeddv OAL Ta GapKOPAYa, OT®S 0 AVKOG, O GKVAOG, TO
Kovvaft, N aAemod Kot 0 dvBpwmog aAAE KOl TO OPTOKTIKA TTNVA, OT®G O1 0ETOT Kot TOL
vepbxw  (Peterson, 1966, Bansfield, 1974). O Aoaydég opdvetor TpEYOVTAG,
YPNOWLOTOIDVTAG TOVTOXPOVO TOYVTOTOVS EAMYUOVG Yo vo, Olo@Oyslt 1 HEVOVTOG
KPLUUEVOS GTO £00/(POG.

O mnBvopdS ToL TaPOVGLALEL EVTOVES KOl AKOVOVIOTES AVEOUEIDGELS TTOV UTOPEL
va oQeihovTal €  KALMOTIKODG TOPAYOVTEG, OAAA KOl O TAPAYOVIEG OTWG O
avVTOYOVICHOG Yoo TV eEghpeon Tpoeng, M OMpevon kar ddeopeg acBévelec. Ot
Topamave Adyol £€ovv ¢ OMOTEAEGHO o’ €vOog T pelmon Tov pubpov g
VOTOPOY®YNG KoL 0’ ETEPOL TNV EAATTMOOCT TNG OVTOYXNG KO TNG TPOGUPUOCTIKOTNTOG

Tovg oe ac0éveteg (Smith & Johnston, 2008).

1.5.9. Owovopwkn} onpacia yra Tov avlpomo

O evpomaikdg Aoyos, AOy® NG €EPETIKNG TOOTNTAS TOL KPEATOG TOV, OMOTEAEL
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Onpedoo idog omv Evpodnn ko otnv Apepwkn (Bansfield, 1974). Qot6c0, 68 mOAAEG
TEPLOYEG, OMMG M APYEVTIVI] KOl 1] AVGTPOAI, 0 EVPOTATKOC Aayds, AOY® TG YPNYOPNS
AVOTOPOYMYNG TOV, TPOKOAEl EKTETAUEVEG KOTOGTPOPES OTIG YEMPYIKEG KOAMEPYELES

otV mpoonddeld Tov va tpoeei (Smith & Johnston, 2008).

1.5.10. Epgvvntiki] onpocio

O evpomaikdg Aayog amotedel éva kvpiopyo otoryelo TG Tovidag TOV OVOIKT®OV
EKTACEWV UE 10101TEPTN OKOVOUIKY] onuacic, S10TL amotedel £va amd Ta To ONUOQIAY
Onpduata oty Evponn kot wwaitepa ot Baikavikn yepodvnoo kot v EAldda. H
EKTETOAUEVT] KATOVOUN TOV KOl TO YEYOVOS OTL OVTOTOKPIVETOL TOYVTOTO OTIS OAAAYES
evoltNUdTeOV Tov T0 KOOGTOUV éva €100G-HOVTEAO HEGH TOL OTOIOL UTOPOVUE VO
e€AyoLLE YPNOUO CUUTEPAGILOTA Y10 TN GUUTEPLPOPT, TN Proroyia kot TNV TANOLGHLOKY|

dopn| TV dyprowv TANBVCUOV TOAADY ONAAGTIKOV.

1.6 Mopwkég minBvopmakéc peréteg Tov Lepus europaeus otnv Evponn

H yvodon g yevetwkng mowkiAdttog Tov €VpOROikov Aayoh amotelel €va mOAD
ONUOVTIKO gpYaAeio Yia TNV KoTtavonon ¢ TANOBVCoUIOKNG OOUNG Kol SUVAUIKNAG OLTOV
Tov €ldovg Vo JSpopeTikég meptParlovtikég ocvuvOnkes. Tlaporo mov 1o €idog L.
europaeus eivar apketd dwadedopévo oty Evpdmn, ot peréteg mov oyetilovran pe v
nAnfvopokn dopn t6co avTod TOL €100VE, 6CO KOl GAA®V EWOV TNG OWKOYEVELNS
Leporidae kot Paciloviar oe poplokovg SeiKTEC, €ivol TEPLOPICUEVEC. XTN GULVEXELD
AVOADOVTOL Ol LOPLOKEG HEAETEC, TOGO O€ EMIMESO TPOTEIVOV 000 Kol o€ eminedo DNA,
OV OPOPOLV TOV ELVPOTAIKO Aoyd Ko egiyav dmuootevdel péypt v &vapén g

oLYKEKPLULEVNS dlaTpiPrc.

1.6.1 ITAnOvopoKES PEMETES 6E EMIMEDO TPOTEIVOV

Ot peréteg tov Suchentrunk et al., (1998, 2001), oe eninedo aAiloeviduwv, o€
minbovopovg g AyyMog kot g Néag Znhavoiog, €dei&av youniotepo emimedo
etepolVYMTIOG KOl YEVETIKNG TOKIAOTNTOS GE GYECN HE TO OVTIoTOWO EMimedo o€

mAnfvouovg g Avortpiog, mov mapovoldotnkay otic uedéteg tov Hartl et al., (1993,
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1995). Ot mAnbvopoi g Néag Zniavdiog mopovciccoy WIKPY UEIMON YEVETIKNG
TOWKIAOTNTOG OE GYEOMN WE TOVG TANBVGLOVG TG AyyAlag, amd Tovg omoiovg Bewpeitat OTL
npoépyovtal. Emiong, amd to dedopéva mpoékvye OTL ot mAnBuoupoi g AyyAlag
nponABav amd Tovg TANBucHoLg ¢ kevipikng Evpomng kot sppavifovv yapnidtepa
EMIMEDO YEVETIKNG TOIKIAOTNTOG GE oVLYKPIoN ME TOovg TANBvouovg g Avotpiag. Ta
amoteAéopata evioyvoav v vrodeon mept elcaymyng Aaydv ota Bpetavikd vnold and
tovg Popaiovg (Arnold, 1993) 7, evaAloktikd, tng 166000 Aay®dv otnv AyyAio H€cm g
QULGIKNG YEPLPOG oV Evve o Bpetavikd vnotd pe 1 onuepwvn nrepotiky Evponn,
npv amd mepimov 8.000 ypovia (Suchentrunk et al., 1998).

AvEnuévn dpoponoinon oe eminedo aAloeviOU®V amokoAVEONKE Kol amd T
uehétn tov Suchentrunk et al., (2000) ce mAnBvouUOVG TOL EVPOTOIKOD AoyoD TNG
Boviyapioc, oe cvykpion pe mAnBuopovg g kevipwkng Evponng. Ta amoteiéopata,
€0e1&av 0Tt 01 yevetkég oegopevég g kevipikng Evpdnng mponABav amd meproyés g
votoovatolkng Evpdmng kot 6Tt 1 kaTOVOUN TNG YEVETIKNG TOWKIAOUOPPIOG OTIC
TePLOYEG aVTEG 0ev emnpedleton oe onuovtikd Pabud amd TG HEYAAES YE®YPOUPIKES
OmOGTAGELS, AOY® TNG MOAVIG VTOPENG EVOG TOUUIKTIKOD OIKTVOV TOTIK®V TANOLCU®V.
Yndpyel, ®oT060, TAGN Y10 SOPOPOTOINCT TOV TOMKADV YEVETIKOV OEEAUEVOV TOV
mnBuopdv g votoavatoAkng (Boviyapia) kot kevrpikng (Avotpia) Evpomne. To
yeyovog avtd umopel ev PEPEL VO OPEIAETOL GE YOVIOLOKT POT OO GAAEC TTEPLOYES TNG
votioavatoAkng Evpmnng mpog v kevipikn Evpan.

H pelét tov Alves et al., (2000) pe pdon tpmteiveg T0V TAAGLOTOG, OTOKOAVYE
VYNAOTEPO EMIMEDO YEVETIKNG MOKIAOTNTOG 6TOV 1Npikd Aayo (Lepus granatensis), og
oyxéomn Le Tov euponaikd Aayd oe meployxés g IaAliog kol g Avotpiag. H dwapopd
vt umopel va opeideton 610 yeEYovog Ot o1 TANBLGHOL TOL EVPOTAIKOD AyOV», TOL
avaAvOnkay, mpoépyoviav amd mAnbvopovg g [oaAiiog kot g Avotpiog, mov
Bpiokoviav oe Katdotoaon ayypoiooiog. Emiong, mAnbuouioxéc pelétec otic meployég
emapng tov dvo €ddv (L. granatensis kau L. europaeus) otmv Ipnpikn yxepodvnoo,
amokdAvyav TNV Omapén 1oYvPNG YEVETIKNG ATOUOVMOCNG TOV E0MV OVTOV Y®PIG Vo
amokAgiovy TV TOAvVOTNTA YOVISIKNG pong 6€ HiKkpod Tocoostd (Bonhomme et al., 1986,
Alves and Ferrand, 1999).

Ot Suchentrunk et al., (2003) peAétnoav ™V TOKIAOTNTA, OTO EMIMESO TOV
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aroevlopwv, 91 L. europaeus amd emntd mepoyés g EAAGdac. Ta amotedéouota
ovykpidnkav pe avtiotoyo amoterécpato ond tAnBvouovg g Bovdyapioc, pe okond
va ggetaotel 1 vdBeon ™G VMapENG GLYKEKPEVOV aAANAOpopemV oty EALGS, Ta
omoia, mOavov, vo TponAbav amd Evav amopovouévo TAnbuopud ot votie BaAkovikn
YEPOOVNGO KOTA TN dLapKELN TG TEAEVTOLOG TEPLOOOV TV [Tayetdvav. Avti 1 vTdOBeon
EVIOYVETOAL KO OO TNV QVENUEVT] YEVETIKT dtopopormoinomn oto eninedo tov mtDNA oe
eMNVIKOOG TANBVGovG Aayod (Mamuris et al., 2001). H avélvon 35 yevetikdv tonmv
ATTOKAAVYE TPloL AAANAOLOPOO GE YOUNAT GUYVOTNTO, TO 010l OV Ppébniav e KovEva
mnboopd amnd ™ Boviyopia 1 dAAN evpomaiky yodpo. AvTBETOG, opoupéva
aAAnAdpopea mov egviomiotnkav ot Boviyoapia kot oe mepoyés g Evpdnng,
arovcialov amd Tovg eAANViKOug mAnBvopovc. Emiong, omd v avédivon Tov
OMOTEAECUATOV TPOEKLYE UEYOADTEPT YEVETIKY] SOPOPOTOINGCT] GTOVS EAANVIKOVG
minbuopovg, kabdg Kot pio pkpn yovidwokr, pon peta&d towv mAnbvopov. Ta
OOTEAEGLLOTO. GUULPOVOVV LLE TNV apyik] VTdBeon mepl vmapéng katapvyiov otn voTio
BoAkavikn, v mepiodo tov Avartepov [TAgiotdkaivov, kabmg Ppédnkav cuykekpipuéva
OAANAOLOPQO.  OTIG TEPLOYES OVTEC, HE MKPY, OHMC, EMOPOOT OTN  YEVETIKN
dpoponoinomn twv TAnduoudv Aoyod e EALGSag kot tng Bovkyapioc.

H yevetikn mowildmo TV e0pOTATKOV Aoy®V TG AVOTOANG Kol 1) GYXEGT TOVG
HE TOVG EVPOTAiIKOVG TANOLGHOVC 68 e€eAkTiKO emimedo, pedetnOnkov and Toug Sert et
al., (2005) pe avaivon icoevldopmv. And ta amoteréouata mopatnpionke avEnuévn
YEVETIKY] O10LPOPOTOINGT] OTOLG A0yoOS NG AVOTOANG, o€ oxéom He TN péom
dwpoponoinon twv TANBLCUOV NG VOTING Kol VOTIOOVATOAKNG Baikaviknig kot
YOUNAN Otapoponoinon tewv mAnfuoumv g kevipikng Evpommg. H avénuévn avtm
YEVETIKN SlopopoToinon evoExetol va. eivarl omotélecpo ™G YE@YPOEIKNG BEong g
TEPLOYNG VTG KAODS Kot TNG AVENUEVNS YOVIOLOKNG PONG TTOV OEXETAL OO YEITOVIKES
TEPLOYES, OAAL KO TNG LOKPOYPOVIOG TEPOLGTaG TANBVGU®V Aoyol KaTd TN O1dpKELD TNG
terevtaiag meprodov twv [ayetdvov, dtav Bopeldtepec meployéc, v 1010 mepiodo, dev

TOPELYOV KATAAANAOQ EVOLOUTALATO Y10l TOVG TANBVGLOVG TOV AaryoD.

1.6.2 ITAn0vopokéc pehéTeg Pe P10 OEIKTAOV ptoyovoplakov DNA

O mPoGdIOPIGUAC TG OAANAOLYIOG OAOKANPOV TOL HITOYOVOPLAKOD YOVISUDHATOS TOL
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gvpomaikon Aayov (17734 bp) npaypatonomdnke amd tovg Arnason et. al., (2002), oto
TAOIG10 NG UEAETNG TOV QUAOYEVETIKOV oyécemv 60 €00V ONAaoTIKOV Sopdpmv
TOEIWVOUIK®OV EMTEI®V.

H perém tov Thulin et al., (1997) oe mAnbvouovg L. europaeus ko L. timidus
mg Zoundiag Paciotnke ommv avédivon tov MtDNA pe 1t pébodo RFLP. Ztoug
mAnBvopovg tov L. europaeus, aviyveblOnke younAr omAOTLTIKY S10POPOTOINGN, TO
omoio ogeiletor oto 6Tl o1 TANBvouol tov L. europaeus otig ZkavowvaPikég ydpeg
eloNyOnkav and meployég g Kevipikng ko Popetag Evponng, otig onoieg mapatnpeiton
YOUNAO eminedo yeveTikng mowihdmras. To cvumépacpa ovtd evicyDeTOL KOl OO TV
épevvo tov Hartl et al., (1993), otnv onoia Bpédnke younAn dopopomnoinom, ce eninedo
mtDNA, og mAnfvopovg L. europaeus tg Avotpiog. Emiong ta amoteAéopata g
épevvag tov Thulin et al., (1997) avédei&av tov vPPOIGHO PLOIK®OV TANOLVoUGY TOV
eWdmv L. europaeus kou L. timidus, yeyovoc mov fon &ixe mapatnpndei oe katdotoon
oL LOAOGTOG.

YymAdg BaBpog evooedkng dtapopomoinong tov mtDNA oo €idog L. europaeus
napatnpnonke oy Ipnpikn xepodvnoo, amd tovg Pérez-Suarez et al., (1994), to onoio
armotelel évoeiEn vPpdicpod tov L. europaeus pe to €idn L. castroviejoi kot L.
granatensis, Tov GLVLTTAPYOLY GTNV TEPLOYT.

O1 Fickel et al., (2008), avaidovtag aAiniovyieg tng meproyne eréyyov (control
region, CR) tov mtDNA, oe mAnOuopodc eupomaikod Aoyod omnd enTd €VPMOTOIKEG
YOPES, amedeEay 0Tt N ItaAik| xepodvnoog anotérese Eva EMMAEOV KATOPVYLO Y10 TOVG
Aayotg, ektog amd T Baikavikn kot ) Mwpd Acia, kotd v tedevtaio [lepiodo tov
[Mayetdvov, amd TG omoieg TMPOEKLYE M EMAVEMOIKION TOV YOPAOV TNG KEVIPIKNG
Evponng.

Ov Kasapidis et al., (2005) perétncav T QLAOYE®YPOAQPIKY KATAGTAGT TOL
EVPOTATKOD AcyoV, OvVOAVOVTAG aAANAOLYiES TG TTEpLOoyNG EAEyoL Tov MtDNA amd 98
Aayoug omd TV MEEPOTIKN Kot vnowwtikny EAAGSa, t BovAyapia, v Kodmpo kot 1o
Bopeto IopanAd kabBdg Ko 44 dNUOCIELUEVES OAANAOVYIEG TOV TTPOEPYOVTAY OO AOyOLG
g kevipikng Evpmmng kot g Itadioc. Ta amoteléopata g HEAETNG VTTOJEIKVOOVY dVO
JKP1Tovg TOTOVG pITtoyovoptokod DNA, évav «avatoAikd TOTo» Kot Eva «duTikd THToY,

pe péon vouvkieotidk| dwpopornoinon 6,6%. O «avatoAkog TOTOC» mePAapPiver
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OTAOTOTOVG Ao To. VNold Tov AvatoAtkoy Atyaiov, tnv Kompo, to Bopeto Iopani,
Opdxn xor Vv avatoMkn Moakedovia. XTov «LTIKO TOUTO» TEPLAAUPAvovTal ot
amidtonot amd v Kpnen, t Agvkdda, tn Na&o, o KoOnpa kot tnv nreipotik EAAGSo
KaOd¢ kat ot amhdtumol g Avotpiag, g ['eppaviag, g Ovyyapioc, g ZepPiag, g
Povpaviag, e Boviyapiog ko g Itaiiog,. Mio (ovn emkdivyng tov 600 THI®V
ptoyovoplakov DNA evtomiletan otnyv meproyn ™ ®pdakng kon tg Bovdyapiog.

Ot Mamuris et al.,, (2001) pelétnoav tn yevetikny Slopopomoinon Kot 1T
QLAOYEVETIKY Katdotaon TAnfucudv tov L. europaeus tng kevrpikng EALGSaG, kabdg
Kol TNV EMIOPAOT) TOV ATELELOEPDOCEDV EKTPEPOUEVOV ATOUMY GTN YEVETIKN OOUN TOV
QLoKOV TAnBvopmv. ['a awtd 10 okond avarvdnkoav Tpuqpota Tov mtDNA pe ) pébodo
RFLP-PCR. H avdivon Tov d€00UEVOV OmOKAADYE EKTETAUEVT ATAOTVTIKY TOIKIAOTNTO
EVTOC KOl LETAED TOV QUOIKAOV TANOLGUOV (42 amd Toug 56 amAdTLTOVE NTOV LOVASIKOL).
H oamlotumikn mowidomnta Mrav €€ icov katovepnuévn €viog kKot pHeta&d Tov
YEQYPAPIKOV TEPLOYDV, EVM M ETEPOYEVELN TOV OTAOTUTIKAOV GLYVOTNTOV, LIEOELEE
ONUOVTIKY YEVETIKY] dtopopomoinon petald Tov meploy®v ostypotoinyiog. EmumAéov,
npocolopiotnkay cuykekpipéva tpdtuoma mtDNA, ta omoio d10(pOopOTOI0VGaYV EVIEANDC
TOVG EKTPEPOUEVOVG OO TOVG PVGIKOVG TANOLGLOVG Kot amodeikvvay, o peydro Padud,
™V Omopln EKTPEPOUEVOV Aay®V €VIOG TV QUOIKGOV TAnBuoudv, mlavov amd
nalonotepeg anerevfepmoels. Emiong, n avdivon tov mtDNA anédeite ) Oeicovon
aAAdyBovav  yovidlok®v omofepdtov otoug @uotkovg mAnbvcpovc. ‘Etol, ywoo va
dwnpnBovv ot ynyeveic yovotumor kor vo wpoAneOel m pelwon TG YEVETIKNG
TOWKIAOTNTOG TPOTAONKE VO GTOUOTIGOLV TO TPOYPAUULOTO EUTAOVTIGHOD Kol Vo
avartuyBobv KatdAANAo TPOYPAUUOTO Slo(EIPIONG, TPOCAUPUOGUEVO GTI) OLVOUIKT TOV

TOTK®OV TANOLGUOV.

1.6.3 ITAnOvopokéc peAETEG PHE AP O] OEIKTAV TOV TUPIVIKOD YOVISIONATOS

Ot Fickel et al., (1999) ypnoyomoincay 1£66ep1g HIKPOSOPLPOPIKOVS YEVETIKOVG TOTOVE
KaBmg Kot TNV TEPLoyn EAEYXOL ToL pitoyovoplakoh DNA yia va HeEAETICOVV T YEVETIKY|
dopn| kot mokikotnTa 0vo TAnBucudy Tov L. europaeus oty meployn ¢ Beoteaiiog
¢ [epuaviag. And v katovouq T@V OAANAOUOPE®OV TOV UIKPOSOPLPOPIKAOV TOTW®V

dev mpoékvye Kapio Olapopomoinorn petabd tov mAnbvoudv. AviiBétwg, amd v
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KaTovoun TV amAotomov tov mtDNA, ot dvo mAnbuouol epgavifovrot va elval YeveTikd
SOUNUEVOL KO CTIUOVTIKA S10POPOTOINUEVOL LETAED TOVGE, ATOJEIKVOOVTAG OTL 1] UNTPIKN
yovidlokn por &tvar moAv meplopiopévn. Eedcov ta Onlukd  dtopo, Pdost tng
OTAOTUTIKNG KOTAVOUNG, €ivol amokAEIoUEVO amd Tr YOVIOOKN POT), GUUTEPAVOV OTL
povo to apoevikd drtopo eivor vmevBovva Yoo TV ovToAAayr]  GAANAOUOPPMV
UIKPOSOPLPOPIKOV TOT®V HETAED TV 000 TANBvoudv. To yeyovog awtd opeiletar 6To
ot1, eved To mtDNA yopakmmpiletot oamd puntpikn KANPOvopIKOTNTa, TO IKPOSOPLPOPIKO
DNA, w«Anpovopeitan 1660 pntpikd 000 kot motpwkd o€ ioeg avaroyiec. Ta
OmOTEAECUOTO AVTA UTOpel va OKooAoyNOoVY amd TN PLAOTATPIKY) GLUTEPIPOPAE TMV
ONAvkdV atdpmv oAAd Kot amd tov vymidtepo Pabud SoTopdg Kot YOPOKPATELNS
(home range) TV apcEVIKOV OTOL®V.

Ot Putze et al.,, (2007) ypnoyomoinoav 8éko VEOUG HOPLIKOVS OEIKTEG GTO
xpouoOcoOUd Y TOV VPOTAiIKoD AayoD, ot 0moiot ivat KOTAAANAOL Y10 TOV TPOGOIOPIGHO
OV PVAOV 610 dTopa £vOg TANOLGLOY, KAOMOG Kat Yo TN SLEPEVVNON TNG YEVETIKTG SOUNG
KOl NG YOVISIOKNG poNG 6Tovug MANOLGHOUS TOL €VPOTAIKOD AoyoD, GTO EMIMESO TOL
mopnvikod DNA kot kupiwg, og yovidia mov kKAnpovopovvion motpikd. 1.8 Mopiakég
nAnBvopaxég pekéteg Tov L. europaeus otnv EALGSa

H pébodoc RAPD ypnowonomibnke omd tovg Mamuris et al., (2002), yw va
extiunBel n yevetikn odwapopomoinon mANOGLoU®OV TOL ELVPOTAIKOD Adyoy omd TNV
kevipikt] EAAGSa. Ot edAnvikoi guoikol mAnBucpol cuykpibnkav pe detypoto and v
Avotpia, v [Holwvia, ™ ['eppavia, t FoAlio kot T Boviyapia, kabbdg emiong kot pe
TOUG EKTPEPOUEVOVG/ameleVBepmuUEVOLS Aayous, Yo va OtepevvnBel 1 emidpacn Tov
aneAevfepdoemy ot yevetikny ovvBeon tev ynyevov mAnbvopdv. H amovcia
dwyvootikov {ovov, mov Bo pmopovcav va  dwympicovv wANOvopovs  Aayov,
emPefaince v VmopEn VYNANG TLPNVIKNG YOVIOLOKNG pong petall, apkeTd
OTOLOKPLGUEV@V, TANOVGU®OV AayoV. Ta @LAOYEVETIKA OEVTIPA, TOV TPOEKLYAY OO TIG
YEVETIKEC AMOCTAGELS, Ol 0TOlEG VITOAOYIGTNKAY Al TIG cLyvoTNTEG TV (Vv RAPD,
vrédetEav €va KOplo onueio dlaywpiopod g yeveoroyiog tov mupnvikov DNA. Ta
eKTPEPOLEVA dTopa opadomomnOnkay pe tovg TAnBucpovg g [lohwviag, g Avotpiag,
¢ leppaviog kot e FoAdiag, eved ot mAnBucpoi g EALGSag dtapoporomndnkay kot

opadomomOnkav pe tov mAnBvond ™ Boviyapioc. H dwaupopomoinon tov @uoikav
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minbvopodv omv EAAGOa dev axolovOnoce kAmolo YEWYPAPIKY TAGT, dedouEvoy OTL M
YEVETIKN OTOKAMON TOVG OeV PAVNKE VO GUOYETILETOL HE TIG YEOYPOUPIKES ATOGTAGELS.
Qot6c0, opwopéva mpdétuma RAPD  exktpepdpevov kot ayplov Aaydv fHTov TOoAD
JLPOPETIKA OO TO KOWO TPOTLTO TTOV PPEONKE GTN GUVIPINTIKN TAELOYN PO TOV AdyDV
mov  €EETACTNKAY, YEYOVOS TOL OVTIOVOKAN, EVOEYOUEVMOC, TNV avAapiEn YeVETIKA
dwpoporomuévev atopwv. H avdivon RAPD £6e1e 611 o1 anelevfepmoelg siyov nom
apyicel va emnpedlovy TN YEVETIKY OOl TV EAAMNVIKGOV TANBuoUGV Kot evioyvoay TV
dmoymn OTL YoV amopaitnTn o KatdAAnin dwyeipton, mpocappoocuévn ot Proloyio

KO TNV OIKOAOYi0 T®V TOTIK®V TANBLCUOV.

1.7 £xomog ™G AdakTopikis Aratpipig

Ymv gpyocio vt mpoaypoatomomOnke mAnbuvcokn avaivon evog peydiov aptpov
JEYUATOV EVPOTATKOD A0yoD GE €val EKTETAUEVO OIKTLO OEYLATOANYING, KOAVTTOVTAG,
ouvolkd, 33 meployés g EALGdac, dtapdpav evporaikdv ywpav, T Tovpkiog Kot Tov
Iopani. H perém otmpiybnke ommv avaAvon HOPLOKOV OEIKTOV TOV HTOYOVOPLUKOD
DNA kot deiktdyv Tov mopnvikod DNA (Y ypoudcoua), ¥pnotonotdVIoS TEXVIKES OTmG
PCR-RFLP, PCR-SSCP kot aAAnAovynon dtapdpwv mepioymv DNA.
Ot Baoikoi 6Tdyo1 TG LEAETNG OATOTVTTAOVOVTOL MG EENG:
o Melén NG YEVETIKNG OOUNG TV QUOIKOV TANOLGUAOV TOL AXYOL KOl TNG
YOVIOLOKNG PONG LETAED TMV TEPLOYDV OELYLOTOANYING
e 'Eleyyog g vmdBeong g HETAVAGTELONG TOL EVPMOTAIKOD AYOL TPOG TNV
Kevipum Evpdnn and kataguyon g Baikavikng yepoovicov kabmg Kot g
Muwpdg Aciog, kKatd v terevtaia [lepiodo tov [ayetdvaov
o  Melétn NG YEVETIKNG OOUNG TV EKTPEPOUEVOV TANBVCUOV TOV AayoV, EKTIUNON
NG YOVISLOKTG POTG OVALESO GE EKTPEPOLEVOVG KOl PUOIKOVG TANOLGOVS
e Evpeon popok®dv Jdeiktdv o€ emimedo putoyovoplakod DNA, vy v

TOVTOTOINGCT TOV EKTPEPOUEVOV KOL TOV QLGIK®OV TANOVCUOV.
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Short Communication

Genetic evidence for survival of released captive-bred brown
hares Lepus europaeus during restocking operations in Greece

Costas Stamatis, Franz Suchentrunk, Hakan Sert, Costas Triantaphyllidis and Zissis Mamuris

Abstract To prevent the decline of the brown hare Lepus
europaeus, especially as a result of hunting pressure, re-
stocking programmes, using hares from elsewhere, were
carried out in Greece up to 2001. Using diagnostic RFLP
mitochondrial DNA markers we traced the origins of
released captive-bred brown hares. We provide evidence
that released animals survived long enough to have at
least one reproductive cycle and to transmit their genome.
If, in the long-term, introgressed foreign genes survive,

forming new genotypes with indigenous genes, this would
demonstrate that they are successful in terms of competi-
tion. As nuclear gene pools are not markedly divergent
between Greek and other European hares foreign nuclear
genes should not be a serious handicap. Hence, in certain
situations release programmes may be appropriate.

Keywords Brown hare, conservation, Greece, Lepus
europaeus, mtDNA, restocking, RFLP.

The brown hare Lepus europaeus is an important small
game species in Europe (Pielowski, 1976). It is thought
to have evolved on the open steppe grasslands of Eurasia
and has adapted to mixed arable agriculture (Frylestam,
1980). European hare hunting bags indicate a dramatic
decline during 1960-1980 (Smith et al., 2005). Changes
in agricultural management, heavy hunting pressure
and diseases are the most likely factors responsible for
this long-term decline. As a consequence, although the
brown hare is not on the [UCN Red List (IUCN, 2006), it
is protected under Appendix III of the Convention of the
Conservation of European Wildlife and Natural Habitats
(Bern Convention; Smith ef al., 2005), and is classified as
a ‘priority species of conservation concern” by the UK
government (Smith et al., 2005).

To stabilize population declines, especially as a result
of previously heavy hunting pressure, restocking pro-
grammes using allochthonous individuals have been

Costas Stamatis and Zissis Mamuris (Corresponding author) Department of
Biochemistry and Biotechnology, University of Thessaly, 26 Ploutonos Street,
41221, Larissa, Greece. E-mail zmamur@uth.gr

Franz Suchentrunk Research Institute of Wildlife Ecology, Vienna Veterinary
University, Savoyenstrasse 1, A-1160 Vienna, Austria.

Hakan Sert Akdeniz Universitesi, Fen-Edebiyat Fakultesi Biyoloji Bolumu,
Antalya, Turkey.

Costas Triantaphyllidis Department of Genetics, Development and Molecular
Biology, School of Biology, Aristotle University of Thessaloniki, 54006,
Thessaloniki, Macedonia, Greece.

Received 12 July 2005. Revision requested 14 December 2005.
Accepted 8 June 2006.

548

carried out in several European countries. While simple
in concept, restocking as a management tool remains
controversial (Booth, 1988; Conant, 1988; Griffith et al.,
1989; Kleiman, 1989; Storfer, 1998). Criticisms focus on
the lack of long-term quantitative information on post-
release impact (Scott & Carpenter, 1987), difficulty of
establishing success or failure criteria (Seddon, 1999),
and concerns that extensive gene flow can interfere with
local adaptations (Storfer, 1998).

Breeding stations in Bulgaria, Slovakia, Hungary and
Poland have traditionally functioned as source popula-
tions for restocking operations in Central and Western
Europe. These practices may have affected the historical
distribution and genetic integrity of indigenous hare
species in several European countries (Thulin et al., 1997;
Pierpaoli et al., 1999). In Greece, the brown hare is still
legally hunted but restocking programmes were aban-
doned from 2001. The records of the Ministry of Agricul-
ture and of hunting associations show that 2,000 reared
individuals (bought from private Greek breeding stations
but previously imported mainly from Italy, Yugoslavia
and Bulgaria) were released during 1991-2001. However,
until 1998, restocking operations were uncontrolled and
there was no monitoring of released animals.

In a previous study (Mamuris et al., 2001) we exam-
ined wild brown hares from Greece collected during the
hunting seasons of 1998 and 1999, and reared brown
hares from two farms in 1999. Extensive restriction frag-
ment length polymorphism (RFLP) analysis of three dif-
ferent mitochondrial DNA (mtDNA) segments revealed
three groups of individuals: (1) reared brown hares,
(2) wild brown hares, and (3) wild individuals with

© 2007 FFI, Oryx, 41(4), 548-551 doi:10.1017/S0030605307007132 Printed in the United Kingdom
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Survival of released brown hares

Fig. 1 Sites from which European brown hares were sampled and the occurrence of the mtDNA profiles A, B, C1 and C2 (Fig. 2). Circles
and bar charts depict the occurrence of one and multiple haplogroups respectively, at the sampled sites. Numbers correspond to the nine

brown hares with profile C1 detected in Greece (see text for details).

mtDNA haplotypes closely related, but not identical, to
those observed in the reared group of hares (Mamuris
et al., 2001). To trace the origins of the reared individuals
and determine the degree of genetic introgression of
released brown hares into existing populations in 1999-
2004 we collected 187 brown hare samples from Epirus
and Thessaly, 42 from north Greece, 53 from north-east
Greece, 28 from south Greece and eight from Crete (Fig. 1).
The samples were either from hunted hares or from
dead individuals found in the wild. We also collected
a total of 323 samples from France, the Netherlands,
Germany, Poland, Austria, Switzerland, Serbia and
Bulgaria, and 60 samples from Turkey and Israel (Fig. 1).
Based on Mamuris et al. (2001) we identified diag-
nostic RFLP markers on the mtDNA that could rapidly
and unambiguously differentiate the three previously
defined groups of brown hare mtDNA haplotypes:
a segment of the cytochrome b (Cytb) gene amplified
by the primers 114841 and H15149 (Palumbi et al., 1991)
and digested simultaneously by the Alul and the HinfI

© 2007 FFI, Oryx, 41(4), 548-551

restriction enzymes and a segment of the cytochrome
oxydase I gene (COI) amplified by the primers L5950
and H7196 (Palumbi et al., 1991) and digested by the
Hhal restriction enzyme. Both segments, Cytb and COI,
were part of the three regions screened by Mamuris ef al.
(2001). Segment COI was exactly the same and was
amplified with the same primers, whereas Cytb is
part of the region D-loop/Cytb screened in Mamuris
et al. (2001). Double strand DNA amplifications were
performed in 100 ul volumes, containing 3 units of
Taq polymerase, 1x reaction buffer (500 mM KCI,
200 mM Tris-HCl pH 9.0), 0.2 mM dNTPs, 0.5 mM
of each primer, 2 mM MgCl, and approximately
500 ng of DNA. Polymerase chain reaction (PCR) ampli-
fication conditions were as follows: one preliminary
denaturation at 95°C for 5 minutes, followed by
strand denaturation at 94°C for 1 minute, annealing
at 52°C for 30 seconds (Cytb) or 1 minute (COI), and
primer extension at 72°C for 30 seconds (Cytb) or 1.5 min
(COn).
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Fig. 2 (a) Digestion of Cytb segment with
Alul and Hinfl produced three profiles,
referred to as A, B and C. (b) Individuals
with profile C were further differentiated as
C1 and C2 after the digestion of COI segment
with Hhal. U = undigested DNA,
M = 100bp ladder. Numbers indicate
base pairs for each band.

Digestion profiles are shown in Fig. 2, and their geo- probably killed by red foxes Vulpes vulpes (A L Sfougaris,
graphical occurrence in Fig. 1. The diagnostic enzymes pers. comm.). Other surveys (Pepin & Cargnelutti, 1985;
permit the allocation of individuals to the different  Angelici et al., 1999) also indicate that survival of
haplogroups. The results were validated by using both ~ released captive-bred individuals is low. However,
types of analysis (full set of restriction enzymes on the given that restocking operations in Greece were halted
three mtDNA, segments as in Mamuris ef al., 2001, vs in 2001 and that brown hares with profile C1 were not
only diagnostic enzymes) in a large proportion of the traced in Greece before 2003, the presence of nine in-
samples. Profile A was found in all brown hares hunted dividuals with the profile C1 is the first indication that
in Turkey and Israel and a percentage of brown hares a percentage of the released farm-bred brown hares sur-
from north-eastern continental Greece (15.4%) and vived long enough to have had at least one reproductive
Bulgaria (21.8%). Profile B occurred exclusively in Greece cycle and transmit their genome.
and Bulgaria. Hares with the C2 profile apparently There are two major management objectives of re-
occurred in different places both in Greece and Bulgaria stocking programmes: to prevent the decline or even the
but were never traced in Turkey, Israel or in any other  extinction of local populations and/or to increase
European country screened. Analysis of the reared brown genetic diversity, reducing the degree of relatedness
hares from the two breeding stations revealed an identical and inbreeding. Hare densities in central and western
profile (C1) to that traced in all individuals from France, Greece, ranging from 1.1 to 2.4 individuals per 100 ha,
the Netherlands, Germany, Poland, Austria, Switzerland, are much lower than in other European countries (Smith
Serbia and a percentage of hares from Bulgaria. Until et al., 2005). Furthermore, during the years 1986-1990,
2003, after the analysis of more than 400 individuals the records of the Ministry of Agriculture show that
(Mamuris et al., 2001, and this study), we had never de- European brown hare syndrome caused severe mortal-
tected the profile C1 in wild brown hares, even in central ity (40-90%). In these circumstances, captive breeding
Greece, which was intensively surveyed. However, moni- and restocking programmes followed by strict genetic
toring in 2003 and 2004 detected nine brown hares (four control should be considered and evaluated.
females, one male and four of unidentified sex) from In contrast to natural populations, reared populations
central (seven) and northern Greece (two) with the showed relatively little genetic variation (Mamuris et al.,
profile C1. Some of those hares previously released in 2001, 2002). From the genetic point of view the only ad-
Europe may also have had profile B because hares that  vantage that released animals could confer is the enrich-
were reared in eastern European breeding stations may =~ ment of the Greek mtDNA genetic pool with the ‘reared’
have been supplied from Bulgaria. However, our genetic mtDNA haplotypes. According to our data Bulgaria, and
data for brown hares from central or north-western now, after the releases, north-eastern continental Greece,
Europe did not trace any individual with profile B. are the only European regions where animals with all four

In February 1999 four released brown hares (two  types of mtDNA profile occur. In both cases either there
males, two females), born in captivity and hard-released, are no data or it is too early to check for possible locally
were radio-tracked during a restocking operation maladapted individuals or genes (Hodder & Bullock, 1997).
(AL Sfougaris, pers. comm.). Three died during the first Studies revealing the richness of the genetic diversity
6 days and the fourth one after 13 days; all four were of brown hare populations in Greece in comparison

© 2007 FFI, Oryx, 41(4), 548-551
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with other European countries (Mamuris et al., 2001,
2002; Suchentrunk ef al., 2003) led to the cessation of
releases to protect this genetic diversity. Our data in-
dicate that regional gene pools are differentiating, with
a detectable change in the genetic structure of Greek
brown hare populations resulting from restocking oper-
ations. If, in the long-term, introgressed foreign genes
survive, forming new genotypes with indigenous genes,
this would demonstrate that they are successful in terms
of competition. As nuclear gene pools are not markedly
divergent between Greek and other European hares
(Mamuris et al., 2002; Suchentrunk et al., 2003), foreign
nuclear genes should not be a serious handicap. Hence, in
certain situations release programmes may be appropriate.
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Abstract

We sequenced and analyzed the mitochondrial tRNA™ and tRNAP™ genes from brown hare (Lepus europaeus) individuals of different
geographic distribution and we investigated the role of various nucleotide substitutions that were detected. We compared these tRNAs with the
respective available mitochondrial tRNA genes sequences within Lepus species and among mammals. The mutations that were detected represent
specific and conserved polymorphisms that do not seem to affect the structural and functional features that are required for participation of tRNA
molecules in mitochondrial protein synthesis. These changes however, possibly reflect on the evolutionary background of the species, which is
based on the high intra-genomic variability and the evolutionary dynamic of the mitochondrial DNA. In an attempt to compare the phylogeny that
is based on these specific tRNA genes with the phylogeny that is produced from sequencing data of the mitochondrial variable loop, we came up
with results that indicate similar phylogeographic clusters. This observation implies that the tRNA mutations that were used for the present study
have been well tolerated during evolution and they define an additional genetic and biochemical tag that can be used for such studies. Based on
this notion and according to our results, we propose that mitochondrial tRNA genes can be used as valuable auxiliary molecular markers for
contemporaneous and linked biochemical and genetic analyses.
© 2007 Elsevier B.V. All rights reserved.

Keywords: mt tRNA; Mitochondria; Phylogeny; Lepus europaeus

1. Introduction

Mitochondrial tRNAs are essential co-factors of mitochondrial
translation and at the same time represent a family of ancient

Abbreviations: aaRSs, Aminoacyl-tRNA synthetases; CR region, Control molecules (Di Gulio, 2004). Their accurate amlnoacylatlon 18

region.
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catalyzed by aminoacyl-tRNA synthetases (aaRSs) that are
imported to the mitochondrion from the cytosol (Ibba and Soll,
2004) and this process is governed by the presence of specific
tRNA identity elements, both determinants and anti-determinants
(Beuning and Musier-Forsyth, 1999). These elements consist of
specific nucleotides in specific positions that are distributed
throughout the surface of the tertiary L-shaped tRNA structure
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and are characteristic for each tRNA species and in many cases for
each organism (McClain, 1993). To fulfill their biological role,
tRNAs depend also on three-dimensional L-shaped form based on
long-range tertiary interactions. Although tRNAs in general are
evolutionary conserved, some parts of the mitochondrial tRNA
molecules appear to be variable enough to provide critical signals
for evolutionary and phylogenetic analyses (Helm et al., 2000). It
is worth-mentioning that in humans the 22 mt tRNAs are of
particular interest because although they span only 10% of the
mitochondrial genome yet they harbor more than 50% of all
known mitochondrial mutations related to pathogenic pheno-
types, possibly by affecting the preservation of tRNA’s higher
structure and functional integrity (Zifa et al., 2007). Comparison
of available sequence data has revealed that mitochondrial tRNAs
deviate, at the structural level, from their nuclear-encoded
counterparts (Dirheimer et al., 1995). The most common
differences are changes in the number of nucleotides at the
connectors as well as shortening of the D- and/or T-stems and
loops, and/or elongated anticodon stems (Steinberg et al., 1997).

Comparative studies on the tRNA genes from mammalian
mitochondrial and nuclear genomes have demonstrated that the
mitochondrial tRNAs accumulate nucleotide substitutions more
rapidly than their nuclear counterparts. Haplotypes carrying such
mutations are kept at low frequency by their mildly deleterious
effects but they are not eliminated from the population
immediately (McFarland et al., 2004). Phylogenetic studies that
have reported so far for other organisms have included mt tRNA
genes but with caution against reliance for refined phylogenetic
reconstructions (Lavrov and Lang, 2005). In general, such studies
are based on sequencing results mainly from the mitochondrial
variable D-loop (CR region) and from conserved mitochondrial
genes (cytochrome b, cytochrome oxidase I, 12-16S rRNA etc.).
However, detailed analyses of mitochondrial tRNA genes in an
appropriate phylogenetic context could possibly emerge mt tRNA
genes as an accessional tool and they could be combined with
biochemical data on the functional integrity of these molecules
(Kern and Kondrashov, 2004; Ruiz-Pesini and Wallace, 2006).
For example, nucleotides in the mt tRNA molecules that do not
correspond to critical identity elements or are not involved in the
L-shaped structure may be mutated without any great influence.
These positions seem to be unaffected by evolutionary forces and
natural selection and they can be used for the computation of
phylogenetic relationships.

In the present study we used our data deriving from
sequencing of specific mitochondrial tRNA genes from brown
hare (Lepus europaeus) individuals and we followed inter- or
intra-species alterations that could explain phylogenetic differ-
ences or different geographic distribution. We chose to focus on
the genes encoding for tRNA™ and tRNAP™, since both are
located in close proximity of the mitochondrial D-loop, which is
mainly used to draw evolutionary, phylogenetic and phylogeo-
graphic relationships among different species or among the
same species. In addition, they encode representative tRNA
molecules one being transcribed from the “light” mtDNA strand
(C-rich strand encoding 14 tRNAs) thus resulting a “heavy”
tRNA"™ while the other is transcribed from the “heavy”
mtDNA strand (G-rich strand encoding 8 tRNAs) thus resulting

a “light” tRNA™ (Anderson et al., 1981). We wanted to detect
whether we could use them as molecular markers to trace useful
phylogenetic or phylogeographic information and to simulta-
neously extract results on biochemical level. Based solely on
our sequencing data deriving from mitochondrial tRNA genes
we focused on positions of the tRNA molecules that could not
affect the overall structure of the molecule, but could possibly
contribute to a different phylogeny within L. europaeus that
exhibit a different geographic distribution or even among
variable Lepus species. Finally, we compared these results with
phylogenetic data that were produced in previous studies
(Kasapidis et al., 2005) by standard methods, based on the
mitochondrial D-loop analysis and we extended our survey
among representative mammalian mitochondrial genomes.

2. Materials and methods
2.1. Sampling

Sampling locations are given in Table 1 and Fig. 4. The
Greek samples that we obtained were either from hunted hares
from the local hunting associations or from dead individuals
found in the wild. All hares had the typical brownish coat colour
with blackish tinge dorsally and variably greyish thighs. All
other coat pattern characteristics (nape, flanks, tail, ear etc.)
conformed to those of typical brown hares. Tissues were stored
frozen at —20 °C or preserved in alcohol until DNA extraction
(Miller et al., 1988) and sequencing analyses. Samples from
European countries, Turkey and Israel were obtained in the
course of previous studies on genetic variability of brown hares
(Suchentrunk et al., 2000; Sert et al., 2005). According to
previous reports (Kasapidis et al., 2005) the samples used in the
present study were representative of L. europaeus individuals
from habitats of distinct phylogeographic distribution through-
out Europe and Middle East. A detailed list of the L. europaeus
individuals and Lepus species and the corresponding GenBank
accession numbers that were deposited is presented in Tables 1
and 2, respectively. Representative mammal species used for the
present phylogenetic analysis are given in Table 3.

2.2. Sequencing data analysis

Bioinformatic analysis of mitochondrial tRNA"™ and tRNA™
genes of L. europaeus individuals and different Lepus species
was obtained from direct sequencing analysis of mitochondrial
DNA after PCR amplification, using the primer pair LepCyb2L
(5'-GAAACTGGCTCCAATAACCC-3" and LepD2H (5'-ATT-
TAAGAGGAACGTGTGGG-3") (Pierpaoli et al., 1999). The
amplified fragment included the genes encoding for tRNA™™,
tRNA™ the mt variable region (D-loop region) and a ~400 bp
fragment of mitochondrial cytochrome b. Double strand DNA
amplifications were performed in 50 uL volumes, containing 2
units of Taq DNA polymerase, 5 pL. of 10x reaction buffer
(500 mM KCI, 100 mM Tris—HCI pH 9.0), 5 mM dNTPs,
50 pmol of each primer, 2.5 mM MgCl, and approximately
500 ng of DNA. PCR amplification conditions were as follows:
one initial step of denaturation at 95 °C for 5 min, followed, by
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Table 1
List of Lepus europaeus individuals used in the present study with the
corresponding GenBank accession numbers (new entries from the present study)

Deposit code
tRNA™® tRNA™

Region Samples GenBank accession no

PEU-01 TEU-01 Aberdeenshire, 1
Scotland (N-UK)
Wiltshire, 1
South England

(S-UK)

Niebiill, 1
North Germany

(N-D)

Offenburg, 2
South-West

Germany (SW-D)
Membrolles, 2
France (F)

Airport Schipol, 1
The Netherlands (NL)

EU160602 EU160611

EU160602 EU160611

EU160599 EU160608

EU160599 EU160608

EU160601 EU160610

EU160603 EU160612

Bulgaria (BL) 1 EU160606 EU160615
Poland (PL) 2 EU160605 EU160614
Switzerland (CH) 3 EU160604 EU160613
Eastern Austria (A) 3 EU160600 EU160609
Southern Greece 2 EF515857 EF515859
(S-GR)

Crete (Cr-GR) 2 EF515857 EF515859

North-Eastern Greece 2 EF515857 EF515859
(NE-GR)

Spilia (Sp-GR)
Elassona (EI-GR)
Velestino (Ve-GR)

‘Western Greece,

EF515857 EF515859
EF515857 EF515859
EF515857 EF515859
EF515857 EF515859

W W W

04/06/2024 07:21:59 EEST - 3.145.59.163

identification questionable, if based solely on mtDNA. To avoid
any misinterpretation, instead of using various Genbank
sequences for comparison, we confined only to our own Lepus
species results.

Genomic survey was performed based on available sequences
of known mitochondrial tRNA genes and of complete mitochon-
drial genomes that are deposited in public databases (GenBank:
http://www.ncbi.nlm.nih.gov/Genbank, RNABase: http://www.
rnabase.org, MITOMAP: http:// www.mitomap.org, mtDB:
http://www.genpat.uu.se/mtDB, Compilation of mammalian
mitochondrial tRNA genes: http:/mamit-trna.u-strasbg.fr, Com-
pilation of tRNA sequences and sequences of tRNA genes http://
www.uni-bayreuth.de/departments/biochemie/trna).

2.3. Genomic data analysis

Alignments of the tRNA sequences were produced using
ClustalW and were based on the existing numbering and
nomenclature of the respective human mitochondrial tRNA
genes database (MITOMAP and mtDB). The mutations that
were detected are presented as the positions on both the
mitochondrial genome and the tRNA sequence (positions 1-73).

Table 2

List of Lepus species and Oryctolagus cuniculus used in the present study with
the corresponding GenBank accession numbers (new entries from the present
study)

Deposit code Lepus species GenBank accession no

D-loop

Vradeto (Vi-GR) L.tim-Dloop-01 L. timidus (Swiss) EF515861

Central Greece D) EF515857 EF515859 L.tim-Dloop-02 L. timidus (Ural) EF515862

Pyrra (Py—GR)’ L.co-Dloop L. corsicanus EF515867

PEU-02 TEU-02 South Isracl (S-ISR) 6 EF515858 EF515860 L'CaS'Dl‘;"P L. castroviejoi EF515868

North Tsracl (N-ISR) 10 EF515858 EF515860 L'gra“‘Dl"""p'Ol L. granatensis EF515865

Turkey (TR) 15 EU160607 EU160616 L.gran-Dloop-02 L. grana.te.znszs EF515866

Thrace, 3 EU293197 EU293199 L.sax-Dloop L. saxanh:v EF515869

North-Eastern Greece L.cap-Dloop-01 L. capensis EF515863

(NE-GR) L.cap-Dloop-02 L. capensis EF515864

North-Eastern Greece 1 EU203197 EU293199  L-e-Dloop-EU-A07 L. europaeus DQ469657

(NE-GR) L.e-Dloop-EU-A10 L. europaeus DQ469669

Bulgaria (BL) | EU293198 EU293200 L.e-Dloop-PTSEE-13 L. europaeus DQ469649

L.e-Dloop-PTSEE-14 L. europaeus DQ469682

L.e-Dloop-PTAM13 L. europaeus DQ469704

35 cycles of amplification; each cycle being 95 °C for40s, 52°C ~ L.e-Dloop-PTAM21 L. europaeus DQ469705

for 50 s and 72 °C for 1.30 min and a final extension step at 72°C ~ ©Orcun-Dloop O. cuniculus EFS15870
for 10 min. The PCR.prod.ucts were purified with GFX PCR DNA Cytochrome b

and Gel Band Purification Kit (Amersham Biosiences) and L.tim-CYTB-01 L. timidus (Swiss) EU285246

directly sequenced by Macrogen Inc., using an automated ABI L.tim-CYTB-02 L. timidus (Ural) EU285247

Prism 3730XL DNA sequencer (Perkin Elmer Corporation). All ~ L.co-CYTB L. corsicanus EU285248

products were sequenced in both directions. The structural ~— -¢as-CYTB L. castroviejoi EU285249

d functi 1 . f the tRNA dicted L.gran-CYTB-01 L. granatensis EU285250

and functional mtegrity of the t genes was predicte L.gran-CYTB-02 L. granatensis EU285251

using tRNAscan-SE Search Server (http://selab.janelia.org/ L.sax-CYTB L. saxatilis EU285252

tRNAscan-SE). Apart from tRNA"™ and tRNA™ genes, the D-  L.cap-CYTB-01 L. capensis EU285253

loop mitochondrial locus was aligned to compare tRNA-based ~ L.cap-CYTB-02 L. capensis EU285254

. . . . . L.e-CYTB-EU-A07 L. europaeus EU285261

hylogeni h at intra- ies and intra-genus levels. For intra- P

phyloge E;S b,Ot atint E(liSplec esa% dintra gefui GVC.S l? dt ,al L.e-CYTB-EU-A10 L. europaeus EU285258

genus analysis we used also a fragment of the mitochondrial | . cyTp pTSEE-13 L. europaeus EU285259

cytochrome b gene. Hybridization and mtDNA introgression are L.e-CYTB-PTSEE-14 L. europacus EU285260

common within genus Lepus (Thulin et al., 1997; Melo-Ferreira ~ L.e-CYTB-PTAMI13 L. europaeus EU285256

etal., 2005; Alves et al., 2006). Therefore, several Lepus species ~ L-e-CYTB-PTAM21 L. europaeus EU285257

could be introgressed by foreign mtDNA, making species ~ Orcun-CYTB O. cuniculus EU285255
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Table 3
List of representative mammalian species used for the present phylogenetic analysis

Taxon Species Common name GenBank accession no
Primates Gorilla gorilla Gorilla D38114
Homo sapiens Human AF347015
Pan paniscus Pygmy D38116
chimpanzee
Pongo pygmaeus Orangutan D38115
Hylobates lar Gibbon X99256
Macaca mulatta Rhesus monkey AY612638
Macaca sylvanus Barbary ape AJ309865
Papio hamadryas ~ Baboon Y18001
Artiodactyla  Bos taurus Cow AY526085
Bos grunniens Domestic yak ~ AY 684273
Bos indicus Zebu cattle AY126697
Ovis aries Sheep AF010406
Hippopotamus Hippopotamus ~ AJ010957
amphibius
Lama pacos Alpaca Y19184
Cetacea Balaenoptera Fin whale X61145
physalus
Balaenoptera Blue whale X72204
musculus
Balaenoptera Antarctic AP006466
bonaerensis minke whale
Carnivora Hydrurga leptonyx  Leopard seal AM181026
Mirounga leonina ~ Southern AM181023
elephant seal
Phoca caspica Caspian seal AM181033
Canis familiaris Dog U96639
Canis lupus Gray wolf DQ480505
Canis latrans Coyote DQ480509
Eumetopias jubatus Steller sea lion  AJ428578
Halichoerus grypus Gray seal X72004
Phoca vitulina Harbor seal X63726
Ursus arctos Brown bear AF303110
Ursus maritimus Polar bear AF303111
Ursus americanus ~ Black bear AF303109
Perissodactyla Equus caballus Horse X79547
Rhinoceros Indian X97336
unicornis rhinoceros
Equus asinus Ass X97337
Ceratotherium White YO07726
simum rhinoceros
Chiroptera Chalinolobus New Zealand ~ AF321051
tuberculatus long-tailed bat
Pteropus scapulatus  Little red AF321050
flying fox
Pteropus Ryukyu AB042770
dasymallus flying fox

Macroscelidae  Macroscelides
proboscideus

Elephant shrew AJ421452

Table 3 (continued)

Taxon Species Common name GenBank accession no

Marsupialia ~ Macropus robustus ~ Wallaroo Y10524
Trichosurus Brushtail AF357238
vulpecula possum
Didelphis Opossum 729573
virginiana
Isoodon macrourus Bandicoot AF358864
Vombatus ursinus Common AJ304826

wombat

Monotremata  Ornithorhynchus Platypus X83427
anatinus
Tachyglossus Australian AJ303116
aculeatus echidna

For all haplotypes, base composition, nucleotide variation,
polymorphic and parsimony informative sites were assessed
using MEGA version 3.0. For all data, phylogenetic and
molecular evolutionary analyses were conducted using both
genetic distance and Bayesian analyses. Phylogenetic associa-
tions among lineages were assessed with PAUP* 4.0 beta 10
version. To determine the appropriate model of sequence
evolution and statistically compare successively nested more
parameter-rich models for this data set, the program MOD-
ELTEST Version 3.6 was used (Posada and Crandall 1998). The
HKYS85+7 correction model (Hasegawa et al., 1985) obtained
the best likelihood score and was thus selected for the
Neighbour-Joining analysis. Maximum Parsimony (MP) trees
were also constructed under the heuristic search option with 100
random-taxon-addition replicates and tree bisection-reconnec-
tion branch swapping, using PAUP*. Node support was assessed
on the basis of 1000 bootstrap replicates. Phylogenetic trees
were rooted, using mountain hare (Lepus timidus) sequence.

The program MrBayes 3.1 (Huelsenbeck and Ronquist,
2001) was used to conduct Bayesian analyses with two
substitution types and a gamma rate distribution, run for
2x10° generations, sampling a tree every 100 generations.
Burn-in frequency was set to the first 25% of the sampled trees.
Direct examination of the sampled log-likelihood values
showed that values had reached a stationary equilibrium by
this point. All trees preceding this cut-off were discarded when
calculating posterior nodal probabilities, mean log-likelihood
scores, and a summary phylogeny including estimates of branch
lengths. The mt tRNA regions were analyzed separately and
combined. Homogeneity of phylogenetic signal between

Proboscidea  Loxodonta africana Alfri;ant AJ224821 regions was assessed using the partition-homogeneity test
elephan . : *
Elephas maximus  Asiatic elephant DQ316068 implemented in PAUP* v40b10 (Swofford, 1998).
Xenarthra Dasypus Armadillo Y11832
novemcinctus 3. Results
Muridae Mus musculus Mouse AY172335
i/[u”dae N ]L?‘m”s norvegicus gat N i}gﬁn 3.1. Comparison of structural and functional features of
agomorpha epus europaeus uropean hare Pro Thr
Oryetolagus Rabbit AJO01588 L. europaeus mt tRNA"" and tRNA
cuniculus
Ochotona princeps ~ American pika  AJ537415a An important preliminary condition to individual nucleotide
Ochotona collaris  Collared pika  AF348080 comparison in the present work was the analysis of the primary
Soricidae Sorex unguiculatus L}?“g'dawed ABO61527 and secondary structures as well as interactions important for
shrew . .
Talpidac Tulpa europaca European mole  Y19192 the tertiary structure that these. spec1ﬁc' mt tRNAs form. We
based on our own sequencing information from L. europaeus
Institutional Repository - Library & Information Centre - University of Thessaly 32
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Fig. 1. A. Alignment of cytoplasmic and mitochondrial tRNA™™ and tRNA™" sequences from Homo sapiens and Lepus europaeus. B. Percentage of mismatches and G-U, C—A base pairs present in mitochondrial
tRNA™ and tRNA™ from Homo sapiens and Lepus europaeus.
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mitochondrial tRNA genes and we compiled our findings
according to the commonly used nomenclature and numbering
from human (and other mammals) that are available in public
databases. We first observed that both tRNAs are slightly
smaller in length compared to their nuclear-encoded counter-
parts (66nt for tRNAP™ and 67nt for tRNA™" compared to 73nt
for both tRNAs that are encoded in the nuclear genome). The
alignment that we initially produced indicated that this major
difference is localized mainly in the D-loop and the T-loop of
the tRNAs where certain nucleotides are missing (Fig. 1A). This
observation coincides with previous reports showing that the
mitochondrial tRNA genes encompass a smaller number of
nucleotides, as well as nucleotide substitutions that affect
interactions between parts of the L-shaped structure of the
tRNA molecule (Steinberg and Cedergren, 1994). More
specifically, a striking feature of mt tRNAs that distinguish
them from the tRNAs that act in the cytoplasm is the unusual
high percentage of mismatches and G—U base pairs. Moreover,
it has been previously reported that in mammals there is a high
degree of “skew” between the heavy (GC rich) and the light (AT
rich) strand of mt DNA (Reyes et al., 1998). Therefore “light”
mt tRNAs (transcribed from the heavy strand mt DNA) are
globally poor in G—U and rich in mismatches whereas “heavy”
tRNAs are G—U rich and poor in mismatches. The G-richness or
G-poverty is maintained and fits with the fact that G-rich
sequences allow for higher numbers of G—U base pairs than G-
poor sequences (Helm et al., 2000).

In our study we calculated the respective percentage and we
found that indeed the “light” tRNA™ exhibits 10% mismatches
whereas only 1.21% corresponds to G—U base pairs. On the
other hand the heavy tRNA"™ exhibits 13.8% for G—U base
pairs while mismatches are not represented in this molecule.
These results are in good agreement with the general structural
idiosyncrasy of the mt tRNA genes (Fig. 1B).

The question raised from our preliminary survey was whether
this peculiar feature of the mt tRNA’s primary structure may not
have a striking effect on the secondary structure (cloverleaf
structure) but could potentially influence the essential integrity of
the tRNA’s L-shape. Our bioinformatic analysis revealed
mutations that were distributed along the secondary structure of
the tRNAs under investigation. When we compared mitochon-
drial tRNA™" and tRNAP™ sequences from L. europaeus
individuals, we noticed that tRNA™ is the one that encompasses
the majority of various mutations (the same exists for different
Lepus species and representative mammals; data not shown).
Extensive alignments divulged that there are 42 different
mutations into tRNAP™ and 51 different mutations into tRNA™
(data not shown). Firstly, we focused on the positioning of the
observed polymorphisms. All our analyses point towards the
assumption that none of these mutated positions affect the overall
3D structure and stabilization of the tRNA’s L-shape, based on the
structural information that are available on human mt tRNAs
(Helm et al., 2000). However, since no 3D structure is available
for Lepus mt tRNAs we cannot exclude the possibility that these
mutations might play a role in tRNA’s L-shape. The majority of
the polymorphisms of mt tRNA"™ molecules from L. europaeus
were observed in the T-loop. It has been already reported that the

T-loop is the most polymorphic site of mt tRNAs (Fig. 2A). On
the other hand the anticodon loop seems to be the most conserved
among all parts of the tRNA molecule. Even when more
mammalian mt tRNA"™ sequences were aligned the anticodon
loop was shown to be 100% conserved (data not shown).

The mt tRNA™ sequences alignment from L. europaeus
revealed more polymorphisms (Fig. 2B). Their distribution was
not identical to those of tRNA"™. The polymorphisms of mt
tRNA™ were mainly found in the T-loop and the acceptor stem
and the only common feature that the two tRNAs had was the
conservation of their anticodon loop. Even in this case there was
no polymorphism on this part of the tRNA™" molecule and the
alignment of more mammalian mt tRNA™ sequences resulted
in the same observations.

It has been well established by numerous studies on tRNA
identity that specific conserved nucleotides between tRNAs of
a same specificity in the same or within different mammalian
species, can be used not only to preserve special structural
features (as mentioned above), but they also mediate specific
interactions with many important key-proteins (including
maturation, modification and editing enzymes, initiation and
elongation factors etc.) (Spermulli et al., 2004; Sakurai et al.,
2005, 2006). Among all these interactions one of the most
essential is the specific recognition by the cognate aaRSs that
catalyze the precise charging of the tRNAs with the cognate
amino acid (Ibba and So6ll, 2000). Aminoacylation tRNA
identity elements have been well deciphered only for nuclear-
encoded tRNAs and are considered conserved during evolu-
tion (McClain, 1993; Gieg¢ et al., 1998). On the other hand,

Fig. 2. Percentage of polymorphisms observed in different parts of mitochondrial
tRNAP™ (A) and tRNA™ (B) molecules from Lepus europaeus. Polymorphisms
have been assigned based on the respective human sequences.
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Fig. 3. Superimposition of secondary structures of mitochondrial tRNA™ (A) and tRNA™ (B) molecules from Homo sapiens and Lepus europaeus. The
polymorphisms observed in Lepus europaeus are indicated with red letters. Polymorphisms indicated with + correspond to those observed in a subset of individuals.
The light blue circles correspond to polymorphisms reported for human and are indicated in superscript. The superscript nucleotides in yellow circles correspond to
mutations that have been associated with specific diseases in human (LHON, Leber Hereditary Optic Neuropathy; ADPD, Alzheimer’s Disease and Parkinson’s
Disease; MM, Mitochondrial Myopathy; LIMM, Lethal Infantile Mitochondrial Myopathy). Nucleotides in bold outlined circles have been reported as conserved.
Tertiary structure interactions are indicated in tables and with dashed lines. The numbering of tRNA molecules is presented according to both their mitochondrial
location and the standard tRNA nomenclature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Institutional Repository - Library & Information Centre - University of Thessaly 35
04/06/2024 07:21:59 EEST - 3.145.59.163



C. Stamatis et al. / Gene 410 (2008) 154—164 161

Fig. 4. Map showing the sampling sites and haplotype distribution within the surveyed area. The mutational relationships between haplotypes for the tRNA™ and
tRNAP™ genes are shown in the plate. Each circle in the map represents the approximate sampling position of each individual apart from north and south Israel where
the sampling sites are grouped. Black and white circles represent brown hares with haplotype TEU-1 for the tRNA™ and the haplotype PEU-1 for the tRNA™™,
whereas deep grey and light grey circles represent brown hares with haplotype TEU-2 for the tRNA™ and the haplotype PEU-2 for the tRNAF™ (for sample

abbreviations see Table 1).

aminoacylation identity elements for mammalian mt tRNAs
are only known for tRNA*PSY (Bomer et al., 1996) and
tRNAS (Ueda et al., 1992). Therefore, it was tempting to
search for mutations that could possibly affect the identity
elements within the tRNA species that we analyzed here and

subsequently could affect their recognition by their cognate
aaRSs (Fig. 3).

The majority of the polymorphisms found were not previously
reported or studied for their effect on the function of the tRNA
molecules. Three of the polymorphisms found only in the mt

Fig. 5. Phylogenetic trees based on Bayesian analysis of the combined sequences of the tRNA™ and tRNAF™ genes (left side) and part of the D-loop and cytochrome b
regions (right side) from different Lepus species. The topology for the major clusters was identical for Bayesian, Maximum Parsimony (MP) and Neighbour-Joining
(NJ) analyses. Numbers at the internodes of the clusters indicate percentage posterior probabilities from the Bayesian analysis. Probabilities below 50% are omitted.
Similar values for MP and NJ bootstrap (1000 replicates) are not shown. Oryctolagus cuniculus was used as outgroup. Letters A and B in both trees indicate the two

major clusters.
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tRNA™ were related to pathogenesis in human from some
sources while from others were just recorded as neutral mutations.
These polymorphisms correspond to positions 15924, 15927 and
15928 according to human mt DNA numbering. However, these
mutations have not been reported to be pathogenic in other
mammals including L. europaeus. Concerning tRNA"™ only one
of the observed polymorphisms has been previously reported
(A16017G) in human (Seneca et al., 2000). All the other
nucleotide substitutions detected, are reported for the first time in
literature (located mainly on the T-loop) (Fig. 3A). The tRNA™
molecule on the other hand is more polymorphic compared to the
tRNAP™. In this case the nucleotide substitutions are equally
distributed in the T-loop and the acceptor stem and in lower
frequency they are present in the other parts of the molecule.
Again, the majority of these nucleotide substitutions (80%) are
reported for the first time (Fig. 3B).

3.2. Phylogeographic analysis of L. europaeus individuals
based on mt tRNA genes

After the clustering of the nucleotide changes that were
identified, we used these tRNA sequences for phylogenetic
analysis of the different L. europaeus individuals and among
Lepus species. We identified only one mutation in position 13

(U13C) in the tRNA™, which is located at the D-stem and one
mutation (A39G) in tRNA™ located in the anticodon stem
(Fig. 3). As mentioned above, we assume that these mutations
are not inhibitory for recognition by aaRSs and they possibly
don’t affect functional integrity. Therefore, we were positive
that these tRNA sequences that we identified satisfy the
structural and functional requirements of these specific tRNA
molecules.

Both tRNAP™® and tRNA™ analyses revealed that L.
europaeus individuals can be clustered into two major
phylogeographic subgroups based on mt tRNA mutations:
one from Northern, Central and South-Eastern Europe and
another from Anatolia (Turkey and Israel). These two groups
overlapped in Bulgaria and North-Eastern Greece (Fig. 4). A
previous phylogenetic study based on D-loop sequencing from
the same L. europaeus individuals examined in the present
study, has shown the same phylogeographic distribution
(Stamatis et al., unpublished data).

Further inter-species comparative phylogenetic analysis was
performed between L. europaeus (Table 1) and six other Lepus
species (Table 2, Fig. 5). Trees were rooted with Oryctolagus
cuniculus. As already stated, to overcome the problem of
species misidentification we restrained the analysis to the data
produced in our laboratory. With some minor differences, for

Fig. 6. Phylogenetic tree based on Bayesian analysis of the combined sequences of the tRNA™" and tRNA™™ genes from 55 different species retrieved in the GenBank

(see Table 3).
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both tRNA genes, trees resulted from the Neighbour-Joining
(NJ), the Maximum Parsimony (MP) and the Bayesian analyses
(trees not shown, available on request) showed in essence the
same topology. There were two major clusters grouping the
seven species, separated with high bootstrap value, according to
Bayesian high posterior probabilities. L. europaeus clustered
with Cape hare (Lepus capensis) and scrub hare (Lepus
saxatilis), while the second cluster grouped L. timidus, Iberian
hare (Lepus granatensis), Corsican hare (Lepus corsicanus) and
broom hare (Lepus castroviejoi). Given that the partition-
homogeneity test revealed homogeneity of phylogenetic signals
between the two regions, we combined the two gene sequences
in one and we compared the resulted trees with the trees based
on the analysis of the D-loop and the cytochrome b (Cytb) of
the same species. The tRNA-based trees were in good
agreement with both the D-loop and Cytb analyses (Fig. 5).

Finally, based on available sequences of complete mitochon-
drial genomes retrieved from GenBank, we aligned the
combined tRNAP™ and tRNA™ sequences from 55 mamma-
lian species (Table 3), covering 17 orders of placental mammals,
Marsupialia and Monotremata. Interestingly, the topography of
the resultant tree (Fig. 6), based on the Bayesian analysis, was in
general agreement with trees derived both from nuclear
(Madsen et al., 2001; Murphy et al., 2001a,b) and mitochondrial
(Hudelot et al., 2003) genes, using large data sets.

All the above results strongly indicate that the tRNA
sequences used for the present study could simultaneously
provide facile information on both biochemical function and
phylogenetic relationships within a species or even among
different species, at higher taxonomic levels of mammals.

4. Discussion

We present here a comprehensive study on the variability and
putative role of the nucleotide substitutions in mt tRNA genes
from L. europaeus. Several studies have recently attempted to
evaluate the functional significance of tRNA mutations based
on analyses of tRNA secondary structure and folding free
energy (Kern and Kondrashov, 2004; Vilmi et al., 2005).
Population data has also been used to examine differential
polymorphism frequencies in tRNAs (Vilmi et al., 2005;
Kondrashov, 2005; Kivisild et al., 2006). In addition, previous
reports have been extended on the analysis of putative adaptive
mtDNA polypeptide variants (Mishmar et al., 2003; Ruiz-Pesini
etal., 2004) to demonstrate that at least 19% of ancient stem and
13% of ancient loop tRNA polymorphisms are also adaptive. A
number of the tRNA and rRNA sequence polymorphisms have
been observed to occur at the base of geographically associated
branches of the mtDNA tree (Pesole et al., 1999; Hudelot et al.,
2003). Since all possible mtDNA sequence polymorphisms are
not found in the mtDNA tree, the fact that specific mtDNA
sequence variants are found repeatedly strongly implies that
some selective factor results in the repeated retention of these
mtDNA sequence mutants.

We show herein that phylogenetic trees produced only by the
comparison of few mt tRNA genes are similar compared to
those that are produced by the standard methods (analysis of mt

variable loop and/or cytochrome b). Since tRNA genes are
highly conserved throughout evolution, changes that affect
mitochondrial tRNA molecules could reflect important evolu-
tionary adaptations among phylogenetically close species or
within the same species. From a broader perspective, molecular
investigations on mitochondrial tRNA molecules could serve as
valuable accessory elements for connecting analysis of precise
and unimpeded biochemical function in mitochondria with
evolutionary and phylogenetic studies. We assume that the
tRNA genes that were used for the present analysis accumulated
mutations in positions that do not seem to affect their role in
mitochondrial protein synthesis. More importantly it seems that
these tRNA species recorded evolutionary changes that can be
directly connected with the distinct phylogeographic distribu-
tion of L. europaeus. The fact that the observed nucleotide
substitutions appear in a large portion of the L. europaeus
individuals indicates that they are tolerated by natural selection
pressure.

So far, the majority of the evolutionary, phylogenetic and
evolutionary studies have been carried out based on the
mitochondrial D-loop, on the conserved genes that encode the
respiratory chain components or on the ribosomal RNA
subunits. Although many reports include mt tRNA sequences
in their phylogenetic analyses, they refer to tRNA molecules as
minor factors. The major reason is that the study of
mitochondrial D-loop can reveal numerous polymorphisms
that can be useful for drawing a more detailed phylogeny. The
tRNA genes on the other hand include a significantly lower
number of polymorphisms which is in some cases is not
adequate to support detailed phylogenetic studies. These
polymorphisms however, are included in much smaller genetic
pieces and they highly influence the biochemistry and the
viability of the organisms. Therefore, screening of mt tRNAs
can provide rapidly a quite accurate picture on the evolution,
phylogeny and, as we report in the present study, the
phylogeographic distribution of species. Extensive molecular
investigations on mitochondrial tRNA genes could serve as the
interface between biochemical and genetic analyses and they
can be used as dependable auxiliary molecular markers for
deciphering both evolution and phylogeny in most of the cases.
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ABSTRACT

Aim We analysed the population genetics of the brown hare (Lepus europaeus) in
order to test the hypothesis that this species migrated into central Europe from a
number of late glacial refugia, including some in Asia Minor.

Location Thirty-three localities in Greece, Bulgaria, Italy, Croatia, Serbia,
Poland, Switzerland, Austria, France, Germany, the Netherlands, Spain, the
United Kingdom, Turkey and Israel.

Methods In total, 926 brown hares were analysed for mitochondrial DNA
(mtDNA) variation by restriction fragment length polymorphism (RFLP) per-
formed on polymerase chain reaction-amplified products spanning cytochrome b
(cyt b)/control region (CR), cytochrome oxidase I (COI) and 125-16S rRNA. In
addition, sequence analysis of the mtDNA CR-I region was performed on 69
individuals, and the data were compared with 137 mtDNA CR-I sequences
retrieved from GenBank.

Results The 112 haplotypes detected were partitioned into five phylo-
geographically well-defined major haplogroups, namely the ‘south-eastern
European type haplogroup’ (SEEh), ‘Anatolian/Middle Eastern type haplogroup’
(AMh), ‘European type haplogroup, subgroup A’ (EUh-A), ‘European type
haplogroup, subgroup B’ (EUh-B) and ‘Intermediate haplogroup’ (INTERh).
Sequence data retrieved from GenBank were consistent with the haplogroups
determined in this study. In Bulgaria and north-eastern Greece numerous
haplotypes of all five haplogroups were present, forming a large overlap zone.

Main conclusions The mtDNA results allow us to infer post-glacial colonization
of large parts of Europe from a late glacial/early Holocene source population in the
central or south-central Balkans. The presence of Anatolian/Middle Eastern
haplotypes in the large overlap zone in Bulgaria and north-eastern Greece reveals
gene flow from Anatolia to Europe across the late Pleistocene Bosporus land-
bridge. Although various restocking operations could be partly responsible for the
presence of unexpected haplotypes in certain areas, we nevertheless trace a strong
phylogeographic signal throughout all regions under study. Throughout Europe,
mtDNA results indicate that brown hares are not separated into discernable
phyletic groups.

Keywords
Brown hare, Europe, Lepus europaeus, mtDNA, phylogeography, population
genetics, post-glacial colonization.
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INTRODUCTION

The brown hare (Lepus europaeus Pallas, 1778) is widespread
throughout Europe and occurs in a variety of environments
ranging from Mediterranean to subarctic regions. It is present
both in habitats at sea level and in the Alps, to an altitude of c.
2200 m. It has successfully been introduced into exotic
temperate environments (e.g. in Argentina, North America
and New Zealand) and thrives on tropical and sub-Antarctic
islands (Barbados, the Falkland Islands; Flux & Angermann,
1990). This wide geographic range indicates a considerable
ecological plasticity of this species. However, during the Late
Glacial Maximum (LGM), large parts of central and northern
Europe provided frozen habitats (Frenzel et al., 1992) inhos-
pitable for brown hares. At the same time, southern and south-
eastern European landscapes, characterized by steppe, open
woodland, or scattered tree stands (Bennett et al., 1991), could
have served as refugia for brown hares (Corbet, 1986), as
indicated to a certain extent by fossil records from the late
Pleistocene (see references in Suchentrunk et al, 2003).
Temporary land-bridges connecting Asia Minor and south-
eastern Europe during the late Pleistocene and the early
Holocene (Gokagan et al., 1997) might have enabled signifi-
cant gene flow of brown hare populations from south-western
Asia to south-eastern Europe. This palacogeographic situation,
together with the likely persistence of long-term late-Pleisto-
cene refugium populations in this part of the Mediterranean,
might have led to a particularly rich genetic diversity in hares
from the south-eastern Balkans.

Various isolated Pleistocene refugia of brown hares might
have existed over millennia in the Balkan Peninsula (Kasapidis
et al., 2005), and under the absence of significant gene flow
such refugium populations could have acquired differentiated
gene pools. In fact, brown hares from south-eastern and
eastern Europe have been described as various subspecies
(e.g. Lepus europaeus carpathus, L. e. creticus, L. e. cyrensis,
L. e. ghigii, L. e. meridiei, L. e. niethammeri, L. e. parnassius,
L. e. rhodius, L. e. transsylvanicus), based on fur coloration and
patterns, body size, external body measurements, and skull and
tooth characteristics (overview in De Beaufort, 1991). All these
classifications used morphological characters of questionable
taxonomic value, often based on a few individuals. However,
given the large intra- and inter-specific variation in the genus
Lepus, assignment to subspecies should be based on robust
criteria and a sufficient number of samples (Angermann, 1983;
Flux & Angermann, 1990).

All available population genetic data on brown hares from
several regions in Europe indicate fairly high gene flow at
the nuclear DNA level across large ranges, but a higher
degree of spatial partitioning of mitochondrial DNA
(mtDNA) (Hartl et al., 1993; Fickel et al, 1999, 2005;
Suchentrunk et al., 2000, 2003; Mamuris et al., 2001, 2002;
Ben Slimen et al,, 2005; Sert et al., 2005). In addition to
these studies, which suggest enhanced male dispersion and a
more philopatric behaviour of females, a recent study by
Kasapidis et al. (2005), based on control region hypervari-
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able domain 1 (CR-I) mtDNA analysis, found that haplo-
types from Greek brown hares were separated into two
distinct clades, probably corresponding to late-Pleistocene
refugia in the central/southern Balkans and in Anatolia.
However, more comprehensive data are needed to assess the
evolutionary history and relationships among brown hares
from different parts of Europe, their systematic status, and
the geographic ranges of evolutionary units. Such an
evaluation should increase our ability to identify locations
of late-Pleistocene refugia and to understand the post-glacial
colonization history of brown hares in Europe.

In this study we analysed mtDNA variability in 926 brown
hares from Europe, Asia Minor and the Middle East as
obtained by a polymerase chain reaction (PCR)-restriction
fragment length polymorphism (RFLP) approach. In addi-
tion, we performed sequence analysis of the mtDNA CR-I
region on 69 individuals, and these data were compared
with 136 mtDNA CR-I sequences retrieved from GenBank.
The analyses aimed to examine the hypothesis that European
brown hares migrated into central Europe from a number of
late glacial refugia, including some in Asia Minor, and to
evaluate the nature of possible maternal gene flow into
supposedly indigenous southern and south-eastern European
refugium populations from expanding Holocene populations
of central Europe.

MATERIALS AND METHODS

Sampling

A total of 926 brown hares were collected from various
regions and localities, and operationally grouped into 33
populations (Table 1; Fig. 1). Population assignment was
based solely on geographic criteria; for countries subjected to
intense sampling, for example Greece and Bulgaria, the high
numbers of samples were divided into a larger number of
populations, whereas for countries where sampling was
scarce, samples were pooled together per country. All hares
had the typical brownish coat colour with blackish tinge
dorsally and variably greyish thighs. All other coat pattern
characteristics (nape, flanks, tail, ear, etc.) conformed to
those of typical brown hares. Tissues were stored frozen at
—20° or preserved in alcohol until RFLP or sequencing
analyses of mtDNA.

Mitochondrial DNA RFLP analysis

Variation in mtDNA was analysed by RFLPs performed on
PCR-amplified products of cytochrome b (cyt b)/control
region (CR), cytochrome oxidase I (COI) and 12S-16S rRNA.
The amplified segments from each specimen were subsequently
screened for polymorphism with the following 20 restriction
endonucleases: Acil, Alul, Asel, Avall, BamHI, Banl, BstUI,
Ddel, EcoRl, Haelll, Hhal, Hincll, Hinfl, Hpal, Mbol, Msel,
Mspl, Pstl, Taql, Xbal. Details on DNA extraction, the primers
used and PCR amplification conditions are given in Mamuris
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Table 1 Sample size (1), total number of haplotypes (T) and of population-specific haplotypes (P) found within each population
sample (identified by groups with capital letters as in Fig. 1), and percentages of the total number of haplotypes/number of individuals
(V), number of population-specific haplotypes/number of individuals (W), haplotype diversity (h) and nucleotide diversity (m).

Sampling site n T P V(%) W (%) h b
1 Crete (Cr-GR) 8 2 - 25.00 - 71.43 0.36
2 South Greece (S-GR) 15 4 3 26.67 20.00 55.24 0.16
3 Zallogo (Za-GR) 43 11 2 25.58 4.65 88.15 0.23
4 Pyrra (Py-GR) 55 17 3 30.90 5.45 89.23 0.25
5 Vradeto (Vr-GR) 81 21 5 25.93 6.17 89.01 0.22
6 Spilia (Sp-GR) 38 14 6 36.84 15.79 90.75 0.31
7 Velestino (Ve-GR) 37 11 4 29.73 10.81 86.04 0.22
8 Elassona (EI-GR) 25 16 7 64.00 28.00 94.67 0.34
9 North Greece (N-GR) 32 15 4 48.86 12.50 95.67 0.29
10 Italy (I) 4 1 - 25.00 - 00.00 0.00
11 South Croatia (S-HR) 11 2 - 18.18 - 20.00 0.03
Total/average of the ‘south-eastern 349 114 34 32.66 9.74 70.93 0.22
European area’ (SEEa)
12 North Croatia (N-HR) 5 4 - 80.00 - 73.33 0.06
13 North Serbia (YU) 22 1 - 4.54 - 00.00 0.00
14 Poland (PL) 10 5 2 50.00 20.00 75.56 0.09
15 Switzerland (CH) 126 10 3 7.94 2.38 65.88 0.11
16 Austria (A) 121 7 5 5.76 4.13 65.54 0.10
17 France (F) 26 3 1 11.54 3.85 38.46 0.03
18 North Germany (N-D) 25 5 2 20.00 8.00 67.00 0.06
19 South-west Germany (SW-D) 22 3 - 13.64 - 43.72 0.03
20 The Netherlands (NL) 10 2 1 20.00 10.00 53.33 0.11
21 Spain (E) 2 1 - 50.00 - 00.00 0.00
22 North United Kingdom (N-UK) 16 1 - 6.25 - 00.00 0.00
23 South United Kingdom (S-UK) 17 1 - 5.88 - 00.00 0.00
Total/average of the ‘central 402 43 14 10.70 3.48 40.24 0.10
European area’ (CEUa)
24 Turkey (TR) 15 10 7 66.67 46.67 94.29 0.37
25 North Israel (N-ISR) 10 2 - 20.00 - 46.67 0.36
Total/average of the ‘Anatolian-Middle 25 12 7 48.00 28.00 70.48 0.37
East area’ (AMa)
26 North-East Greece (NE-GR) 42 8 4 19.05 9.52 86.00 0.62
27 Sandanski (Sa-BL) 2 2 1 100.0 50.00 100.0 0.38
28 Burgas (Bg-BL) 11 6 1 54.55 9.100 77.78 0.49
29 Stara Zagora (Sz-BL) 7 4 1 57.14 14.29 80.95 0.63
30 Vraca (Vc-BL) 41 12 3 29.27 7.32 90.39 0.33
31 Dobritch (Do-BL) 15 12 4 80.00 26.67 96.70 0.51
32 Pleven (Pv-BL) 21 11 1 52.38 4.76 91.23 0.40
33 Vidin (Vi-BL) 11 4 - 36.36 - 76.19 0.18
Total/average of the ‘overlap area’ (OVERa) 150 59 15 39.33 10.00 87.41 0.44
General total/average 926 112 70 12.10 7.56 63.73 0.22

et al. (2001). All PCR reactions were performed in an
Eppendorf Mastercycler® ep (Hamburg, Germany).

Mitochondrial DNA RFLP data analysis

Haplotype diversity (Nei, 1987) and nucleotide diversity (Nei
& Tajima, 1981) values within populations, as well as
nucleotide divergence (Nei & Tajima, 1981) values among
haplotypes and populations were computed using the statistical
package rReaP 4.0 (McElroy et al., 1991). Tests were carried out
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(using 10,000 randomizations) on the statistical significance of
pairwise differentiation based on composite haplotype fre-
quencies according to Raymond & Rousset (1995) using the
ARLEQUIN 2.0 package (Schneider et al., 2000).

To determine the phylogenetic affinities among haplotypes,
parsimony and distance approaches included in prHYLIP 3.6
(Felsenstein, 2004) were used. Another tree was constructed
using the Bayesian approach with MrBAyes 3.1 (Huelsenbeck
& Ronquist, 2001). We used the F81-like model for restriction
sites, proposed by the authors, to conduct Bayesian analyses
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N-ISR
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Figure 1 Map showing the distribution of sampling sites (dark circles), with their abbreviations as shown in Table 1, and the number
of individuals of Lepus europaeus sampled for this study. Stars represent samples for which sequences were retrieved from GenBank (dark
stars, Kasapidis et al., 2005; white stars, Pierpaoli et al., 1999; striped star, J. Fickel, A. Schmidt, H. Spittler and C. Pitra, unpublished data).
The sample distribution for this study in Greece and Bulgaria is shown in more detail in the inset.

using random starting trees run for 8 x 10° generations and
sampled every 100 generations. The burn-in frequency was set
to the first 25% of the sampled trees. Direct examination of the
sampled log-likelihood values showed that values had reached
a stationary equilibrium by this point. All trees preceding this
cut-off were discarded when calculating posterior nodal
probabilities, mean log-likelihood scores and a summary
phylogeny including estimates of branch lengths. Trees were
rooted using data obtained from a corresponding mtDNA
analysis of mountain hares (Lepus timidus).

The software NETwORk 3.1.0.1 (Fluxus technology Ltd,
downloaded from http://www.fluxus-technology.com/share-
net.htm) was used to construct a median-joining (MJ) network
based on the restriction site data. The neighbour-joining (NJ)
algorithm (Saitou & Nei, 1987) was used to cluster populations
according to nucleotide divergence.

As an alternative approach to visualizing genetic relationships
among populations, multi-dimensional scaling (MDS) was
performed on pairwise distance matrices of net nucleotide
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diversity values among populations using the spss 11.0 statistical
program package. The resultant MDS-coordinates of popula-
tions were subjected to maNovAa (full factorial type III of sum of
squares models with population groups as fixed factors),
following Kolmogorov—Smirnov tests to prove normality, and
to associated Scheffe and least significant difference (LSD) tests,
to prove significant variation across population groups.

Inference about the degree of population subdivision based
on hierarchical analysis of molecular variance (AMova, Excof-
fier et al., 1992) was implemented using the ARLEQUIN 2.0
package (Schneider et al., 2000). This package was used to
compare the component of genetic diversity among the major
geographical areas sampled with that observed among popu-
lations within each of them. The significance of the resultant
F-statistics and the variance components were tested with
10,000 permutations.

The historical demography of the populations was examined
using ‘mismatch distributions’, which represent the frequency
distribution of pairwise differences among all haplotypes in a
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sample, under the sudden expansion model proposed by
Rogers & Harpending (1992) as implemented in ARLEQUIN 2.0
(Schneider et al., 2000). Tajima’s D test (Tajima, 1989) of the
total number of segregating sites was also calculated for each
geographical area. Mismatch distributions fitness to Poisson
distributions (which reflect the expansion scenario) was
assessed by Monte Carlo simulations of 1000 random samples
using ARLEQUIN. The sum of squared deviations (SSD)
between observed and expected mismatch distributions was
used as the test statistic, and its P-value represents the
probability of obtaining a simulated SSD larger than or equal
to the one observed. Estimation and testing (bootstrap
resampling with 10,000 replicates) of Tajima’s D values were
also computed using ARLEQUIN.

Mitochondrial DNA sequence analysis

In order to compare our RFLP results with data already
published, we chose 69 L. europaeus specimens (see Appen-
dix SI in Supporting Information) and one L. timidus
specimen for sequence analyses. All L. europaeus individuals
selected had a different mtDNA RFLP haplotype, representing
all haplogroups detected after RFLP analysis. The primer
pair LepCyb2L (5-GAAACTGGCTCCAATAACCC-3’) and
LepD2H (5-ATTTAAGAGGAACGTGTGGG-3") (Pierpaoli
et al, 1999) was used to PCR-amplify one fragment of
c. 1200 base pairs. Double-strand DNA amplifications were
performed in 50-puL volumes containing 2 units of Taq
polymerase, 5 uL of 10 X reaction buffer (500 mm KCl,
100 mm Tris, pH 9.0), 5mm dNTPs, 50 pmoles of each
primer, 2.5 mm MgCl, and ¢. 500 ng of DNA. PCR amplifi-
cation conditions were as follows: one initial step of denatur-
ation at 95°C for 5 min, followed by 35 cycles of amplification
— each cycle being 95°C for 40 s, 52°C for 50 s and 72°C for
1.30 min — and a final extension step at 72°C for 10 min. The
PCR products were purified with GFX PCR DNA and a Gel
Band Purification Kit (Amersham Biosciences, Piscataway, NJ,
USA) and directly sequenced by Macrogen Inc., using an
automated ABI Prism 3730XL DNA sequencer (Perkin Elmer
Corporation, Waltham, MA, USA). All products were
sequenced in both directions. Sequences were aligned using
CrustarX (Thompson et al., 1997) with final adjustments by
eye.

We aligned 1058 bp, comprising 462 bp of the cyt b gene,
the tRNA-Thr and tRNA-Pro, and 464 bp of the CR-I region.
After analysing our own CR-I sequences, we compared them
with three data sets of mtDNA CR-I for L. europaeus available
in GenBank: 72 sequences described in Kasapidis et al. (2005),
22 sequences described in Pierpaoli et al. (1999), and 43
sequences described in Fickel et al. (direct submission).
Haplotype names, sample sizes, sampling localities and acces-
sion numbers of all sequences are given in Appendix S1.

For all haplotypes, base composition, nucleotide variation,
polymorphic and parsimony-informative sites were assessed
using MEGA 3.0 (Kumar et al., 2004). Phylogenetic associations
among lineages were assessed with pauP* 4.0 beta 10 version
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(Swofford, 1998). To determine the appropriate model of
sequence evolution and statistically compare successively
nested more parameter-rich models for this data set, the
program MODELTEST 3.6 (Posada & Crandall, 1998) was used.
With a statistical significance of P = 0.01, the HKY85 model
(Hasegawa et al., 1985), with y correction, obtained the best
likelihood score and was thus selected for the NJ analysis.
Maximum parsimony (MP) trees were also constructed under
the heuristic search option with 100 random-taxon-addition
replicates and tree bisection—reconnection branch swapping,
using PAUP*. Node support was assessed on the basis of 1000
bootstrap replicates. Phylogenetic trees were rooted using the
L. timidus sequence.

A Bayesian analysis was also performed with MrBAYEs 3.1
(Huelsenbeck & Ronquist, 2001), under the HKY85 model of
sequence evolution. Depending on the data set, random
starting trees run for 2 x 10° to 8 x 10° generations were
sampled every 100 generations. The burn-in frequency was set
to the first 25% of the sampled trees.

RESULTS

RFLP haplotype diversity

The amplified segments of cyt b/CR, COI and 125-16S rRNA
had approximate sizes of 1.8, 1.3 and 2.05 kb, respectively,
corresponding to ¢. 30% of the mitochondrial genome of the
species (Gissi et al., 1998). The 20 restriction enzymes generated
in all of the amplified segments a total of 173 restriction sites
corresponding to an estimated average number of 764 bp
surveyed. Polymorphism was found in all three segments, but, as
expected, at considerably different levels within each region. Cyt
b/CR was the most polymorphic, and 125-16S rRNA was the
least polymorphic. In total, 112 distinct haplotypes were scored,
presented in Appendix S2 with the haplotype frequencies for
each sampling site. Pairwise sequence divergence estimates
among the 112 haplotypes varied from 0.19% (haplotypes 1-2,
1-20, 1-47, 3-4) to 4.65% (haplotypes 103-111), with an
average of 1.84% (see Appendix S3).

With some minor differences, the Bayesian analysis (Fig. 2),
the NJ tree (see Appendix S4), and the MJ network (Fig. 3)
showed in essence the same topology, with five major haplo-
groups grouping the 112 haplotypes. One cluster, conventionally
named the ‘Anatolian/Middle East type haplogroup’ (AMh),
included all of the haplotypes found in Turkey (TR) and north
Israel (N-ISR), as well as a percentage of haplotypes found in
brown hares from north-eastern continental Greece (NE-GR,
17.8%) and Bulgaria (BL, 23.8%) (Figs 2, 3 & 4). Haplotypes of
the second cluster, the ‘south-eastern European type haplo-
group’ (SEEh), predominantly occurred in Greece and Bulgaria
and were also present in all individuals from south Croatia
(S-HR) and Italy (I). Three haplotypes of the SEEh were present
in three (3.37%) out of 89 hares from southern Switzerland, and
another one in three (3.41%) out of 88 hares from eastern
Austria (A) (Figs 2, 3 & 4). Haplotypes of the SEEh were totally
absent from Anatolian and Israeli hares (Figs 2, 3 & 4). In the
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Figure 2 Phylogenetic tree resulting from
the Bayesian analysis clustering the 112
restriction fragment length polymorphism
haplotypes from Lepus europaeus. Lepus
timidus was used as outgroup. The topology
for the major clusters was similar for the
neighbour-joining (NJ) tree. Numbers above
branches of the major clusters represent
percentage posterior probabilities from the
Bayesian analysis and NJ bootstrap values
(1000 replicates), respectively. EUh, Euro-
pean type haplogroup; SEEh, south-eastern

1001100 AMh European type haplogroup; AMh, Anatolian/
Middle Eastern type haplogroup; Interh,
705 — % 1 1 intermediate haplogroup. Each haplotype is
160 nterh
Lepus timi identified by its corresponding number, as in
0.1

third cluster, named ‘European type haplogroup’ (EUh),
haplotypes were separated into two, phylogenetically related
but phylogeographically distinct, subgroupings: subgroup A
(EUh-A) encompassed haplotypes from various regions of
central Europe, the British Isles (UK), Spain (E), France (F), the
Netherlands (NL), northern Germany (N-D) and Bulgaria (BL),
whereas the haplotypes of subgroup B (EUh-B) occurred only in
central Greece (C-GR), north-eastern Greece (NE-GR), south-
ern Greece (S-GR), Crete (Cr-GR) and in various regions of
Bulgaria (Figs 2, 3 & 4). Haplotypes of the EUh were also totally
absent from Anatolian and Israeli hares (Figs 2, 3 & 4). Finally,
three haplotypes (99, 100, 105), from Bulgaria and north-eastern
Greece, with an intermediate position between the AMh and the
SEEh, as revealed by the network MJ analysis (Figs 2, 3 & 4),
formed a fifth intermediate haplogroup (INTERh).

Population diversity and structure

To conduct a comprehensive population genetic analysis we
pooled the sampling sites with only one individual. The
presence of different haplogroups in Greece and Bulgaria led

520

Appendix S2.

us to split these two regions into several populations (Figs 1 &
4), in order to display more detail in the distribution of the
haplogroups within each region. However, given the sole
presence of the EUh-A in the other European countries, there
was no need for further separation.

Of the 112 haplotypes recorded, 70 (62.5%) were popula-
tion-specific (i.e. observed only in one population) and 44
(39.28%) were found only in one individual per population
(Table 1, see Appendix S2). The sixteen haplotypes 5, 6, 12, 13,
15, 16, 23, 28, 73, 75, 76, 77, 79, 83, 87, 91 were the most
common, grouping 542 (58.53%) of all examined hares (see
Appendix S2). The number of observed haplotypes within
populations ranged from one (E, YU, N-HR, I, NE-TR, N-UK
and S-UK) to 21 (Vr-GR) (Table 1).

Haplotype diversity values for all populations ranged from
0.00% to 100.00% with an average of 63.73%, and nucleotide
diversity values ranged from 0.00% to 0.63% with an average
of 0.22% (Table 1). A statistically significant difference in
haplotype frequencies among all populations was observed
(P < 0.00001), whereas of the 561 pairwise Fsr comparisons
among populations only 52 were statistically significant. The
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Figure 3 Median-joining (M]) network showing the mutational relationships among 112 Lepus europaeus haplotypes detected in a

sample of 926 individuals. A circle represents a haplotype. Circle sizes are proportional to the number of individuals with specific haplotypes

in the total sample. Each segment on connecting lines between circles as indicated by vertical bars represents a single mutational

change. AMh, Anatolian/Middle Eastern type haplogroup; Interh, intermediate haplogroup; SEEh, south-eastern European type haplogroup;
EUh, European type haplogroup. Haplotypes of EUh subgroup A and EUh subgroup B are shown in more detail in the inset. Each haplotype

is identified by its corresponding number, as in Appendix S2.

mean nucleotide divergence among all populations was 0.30%,
ranging from 0.00% to 1.14%. The MDS analysis (Fig. 5), as
well as the NJ phylogenetic tree, both based on the mean
nucleotide divergence matrix, showed the same, strong
geographic structure. Four major areas were formed (Fig. 5),
reflecting the partitioning of mtDNA haplogroups and the
levels of intra-population diversity: the ‘central European area’
(CEUa) comprised the populations from central Europe,
Spain, the United Kingdom, Serbia and north Croatia,
dominated by the EUh-A; the ‘south-eastern European area’
(SEEa) comprised the populations from Greece (with the
exception of NE-GR), Italy and south Croatia, reflecting the
presence of the SEEh and EUh-B; the ‘Anatolian/Middle East
area’ (AMa) included the populations from Anatolia and north
Israel (i.e. the AMh); the ‘overlap area’ (OVERa), covering the
populations from Bulgaria and north-eastern Greece, with an
admixture of haplotypes from all five haplogroups, clustered in
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a connecting position between the other three areas (Fig. 5).
The manova test for the MDS-coordinate values indicated
highly significant (P < 0.000005) variation across population
groups.

The OVERa had the highest mean haplotype and nucleotide
diversity (0.874 and 0.0044, respectively) followed by the SEEa
(0.709 and 0.0022, respectively) and the AMa (0.705 and
0.0037, respectively). The CEUa had the lowest values (0.402
and 0.001, respectively) (Table 1). All pairwise Fst comparisons
among the four areas were highly significant (P < 0.000005 for
all). According to the AMova, 10.59% of the mtDNA variation
was distributed among populations within major areas, 38.99%
was distributed within populations, and 50.43% was distributed
among areas. All these values were highly significant (Table 2).
If no structure was assumed, the overall Fgr value was 53.5%.

Table 3 summarizes estimates of the mismatch distributions
for the four pooled major sampling areas. According to the
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Figure 4 Map showing the distribution of the five haplogroups of Lepus europaeus identified in the four major geographical areas. The
representations of the five haplogroups are shown at the top right. The ‘central European area’ (CEUa) comprises mainly the ‘European type
haplogroup, subgroup A’ (EUh-A) and a few individuals belonging to the ‘south-eastern European type haplotype’ (SEEh). The ‘south-
eastern European area’ (SEEa) comprises mainly the SEEh and a few individuals of the ‘European type haplogroup, subgroup B’
(EUh-B). The ‘Anatolian/Middle East area’ (AMa) contains only the ‘Anatolian/Middle Eastern type haplogroup’ (AMh). The ‘overlap area’
(OVERa) contains all five haplogroups.
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Figure 5 Scatter plot of the first- and second-dimension coordinates of populations of Lepus europaeus as obtained from multidimen-
sional scaling of the matrix of pairwise distances based on nucleotide divergence (Nei & Tajima, 1981) from mtDNA restriction fragment
length polymorphism analysis. SEEa, south-eastern European area; OVERa, overlap area; CEUa, central European area; AMa, Anatolian/
Middle East area.
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Table 2 Results of the hierarchical analysis of molecular variance
for Lepus europaeus using the four major geographical areas of
sampling as the levels of grouping, or without grouping.

Total Fixation
Source of variance  indices
Structure variation (%) (Fsr) P-value
No structure  Among populations ~ 53.51 0.53507  0.00001
Within populations ~ 46.49
Four major Among regions 50.43 0.61011  0.00001
areas Among populations  10.59 0.21352  0.00001
within groups
Within populations ~ 38.99 0.50425  0.00001

The percentage of total variance, the F statistics, and the probability
(P) estimated from permutation tests are given at each hierarchical
level (Excoffier et al., 1992).

Table 3 Mismatch distribution results of the pooled populations
from the four major areas in which Lepus europaeus is found.

Populations from

SEEa AMa CEUa OVERa

Parameters

S 144 58 36 103

0, 6.764 0.01 0.000 8.432

0, 5265.00 94.453 3838.75 39.385

T 12.752 13.346 5.580 22.041
Goodness-of-fit test

SSD 0.004 0.005 0.0013 0.007

P 0.610 0.270 0.280 0.450

Tajima’s D -0.794 —-0.181 —-2.082 -0.593

P 0.227 0.446 0.0077 0.296

The parameters of the model of sudden expansion (Rogers & Har-
pending, 1992) are presented as well as a goodness-of-fit test to the
model; Tajima’s (1989) D-test value and its statistical significance are
also given.

S, number of polymorphic sites; 0y, pre-expansion and 0;, post-
expansion population sizes; 7, time in number of generations elapsed
since the sudden expansion episode; SSD, sum of squared deviations.
SEEa, south-eastern European area; AMa, Anatolian/Middle East area;
CEUa, central European area; OVERa, overlap area.

parameters estimated for each area, only the CEUa was close to
an expected Poisson model, indicating recent population
expansion.

Sequence analysis and comparison with other studies

Of the 464 CR-I sites examined, 104 were variable, 76 of which
were parsimony-informative (data not shown, available on
request). Sequence divergence for the CR-I region ranged from
0.22% to 10.54% with an average of 4.65%. According to the
NJ tree (Fig. 6), MP and Bayesian analyses (not shown), 68 out
of the 69 sequences clustered, with high bootstrap values,
within the main four haplogroups they came from. The
sequence AM30 from an individual defined as INTERMEDI-
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ATE based on the RFLP analysis (the individual with the
haplotype 105; Fig. 2) failed to cluster separately from the
AMh, very probably as a result of the much smaller mtDNA
CR-I region surveyed by sequence analysis compared with the
region surveyed by means of RFLP. Therefore, the INTERh was
not represented in the sequence NJ tree. Sequence divergence
within haplogroups was 1.29% (0.22-2.42%), 3.38% (0.22—
7.12%), 0.70% (0.22-1.31%) and 0.77% (0.22-1.10%) for the
SEEh, AMh, EUh-A and EUh-B, respectively. Mean and net
sequence divergences between haplogroups ranged from 1.47%
and 0.73% (EUh-A/EUh-B) to 7.16% and 4.83% (AMh/EUh-
A). All 43 L. europaeus sequences reported to GenBank by
J. Fickel, A. Schmidt, H. Spittler and C. Pitra (unpublished
data) clustered within the EUh-A (Fig. 6). Nineteen of the 22
sequences described by Pierpaoli et al. (1999), mainly from
Italy but also from Austria, Hungary, Romania and Serbia,
corresponding to 38 individuals, also clustered within the
EUh-A (Fig. 6). One sequence (Leu3) from southern Italy
clustered within the EUh-B, and the remaining two sequences
(Leul and Leu2 from central and northern Italy, respectively)
clustered within the SEEh (Fig. 6). On the other hand, none of
the 72 sequences reported in Kasapidis et al. (2005) clustered
within the EUh-A (Fig. 6). Fifty-six sequences corresponded
either to the SEEh or to the EUh-B. The other 16 sequences
clustered within the AMh. The majority of them (nine) came
from Cyprus and Greek islands off the Anatolian coast (Samos,
Lesvos, Rhodes, Chios), six from north-eastern Greece and one
from northern Israel.

DISCUSSION

Phylogeography of European brown hares

MtDNA data indicated five major haplogroups (AMh, SEEh,
EUh-A, EUh-B, INTERh) with a distinct geographic distribu-
tion pattern very well supported by the F-statistics. In fact,
59.8% of the overall mtDNA variability was as a result of
partitioning into these five haplogroups. The corresponding
geographical partitioning of the mtDNA variability was also
evident from the highly significant F-statistics and from the
highly significant differences of the MDS-coordinates of
pairwise net nucleotide divergence values among populations
across the four areas (AMa, SEEa, OVERa, CEUa). Grouping
inferred by mtDNA analysis was further confirmed by
sequence analysis, which provided a higher resolution of the
four haplogroups. Moreover, the three sequence data sets
retrieved from GenBank fitted phylogeographically to the
haplogroups identified in this study, providing further unam-
biguous support to this partitioning pattern.

Interestingly, our data indicate the presence of haplotypes of
all five haplogroups in Bulgaria and north-eastern Greece, an
area that represents a large overlap zone (OVERa), which was
also implied by Kasapidis et al. (2005) in their analysis of the
brown hare. In that zone we recovered 31.3% of all haplotypes
traced here, identifying this part of the south-eastern Balkans
as the region with the highest mtDNA nucleotide diversity.
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Figure 6 Neighbour-joining (NJ) phylogenetic tree for Lepus europaeus, using the HKY85 model with y correction among the aligned
nucleotides of the mtDNA control region (CR) for the sequences combining our data set with data from GenBank (contributed by J. Fickel,
A. Schmidt, H. Spittler and C. Pitra, unpublished data), from Kasapidis et al. (2005) and from Pierpaoli et al. (1999). Lepus timidus was used
as outgroup. Numbers at the internodes of the major clusters indicate percentage posterior probabilities from the Bayesian analysis and
bootstrap, and reliability percentage values computed in NJ and maximum parsimony analyses (1000 replicates), respectively. EUh,
European type haplogroup; SEEh, south-eastern European type haplogroup; AMh, Anatolian/Middle Eastern type haplogroup. Details on
the numbering of haplotypes in the phylogenetic tree resulting from the NJ analysis are given in Appendix S1.
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Our data so far suggest that OVERa does not extend into
Anatolia, as speculated by Kasapidis et al. (2005). However,
samples from north-western Anatolia must be studied to
confirm this preliminary finding. Among the haplotypes found
in OVERa, three (99, 100, 105 in haplogroup INTERh) (Figs 2
& 3) hold an intermediate position between the AMh and the
SEEN, as revealed by the network M]J analysis. The connection
of the SEEh and the AMh through these three haplotypes
(Bayesian and network M]J analyses), their restricted occur-
rence only in OVERa, and the simultaneous presence of both
the EUh-A and the EUh-B in OVERa suggest that these three
haplotypes might be the remainders of an ancient gene pool
from which the current AMh and SEEh have both evolved.
Missing data from some parts of the central Balkans, Romania,
and areas north of the Black Sea, as well as from Turkish areas
neighbouring Greece, prohibit further speculation. The net-
work analysis indicates that only three haplotypes from the
SEEh (15, 16 and 19) were ancestral to the EUh-B. Three
haplotypes of the EUh-B (55, 56, 73) showed close relation-
ships with three haplotypes of the EUh-A (77, 79, 84) (Fig. 3).
Haplotype 56 of the EUh-B is connected by only one, so far
undetected, haplotype, to haplotype 79 of the EUh-A, which
occurs in Bulgaria, northern Serbia and in large parts of
central, north-central, north-western and south-western Eur-
ope. Similarly, haplotype 73 of the EUh-B, which occurs only
in Bulgaria and northern and north-eastern Greece, is
connected to haplotype 77 of the EUh-A by only one, so far
undetected, haplotype. A third haplotype from Bulgaria, north
and north-eastern Greece (55, EUh-B) is also connected by
only one, so far unidentified, haplotype to a haplotype that was
found only in the Netherlands (84, EUh-A). Thus, all presently
recovered haplotypes of central, north-western and south-
western Europe are descendants of two haplotypes (77 and 79,
EUh-A), which were also found in Bulgaria. The close
phylogenetic relationships between all these haplotypes, occur-
ring in large parts of central, north-western and south-western
Europe, support the idea of rapid colonization of these areas
by brown hares with the amelioration of the climate following
the LGM (e.g. Corbet, 1986).

The divergence pattern of mtDNA haplotypes within the
EUh-A indicates only shallow genetic differentiation across
central, north-western and south-western Europe. This does
not support the existence of a late glacial refugium for brown
hares in the Iberian Peninsula (Corbet, 1986; Suchentrunk
et al., 2000), nor does it indicate post-glacial gene flow from
eastern European or western Siberian regions (Suchentrunk
et al., 2000). Thus, our data do not provide support for Bilton
et al.’s (1998) hypothesis of post-glacial migration of several
mammalian species from eastern European or western Siberian
regions into central Europe. Rather, they suggest that the
colonization of large parts of Europe by brown hares started
from a late glacial or early Holocene source population in the
central or south-central Balkans. This scenario fits with the
general post-glacial expansion pattern of populations from
southern (Mediterranean) refugia, as described by Taberlet
et al. (1998) and Hewitt (2000). This northward expansion of
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the colonizing populations was relatively rapid and probably
reached as far as the Iberian Peninsula. The mismatch
distribution, indicating a recent expansion, and the star-like
connection pattern of haplotypes from the CEUa after the
network analysis provide further support for the expansion
hypothesis (Slatkin & Hudson, 1991).

Brown hares from the British Isles, which are considered as a
separate subspecies (L. e. occidentalis), are phylogenetically
closely linked to hares from northern continental Europe. All
hares from the northern UK population have one haplotype
(83, EUh-A) that has so far been identified only in the northern
German population close to the Danish border, whereas the
population from the southern UK has exclusively haplotype 75,
which is the most common and widespread haplotype of the
EUh-A and which occurs also in the northern German
population. These findings identify at least northern Germany
as a possible source region for the origin of the current British
brown hare populations. They might have reached the British
Isles either by natural migration across the land-bridge that
existed during the early Holocene between the British Isles and
continental Europe, or they might have been introduced by the
ancient Romans or even earlier by Neolithic or Mesolithic
settlers (Corbet, 1986; Suchentrunk et al., 2006). As expected,
mtDNA variability in the British brown hares is very low.

Five brown hares from the southern Swiss Alps exhibited
three phylogenetically closely related haplotypes (66, 67, 68) of
the SEEh. One of these (67) was the only one found in the four
Italian brown hares and it was also present in a population from
central-western Greece (Vradeto). This distributional pattern
suggests natural gene flow from north-western Greek popula-
tions into central Italy via the region of the northern Adriatic
that formed a land-bridge between the Italian peninsula and the
Balkans during the late Pleistocene and the early Holocene. This
is also congruent with the combined analysis of our data and
those of Pierpaoli et al. (1999), showing that the two haplotypes
(Leul and Leu2) from Italy are phylogenetically very closely
related to the SEEh (Fig. 6), and it does not support the
existence of the subspecies L. e. meridiei in the Italian peninsula
(Pierpaoli et al., 1999). Under such a scenario, the few Swiss
hares belonging to the SEEh could be the descendants of an
ancient Italian gene pool that expanded northwards after the
withdrawal of the south Alpine glaciers. Alternatively, the
presence of the SEEh in Italy, Switzerland and Austria could be
the result of recent translocations.

According to the combined analysis of our data and those of
Pierpaoli et al. (1999), haplotypes belonging to the EUh-A are
predominant in Italy. A very plausible phylogenetic scenario is
that those haplotypes could have reached the Italian peninsula
during a phase of dispersion of brown hares after the LGM
(Pierpaoli et al., 1999). An alternative or complementary
scenario, based on the information that over-hunting and
releases of brown hares in Italy began early in 1900 and
continued on a large scale up until, at least, the 1990s
(Pierpaoli et al., 1999), could explain the massive presence of
the EUh-A in central and northern Italy as the result of recent
translocations of allochthonous brown hares. This practice
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might have replaced possibly native original haplotypes of the
SEEh in large parts of Italy.

The presence of AM haplotypes in the south-eastern Balkans
indicates ancient gene flow from Anatolia to Europe across the
late Pleistocene Bosporus land-bridge, which disappeared only
c. 8000 years ago with the rising sea level (Gokasan et al.,
1997). This interpretation fits with the hypothesis that hares
managed to migrate from Anatolia into parts of the south-
eastern Balkans and they even colonized some Greek islands off
the coast of Anatolia in the late glacial period and/or early
Holocene when these islands were still connected to Anatolia
(Kasapidis et al., 2005). Hares from the OVERa with haplo-
types of the AMh had similar levels of nucleotide diversity
(0.0097) to hares from Turkey and Israel (0.012), an indication
that there has not been a particular loss of mtDNA diversity in
the course of the migration from Anatolia to south-eastern
Europe. This sustained genetic diversity is probably the result
of the maintenance of large enough effective population sizes
through long-term migration into the OVERa, or several
colonization waves, or at least one short period of massive
migration. In contrast to the case for the EUh-A, population
genetic analysis of both RFLP and sequence data showed that
the AM haplogroup/area harboured the highest nucleotide
diversity except for the OVERa, very probably reflecting an
unbroken history of the species in Anatolia. Anatolia has been
considered a biogeographical crossroads for many mammalian
species, with continuous gene flow from the Euro-Siberian,
Irano-Turanian and Saharo-Sindian regions to Anatolia during
the Pleistocene and the Holocene (Cheylan, 1991; Sert et al.,
2005).

Considering the high observed Fgr-values within autoch-
thonous Greek hares, indicating generally little mtDNA gene
flow and high philopatry of females (see also Mamuris et al,
2001), the OVERa appears to be quite extensive. Unintentional
anthropogenic translocations of introgressed hares from
south-eastern parts of Bulgaria to western and northern
Bulgaria might have artificially extended the OVERa within
Bulgaria. Moreover, the existence of the relatively large OVERa
and the limited presence of the INTERh only in OVERa
indicates that admixture of hare genomes with considerably
divergent mtDNA might not be an occasional phenomenon
with little evolutionary consequence; rather, such divergent
lineages might be passed on successfully over several
generations and thus might considerably bias phylogenetic
and taxonomic inferences, if only a few samples from restricted
geographical provenances are studied. A pronounced example
of introgressive hybridization was reported for the Iberian hare
(L. granatensis), which is considerably introgressed by ancient
mountain hare-type mtDNA (Melo-Ferreira et al., 2005; Alves
et al., 2006), and for various Lepus species from central and Far
East Asia (Ben Slimen et al., 2007).

Anthropogenic transfers/breeding and introductions

Apart from the historical ancient translocations of brown hares
that could have influenced the shaping of mtDNA phyloge-
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ographic patterns in the studied area (e.g. Kasapidis et al,
2005; Suchentrunk et al., 2006), the restocking programmes
with the introduction of allochthonous individuals that have
been carried out in several European countries in the past
decades might have seriously influenced the historical distri-
bution and genetic integrity of indigenous hare populations
and species (Flux, 1983; Pierpaoli ef al., 1999). Breeding
stations in Bulgaria, Slovakia, Hungary and Poland tradition-
ally functioned as source populations for such restocking
operations during the 1970s and 1980s, and still do so,
particularly for hunting societies in diverse parts of central and
western Europe.

The impact of uncontrolled introductions and releases of
brown hares in Greece has been discussed in previous studies
(Mamuris et al., 2001; Kasapidis et al., 2005; Stamatis ef al.,
2007). Some of the released hares could have harboured
haplotypes of the SEEh. This might be the case for the hares
from Austria and Switzerland belonging to the SEEh. On the
other hand, the absence of hares of the SEEh in other parts of
central and north-western Europe could be the result either of
the absence of massive releases of hares from south-eastern
Europe, or of the lack of an effect of massive releases on the
mtDNA composition of the studied populations. Although
massive restocking operations in central Europe could also be
partly responsible for the wide expansion of certain haplotypes
of the EUh-A (i.e. 75, 76), we nevertheless trace a phyloge-
ographic signal in this part of Europe, as evidenced by the
phylogenetic relationships between the post-glacial haplotypes
and their geographic distribution. In contrast to the case for
central Europe, the dispersion of the haplotypes of the SEEh in
Greece is geographically very restricted. In fact, in the latter
area the number of common haplotypes between populations
decreased with geographic distance in general, whereas the
percentage of unique haplotypes within each region remained
high.

To conclude, all our results concordantly indicate that
post-glacial colonization of large parts of Europe started
from only one late glacial/early Holocene source region in
the central or south-central Balkans. The presence of
numerous haplotypes of all five haplogroups in Bulgaria
and north-eastern Greece, including Anatolian/Middle East-
ern ones, indicates a large overlap zone. Anatolian/Middle
Eastern haplotypes in this overlap zone reveal gene flow
from Anatolia to Europe across the late Pleistocene Bosp-
orus land-bridge. Although various restocking operations
could be partly responsible for the presence of unexpected
haplotypes in certain areas, we nevertheless trace a strong
phylogeographic signal throughout all the regions under
study.
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Appendix S1. Haplotype names and corresponding identification numbers at the tips of branches in
the dendrogram of Fig. 6 in parentheses, sample sizes, sampling localities and accession numbers of

the brown hare (Lepus europaeus) mtDNA CR-1 sequences

This study

EUAOL (14) 1 Aberdeenshire, Scotland (N-UK) DQ469656
EUAOQ2 (8) 1 Offenburg, South-West Germany (SW-D) DQ469661
EUAO3(14) 1 Offenburg, South-West Germany (SW-D) DQ469660
EUAO4 (14) 1 Eastern Austria (A) DQ469667
EUAOS (5) 1 Membrolles, France (F) DQ469665
EUAO6 (14) 1 Wiltshire, South England (S-UK) DQ469654
EUAOQ7 (8) 1 Airport Schipol, The Netherlands (NL) DQ469657
EUAO8 (14) 1  Niebiill, North Germany (N-D) DQ469655
EUA09 (14) 1 Switzerland (CH) DQ469663
EUA10 (8) 1 Poland (PL) DQ469669
EUA11(11) 1 Membrolles, France (F) DQ469659
EUA12 (14) 1 Switzerland (CH) DQ469662
EUA13 (4) 1 Switzerland (CH) DQ469664
EUA14(25) 1 Eastern Austria (A) DQ469666
EUA15(30) 1 Eastern Austria (A) DQ469658
EUA16 (30) 1 Poland (PL) DQ469668
EUBO1 (42) 1 Southern Greece (S-GR) DQ469671
EUBO2 (47) 1 Crete (Cr-GR) DQ469670
EUB03 (40) 1 Crete (Cr-GR) DQ469675
EUB04 (39) 1 North-Eastern Greece (NE-GR) DQ469672
EUBO05(39) 1 Spilia (Sp-GR) DQ469676
EUBO6 (47) 1 Bulgaria (BL) DQ469673
EUBO7 (40) 1 Spilia (Sp-GR) DQ469674
SEE01 (91) 1 North-Eastern Greece (NE-GR) DQ469648
SEE02 (60) 1 Western Greece, Vradeto (Vr-GR) DQ469683
SEE03(98) 1 Elassona (EI-GR) DQ469680
SEEO04 (103) 1 Velestino (Ve-GR) DQ469651
SEE05(94) 1 Western Greece, Vradeto (Vr-GR) DQ469684
SEE06 (94) 1 Central Greece, Pyrra (Py-GR) DQ469685
SEE07 (88) 1 Western Greece, Vradeto (Vr-GR) DQ469652
SEE08 (93) 1 Spilia (Sp-GR) DQ469650
SEE09 (86) 1  Velestino (Ve-GR) DQ469677
SEE10(97) 1 Elassona (EI-GR) DQ469679
SEE11(100) 1  Velestino (Ve-GR) DQ469681
SEE12 (99) 1 Western Greece, Vradeto (Vr-GR) DQ469653
SEE13(63) 1 Western Greece, Vradeto (Vr-GR) DQ469649
SEE14 (95) 1 Central Greece, Pyrra (Py-GR) DQ469682
SEE15(61) 1 Southern Greece (S-GR) DQ469678
SEE16(92) 1 Elassona (EI-GR) DQ469686
AMO1 (118) 1 North Israel (N-ISR) DQ469698
AMO02 (112) 1 North Israel (N-ISR) DQ469645
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AMO03 (111) 1 North Israel (N-ISR) DQ469646
AMO04 (117) 1 North Israel (N-ISR) DQ469707
AMO5 (115) 1 North Israel (N-ISR) DQ469708
AMO6 (114) 1 North Israel (N-ISR) DQ469706
AMO7 (116) 1 North Israel (N-ISR) DQ469699
AMO08 (109) 1 North Israel (N-ISR) DQ469643
AMO09 (110) 1 North Israel (N-ISR) DQ469647
AM10 (113) 1 North Israel (N-ISR) DQ469701
AM11 (148) 1 Turkey (TR) DQ469691
AM12 (149) 1 Turkey (TR) DQ469697
AM13 (108) 1 Turkey (TR) DQ469704
AM14 (119) 1 Turkey (TR) DQ469694
AM15 (120) 1 Turkey (TR) DQ469709
AM16 (123) 1 Turkey (TR) DQ469695
AM17 (124) 1 Turkey (TR) DQ469696
AM18 (144) 1 Turkey (TR) DQ469693
AM19 (141) 1 Turkey (TR) DQ469702
AM20 (107) 1 Turkey (TR) DQ469644
AM21 (145) 1 Turkey (TR) DQ469705
AM22 (146) 1 Turkey (TR) DQ469642
AM23 (151) 1 Turkey (TR) DQ469700
AM24 (147) 1 Turkey (TR) DQ469703
AM25 (150) 1 Turkey (TR) DQ469692
AM26 (136) 1 Thrace, North-Eastern Greece (NE-GR) DQ469687
AM27 (137) 1 Thrace, North-Eastern Greece (NE-GR) DQ469690
AM28 (132) 1 Thrace, North-Eastern Greece (NE-GR) DQ469688
AM29 (135) 1 North-Eastern Greece (NE-GR) DQ469689
AM30 (125) 1 Bulgaria (BL) DQ469710
Pierpaoli et al. (1999)

Leu 1 (50) 1 Central Italy AF157453
Leu 2 (49) 1 Northern Italy AF157454
Leu 3 (43) 1 Southern Italy AF157452
Leu 4 (14) 4 Central and southern Italy; Uruguay AF157447
Leu 5 (20) 1 Northern Italy AF157449
Leu 6 (13) 1 Central Italy AF157448
Leu 7 (14) 2 Southern Italy AF157446
Leu 8 (25) 1 Northern Italy AF157450
Leu 9 (14) 1 Central Italy AF157451
Leul1l0(25) 2 Northern and southern Italy AF157433
Leull(26) 1 Southern Italy AF157434
Leu 12 (1) 2 Hungary; southern Italy AF157435
Leu 13 (3) 1 Southern Italy AF157436
Leu 14 (3) 1 Central and northern Italy; Serbia; Romania AF157437
Leu 15 (4) 2 Hungary; Serbia AF157438
Leu 16 (6) 1 Austria AF157439
Leul7(33) 1 Northern Italy AF157445
Leul8(31) 1 Northern Italy AF157442
Leu19(32) 1 Northern Italy AF157441
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Leu20(30) 3 Hungary; Serbia; northern Italy AF157440
Leu21(28) 1 Hungary AF157443
Leu22 (27) 1 Northern Italy AF157444
Kasapidis et al. (2005)

Al (130) 5 Thrace; Central Macedonia AY466782
A2 (131) 1 Thrace AY466783
A3 (133) 1 Thrace AY466784
A4 (134) 1 Eastern Macedonia AY466785
A5 (138) 1 Thrace AY466786
A6 (139) 3 Samos island AY466787
AT (140) 3 Lesvos island AY466788
A8 (142) 1 Rhodes island AY466789
A9 (143) 1 Rhodes island AY466790
A10 (122) 1 Chios island AY466791
All (121) 2 Chios island AY466792
Al2 (129) 1 Cyprus AY466793
Al3 (128) 1 Cyprus AY466794
Al4 (127) 1 Cyprus AY466795
A15 (126) 1 Eastern Macedonia AY466796
Al6 (117) 1 Northern Israel AY466797
B1 (77) 1 Crete: Iraklio AY466798
B2 (77) 1 Crete: Hania AY466799
B3 (84) 1 Crete: Iraklio AY466800
B4 (83) 1 Crete: Iraklio AY466801
B5 (81) 1 Crete: Hania AY466802
B6 (80) 1 Crete: Iraklio AY466803
B7 (82) 1 Crete: Hania AY466804
B8 (78) 2 Kythira island AY466805
B9 (78) 1 Kythira island AY466806
B10 (56) 3 Central Peloponnese AY466807
B11 (57) 1 Central Peloponnese AY466808
B12 (79) 1 Naxos island AY466809
B13 (44) 2 Eastern Macedonia AY466810
B14 (46) 1 Central Macedonia AY466811
B15 (45) 1 Bulgaria AY466812
B16 (58) 1 Central Macedonia AY466813
B17 (41) 1 Thrace AY466814
B18 (59) 2 Eastern Macedonia AY466815
B19 (38) 3 Crete: lerapetra AY466816
B20 (37) 1 Central Greece AY466817
B21 (104) 1 Central Macedonia AY466818
B22 (105) 1 Western Macedonia AY466819
B23 (106) 1 Western Macedonia AY466820
B24 (101) 1 Central Macedonia AY466821
B25 (102) 1 Western Macedonia AY466822
B26 (87) 1 Epirus AY466823
B27 (86) 1 Western Macedonia AY466824
B28 (96) 1 Western Macedonia AY466825
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B29 (86) 1 Central Greece
B30 (86) 1 Epirus

B31 (89) 1 Bulgaria

B32 (90) 1 Bulgaria

B33 (64) 1 Western Macedonia
B34 (65) 1 Central Greece
B35 (66) 3 Central Greece
B36 (65) 1 Central Macedonia
B37 (62) 2 Central Macedonia
B38 (85) 1 Western Macedonia
B39 (38) 1 Thrace

B40 (68) 1 Bulgaria

B41 (67) 1 Bulgaria

B42 (69) 3 E. Macedonia; Thrace
B43 (70) 1 Thrace

B44 (71) 2 Central Macedonia
B45 (72) 1 Eastern Macedonia
B46 (73) 1 Thrace

B47 (74) 3 Thrace

B48 (59) 1 Central Macedonia
B49 (75) 1 Eastern Macedonia
B50 (76) 1 Eastern Macedonia
B51 (48) 2 Western Macedonia
B52 (54) 1 Eastern Macedonia
B53 (53) 1 Eastern Macedonia
B54 (52) 1 Eastern Macedonia
B55 (51) 2 Lefkada island
B56 (55) 1 Thrace

Fickel et al. (unpublished)

01 (14) 1 Germany

02 (30) 1 Germany

05 (14) 1 Germany

06 (8) 1 Germany

07 (14) 1 Germany

08 (3) 1 Germany

12 (5) 1 Germany

13 (15) 1 Germany

14 (18) 1 Germany

16 (23) 1 Germany

17 (25) 1 Germany

18 (22) 1 Germany

20 (14) 1 Germany

25 (21) 1 Germany

26 (14) 1 Germany

29 (24) 1 Germany

30 (30) 1 Germany

32 (25) 1 Germany

33 (27) 1 Germany
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AY466826
AY466827
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AY466841
AY466842
AY466843
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AY466846
AY466847
AY466848
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AY466853

AY103494
AY103495
AY103498
AY103499
AY103500
AY103501
AY103505
AY103506
AY103507
AY103509
AY103510
AY103511
AY103513
AY103518
AY103519
AY103522
AY103523
AY103525
AY103526
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34 (35)
36 (12)
38 (16)
39 (2)

40 (29)
45 (19)
47 (25)
48 (14)
49 (14)
50 (14)
52 (14)
56 (25)
57 (7)

58 (34)
59 (7)

60 (17)
63 (11)
64 (10)
65 (31)
66 (11)
67 (14)
68 (36)
69 (4)

70 (9)

PR RRPRPRRPRPRPRRPRPRPREPRPRPREPREPRPREPREPRRRER

Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany

AY103527
AY103529
AY103531
AY154661
AY 154662
AY163356
AY163358
AY163359
AY163360
AY163361
AY163363
AY163367
AY163368
AY163369
AY163370
AY163371
AY163374
AY163375
AY163376
AY300032
AY300033
AY300034
AY300035
AY300036
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Appendix S2

Composite haplotypes and respective absolute frequencies found in the Lepus europaeus populations studied. Order of enzymes is: cytochrome-b
(cyt b)/control region (CR): Alul, Asel, Avall, Ddel, Haelll, Hinfl, Mbol, Msel, Mspl, Tagl, Xbal; cytochrome oxidase | (COIl): Alul, Haelll, Hhal,
Hinfl, BstUI, Mbol, Avall; 12S-16S rRNA: Alul. For the purposes of presentation nonpolymorphic enzymes were omitted.

cs z P V S V E NN S B S V D P V I N S Y P C A F N S N E N S N C s
r - a y r p e | - E a g z ¢ o0 v i H U L H w L - - E - W
- G - - - - - G - - - - H R D - Uu Uu T -
GR G G 6 6 6 6 R G B B B B B B B R D K K T R T
R R R R R R R R L L L L L L L R R

1 ABAAAABAAAAAAAAAAAA 4 6 2 2 1 4 3 3 9

2 ABAAAABAAAACAAAAAAA 1 3 7 2 3 4

3 ABAAAAACAAACAAAAAAA 1

4 ABAAAAACAAAAAAAAAAA 1 1

5 BBAAAAACAAAAAAAAAAA 5 9 22 2 2 2

6 BAAAAAAAAAAAAAAAAAA 2 4 11 2 5

7 BAAAAAACACAAAAAAAAA 6

8 BAAAAAAAAAACAAAAAAA 1

9 BAAAAADFAAADAAAAAAA 5

10 CAAAAAAABAACAABAAAA 2

11 CAAAAAAABAAAAABAAAA 1 3

12 CBAAAAAAAAABAABAAAA 11 2 4

13 CBAAAAAAAAAAAABAAAA 2 10 4 5 3 10 2

14 CBADAAAAAAAAAABAAAA 3

15 AAAAAAAAAAAAAAAAAAA 6 7 1 1

16 AAAAAABAAAAAAAAAAAA 6 2 2 1 3 1

17 AAAAAABAAAACAAAAAAA 1 3 1

18 AAAAAABAAAAABAAAAAA 6

19 AAABAADAAAAAAAAAAAA 1

20 ABAAAAAAAAAAAAAAAAA 1 1 1

21 ABBAEAAAAAAAAAAAAAA 2

22 ABAABAAAABAAAAAAAAA 8

23 ABAABABAABAAAAAAAAA 2 4 1 2

24 ABAABABACBAAAAAAAAA 1

25 AAAAAABAABAAAAAAAAA 1

26 ABABAABAAAAAAAAAAAA 1

27 EBACCABDAAAACAAAAAA 1 1

28 FBAAAAAAAAAAAABAAAA 14 2 4 7 3 2

29 FAAAAAAAAAAAAAAAAAA 1

30 CBAAADAAAAABAABAAAA 7

31 BAAAAADFAAAAAABAAAA 1

32 BAAAAADFAAAAAAAAAAA 2 1

33 BAAAAAEEAAAAAAAAAAA 1

34 ACAAAABEAAACAAAAAAA 3

35 BBAAAAAAAAADAAAAAAA 1

36 DBCABABAABADAAAAAAA 1

37 BAAAAAFFAAAAAAAAAAA 1

38 BAAAAAACAAAAAAAAAAA 1 1 5
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39 CBAAAAAAAAAAAAAAAAA 1 2

40 ABAABABAACAAAAAAAAA 1

41 BAAAAAAAACAAAAAAAAA 1

42 ABCABABAABAAAAAAAAA 1 1

43 CBAAADAAAAAAAABAAAA 1

44 ABAAAAAAAAABAABAAAA 1

45 AAAAAABAAAAADABAAAA

46 CAAAAAAAAAAAAABAAAA 1

47 ABAAAABAABAAAAAAAAA 2

48 FBAAAAAAAAAAAAAAAAA 1

49 HAAAAEADADAAAAAAAAA 3

50 ABAEAHCBAAAAAAAAAAA 2

51 AAAEAHCBAAAAAAAAAAA 2

52 BAAAACCHAAAAAAAAAAA 1

53 AAAAAAAIAAADAAAAAAA 1

54 AACAAABAABAAAAAAAAA 1

55 ABAAACCBAAACAAAAAAA 5 1 1 3 1

56 AAAAACCBAAAAAAAAAAA 1 2 1 6 5

57 ACAAAIBAABAAAAAAAAA 1

58 ABAAAJAFABAAAAAAAAA 1 1 1

59 AAAEAKCBAAAAAAAAAAA 1

60 BBAAAAAAAAAAAAAAAAA 2

61 CBAAAAAABAAAAABAAAA 1

62 CBAAAAAAAAAADABAAAA 3

63 FBAAAABAAAAAAAAAAAA 2

64 ABAADCCBAAAAAAAAAAA 2

65 BBAAACCBADAAAAAAAAA 1

66 AAAAAAADAAAAAAAAAAA 1

67 AAAGAAAGAAAAAAAAAAA 1 3

68 AAAHAAADAAAAAAAAAAA 1

69 DBAAACCBAAAAAAAAAAA 2 1 1

70 DBAAACCBAAAABAAAAAA 2 5

71 DAAAACCBAAAAAAAAAAA

72 IBAAACCBAAAAAAAAAAA 2

73 ABAAACCBAAAAAAAAAAA 1 8 8 1 3 2

74 ABAACCCBAAAAAAAAAAA 1

75 AAAAABCBAAAAABABAAA 80 5 13 16 4 17

76 ABAAABCBAAAAABABAAA 4 20 6 5

7 ABAAACCBAAAAABABAAA 1 3 21 76 1

78 ABABACCBAAAAABABAAA 1 1 1 5

79 AAAAACCBAAAAABABAAA 1 2 22 9 19

80 AAAAACHBAAAAABABAAA

81 ABAAACHBAAAAABABAAA

82 ABAAABIBAAAAABABAAA 1

83 AAAAABIBAAAAABABAAA 4 16

84 ABAAACCBAAACABABAAA 6
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85 ABAAABJBAAAAABABAAA 1

86 ABAAABCIJAAAAABABAAA 1

87 MAAAACCBAAAAABABAAA 16

88 ABAAAMCBAAAAABABAAA 1

89 AAAAABHBAAAAABABAAA

90 AAAAAQCBAAAAABABAAA

91 GBCDDFGAABBAAAAAAAB 16 6 2 1 1 1 2

92 GBCDDFMAABBAAAAAAAB 1 1

93 JBCAFIKKABBAAAAAAAB 1 3

94 GBCDAGGAABBAAAAABBB 1 7

95 JBCAFINKABBAAAAAAAB 1 1 3

96 LBCDAFMAABBAAAAAAAB 1

97 JACADFNAABBAAAAAAAB 1

98 NAAAANBAAAAAAAAAAAA 1

99 AACAFLAAAEAAAAAAAAB 1

100 ABCAFPAAABAAAAAAAAB 1

101 ABAAAAAIAAAAAAAAAAA 5

102 ABAAACCBAAAAFBABAAA 1

103 AAAAACCBAAAEABABAAA 5

104 PAAAACCBAAACAAAAAAA 1

105 AACAFPAAABAAAAAAAAB 3 1 1

106 ABAAANBAAAAAAAAAAAA 1

107 JBCAGFNAABBAAAAAAAB 2

108 GBCDDFGAABBAAADAAAB 1

109 JBCADFNAABBAAAAAAAB 3

110 QACDAGGKABBAAAAABBB 2

111 GBCDDRPAABBGAAAAAAB 1

112 BBAAAJAAAAAFAAAAAAA 3
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Appendix S4 Phylogenetic tree resulting from the neighbour-

joining (NJ) analysis clustering the 112 RFLP haplotypes from [_"57—589—90 \
Lepus europaeus. Lepus timidus was used as outgroup. Numbers
above branches of the major clusters represent NJ bootstrap
values (1000 replicates). Each haplotype is identified by its
corresponding number, as in Appendix S2
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Abstract

Both the Cytb gene of mtDNA and Y chromosome markers were studied in a relatively large sample of brown hares
(L. europaeus) from Europe and Anatolia (Turkey and Israel), together with other seven Lepus species, in order to
enable comparative analysis of possible sex-specific gene flow. Furthermore, Y chromosome markers were compared
with data from biparentally inherited markers in an attempt to understand whether or not their pattern of distribution
was congruent with that of allozymes or whether they rather matched mtDNA phylogenies, with which they share
uniparental inheritance. Consistent with the general observation, levels of interspecific genetic variability were very low
for the Y chromosome markers compared with mtDNA. Moreover, lack of interspecific variation for the Y-DNA
studied within Lepus genus rendered these markers improper for any further phylogenetic analysis. With the highest
nucleotide diversity in Anatolia compared with Europe, both marker systems confirmed an unbroken species history in
Anatolia, corroborated the hypothesis of continuous gene flow from Anatolia’s neighbouring regions, and supported
the idea of a quick postglacial colonization followed by expansion of the species in large parts of Europe. Phylogenetic
analysis under mtDNA revealed the existence of four different haplogroups with a well defined distribution across
Europe and Anatolia. Both genetic systems supported the deep separation of Anatolian and European lineages of L.
europaeus. Nevertheless, Anatolian Y-DNA lineages extended across a longer geographic distance in south-eastern
Europe than Anatolian mtDNA haplotypes, probably as a result of higher female philopatry that makes mtDNA
introgression more difficult in brown hares.
© 2009 Deutsche Gesellschaft fiir Sdugetierkunde. Published by Elsevier GmbH. All rights reserved.

Keywords: Mitochondrial DNA; SRY; DBY; Brown hare; Lepus europaeus

Introduction

Many biological aspects of a species, such as dispersal

rate and pattern, and the mating systems, combined
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fax: + 302410565290 geographical barriers) in the recent and remote past (e.g.
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variation. However, several other factors, particularly
anthropogenic, could have additional impacts in shap-
ing species’ population genetic status, especially when
game species, such as brown hare (Lepus europaeus
Pallas, 1778) are studied. The quaternary climatic
oscillations, and in particular the last glacial maximum
(LGM, ca. 20.000ybp) and the subsequent warmer
period, produced remarkable consequences on the
population genetic variation in several species (e.g.,
Taberlet et al. 1998; Hewitt 2000; Hofreiter et al. 2004).
Nevertheless, concerning the brown hare, several other
parameters, mostly related to human activities, such as
changes in agricultural management, heavy hunting
pressure, and more or less uncontrolled introductions of
individuals, could have had a particular influence on the
presently observed pattern of genetic variation. It is
likely that European populations of brown hare have
been affected by uncontrolled and rarely documented
restocking operations over the last decades that could
have modified the genetic status both by contributing to
the recent demographic expansion and by mixing
different genetic pools (Flux and Angermann 1990;
Suchentrunk et al. 2006; Stamatis et al. 2007).

During the past decade, several studies, using
exclusively mtDNA data have attempted to portray
phylogenetic relationships among diverse populations
within Lepus europaeus species. Under mtDNA analysis
(Thulin et al. 1997; Pierpaoli et al. 1999; Mamuris et al.
2001; Kasapidis et al. 2005; Ben Slimen et al. 2007;
Fickel et al. 2008; Stamatis et al. 2007, 2008, in press;
Sert et al. in press), brown hare populations from
Europe, Asia Minor, and other parts of the Middle East,
showed a phylogeographic pattern, which likely corre-
sponds to late-Pleistocene refugia in the central/south-
ern Balkans and in Anatolia and reflects the post-glacial
colonization history of brown hares in Europe. Further-
more, a high degree of spatial partitioning of mtDNA
was observed since four haplogroups predominately or
exclusively occurred in well-defined geographical areas
(Kasapidis et al. 2005; Stamatis et al. 2008, in press).

On the other hand, all available population genetic
data on brown hares from several regions in Europe
indicate fairly high gene flow at the nuclear DNA level
across large ranges (e.g. Hartl et al. 1993; Fickel et al.
1999, 2005; Suchentrunk et al. 2000, 2001, 2003;
Mamuris et al. 2002; Ben Slimen et al. 2005; Sert et al.
2005). Moreover, different classifications based on
morphological parameters such as fur coloration
and patterns, body size, external body measurements,
as well as skull and tooth characteristics (overview in
De Beaufort 1991), have defined various subspecies,
namely Lepus europaeus carpathous, L. e. creticus,
L. e. cyrensis, L. e. ghigii, L. e. meridiei, L. e. niethammeri,
L. e. parnassius, L. e. rhodius, L. e. transsylvanicus.
However, genetic analyses do not support all these
classifications, which are perhaps largely due to the large

intra- and interspecific morphological variation in the
genus Lepus (e.g. Flux and Angermann 1990), but
possibly also to discordance of ecogenetic and phyloge-
netic causes of morphological variation.

Obviously, significant discrepancy exists between
mtDNA-based evolutionary hypotheses and those de-
rived from proteins and morphology, which can be
considered indirect reflections of the nuclear genome
(Suchentrunk et al. in press). Differences in transmis-
sion between the two genomes (Hoelzer 1997; Seielstad
et al. 1998) combined with the fact that natal dispersal
might be sex biased, i.e. males disperse whilst females
tend to remain within their breeding group (Hulbert
et al. 1996; Reitz and Leonard 1994), are the likely
causes of their incongruent topologies. Given these
contradictions and in order to obtain a more accurate
picture of the species’ evolutionary history, comparative
investigation of other genomic regions characterized by
different inheritance patterns and mutation rates is
necessary.

To gain further insight into this issue, we examined
sequences of the mtDNA Cytochrome b (Cytb) gene in
comparison with exonic sequence of SRY (sex determi-
nation region) and intronic sequence of DBY (DEAD
box Y-linked) genes of the Y chromosome, two male-
specific molecular markers, showing no recombination
(Gubbay et al. 1990; Sinclair et al. 1990; Hellborg and
Ellegren 2004). Since the early 1990s mtDNA has been
extensively used in phylogeography due to its transmis-
sion without recombination (but see Rokas et al. 2003),
high mutation rate, and the availability of universal
primers for PCR amplification (Kocher et al. 1989).
However, mtDNA provides information only about the
female germ line and its rapid evolution makes it prone
to mutational saturation (homoplasy) over long evolu-
tionary timescales. Furthermore, it is well known that
evolutionary patterns of single genes or sequences are
not necessarily paralleled by organism evolution (e.g.
Avise 2004). On the other hand, the mammalian Y
chromosome has strict paternal inheritance and a slow
mutation rate relative to mtDNA (Schaffner 2004).
Although mtDNA and Y chromosome loci are both
uniparentally inherited haploid systems, the sex-biased
dispersal patterns of brown hare could result in
significant geographic structure of mtDNA haplotypes,
but a single species-wide gene pool of Y chromosome
types (Melnick and Hoelzer 1992).

Therefore, studying both mtDNA and the Y chromo-
some should enable comparative analysis (a) to follow
populations’ gene flow across species’ distribution in
Europe and Anatolia; and (b) to understand whether or
not Y chromosome markers, having a dispersal pattern
linked to male-mediated nuclear gene flow, yield
topologies congruent with allozymes and morphology
or they match mtDNA phylogenies, with which they
share uniparental inheritance.
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Material and methods
Sampling

Nine hundreds twenty six brown hares were sampled in
thirty-six localities from Europe, Turkey, and Israel. All hares
had the typical brownish coat color with blackish tinge
dorsally and variably grayish thighs. All other coat pattern
characteristics (nape, flanks, tail, ear, etc.) conformed to those
of typical brown hares. Tissues were stored frozen at —20 °C or
preserved in alcohol until further molecular analysis. Our
previous RFLP mtDNA study (Stamatis et al. in press) on
these 926 brown hares showed that the haplotypes detected
were partitioned into four phylogeographically well defined
major haplogroups, namely a ‘“‘south-eastern European type
haplogroup” (SEEh), an ‘‘Anatolian/Middle Eastern type
haplogroup” (AMh), a “European type haplogroup, a
subgroup A” (EUh-A), a “European type haplogroup, and a
subgroup B” (EUh-B).

mtDNA sequence analysis

In accordance with the above-mentioned study (Stamatis et
al. in press) we chose 75 L. europaeus and one L. timidus
specimens for sequence analyses. Specimens were chosen to
represent all countries and all haplogroups. All L. europaeus
individuals selected had a different mtDNA RFLP haplotype.
The primer pair LepCyb2L (5-GAAACTGGCTCCAA-
TAACCC-3) and LepD2H (5-ATTTAAGAGGAACGT
GTGGG-3'; Pierpaoli et al. 1999) was used to PCR-amplify
a fragment of ca. 1200bp of the Cyth gene. Double strand
DNA amplifications were performed in 50puL volumes,
containing 2 units of Taq polymerase (Invitrogen), SuL of
10x reaction buffer (500mM KCI, 100mM Tris pH 9.0),
0.8 mM dNTPs, 50 pmoles of each primer, 2.5mM MgCl,, and
500 ng of DNA. PCR amplification conditions were as follows:
one initial step of denaturation at 95 °C for 5 min, followed, by
35 cycles of amplification; each cycle being 95 °C for 40's, 52 °C
for 50s, and 72°C for 1.5min and a final extension step at
72 °C for 10 min. The PCR products were purified with GFX
PCR DNA and Gel Band Purification Kit (Amersham
Biosiences) and directly sequenced by Macrogen Inc., using
an automated ABI Prism 3730XL DNA sequencer (Perkin
Elmer Corporation). All products were sequenced in both
directions. A part of 462 bp of the Cytb gene was aligned for all
sequences using ClustalX (Thompson et al. 1997) and
controlled by eye.

For all haplotypes, base composition, nucleotide variation,
polymorphic and parsimony informative sites were assessed
using MEGA version 3.0 (Kumar et al. 2004). Phylogenetic
analysis was performed with PAUP* 4.0 beta 10 version
(Swofford 1998). In order to determine the appropriate model
of sequence evolution and to statistically compare successively
nested more parameter-rich models for this data set, the
program MODELTEST Version 3.6 (Posada and Crandall
1998) was used. With a statistical significance of P = 0.01 the
HKY85 model (Hasegawa et al. 1985), with y correction,
obtained the best likelihood score and was thus selected for the
Neighbour-Joining analysis. Maximum parsimony (MP) trees
were also constructed under the heuristic search option with

100 random-taxon-addition replicates and tree bisection—
reconnection branch swapping, using PAUP*. Node support
was assessed on the basis of 1000 bootstrap replicates.
Phylogenetic trees were rooted using a L. timidus sequence.

A Bayesian analysis was also performed with MrBayes
version 3.1 (Huelsenbeck and Ronquist 2001), under the
HKY85 model of sequence evolution. Depending on the data
set, random starting trees run for 3 x 10° generations were user
sampled every 100 generations. Burn-in frequency was set to
the first 25% of the sampled trees.

The software Network 3.1.0.1 (Fluxus technology Ltd,
downloaded from http://www.fluxus-technology.com/share-
net.htm) was used to construct a median joining (MJ) network.

Y DNA sequence analysis

Detection of haplotypes by PCR-SSCP

To identify genetic variation of the Y DNA between
populations, we used two different pairs of PCR primers:
The first pair, SRY-Fw (5-CGGCCAGGAACGGGT-
CAAGCG) and SRY-Rv (5- CCTTCCGGCGAGGTCTG-
TAC), was designed according to the sequence with Accession
number EF437194 (nts 598-838; Putze et al. 2007) and
amplified a fragment of 239bp of the SRY gene coding
region. The second pair, DBYS8-Fw (5-CCCCAACAAGA-
GAATTGGCT) and DBYS8-Rv (5-CAGCACCACCATA
KACTACA, Hellborg and Ellegren 2004) amplified the intron
8 of DBY gene (179 bp). PCR conditions were: Smin at 95°C
and 35 cycles of 40s at 95°C, 40s at 52°C and 30s at 72°C,
followed by a 10min extension at 72 °C, for both fragments.
The amplification reactions were carried out on 200-300 ng of
genomic DNA in a 50pl final volume containing 1X PCR
buffer, 1 unit of Tag DNA polymerase (Invitrogen), 50 pmoles
of each primer, 2mM MgCl, and 0.2 mm of each dNTP. For
PCR checking prior to SSCP analysis, amplifications were
electrophoresed in 2% agarose gels. Prior to routine PCR
application both sets of primers and PCR conditions were
checked in 22 brown hares of known gender. We proceeded to
further analysis after all the 926 brown hares were correctly
gender assigned based on the presence or absence of the two Y
regions by PCR analysis. To test the two Y DNA segments
reliability in resolving phylogenetic relationships on the species
level, another eight Lepus species [L. nigricollis (n=3),
L. timidus (n=17), L. corsicanus (n=2), L. granatensis
(n=17), L. capensis (n = 8), L. brachyurus (n = 6), L. saxatilis
(n=2), L. castroviejoi (n=72)] together with Oryctolagus
cunniculus (n = 3) were included in the analysis.

PCR amplifications were performed in all sampled indivi-
duals of L. europaeus but, for only 445 of them we obtained a
PCR product (Fig. 1A). Discrimination of conformers using
the SSCP technique was accomplished as follows: 4 puL of
amplified DNA was mixed with 10 uL of denaturing loading
buffer (95% deionized formamide, 10mm NaOH, 0.01%
bromophenol blue and 0.01% xylene cyanol). Samples were
denatured for 6 min at 95 °C and kept on ice until gel loading.
Total volume of samples were run in a 12% polyacrylamide gel
(37.5:1 acrylamide: methylbisacrylamide) with 0.5X TBE
buffer on a vertical electrophoresis system. The electrophoresis
was performed at a constant voltage of 200 V and temperature
(4°C) for 20h. Routine SSCP separations always included
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Fig. 1. (A) Map showing the distribution of sampling sites (circles), for the 445 male brown hares, with their abbreviations as in
Table 1, the number of individuals per site, and the composition of each population for Y DNA. Sample distribution in Greece is
shown in detail in the insert. For each circle, one half represents the composition of the population for the DBY-intron and the other
half the composition of the population for the SRY-exon. The different colors and patterns for each half are as in B. (B). Two
networks showing the mutational relationships for Y DNA, in both the exon and the intron, for L. europaeus and Lepus species. (C)
Representation of Lepus species separation according to their DBY-intron composition.

previously typed samples that served as standards to ensure
correct genotype scoring. The results were visualized by silver
staining. Sequencing of each different haplotype SSCP profile
found in different populations was performed as described for
the Cytb section.

Results
Cytochrome b (Cyth) analysis

Of the 462 nucleotide sites examined, there were 66
variable, 49 of which were parsimony informative. Fifty-
seven haplotypes (Table 1) were assessed with a
sequence divergence ranging from 0.00217 to 0.06359
with an average of 0.02517. The topology for the
major clusters was identical for Bayesian, Maximum
Parsimony (MP), and Neighbour-Joining (NJ) analyses
(Fig. 2A), as well as for the median joining (MJ)
network (Fig. 2B). The 57 Cytb sequences clustered into
four haplogroups, with bootstrap values higher than
70%. CBEU-A haplogroup was found throughout
Europe except Greece. CBSEE haplogroup together
with CBEU-B haplogroup were found in Greece and
Bulgaria. CBAM haplogroup was detected in Turkey,
Israel, Bulgaria, and north-eastern Greece.

Sequence divergence within haplogroups was 0.0024,
0.0031, 0.0069, and 0.0199 for CBEU-A, CBEU-B,
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CBSEE, and CBAM, respectively. Mean and net
sequence divergences between haplogroups ranged from
0.0115 and 0.0087 (CBEU-A/CBEU-B) to 0.0383 and
0.0268 (CBAM/CBEU-B).

Y DNA analysis

The SSCP technique resolved two different profiles
for the DBY intron and three different profiles for the
SRY exon that were easily scored. Analysis of sequences
showed that each profile corresponded to a particular
haplotype, two for the DBY intron (IN-A; Accession
number: EU939380 and IN-B; Accession number:
EU939381) and three for the SRY exon (EX-A;
Accession number: EU939383, EX-B; Accession num-
ber: EU939384, and EX-C; Accession number:
EU939385). The high resolving power of the SSCP
technique was confirmed by randomly sequencing 20-30
individuals for each profile (and all individuals from
southern and northern Israel) for both intron and exon,
which did not reveal additional variable haplotypes. The
phylogenetic relationships of the alleles were easily
determined by constructing two simple networks (Fig.
1B). For the exon, the vast majority of the hares tested
had the haplotype EX-A, three hares from southern
Israel had the haplotype EX-B and just one hare from
northern Israel had the haplotype EX-C. All individuals
from different species analysed harboured the EX-A
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Table 1. (continued)

Haplotype names  Sampling localities ~ Accession

Haplotype names  Sampling localities Accession numbers
numbers
CBAMOS5 North-Eastern EU939350

CBEUAOI England (GB), 2) EU939323 Greece (GR)

Poland (PL), (2) CBAMO6 North-Eastern EU939351

Austria (A), (2) Greece (GR)

France (F), (2) CBAMO7 Turkey (TR) EU939352

Switzerland (CH), CBAMO8 Turkey (TR) EU939353

The Netherlands CBAMO09 Turkey (TR) EU939354

(NL) CBAMI0 Turkey (TR) EU939355
CBEUAO02 England (GB) EU939324 CBAMI11 Turkey (TR) EU939356
CBEUAO3 Austria (A) EU939325 CBAMI12 Israel (IL) EU939357
CBEUA04 Germany (D) EU939326 CBAMI13 Israel (IL) EU939358
CBEUAO5 Germany (D) EU939327 CBAM14 Turkey (TR) EU939359
CBEUAO06 Switzerland (CH) ~ EU939328 CBAMIS Israel (IL) EU939360
CBEUAG? Germany (D) EU939329 CBAM16 Israel (IL) EU939361
CEEUBOI Southern Greece ~ EU939330 CBAMI7 Israel (IL) E11939362

(GR) CBAMI8 Turkey (TR) EU939363
CEEUB(2 North-Eastern EU939331 CBAMI9 Turkey (TR) EU939364

Greece (GR) CBAM20 Israel (IL) EU939365
CBEUBO3 Bulgaria (BL), EU939332 CBAM21 Turkey (TR) EU939366

Crete (GR). Crete CBAM22 Turkey (TR) EU939367

(GR) CBAM23 Turkey (TR) EU939368
CBEUB04 Central Greece EU939333 CBAM24 Turkey (TR) EU939369

(GR) CBAM25 Israel (.IL) EU939370
CBEUBOS Central Greece EU939334 CBAM26 Bulgaria (BG) EU939371

(GR) CBAM27 Turkey (TR), EU939372
CBSEE01 (3) Central Greece EU939335 Israel (IL)

(GR) CBAM28 Israel (IL) EU939373
CBSEE02 North-Eastern EU939336 CBAM29 Israel (IL) EU939374

Greece (GR), (2) CBAM30 Turkey (TR) EU939375

Western Greece CBAM31 (2) Israel (IL) EU939376

GR). Central CBAM32 Israel (IL) EU939377

Greece (GR) CBAM33 Israel (IL) EU939378
CBSEE03 Southern Greece ~ EU939337 CBAM34 Israel (IL) EU939379

(GR)
CBSEE04 Central Greece EU939338

(GR)
CBSEEOS ?Zﬁ:t)em Greece EU939339 haplotype. As for the intron the haplotype IN-A was
CBSEE06 Central Greece EU939340 found in all hares from Anatolia (n = 30) and Israel

(GR) (n = 8), in 27% of hares from Bulgaria (n = 17), and in
CBSEE07 Western Greece EU939341 6.8% of hares from Greece (n = 12), while the haplotype

(GR) IN-B was found in the vast majority of the hares from
CBSEE08 Western Greece EU939342 all the sampling sites in Europe, but never traced in

(GR) Anatolia and Israel (Fig. 1A). Of the 12 hares bearing
CBSEE09 Central Greece EU939343 the IN-B haplotype from Greece, eight were detected in

(GR) north-eastern Greece and four in central Greece. For the
CBSEEL0 Central Greece EU939344 intron a separation was also observed at the species

(GR)' level, since L. nigricollis, L. castroviejoi, and L. timidus
CBSEEI (Célllg al Greece EU939345 had the IN-B haplotype whereas L. corsicanus, L.
CBAMOI1 Turkey (TR) EU939346 granatensis, L. capensis, L. l?rachyurus, and L. saxatilis
CBAMO2 Tsrael (L) EU939347 had the IN-A haplotypes (Fig. 1C).
CBAMO3 North-Eastern EU939348 Potential linkage between the two Y-chromosomal

Greece (GR) markers could have affected haplotype analysis within
CBAMO04 North-Eastern EU939349 and between populations. Data, however, do not

Greece (GR) support this hypothesis.
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Discussion

Although Cytb could be characterized as an evolu-
tionary relative conservative gene, levels of interspecific
genetic variability were extremely lower for the Y
chromosome markers. Absence of polymorphism in
Y-chromosomal markers was also reported in a recent
study on the European brown hare (Putze et al. 2007)
concerning the same segment of SRY gene examined
here, yet in a considerably smaller sample (n = 77).
These findings are consistent with the general observa-
tion of a low level of intraspecific sequence variability on
the mammalian Y chromosome (Shen et al. 2000). In
fact different studies showed low divergence to com-
pletely monomorphic Y chromosome sequences in
several species even for much longer DNA segments
(Wallner et al. 2003; Hellborg and Ellegren 2004).
Absence of genetic variability for these specific Y
chromosome segments was observed also at the inter-
specific level within genus Lepus, rendering these
markers improper for any further phylogenetic analysis.
In a survey of nucleotide diversity within five mamma-
lian species targeting Y chromosome-specific gene
introns, Hellborg and Ellegren (2004) found generally
low levels of intra-species Y chromosome variation and
for three of them [lynx (Lynx lynx), reindeer (Rangifer
tarandus), cattle (Bos taurus)], the surveyed Y chromo-
some sequence was completely monomorphic. On the
other hand, in assessing divergence among cetacean
species using 750 base pairs surrounding the Y-specific
sex-determining region (SRY), Nishida et al. (2003)
found no polymorphism within species, but moderately
high divergence among species.

An advantage of this study was that all individuals
analysed for SRY were previously genotyped at the
mtDNA level (Stamatis et al. 2008, in press) and
assigned to different haplogroups, enabling several
direct comparisons between the two sets of uniparental
markers. Moreover, different sets of the same indivi-
duals were studied for nuclear genetic variation, using
microsatellites, RAPDs, and allozymes (Mamuris et al.
2002; Suchentrunk et al. 2003; Sert et al. 2005; Ben
Slimen et al. 2008). Therefore, several conclusions could
be drawn based on the combined analysis of both
uniparental and biparental genetic systems.

Consistent with previous data from different mtDNA
regions (Stamatis et al. in press) phylogenetic analysis of
Cytb gene in this study corroborates the existence of
four different haplogroups with a well-defined distribu-
tion across Europe and Anatolia. Furthermore, accord-
ing to genetic distances, our analysis consistently
supports the deep separation of Middle Eastern
(Anatolia, Isracl) and European lineages of L. europaeus
at the mtDNA level (Stamatis et al. 2008, in press). In
contrast, microsatellites do not suggest such a marked
differentiation (Ben Slimen et al. 2008).

All studies based on nuclear biparental markers
showed an overall pattern of population variability
and differentiation with a relatively high amount of
private alleles but indications of gene flow between
neighbouring populations and an overall fit to an
“isolation-by-distance model” that can be interpreted
as reflecting regionally differentiated gene pools that are
still connected by gene flow (Mamuris et al. 2002;
Suchentrunk et al. 2003; Sert et al. 2005; Ben Slimen et
al. 2008). On the contrary, Y-DNA data underline the
existence of two major phylogenetic clades within
L. europaeus between Anatolia and Europe. Nucleotide
divergence among “Anatolian” and “European” SRY
haplotypes was very shallow, with only one nucleotide
substitution. The highly conservative nature, however,
of this segment, and the fact that the same nucleotide
substitution was the only one separated the genus Lepus
at the species level, probably indicate a substantial
degree of genetic divergence.

Up till now we had never traced a European mtDNA
haplotype in Turkey and Israel. However, this could be
due to the sampling opportunities in Anatolia, i.e.
relatively small number of individuals in a considerably
extensive sampling area as compared with very dense
sampling in Europe and particularly in Greece (see also
Sert et al. in press). Similarly, Anatolian mtDNA
haplotypes were absent from north-western, central
and south Greece and from the rest of Europe. Different
studies (Kasapidis et al. 2005; Stamatis et al. in press)
indicate the presence of a large introgression zone with
numerous haplotypes of all haplogroups in Bulgaria and
north-eastern Greece. Within that zone an admixture of
both types of Y-DNA was recorded, with different
combinations between mitochondrial and Y DNA
lineages (individuals with either Anatolian or European
haplotypes for both markers or Anatolian mtDNA and
European Y-DNA or vice versa). The presence of
Anatolian Y-DNA in the south-eastern Balkans sup-
ports the occurrence of ancient gene flow from Anatolia
to Europe across the late Pleistocene Bosporus land
bridge that disappeared only ca. 8000 years ago with the
rising sea level (Geoffrey and Hosey 1982; Goékasan et
al. 1997). Interestingly, unlike mtDNA, Anatolian Y-
DNA extended into central Greece, where it was
detected in a few individuals. It is very likely that the
tendency towards philopatry of female brown hares
makes mtDNA introgression more difficult in compar-
ison with Y-DNA, resulting in different distributional
patterns. It is also possible that Anatolian Y-DNA in
central Greece is the remnant of past releases of
individuals imported from Bulgaria (Stamatis et al.
2007). Our data so far suggested that the European
Y-DNA does not extend into Anatolia, but particularly
samples from north-western Anatolia must be studied to
confirm this finding. In any case, our findings suggest
that male-mediated gene flow was much lower than
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Fig. 2. (A) Phylogenetic tree resulting from the Neighbour-Joining analysis clustering the 57 Cytb haplotypes from L. europaeus.
The topology for the major clusters was similar also for all other analyses. Numbers above branches of the major clusters represent
percentages of bootstrap values (1000 replicates). Each haplotype is identified by its corresponding number, as in Table 1. (B)
Median joining (MJ) network showing the mutational relationships among L. europaeus Cytb haplotypes from Europe. Each
haplotype is represented by circles (CBEU-A haplogroup), triangles (CBEU-B haplogroup), and squares (CBSEE haplogroup).
Sizes of circles, triangles, and squares are proportional to numbers of individuals bearing this specific haplotypes in the total sample.
Each segment on connecting lines between circles, triangles, and squares as indicated by vertical bars represents a single mutational
change. Each haplotype is identified by its corresponding number, as in Table 1.

autosomal gene flow. This could be explained upon the
assumption that variability in Y-chromosomal markers
is not completely neutral. Within the introgression zone
in Bulgaria and north-eastern Greece, endogenous
counter-selection of progenies between hares from
European and Anatolian clades could be expressed as
reduced fertility or viability in progenies of the hetero-
gametic sex, a mechanism known as Haldane’s rule in
hybrids zones. This phenomenon often leads to a
differential of gene flow between sex-linked markers.
As expected, according to other genetic markers,
Y-DNA indicated that brown hares from Greece as well
as from large parts of Europe, are not separated into
discernible phyletic groups, although its high conserva-

tive status renders this Y-DNA region rather improper
for sub-species analyses.

With the highest Cytb nucleotide diversity of the four
haplogroup, our results confirmed the unbroken history
of brown hares in Anatolia and corroborated the
hypothesis of continuous gene flow from the Euro-
Siberian, Irano-Turanian, and Saharo-Sindian regions
to this area during Pleistocene and Holocene (Ceylan
1991; Sert et al. 2005, in press). At the very opposite, the
lowest nucleotide diversity, and the star-like pattern of
the MJ network for the CBEU-A haplogroup, strongly
supported the idea of a relatively quick colonization of
large parts of Europe and postglacial expansion of the
species (Kasapidis et al. 2005; Fickel et al. 2008;
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Stamatis et al. in press). An allozyme analysis yielded
the same pattern of genetic variability: overall genetic
diversity was the highest in Anatolian hares, intermedi-
ate in brown hares from the southern and south-eastern
Balkans, and the lowest in central European popula-
tions (Sert et al. 2005). Even the low variability of our
Y-DNA segments pointed toward this direction. All
detected polymorphism was accumulated within Anato-
lia, regardless of the relatively much lower sample
analysed in this area (n = 38) compared with Europe
(n =407). Surprisingly, three Israeli brown hares
disposed the only nucleotide substitutions found for
the exon, which separated them from the rest of the
Anatolian hares. This divergence is unlikely to be a PCR
artefact since multiple PCR reactions performed with
different DNA polymerases and gave the same result for
these three specimens. It is more likely that this
polymorphism in Israel was generated by a continuous
gene flow from the neighbouring areas and subsequent
introgression, keeping in mind the extensive interspecies
hybridization within Lepus reported in several occasions
(e.g., Thulin et al. 1997; Melo-Ferreira et al. 2005, 2007;
Alves et al. 2006; Ben Slimen et al. 2007). On the other
hand, the observed genetic variation did not necessarily
result only from the retention of ancestral polymorph-
ism, but could have arisen through mutation and com-
plete lineage sorting over a relatively small number of
generations. Yet, a more careful approach is needed to
clarify this issue, since Y-DNA analysis failed to detect
any such polymorphism within the other Lepus species.
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Abstract

The genetic differentiation and the phylogenetic status of brown hare (Lepus europaeus) populations from central Greece as
well as the impact of the releases of reared individuals on the native populations genetic structure was assessed, using mtDNA
RFLP-RCR analysis. Data analysis revealed extensive haplotype diversity (42 out of 56 haplotypes were unique) within and
among wild populations. Haplotype diversity was equally distributed within and between geographical regions, while significant
genetic structuring was evident from heterogeneity of haplotype frequencies among sampling sites. Specific mtDNA profiles
clearly differentiated reared from wild individuals and proved highly indicative for reared hares from past releases caught
within wild populations. MtDNA analysis suggests the introgression of allochthonous gene pools into the native populations.
To conserve indigenous genotypes and to prevent loss of genetic diversity, restocking operations should be stopped and an
appropriate management adjusted to the local population dynamics should be developed. © 2001 Elsevier Science Ltd. All rights

reserved.

Keywords: Lepus europaeus; Genetic structure; mtDNA

1. Introduction

The brown hare (Lepus europaeus Pallas, 1778) is
widely distributed throughout Europe, including the
mainland and the islands of Greece, where it constitutes
an important game species present in open woodland,
farmland with pasture and grassland up to 1500 m
(Mitchell-Jones et al., 1999). In Europe, a marked
decline in brown hare populations has been recorded
since the 1960s (Marboutin and Peroux, 1995). During
the past decades, restocking programs with the intro-
duction of allochthonous individuals have been carried
out in several European countries that might have ser-
iously influenced the historical distribution and genetic
integrity of indigenous hare species (Flux, 1983; Thulin
et al., 1997; Fickel et al., 1999; Pierpaoli et al., 1999). In
Greece, releases of reared individuals imported mainly
from Italy, Yugoslavia and Bulgaria have been made

* Corresponding author. Tel.: +30-42174241/42174345; fax: +30-
42174270.
E-mail address: zmamur@uth.gr (Z. Mamuris).

during the past decade, according to the records of the
Ministry of Agriculture and of the hunting associations.
Thus, the local population genetic structure might be
seriously “‘polluted” by the introduction of foreign
introduced genomes. In the long run, this may lead to a
loss of the local and/or regional genetic diversity. Con-
servation of genetic diversity is a major task in conserva-
tion and evolutionary biology, since genetic variation is
the raw material for evolutionary changes within popula-
tions (Frankel and Soulg, 1981). Consequently, the World
Conservation Union (IUCN) has recognized genetic
diversity as one of three levels of diversity requiring
conservation (McNeely et al., 1990). From this aspect,
genetic information, always combined with other ecolo-
gical and biological factors of the species, can be used as
the basis of recommendations for conservation.
Significant genetic differentiation among populations
implies demographic differentiation, and demographically
separated populations should be managed and con-
served as separate units (Moritz, 1994). Brown hare
population genetic studies, based on allozyme analysis,
have not revealed essential biochemical genetic differences

0006-3207/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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among samples collected from various parts of Europe
(Hartl et al., 1993; Suchentrunk et al., 2000a, b). On the
other hand, studies on mtDNA using restriction frag-
ment length polymorphisms (RFLPs) or direct sequence
analysis have shown different levels of genetic variation
among populations across Europe (Hartl et al., 1993;
Perez-Suarez et al., 1994; Thulin et al., 1997; Pierpaoli et
al., 1999; Suchentrunk et al., 2000b). To date, although
several aspects of brown hare populations in Greece
remain uncertain there have been no genetic studies that
could provide information relevant to the management
and conservation of brown hares. Furthermore, the real
phylogenetic status of the introduced animals and the
extent of the impact of these releases to the indigenous
populations are not clear yet.

To create the basis for the development of manage-
ment and conservation actions, this study investigates
the genetic structure of brown hare populations in
Greece, using RFLP analysis of PCR-amplified mito-
chondrial DNA. Maternal inheritance and the absence
of recombination make mitochondrial DNA an appro-
priate tool for reconstructing the recent history of
populations (Avise, 1994). The study aimed to examine
(1) the phylogenetic status of indigenous brown hares,
(2) the present level of genetic diversity within and
among populations and (3) the genetic impact of relea-
ses on wild populations.

2. Materials and methods
2.1. Samples

A total of 210 brown hares, 24 reared and 186 wild
were examined. Reared specimens came from two dif-
ferent farms (20 and four, respectively) and their tissue
samples were collected before they were released. Of the
wild individuals, 16 came from north (nine) and south
(seven) mainland Greece and the remaining 168 belon-
ged to six sampling areas (operationally called popula-
tions) from central Greece (Epirus and Thessaly; Fig. 1).
Samples from reared individuals were collected in 1999,
whereas wild samples were collected during two con-
secutive hunting seasons (1998 and 1999) and tissues
were brought in ice to the laboratory immediately after
hunting. The main studied area covers an area of 23 100
km? and was chosen for the following reasons. It com-
prises the whole range of brown hare habitats. There is
evidence that in the last 10 years reared brown hares,
imported from abroad (mainly from Italy), have been
released by the hunting associations within the whole
area, except from two controlled hunting areas (PY and
SP; Fig. 1) in which releases have never been performed.
Finally, besides the present genetic study, there is an
ongoing parallel survey within the same area concerning
hare ecology and biology.

Fig. 1. Brown hare sampling sites: (1) Zallogo (ZA); (2) Vradeto (VR); (3) Pyrra (PY); (4) Spilia (SP); (5) Elassona (EL); (6) Velestino (VE).

(Sampling sites from south and north Greece is not shown).
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2.2. mtDNA RFLP analysis

Mitochondrial DNA (mtDNA) variation was ana-
lyzed by RFLPs performed on PCR-amplified products.
DNA was extracted from each specimen according to
Bernatchez et al. (1988). Three primer pairs were used
to amplify the mtDNA: L14841 and H16498 for Con-
trol Region; L5950 and H7196 for COI; L1091 and
H3080 for 12S-16S rRNA (Palumbi et al., 1991 and lit-
erature cited within).

Double strand DNA amplifications were performed
in 100 pl volumes, containing 4 units of Taq polymerase,
10 pl of 10x reaction buffer (500 mM KCl, 100 mM
Tris pH 9.0), 10 mM dNTPs, 100 ng of each primer, 5
mM MgCl, and ca. 100 ng of DNA. PCR amplification
conditions were as follows: one preliminary denatura-
tion at 95°C for 5 min, followed by strand denaturation
at 94°C for 1 min, annealing at 53°C for 30 s and primer
extension at 72°C for 2 min (Control Region, 12S-16S
rRNA) or 1 min (COI).

The amplified segments from each specimen were
subsequently screened for polymorphism with the fol-
lowing 20 restriction endonucleases: Acil, Alul, Asel,
Avall, BamHI, Banl, BstUI, Ddel, EcoRIl, Haelll,
Hhal, Hincll, Hinfl, Hpal, Mbol, Msel, Mspl, Pstl,
Tagql, Xbal. The digested samples were electrophoretically
separated on 6% polyacrylamide gels (PAGE).

2.3. Data analysis

Distinct single endonuclease patterns (restriction
morphs) were identified by specific letter in order of
appearance. Each specimen was assigned a multiletter
code that described its composite mtDNA genotype
(haplotype). The raw data were fragment profiles, but
we inferred site differences among haplotypes from
changes in fragment profiles as the gain or loss of par-
ticular restriction sites that these could account for. The
restriction site pattern data were analyzed using the
REAP (McElroy et al., 1991) and the PHYLIP 3.5
(Felsenstein, 1993) computer packages. Both distance
and character-based analyses were used to define genetic
groups and phylogenetic relationships. Trees were roo-
ted, when needed, using the data obtained from the
same mtDNA analysis of a rabbit (Oryctolagus cunicu-
lus). However, given that Oryctolagus is sufficiently
genetically divergent to destabilize ingroup topologies,
the most divergent brown hare haplotype (No. 30) was
also used to root trees (Halanych et al., 1999; Pierpaoli
et al., 1999). For restriction site data, Monte Carlo
randomization tests were performed to determine the
significance of haplotype frequency distributions among
sampling sites using the program MONTE in REAP
(McElroy et al., 1991). Chi-squared tests were con-
ducted over a number of geographical scales in a hier-
archical manner and the significance level was obtained

by 10000 randomizations. To test for isolation by dis-
tance, a Mantel test was carried out using NTSYS soft-
ware (Rohlf, 1993) using the log of geographical
distance (km) and the nucleotide divergence as input
matrices. Ngt (Lynch and Crease, 1990) was used to esti-
mate the degree of population subdivision at the nucleo-
tide level. The resulting index gives the ratio of the average
genetic distance between genes from different popula-
tions relative to that among genes in the population.

3. Results
3.1. Haplotype diversity

The amplified segments of Control Region, COI and
12S/16S rRNA had an approximate size of 1.8 kb, 1.3
kb and 2.05 kb, respectively, corresponding to about
30% of the mitochondrial genome of lagomorphs (Gissi
et al., 1998). However, a length heteroplasmy was
observed in some specimens. This phenomenon appears
to be common in lagomorphs (Biju-Duval et al., 1991;
Casane et al., 1997) and is due to variations in the
number of copies of short tandemly repeated sequences
in the major non-coding regions of mtDNA. Nine indi-
viduals from different sampling sites, exhibited such
heteroplasmy and were excluded from the analysis.

Twelve, nine and 13 of the 20 restriction enzymes used
to screen the brown hare populations had a recognition
site in Control Region, COI and 12S/16S rRNA,
respectively. These enzymes generated in all of the
amplified segments a total of 156 restriction sites corre-
sponding to an estimated average number of 650 bp
surveyed. Polymorphism was found in all three seg-
ments, but as expected, in considerably different levels
within each region. The Control Region appeared the
most polymorphic with 10 of the 12 restriction enzymes
having a recognition site (Table 1), generating 37 dif-
ferent haplotypes (composite genotypes), whereas 12S/
16S rRNA region was the least polymorphic with just
three haplotypes generated by two restriction enzymes
of the 13 having a recognition site (Table 1). The COI
region exhibited slightly higher polymorphism than the
12S/16S rRNA region with nine haplotypes generated
by four polymorphic enzymes of the nine having a
recognition site (Table 1). In total, 56 different haplo-
types were scored and they are presented in Table 1 with
the haplotype frequencies within each sampling site.

The vast majority (42 of 56) of the recorded haplo-
types were unique, i.e. observed only in one population,
and only 14 were common between populations
(Table 1). The 16 individuals sampled from northern and
southern Greece had seven unique haplotypes, closely
related to haplotypes No. 7, No. 20, No. 23 (Table 1
and Fig. 2) and nine haplotypes common with the indi-
viduals from Central Greece. These 16 brown hares
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Table 1
Composite genotypes (haplotypes) and haplotype numbers and frequencies within the studied populations of brown hare®

Haplotype (composite genotype) Sample locality

ZA VR PY Sp EL VE ‘R-like’ Reared

Typel ABAAAABAAABAAAAA 2(0.077) 3(0.088)
Type2 ABAAAABAAACAAAAA 1(0.029) 3(0.136)

Type3 ABAAAAACAACAAAAA 1(0.050)

Typed ABAAAAACAABAAAAA 1(0.050)

Type5S BBAAAAACAABAAAAA 30.115)  5(0.238)  6(0.176) 4(0.200)

Type6 BAAAAAAAAABAAAAA 3(0.143)  2(0.059) 1(0.050) 1(0.045)

Type7 BAAAAAACACBAAAAA 4(0.190)

Type8 BAAAAAAAADBAAAAA 1(0.048)

Type9 BAAADAAAAABAAAAA 1(0.048)

Typel0 BAAAAADGAADAAAAA 5(0.208)

Typell CAAAAAAABACAABAA 1(0.038) 1(0.048)

Typel2 CAAAAAAABABAABAA 1(0.029)

Typel3 CBAAAAAAAAAAABAA 3(0.115) 1(0.048)  2(0.059)

Typel4 CBAAAAAAAABAABAA 4(0.154) 1(0.048)  3(0.088) 1(0.050)  8(0.364)

Typel5 CBADAEAAAABAABAA 2(0.077)

Typel6 AAAAAAAAAABAAAAA 4(0.154) 1(0.048)

Typel7 AAAAAABAAABAAAAA 2(0.077)

Typel8 AAAAAABAAACAAAAA 1(0.038) 1(0.041)

Typel9 AAAAAABAAABBAAAA 3(0.125)

Type20 AAAAAAAAADBAAAAA 1(0.038)

Type2l AAABAADAAABAAAAA 1(0.050)

Type22 AAAEAABAAABAAAAA 1(0.041)

Type23 ABAAAAAAAABAAAAA 1(0.038) 1(0.029) 1(0.050)

Type24 ABBAEAAAAABAAAAA 1(0.038)

Type25 ABAABAAAABBAAAAA 6(0.250)

Type26 ABAABABAABBAAAAA 3(0.088) 1(0.041)

Type27 ABAABABACBBAAAAA 1(0.050)

Type28 AAAAAABAABBAAAAA 1(0.041)

Type29 ABABAABAAABAAAAA 1(0.029)

Type30 EBACCDBFAABCAABA 1(0.048)

Type3] FBAAAAAAAABAABAA 9(0.265)  3(0.125)  2(0.100)

Type32 FAAAAAAAAABAAAAA 1(0.048)

Type33 CBAAAFAAAAAAABAA 6(0.273)

Type34 BAAAAADGAABAABBA 1(0.050)

Type35 BAAAAADGAABAAABA 1(0.041) 1(0.050)

Type36 BAAAAAEEAABAAAAB 1(0.045)

Type37 ACAAAABEAACAAAAA 2(0.059)

Type38 BBAAAAAAAADAAAAA 1(0.050)

Type39 DBCABABHAEDAAAAA 1(0.050)

Typed0 BAAAAAFGAABAAABA 1(0.050)

Type4l BAAAAAACAABAAAAA 1(0.050) 1(0.045)

Type42 CBAAAAAAADBAAAAA 1(0.050)

Type43 ABAABABAACBAAAAA 1(0.041)

Typedd BAAAAAAAACBAAAAA 1(0.048)

Typed5 ABCABABAABBAAAAA 1(0.041)

Typed6 CBAAAFAAAABAABAA 1(0.045)

Typed7 ABAAAAAAAAAAABAA 1(0.038)

Type48 CBAAAAAGAABAABAA 1(0.045)

Type49 DBAAACCBAABAAAAA 5(0.357)
Type50 DBAAACCBAABBAAAA 6(0.428)
Type5| DAAADCCBAABAAAAA 1(0.071)
Type52 IBAAACCBAABAAAAA 2(0.143)
Type53 AAAAABCBAABABAAA 10(0.416)
Type54 ABAAABCBAABABAAA 4(0.166)
Type55 ABAAACCBAABABAAA 5(0.208)
Type56 ABABACCBAABABAAA 3(0.125)

4 Composite genotypes are denoted by capital letters in the following order. Control Region: Alul, Asel, Avall, Ddel, Haelll, Hinfl, Mbol, Msel,
Mspl, Tagl; COI/COIL: Alul, Haelll, Hhal, Hinfl; 12S/16S RNA: Acil, Alul. For the purposes of presentation non polymorphic enzymes were
omitted.
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were not included in further analyses. Of the unique
haplotypes, four were observed within the reared popu-
lation and they grouped all reared specimens together
(Table 1). These four haplotypes showed the same
specific pattern in all individuals for three enzymes
[patterns B or C (Hinfl), C (Mbol) and B (Msel)] on the
Control Region segment and for one enzyme [pattern B
(Hhal)] on the COI segment (Table 1). The same specific
patterns for the Control Region segment were also
observed in 14 wild individuals, but not the pattern B on
the COI segment (Table 1). On the other hand, these
individuals exhibited two specific patterns on the Con-
trol Region segment [pattern I or F (A/ul)] (Table 1).
Therefore, these 14 hares were separated from the wild
samples and were assigned to a new group, called
‘reared-like’ population. The distribution and the num-
ber of ‘reared-like’ hares varied considerably between
sampling areas (Table 2). No ‘reared-like’ individuals
were found in the two controlled hunting areas (PY and

SP), or in the VEL region. Most of the ‘reared-like’ Reared-like
individuals (10/14) were sampled in the EL area, con- ®
stituting 33.3% of the total sample of this area, while Reared

two individuals were sampled in both ZA and VR areas,
corresponding to 7.14 and 8.73% of the total area
sample, respectively (Table 2).
The number of observed haplotypes within popula-
tions ranged from four (reared and ‘reared-like’) to 16
(EL; Table 2), but their distribution varied between
populations. Reared and ‘reared-like’ hares showed
approximately one different composite haplotype per six
and three individuals, respectively (Table 2). This ratio
in wild hares ranged from approximately one (EL 100
region) to three (VEL region; Table 2). Percentages of
unique haplotypes (unique haplotypes/sample) within
each population also varied between sampling areas
from 8.82% (PY region) to 45% (EL region; Table 2). 0. cuniculus
All haplotypes detected within reared and ‘reared-like’ Fig. 2. Majority rule consensus tree clustering the 56 haplotypes

populatlons .Were unique. The most common haplo- described in Table 1. Bootstrap estimates (as a percentage) are indi-
types, grouping 34.5% (50/145) of the wild hares were cated above branches.

33

51

No.30

Table 2

Number of total haplotypes and of unique haplotypes found within each population, percentages of number of unique haplotypes/total number of
individuals (S) and of number of the unique haplotypes/total number of haplotypes (R), ratio of number individuals/total number of haplotypes (7)
and percentages of haplotype and nucleotide diversity (numbers in parentheses indicate ‘reared-like’ individuals found in each population)

Population Sample size Total haplotypes Unique haplotypes S R T % Haplotype diversity % Nucleotide diversity

ZA 26 (2) 13 5 19.23 3846 2.00 93.54 1.37

VR 21 (2) 12 6 28.57  50.00 1.75 90.95 1.53

PY 34 12 3 8.82 2500 2.83 88.77 1.40

SP 23 11 7 3043 63.63 2.09 88.77 1.79

EL 20 (10) 16 9 4500 5625 1.25 96.32 1.72

VE 23 8 4 17.34  50.00 2.85 80.09 1.21

Partial total 147 48 34

Partial average 23.12  70.83 3.06 89.74+0.09 1.50£0.000

Reared-like 14 4 4 28.57 100 3.50 71.43 0.45

Reared 24 4 4 16.66 100 6.00 72.29 0.49

Total 185 56 42

Average 2270 75.00 3.30 85.2740.11 1.25+0.000
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haplotype No. 5 with 18 individuals from four sampling
sites (PY, ZA, VR, EL), haplotype No. 14 with 17 indi-
viduals from five sites (PY, VEL, ZA, VR, EL) and
haplotype No. 31 with 14 individuals from three sites
(PY, SP, EL; Table 1 and Fig. 2).

Pairwise sequence divergence estimates among the 56
haplotypes varied from 0.35% (haplotypes No. 11-No. 12)
to 5.3% (haplotypes No. 11-No. 30) with an average of
2.16% (data not shown). The average pairwise sequence
divergences among the haplotypes observed within wild,
reared and ‘reared-like’ hares were 2.0, 0.8 and 0.6%,
respectively. The average sequence divergence between
wild and reared hares was 2.8%, almost the same as that
observed between wild and ‘reared-like” hares (2.7%).
Finally, this average was 1.3% for all pairwise compar-
isons between reared and ‘reared-like’ individuals.

With some minor differences phenograms based on
pairwise haplotype divergence (UPGMA, neighbour-
joining, Fitch-Margoliash) and the majority rule con-
sensus tree showed the same topology (Fig. 2), no mat-
ter if the outgroup was the O. cuniculus or the haplotype
No. 30. Apart from the reared and ‘reared-like’ haplo-
types that always grouped in the same cluster (Fig. 2),
the other haplotypes clustered without any obvious
correlation with the sampling sites. All major clusters
were separated with bootstrap values < 50% (Fig. 2).

3.2. Population diversity

The distance matrix of net interpopulation nucleotide
divergence (Table 3) was used to construct a UPGMA

tree relating the eight populations studied (Fig. 3). The
populations clustered into three distinct clades (net
nucleotide divergence between clades ranging from 0.8
to 1.6%), reflecting the partitioning of mtDNA haplo-
types and the levels of intrapopulation diversity rather
than isolation by distance. These clusters included
(Fig. 3): (A) the reared and the ‘reared-like’ population,
with average intrapopulation nucleotide diversity of
0.47%; (B) the SP, EL and VR populations, with aver-
age intrapopulation nucleotide diversity of 1.7% and
(C) the PY, ZA and VEL populations with average
intrapopulation nucleotide diversity of 1.3%.
Statistically significant differences in haplotype fre-
quencies among all populations were observed
(x>=887.26, P<0.0001). Yet, significant substructuring
was found for the two populations within the cluster A
(x>=36.00, P<0.0001) and for the three populations
within the clusters B (x>=97.84, P<0.0001) and C

Table 3
Pairwise estimates of nucleotide divergence (x10%) among the brown
hares populations

Population ZA VR PY SP EL VEL Reared-like Reared

ZA -

VR 0.246 -

PY 0.043 0.293 —

Sp 0.267 0.338 0.242 —

EL 0.112 0.045 0.078 0.132 -

VE 0.116 0.601 0.188 0.631 0.406 —

Reared-like 1.529 1.544 1.500 1.555 1.346 1.915 -
Reared 1.588 1.716 1.680 1.657 1.569 2.023 0.895 -

% net nucleotide divergence

0.84 0.78 0.72 0.66 060 054 048 042 036 0.30 024 0.18 0.12 0.06 0.00

| | | | ! | |

| | | | | | |

I I ! T I T 1

T T l T T T 1
4[“
PY

VE

‘———[ VR
EL

SP

Reared-like

Reared

Fig. 3. upGMA phenogram clustering the eight brown hare populations according to the distance matrix resulting from the estimation of the net
average number of nucleotide substitutions per site between population (nucleotide divergence).
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(x>=99.08, P<0.0001) (Fig. 3). As expected, pairwise
tests among populations demonstrated significant dif-
ferences between all (data not shown). Nucleotide
divergence among populations showed no apparent
correlation with geographical distance (Mantel test,
P>0.05).

Mean intrapopulation nucleotide diversity observed
was 1.25%, ranging from 0.45% (‘reared-like’) to 1.79%
(SP) and mean interpopulation diversity was 2.11%
(Table 2). Thus, based on the Ngt estimate of 0.63, 37%
of the overall genetic diversity observed was within
populations as opposed to 63% account for the inter-
population genetic diversity. However, excluding the
reared and the ‘reared-like’ populations, the Ngr esti-
mate decreased to 0.54, suggesting that, for the six wild
populations, intrapopulation diversity was almost as
much as interpopulation diversity.

4. Discussion

The average pairwise haplotype divergence of 2.0%
for the sampled Greek brown hares was approximately
five-fold higher than the highest value (0.38%) recorded
in Scandinavian brown hares (Thulin et al., 1997),
almost two-fold higher than the average (1.3%) of Ita-
lian hares (Pierpaoli et al., 1999), three-fold lower than
the average (6.2%) of Iberian brown hares (Perez-
Suarez et al., 1994) and within the range observed for
other widely distributed mammals, such as ghost bats
(Macroderma gigas) (2.56-7.37%) (Worthington-Wil-
mer et al., 1994). Therefore, mtDNA analysis indicates
that brown hares, at least from continental Greece, are
not separated into discernible phyletic groups.

4.1. Genetic variability and population diversity

With an average of approximately one haplotype per
two individuals and 0.015 of intrapopulation nucleotide
diversity (Table 2) the Greek brown hares appeared
highly polymorphic, exhibiting a high degree of popu-
lation differentiation with limited maternal gene flow.
This observation is in agreement with previous studies
on Iberian (Perez-Suarez et al., 1994), Scandinavian
(Thulin et al., 1997) and Italian (Pierpaoli et al., 1999)
brown hares, but contrasts with the study of Hartl et al.
(1993), in which a survey of 131 brown hares from 18
different sampling sites in Austria revealed only six
haplotypes. However, in the latter study, only six-base
cutters were used with limited polymorphism detection
ability when compared with a combination of four-,
five- and six-base cutters.

Despite the statistically significant differences in hap-
lotype frequencies observed among all populations,
their genetic divergence appeared to be unrelated to
geographic distances. According to Ngr estimate, the

relative genetic variability was equally distributed across
large geographic distances and within regional samples.
In fact, although the number of common haplotypes
between populations decreased, in general, with geo-
graphical distance (i.e. no common haplotype between
VR-SP, one between ZA-EL, ZA-VEL, ZA-EL and five
between ZA-VR, ZA-PY, PY-EL), the percentage of
unique haplotypes within each region remained high
(Tables 1 and 2), indicating that the populations are
substantially isolated. However, this isolation is prob-
ably due rather to socio-ecological behavior of brown
hares than to physical barriers that could prevent gene
dispersal, since no such barriers exist in the surveyed
area. Using radio-tracking it has been established that
the home range of brown hares had a size of 200 to 340
ha (Homolka, 1985). In the present study, except of SP
region (3140 ha), each sampling area covered an area
ranging from 6400 ha (PY) to ca. 8000 ha (EL, VEL,
VR, ZA). The detection of unique haplotypes in the
centre as well as at the edges of the spatial distribution
of each population may be indicative of the adaptation
of the population in each biotope and the lack of
migration across long distances. The latter, is further
strengthened by the observation that no reared indivi-
duals were detected within the two controlled areas (PY
and SP), although reared hares have been released in
neighboring areas to these sites (Fig. 1 and Table 2).
Females almost exclusively inherit mtDNA (Avise,
1994). Therefore, the absence of migration combined
with the fact that natal dispersal might be sex biased, i.e.
males disperse whilst females tend to remain within their
breeding group (Reitz and Leonard, 1994; Hulbert et
al., 1996) may result to an overall reduction in gene
flow. That may lead to genetic structuring of the popu-
lation, with breeding groups constituting genetically
isolated units. However, because of sex-specific dis-
persal, it is possible that the interpopulation diversity
assessed by mtDNA markers is overestimated. Fickel et
al. (1999) found a distinct mtDNA differentiation across
short geographic distances in German brown hare
populations but this differentiation was less evident
when microsatellites were used to screen the same
populations.

4.2. The impact of the releases on wild populations

Within the past decade, according to the records of
hunting associations, more than 2000 reared brown
hares have been released in the studied area, while 826
of them have been released the last 2 years (1998 and
1999). An interesting outcome of this study was the
detection of specific haplotypes that clearly differentiated
the reared individuals from wild brown hares (Table 1).
In the present study, these markers permitted the iden-
tification of the occurrence of ‘reared-like’ mtDNA
haplotypes, yet from a slightly different breeding line
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than the reared one examined here, in a total of 14 hares
(‘reared-like’ population) sampled in the wild. In fact, in
absence of wild population genetic data prior to releases,
it is difficult to assign the real indigenous haplotypes.
Nevertheless, it is highly probable that haplotypes No. 5,
No. 14 and No. 31 found in all sampling sites, grouping
34.5% of the wild animals, as well as the genetically
close related haplotypes (i.e. No. 3, No. 4, No. 13, No. 33,
No. 38, No. 46, No. 48) represent native phyletic groups
(Table 1 and Fig. 2). Although, there is no further data
to confirm the source of the ‘reared-like’ haplotypes, apart
from the fact that they were observed only in areas
where releases have been performed the last 2 years,
molecular genetic evidence supports the idea that either
they come directly from past releases, or they have been
transmitted to wild hares via mating in the wild. Except for
one difference, the same mtDNA markers were detected
in both reared and ‘reared-like’ individuals, while mean
genetic divergence was two-fold lower between reared
and ‘reared-like’ populations (1.3%) than between
‘reared-like’ and natural populations (2.7%).

Theoretically, the high mtDNA diversity revealed by
the present study in Greek brown hare populations
could be maintained if the populations are large enough
and stable for a long period of time. However, ongoing
studies in the sampling areas indicate that population
densities do not exceed five individuals per 100 ha (VR
area) with an average of two individuals per 100 ha
(Sfougaris et al., unpublished data). These values are
very low compared with other European countries such
as Poland (24-31 individuals per 100 ha; Wasiliewski,
1991), France (23-71 individuals per 100 ha; Pepin,
1987) and North Italy (3853 individuals per 100 ha;
Meriggi and Verri, 1990). It is often assumed that, when
a population goes through a severe bottleneck, random
genetic drift will induce a massive loss of genetic varia-
bility. According to the records of the Ministry of
Agriculture, during the years 1986-1990, a serious
decline occurred in the brown hare populations due to
the viral haemorrhagic disease. Although hunting activ-
ity was stopped in some sites within the sampled area for
one hunting season in 1990, it is unlikely that popula-
tions fully recovered from this bottleneck phenomenon.
Despite the large mortality induced by the disease (40—
90%), much mtDNA variation is still observed within
brown hare populations. However, there is no doubt
that such diseases, resulting in massive death, combined
with low population densities must have a significant
effect on the population genetic structure, leading to a
complete loss of several indigenous haplotypes.

Loss of genetic variability is a major threat to the
survival of any species, decreasing the species’ potential
for adaptation to environmental changes (Lesica and
Allendorf, 1995). However, the introduction of captive-
bred animals does not seem to have increased or even
maintained the genetic variability. In contrast to natural

populations, both reared and ‘reared-like’ populations
showed relatively little genetic differentiation, with
nucleotide diversity of 0.49 and 0.45%, respectively
(Table 2) and average haplotype divergence of 0.8 and
0.6%, respectively. Moreover, the occurrence of the
same haplotypes within two different farms indicates
that the same imported breeding lines may be recycled
in Greece.

A crucial issue that remains to be checked, dealing
also with the efficacy of restocking programs, is the
survival of the released animals. High rates of virus
infections due to different life conditions in captivity
(mode of nutrition, administration of antibiotics) and/
or unsuccessful adaptation in nature could seriously
affect the survival of released animals. Whatever the fate
of released individuals, our data indicate that a percen-
tage survives at least between two hunting periods,
enough to have one reproductive cycle and to transmit
their genome. Therefore, uncontrolled introduction and
releases of brown hares, at least at periods when natural
populations go through a bottleneck, could have a ser-
ious impact on their present genetic structure, reducing
local/regional genetic diversity. That was the case in
France where there is indication that indigenous hares
have been completely replaced by the introduction of
hares from eastern Europe (Flux, 1983). In Italy, the
historical distribution and genetic integrity of indigen-
ous hare species may be seriously influenced by the
introduction of allocthonous brown hare populations
(Pierpaoli et al., 1999).

4.3. Suggestions for management and conservation

Although L. europaeus is not an endangered species,
our data indicate that regional gene pools are endan-
gered, since there is a detectable change in genetic
structure of Greek brown hare populations, resulting
from restocking operations. Overall percentage of the
‘reared-like’ haplotypes detected in the areas where
releases are performed, are approximately 14%, whereas
within the EL area this percentage was as high as 33%.
Nevertheless, it is questionable whether the percentages
of ‘reared-like’ individuals found in each area reflect the
real impact of releases, given that in VE region, where
releases are also performed, no ‘reared-like’ individuals
were found.

Under these circumstances the first conservation
action in order to preserve the genetic integrity of indi-
genous brown hares is immediately to stop restocking
programs all over Greece. If a dramatic decline in
population densities occurs in a regional scale (due to
overhunting and/or to diseases), the first step in pre-
venting further decrease and allowing the recovery of
population size will be to call off hunting activity for a
period of time. Should this action prove inadequate or
genetic monitoring reveal a serious decline of genetic

Institutional Repository - Library & Information Centre - University of Thessaly 80
04/06/2024 07:21:59 EEST - 3.145.59.163



Z. Mamuris et al. | Biological Conservation 101 (2001) 187-196 195

diversity, translocation of wild specimens among popu-
lations could be considered as further action. In this
case, the units of management must be defined.

Some authors suggest the species as the appropriate
unit of conservation (Caughley and Gunn, 1996),
whereas some others consider evolutionarily significant
units (ESUs) as the unit of conservation. These units
could be populations, stocks, subspecies, or species
(Moritz, 1994; Waples, 1995), whichever show phylo-
geographic differentiation at the mtDNA level and sig-
nificant divergence of allele frequencies at nuclear loci
(Moritz, 1994). Although genetic studies, using RAPDs
and VNTRs, are in progress, mtDNA data already
suggest that the magnitude of the genetic divergence
among the Greek L. europaeus geographical popula-
tions is significant. Certainly, the populations studied
could not be considered to follow independent evolu-
tionary trajectories. However, from the perspective of
the molecular genetic variation the six wild populations
and in particular the populations from the two con-
trolled hunting areas (PY and SP; Fig. 1), in which
releases have never been performed, could be qualifying
as management units. These two populations are sig-
nificant for conservation in that they probably bear only
native genotypes with sufficient high level of genetic
variation and could serve as pools for translocations of
individuals to other target endangered populations.
Therefore, within these areas hunting controls must be
intensified.

In any case, in order to determine native genotypes
and to record the present level of polymorphism, a
detailed study of brown hare genetic stocks for the
whole of Greece must be undertaken, in particular
within areas where no releases are performed. In addi-
tion, the study of the level of genetic divergence and
variability between the Greek and European hares can
be a useful tool in determining the interaction between
the released and indigenous individuals throughout
Europe, wherever restocking programs have become a
common practice for the enhancement of natural
populations. Given that mtDNA harbors only a very
limited amount of genetic variability compared with the
nuclear genome, different molecular methods must be
used.
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The RAPD method was used to assess the genetic differentiation of brown hare
(Lepus europaeus) populations from Central Greece. Greek wild populations were
compared with samples from Austria, Poland, Germany, France, and Bulgaria,
as well as with reared/released hares to investigate the impact of the releases
on the native populations’ genetic structure. The absence of diagnostic bands
distinguishing betweeh. europaeupopulations confirmed the high level of gene
flow between brown hare populations over long geographic distances reported
by other authors. Phylogenetic trees, derived from genetic distances estimated by
RAPD band frequencies, suggested one major partitioning event of nuclear DNA
lineages found in the samples. The reared individuals clustered with the Austrian,
Polish, German, and French populations, whereas the Greek populations clustered
apart with the Bulgarian population. Within Greece the distribution of the six wild
populations did not follow any geographical trend, since their genetic divergence
did not seem to correlate to geographic distances. However, RAPD profiles of
some reared and wild specimens were different from the common RAPD pattern
observed in the vast majority of sampled hares, probably reflecting an admixture of
genetically differentiated individuals. The RAPD analysis indicates that releases
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might have begun to affect Greek population structure and reinforces the view that
appropriate management is needed, adjusted to the local populations’ biology and
ecology.

KEY WORDS: Lepus europaeus; genetic diversity; genetic conservation; RAPDs.

INTRODUCTION

The brown harel(epus europaeuBallas, 1778) is widely distributed throughout
Europe, including the mainland and the islands of Greece, where it represents
an important game species present in open woodland, farmland with pasture and
grassland up to 1500 m (Mitchell-Jonetsal., 1999).

In a previous study, the genetic differentiation of brown hare populations
from Central Greece was assessed using mtDNA RFLP-PCR analysis (Mamuris
etal., 2001). Extensive haplotype diversity within and among wild populations was
observed, while significant genetic structuring was evident from heterogeneity of
haplotypes frequencies among sampling sites. The average pairwise haplotype
divergence of 2.0% for the sampled Greek brown hares was approximately five-
fold higher than the highest value (0.38%) recorded in Scandinavian brown hares
(Thulin et al., 1997), almost twofold higher than the average (1.3%) of Italian
hares (Pierpaolet al., 1999), and threefold lower than the average (6.2%) of
Iberian brown hares (Perez-Suaedzal., 1994). Therefore, mtDNA analysis in-
dicates that brown hares, at least from continental Greece, are not separated into
discernible phyletic groups. Furthermore, the Greek brown hares appeared highly
polymorphic, exhibiting a high degree of population differentiation with limited
maternal gene flow. This observation is in agreement with previous studies on
Iberian (Perez-Suare al., 1994), Scandinavian (Thulgt al., 1997), and Italian
(Pierpaoliet al., 1999) brown hares, but contrasts with the study of Hrdl.
(1993), in which a survey with 131 brown hares from 18 different sampling sites
in Austria revealed only six haplotypes.

Here, we extend the investigation of the genetic structure of brown hare
populations to the nuclear level on the same samples from Central Greece using
the RAPD method (Welsh and McClelland, 1990; Williagtsal., 1990). Brown
hares from five other European countries (Poland, Austria, Germany, France, and
Bulgaria) were also included in the analysis. Population genetic studies based
on other nuclear markers, such as allozymes, did not reveal genetic differences
among samples collected from Poland (Hatthl., 1992), Austria (Hartét al.,

1993), and Bulgaria (Suchentrum al., 2000), indicating a high level of gene

flow among local and distant populations. However, allozymes are conservative
genetic markers, evolving slowly, and perhaps they do not have the resolving
power to reveal population differentiation. On the other hand, the RAPD markers
are the amplified products of less functional part of the genome that do not strongly
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respond to selection on the phenotypic level. Such DNA regions may accumulate
more nucleotide mutations as compared with those encoded for allozymes, offering
a wider potential in assessing interpopulation genetic differentiation.

The present study aims at assessing (a) the present level of nuclear genetic
diversity within and among populations and (b) the genetic impact of releases to
Greek wild populations. During the past decades, restocking programs with the
introduction of allocthonous hares that have been carried out in several European
countries might have seriously influenced the historical distribution and genetic
integrity of indigenous hare species (Flux 1983; Pierpablal., 1999; Thulin
et al., 1997). In Greece, according to the records of the Ministry of Agriculture
and the hunting associations, releases of reared hares imported from farms in Italy,
Bulgaria, and Yugoslavia have been performed during the past decade. Imported
hares have been used as breeding stocks in several Greek farms. In a previous
study (Mamurit al., 2001) designed to assess the impact of the releases of reared
individuals on the genetic structure of native populations, specific mtDNA profiles
clearly differentiated reared from wild individuals and proved highly indicative for
reared hares from past releases caught within wild populations. MtDNA analysis
suggested the introgression of allochthonous gene pools into the native populations.

MATERIALS AND METHODS

Samples

A total of 327 brown hares, 26 reared and 301 wild were examined. Reared speci-
mens came from two different farms (22 and four, respectively) and blood samples
were collected before hares were released into the wild. Of the wild individuals,
172 belonged to six sampling areas (operationally called populations) from central
Greece (Epirus and Thessaly) (Fig. 1 and Table I). The individuals under inves-
tigation were studied previously for mtDNA variation using RFLP-RCR analysis
(Mamuriset al., 2001). Specific mtDNA profiles that clearly differentiated reared
from wild individuals permitted the identification of reared hares from pastrelease
within wild populations. These hares were separated from the wild samples and
were assigned to a new group, named “likely-reared” populabb#a:-(19). The re-
maining 129 wild hares came from Austrid (= 10), Poland N = 10), Germany

(N = 46), France N = 21), and Bulgariall = 42). Samples from reared indi-
viduals were collected in 1999, whereas Greek wild samples were collected during
two consecutive hunting seasons (1998 and 1999) and tissues were brought on ice
or in ethanol to the laboratory immediately after hunting.

The main study area in Greece covers a surface of 23,1G0akm was
chosen for the following reasons: (a) it comprises the whole range of brown hare
habitats, (b) there is evidence that in the last 10 years reared brown hares, imported
from abroad have been released by the hunting associations within the whole area,
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Fig. 1. Brown hare sampling sites within Greece: (1) Zallogo (ZA); (2) Vradeto (VR); (3) Pyrra (PY);
(4) Spilia (SP); (5) Elassona (EL); (6) Velestino (VE). Black domains correspond to controlled-hunting
areas.

Table I. Polymorphism in Populations &f europaeus

OPA-02 OPA-09 OPA-10 OPA-20 OPF-01

Population N n P n P n P n P n P
Zallogo 26 19 11 14 8 12 6 17 11 9 6
Vradeto 21 19 11 14 8 12 6 17 11 9 6
Pyrra 36 19 11 14 8 12 6 17 11 9 6
Spilia 23 19 11 14 8 12 6 17 11 9 6
Elassona 204) 19 11 14 8 12 6 17 11 9 6
Velestino 23 19 11 14 8 12 6 17 11 9 6
Reared 24(2) 19 9 14 5 12 5 17 9 9 4
Likely-reared 14 () 19 9 14 5 12 6 17 9 9 4
Austria—Poland 20 19 10 14 5 12 6 17 9 9 4
Germany 56 19 10 14 5 12 6 17 9 9 4
France 21 19 10 14 5 12 6 17 9 9 4
Bulgaria 42 19 11 14 8 12 6 17 10 9 6

Note. N: Number of specimens (numbers in parentheses indicate hares with “deviant” RAPD
profiles);n: Number of RAPD bands analyzed per population and per pritnédumber of
polymorphic bands found per primer in each populatioh.afuropaeus.

86



Genetic Structure of Greek Brown Hare Populations 327

except into two controlled hunting areas (PY and SP) (Fig. 1), and (c) there is an
ongoing parallel survey withinthe same area concerning hares ecology and biology.

RAPD Analysis

Total DNA extraction was performed using standard techniques (cell lysis using
proteinase K, SDS, and EDTA; protein purification using chloroform followed
by isopropanol precipitation). Forty decamer primers (OPA-01 to OPA-20 and
OPF-01 to OPF-20) were used during this study, all purchased from Operon Tech-
nologies, Alameda, CA, U.S.A. Experiments were run with six individuals from
each population to test the effect of DNA, dNTPs, ¥gand Taq polymerase
concentrations and to determine the optimal annealing temperature. Finally, con-
sistent results were obtained with 31 primers and the same reaction conditions
were applied to all individuals. PCR reactions were performed jnl25f reaction
mixture containing 30 ng of template DNA, one unit of Taq polymerase, 0.25 mM
dNTPs, 20 ng of each primer, 2.5 mM MgCind 1 xreaction buffer. Amplifica-

tion conditions included a total of 35 cycles of 40 s at@41 min at 38C, 1 min

at 72C, using the fastest available transitions between each temperature.

To assess genetic markers capable of distinguishing populations six individu-
als from each population were screened with all 31 random primers. Amplification
products were separated on 1.4% agarose gels containing v~ of ethid-
ium bromide in TAE buffer (40 mM Tris/acetate, 1 mM EDTA). In addition, to
determine genetic relationships between populations, all individuals from each
population were screened with five primers chosen arbitrarily (OPA-02, OPA-09,
OPA-10, OPA-20, and OPF-01) and the amplification products were separated
on 6% polyacrylamide gels. To test the reproducibility of each random primer,
two RAPD-PCR replications were performed for every sample and every primer.
Bands that were reproduced after the two replications were considered reliable.
To avoid problems such as variations of humber and intensity of the amplified
products band mobility comparisons were made only within gels and based on the
same PCR reaction.

Furthermore, pilot tests were performed to determine if fully reproducible
comigrating bands could be considered homologous between populations and
therefore scored as the same genetic marker. Twenty-five fully reproducible comi-
grating bands with different sizes, ranging from 400 to 800 bp, chosen arbitrarily
after amplification with different primers, were excised from agarose gels and then
digested with 4-base and 5-base cutter restriction endonucle&lsgsHaelll,

Mspl, Avdl, and Ddel). This test was performed using five individuals from each
population.

To calculate genetic parameters between and within populations, the equa-
tions 2a, 4a, 5, 7, 9a, 10a, 12, 13a, 14a, 15a proposed by Lynch and Milligan
(1994) were applied. According to the authors, only polymorphic bands whose
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frequency was less than-1(3/N), whereN is the number of individuals analyzed

for each population, were taken into consideration for estimating heterozygosities
within populations. Gene identity withinJ{) and betweenJ;) populations were
computed for all possible comparisons. Genetic distances (Nei, 1972) from all
primers were used to estimate genetic relationships between populations, using
the UPGMA and the Neighbour-joining phylogenetic trees. A parsimony analysis,
based on Wagner method, was utilized, where all RAPD bands were considered as
characters with one of two states, present (1) or absent (0). The binary-coded char-
acters were used for the analysis. Alldendrograms were constructed and confidence
estimates were calculated using the PHYLIP 3.5 computer packages (Felsenstein,
1993). Given the absence of outgroup to root the phylogenetic trees, all data were
treated using the “randomize input order of species” option.

RESULTS

Agarose Electrophoreses

All but nine primers yielded satisfactory amplification products with all speci-
mens tested. Each primer produced a unique band pattern and most bands were
between 100 and 2500 bp in size. No tissue specific RAPD marker was observed
between blood (reared hares) and liver (wild hares). All primers failed to yield
any diagnostic marker that could lead to unambiguous identification of the various
populations. Banding pattern variation observed was analyzed on polyacrylamide
gels. A problem linked to the application of the RAPD technique, is the homol-
ogy between comigrating bands produced by the same random primer in different
individuals. In the current study, 20 out of 25 fragments digested with the five
restriction enzymes showed digestion patterns that indicated homology between
comigrating bands. For five fragments the test was uninformative, because no re-
striction fragments were detected. These five RAPD bands were excluded from
further analysis. Because similar tests were not conducted for all the comigrat-
ing bands scored, occasional misinterpretation of the origin of these bands might
have occurred throughout this study. However, the analysis of the few comigrating
bands suggests that misinterpretation would be unlikely or rare.

Although all primers produced similar DNA fragment patterns, 11 hares ex-
hibited quite different but reproducible profiles with all primers (Fig. 2). Of these
11 hares, two came from the reared population, five from the “likely-reared” pop-
ulation and four from the EL population (Table ).

Polyacrylamide Electrophoreses

The number of individuals analyzed on polyacrylamide gels per population and per
primer is shown in Table I. A preliminary? contingency analysis of RAPD marker
frequencies showed no significant differences between the samples from Austria
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Fig. 2. RAPD profiles after amplification with the primer OPA-02. 1, 2, 3, and 14-26,
common RAPD profile of some individuals from all populations. 4—-13, individuals
with “deviant” profiles from reared (4, 5), “likely-reared” (6, 7, 8, 9), and EL (10,
11, 12, 13) populationgM = 100 bp ladder.

and Poland and thus these two samples were pooled to increase the accuracy of
comparisons. The number of reproducible and well-resolved bands analyzed per
primer in all populations ranged from 9 to 19 (Table I). Initially, more bands were
scored per primer and per population but due to the need for pruning polymorphic
loci with low-frequency null alleles only 71 of them remained. Of the 71 bands
analyzed for all the five random primers, 42 (59.15%) were polymorphic, and the
rest were monomorphic, constantly present in all individuals (Table I1).

The x? contingency analysis of RAPD marker frequencies, after Bonferoni
corrections, showed significant heterogenefty<( 0.001) for 12 of the 42 poly-
morphic markers (28.6%) (Table II). This percentage was reduced to 19% (8/42)
after the exclusion of the reared and the “likely-reared” samples, to 7% (3/42)
among the reared, the “likely-reared” and the Central European samples and to
4.76% among the Greek samples. Overall analysis of marker frequencies, using
x?-tests with a Monte-Carlo simulation, showed significant geographical hetero-
geneity p < 0.0001) when all populations were included in the analysis. However
the test showed no significant differences among the Greek sanple®(05).

The estimated values of heterozygosity were slightly higher for all compar-
isons between populations (me&t) = 0.269) than for those observed within
populations (mearH; = 0.246) (Table 1l). Reared and “likely-reared” samples
with H; = 0.202 andH; = 0.200, respectively had the lower estimated heterozy-
gosity compared with the wild samples (meldn= 0.255) (Table Il). Estimates
of Fst using the estimated heterozygosities for the 12 populations, suggested
the presence of subdivision among populatiofgr(= 0.086). This subdivision
was less pronounced when the reared and the “likely-reared” populations were
excluded Fst = 0.055) and much lower within samples from Greek wild popu-
lations Fst = 0.022).
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Table Ill. Nei's Genetic Distance Between 12 Populationk.afuropaeuBased on RAPD Analysis

Populations 1 2 3 4 5 6 7 8 9 10 11 12

1. Zallogo —

2. Vradeto 0.013 —

3. Pyrra 0.012 0.009 —

4. Spilia 0.007 0.005 0.008 —

5. Elassona 0.010 0.010 0.011 0.006 —

6. Velestino 0.012 0.012 0.009 0.006 0.008 —

7. Reared 0.074 0.085 0.076 0.075 0.082 0.077 —

8. Likely-reared 0.069 0.086 0.076 0.077 0.084 0.081 0.005 —

9. Austria—Poland 0.068 0.081 0.071 0.073 0.077 0.074 0.006 0.009 —

10. Germany 0.067 0.077 0.068 0.071 0.075 0.072 0.006 0.007 0.002 —

11. France 0.070 0.079 0.069 0.073 0.075 0.074 0.008 0.011 0.003 0.003 —
12. Bulgaria 0.022 0.019 0.021 0.015 0.019 0.025 0.078 0.077 0.083 0.081 0.081 —

Values of intrapopulation gene identity (medn= 0.753) (Table Il) were
very close to those estimated among populations (ndgaa 0.726). Reared and
“likely-reared” sample withJ, = 0.798 andJ; = 0.800, respectively had higher
intrapopulation gene identity compared with the wild samples (ndean0.743).
Values of pairwise comparisons of Nei's genetic distarizetetween populations
(Nei, 1972), computed from combined data for the five primers, ranged from
D = 0.002 (Austria—Poland and Germany) Bb= 0.086 (“likely-reared” and
Vradeto) (Table Il). Genetic distances among the six wild Greek samples ranged
from D = 0.005 (Spilia and Vradeto) t® = 0.013 (Zallogo and Vradeto) with
an average ob = 0.009, while the average of genetic distances among the three
Central European (Austria—Poland, Germany, France) samples was 0.003. The
reared and the “likely-reared” samples were genetically very close to the Central
European sample®= 0.006 andD = 0.008), but distinctfrom the Greek and the
Bulgarian samples (medh = 0.078 for all pairwise comparisons between the two
groups of populations). All methods used to generate phylogenetic trees produced
similar results (Fig. 3), except for some minor differences, and they suggested
one major partitioning event of nuclear DNA lineages. The reared individuals
clustered with the Austrian, Polish, German, and French populations, whereas the
Greek populations clustered apart with the Bulgarian population. Within Greece
the distribution of the six wild populations did not follow any geographical trend,
because their genetic divergence did not seem to correlate to geographic distances.

DISCUSSION

The RAPD technique (Williamst al., 1990), apart from single copy fractions,
also amplifies highly repetitive regions that may accumulate more nucleotide mu-
tations compared with those encoding allozymes. Thus, several authors reported

92



333

‘'suoneljdal 0oz Jaye abeiuasiad e se sarewnsa delisiooq a1edlpul sayouelq
anoge siaquinN "aauelsip anauab (Z/6T) SN 01 Buiplodoe suonendod arey umoig ZT a8yl Buuaisnjd weibousyd YINOLN "€ BI4

93

Genetic Structure of Greek Brown Hare Populations

euredng

o3oqez
001
ounSIOA _

16
BLIAJ 33
BUOSSBI 4
erdg 82
019pRIA s
69

souely

AupwiIan HT_
pug[og-BImSny L

001
QIBII-A[aY1
p [91'] -
poreoy | 9§
| | | i i | | |
f T T T T T T T
0000 S00°0 0100 S10°0 0200 §20°0 00 00

(@) 9ouEISIP O1YOUDL



334 Mamuris, Sfougaris, Stamatis, and Suchentrunk

specific RAPD markers, useful for distinguishing intraspecies populations or be-
tween closely related species, in organisms where allozymes have been proven
to have low resolution power to assess genetic differences (Riaek, 1992;
Cognatoet al, 1995). The absence of unique bands distinguishing populations
at least between Greece and Central Europe may be indicative of a high level of
nuclear gene flow over long geographic distances, pointed out by other authors
after multilocus isozyme screening (Haetlal., 1993; Suchentrundt al., 2000).
In this respect, RAPD data are notin concordance with the mtDNA study on Greek
brown hares (Mamurist al., 2001). MtDNA analysis showed that the percentage
of unique haplotypes within each region remained high, indicating that the popula-
tions are substantially isolated. However, the fact that females almost exclusively
inherit mtDNA (Avise, 1994) combined with the fact that natal dispersal might be
sex biased, i.e., males disperse while females tend to remain within their breeding
group (Hulbertet al., 1996; Reitz and Leonard, 1994), may result in an overall
reduction in mitochondrial gene flow. Thus, because of sex-specific dispersal, itis
possible that interpopulation diversity assessed by mtDNA markers is in disagree-
ment with the RAPD markers. Our results are more in agreement with those of
Fickel et al. (1999) who observed a distinct mtDNA differentiation across short
geographic distances in German brown hare populations, but this differentiation
was less evident when microsatellites were used to screen the same populations.

Despite the fact that all primers failed to produce specific markers that could
discriminate between all populations, statistic analysis revealed genetic hetero-
geneity between them. Overall analysis of band frequencies suggested significant
(p < 0.0001) genetic subdivision when all populations were considered. How-
ever, there were no significant differences between the six geographical popula-
tions within Greece. These results were further confirmedrbyanalysis.Fst
values showed significant genetic structuring when all samples were considered
(Fst = 0.086) but very little between Greek samplés{ = 0.022). The latter is
probably due to the absence of physical barriers that could prevent gene dispersal
and to the presence of several subpopulations within each sampling area. Using
radio-tracking it has been shown that brown hare home-range have a size of 200—
340 ha (Homolka, 1985). In the present study, except for the SP region (3140 ha),
each sampling area covered a surface ranging from 6400 (PY) to approximately
8000 ha (EL, VEL, VR, ZA).

Phylogenetic trees showed that the populations.ofuropaeuslustered
into two distinct clades, reflecting the partitioning of the RAPD band frequencies
among samples (Fig. 3). Interestingly, the reared and the “likely-reared” popula-
tions clustered with the populations from Austria, Poland, France, and Germany,
whereas the Greek populations clustered apart with the Bulgarian population. In
a previous genetic study, after multilocus allozyme screening, Suchergtahk
(2000) did not observe any clear segregation between Bulgarian and Austrian
brown hare populations. This difference between RAPDs and allozymes probably
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arises from the fact that the two methods generate markers pertaining to different
parts of the genome. Single copy regions of the genome, having a serious impact
on important phenotypic characters and thus being more easily subject to selective
pressure encode most of the allozymes. It is therefore probable that most of the
RAPD markers are the amplified products of less functional part of the genome
that do not strongly respond to selection on the phenotypic level. Such DNA re-
gions may accumulate more nucleotide mutations as compared to those encoded
for allozymes. Thus, RAPDs can detect a more pronounced genetic polymorphism
between geographically distant brown hare samples than allozymes, provided that
the previous conditions hold and also that the level of gene flow is unable to mask
the consequences of new mutations.

Within Greece the distribution of the six wild populations did not follow
any geographical trend, because their genetic divergence seems to be independent
to geographic distances. The latter was also supported by the mtDNA analysis
(Mamuriset al., 2001).

Within the past decade, according to the records of hunting associations,
more than 2000 reared brown hares have been released in the studied area and
826 of those have been released during the years 1998 and 1999. Although the
released animals came from Greek farms, they had been originally imported from
other European farms. Releases of imported brown hares might have begun to
affect local gene pools, because both mitochondrial and nuclear markers showed
that the “likely-reared” hares sampled in the wild were genetically very close to
the reared sample. On the other hand, if “reared” hare genes were affecting local
gene pools one would expect that the individuals identified as “likely-reared”
by mtDNA would not clearly segregate with the reared individuals. The fact
that the RAPD patterns segregate the reared and the “likely-reared” individu-
als from the other wild hare populations may indicate that the genetics of the
“likely-reared” hares are staying intact. Therefore, it might be that the “likely-
reared” animals were hunted just after they were released. Uncertain, however,
remains the basis of the genetic similarity of the reared and the “likely-reared”
hares only with those from Central Europe. Reared hares have also been imported
from Bulgaria but less similarity was obsrved between reared hares and hares
imported from the latter country. A possible explanation could be that the same
breeding lines are recycled in many European farms and are established from
animals with different genetic identity to that of the wild populations of each
country.

The presence in the wild of nine individuals with RAPD patterns clearly
different from the vast majority observed within all examined samples (Fig. 2)
could be also indicative of the impact of the releases to the indigenous popula-
tions. Comparison with mtDNA data (Mamurig al., 2001) showed that these
nine hares shared common or closely reldteduropaeusaplotypes with other
hares from the same populations, having common RAPD patterns. The presence
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of two individuals in the reared population and of five individuals in the “likely-
reared” population with different RAPD patterns indicates that this pattern detected
in four individuals within a natural population came from the released hares. In
the absence of genetic data on the past releases and of a complete record of the
source of released animals, any hypothesis about the presence in the wild of these
nine hares is difficult to check. It is possible that this “unique” pattern has been
increasing in frequency by artificial “genetic drift” under captive breeding condi-
tions. More intensive genetic studies, including brown hares from other countries
and using codominant markers (i.e., microsatellites) could shed more light on this
subject.

Ongoing studies inthe sampling areas indicate that population densities do not
exceed five individuals per 100 ha (VR area) with an average of two individuals per
100 ha (Sfougarist al., unpublished data). These values are very low compared
with other European countries such as Poland (24-31 individuals per 100 ha;
Wasilewski, 1991), France (23—71 individuals per 100 ha; Pepin, 1987), and North
Italy (38-53 individuals per 100 ha; Meriggi and Verri, 1990). It is often assumed
that, when a population goes through a severe bottleneck, random genetic drift
will induce a massive loss of genetic variability. According to the records of the
Ministry of Agriculture, during the years 1986-1990, a serious decline occurred
in the brown hare populations due to the viral haemorrhagic disease. Certainly,
RAPDs, because of their dominance property, are not the appropriate markers
to assess the level of intrapopulation polymorphism with accuracy. Nevertheless,
both reared and “likely-reared” populations, with estimated heterozygodityef
0.202 andH; = 0.200, respectively and with intrapopulation similarity indices of
J = 0.798 andJ; = 0.800, respectively showed relatively little genetic diversity
compared with the wild populations (meéfh = 0.257 and meaid; = 0.743). A
low level of genetic diversity within the reared and the “likely-reared” populations,
in comparison with natural populations, has also been observed in mitochondial
genome (Mamurist al., 2001). A crucial issue that remains to be checked, dealing
also with the efficacy of restocking programs, is the survival of the released animals.
High rates of virus infections due to different life conditions in captivity (mode of
nutrition, administration of antibiotics) and/or unsuccessful adaptation in nature
could seriously affect the survival of released animals. Whatever the fate of released
individuals, our mtDNA data indicate that a percentage survives at least a year,
between two hunting periods, enough to have one reproductive cycle and to transmit
their genome. Therefore, uncontrolled introduction and releases of brown hares,
at least at periods when natural populations go through bottleneck, could have a
serious impact on their present genetic structure. On the long run, this may lead
to a loss of the local and/or regional genetic diversity and conservation of genetic
diversity is a major task in conservation and evolutionary biology, because genetic
variation is the raw material for evolutionary changes within populations (Frankel
and Soulé, 1981).
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Allozyme variability of 91 brown hares (Lepus europaeus) from seven regions in
Greece was compared to existing data of Bulgarian populations to test the hypoth-
esis of the occurrence of specific alleles in Greece, likely stemming from anisolated
Late Pleistocene refugial population in the southern Balkans. This hypothesis is
particularly suggested by some subfossil Late Pleistocene hare remains in Greece
and the reported high mtDNA diversity in Greek hares. Allozymic diversity could
be higher in Greek hares than in hares from neighboring regions as a result of
the accumulation of variants in a long-lasting Pleistocene refugium. Conversely,
Greek hares could exhibit reduced genetic diversity because of long-lasting low
effective population sizes during the Late Glacial Maximum and a lower chance of
postglacial gene flow from other populations into this rather marginal part in the
southern Balkans. Horizontal starch gel electrophoresis of proteins from 35 loci
revealed three alleles (Es-1%2, Pep-24, Mpit®) at low frequencies, which were

not found in Bulgarian or any other brown hare population. In contrast, some
alleles from the populations from Bulgaria and other regions of Europe were
absent in the Greek samples. Population genetic statistics indicated only a slight
tendency of increased gene pool diversity in Greek hares, little substructuring
in Greek and Bulgarian populations, respectively, as well as an only slightly
lower level of gene flow between the two neighboring regions, as compared to the
gene flow within each region. The results conform to the hypothesis of a Late
Pleistocene refugial population in the southern Balkans, with some few specific
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nuclear gene pool characteristics, but little effect on the overall genetic differen-
tiation between Greek and Bulgarian hares.

KEYWORDS: brown harelepus europaeus; allozymes; population genetics; Greece; Mediterranean.

INTRODUCTION

Hares from Greece have been described as various subspemes @uropaeus
carpathous, L. e. creticus, L. e. cyrensis, L. e. ghigii, L. e. meridiei, L. e. nietham-
meri, L. e. parnassius, L. e. rhodius, L. e. transsylvanidessed on coat coloration,
body size, external body measurements, as well as skull and tooth characteristics
(De Beaux, 1929; Hilzheimer, 1906, 1908; Miller, 1912; von Wettstein, 1943;
see also Chaworth-Musters, 1932; Kattinger, 1972; Ondrias, 1965; Zimmermann
et al., 1953; overview in De Beaufort, 1991). But apart from the old rather vague
or anecdotal descriptions used for this classification, no comprehensive data exist
to allow assessing the evolutionary position of these hares, their systematic status,
and their possible subspecific ranges.

Greek hares exhibit a bewildering mtDNA variability as assessed by PCR—
RFLPs and all detected haplotypes, apart from those considered originating from
imported and released hares, were absent in brown hares from central Europe
(Mamuriset al., 2001). In southern and central Greece, a mosaic of steppe and
pockets of forest or scattered tree stands (e.g., Beehatt, 1991; Lang, 1994;
see also, e.g., Geragaal., 2000; Robertst al., 1999; Roberts and Wright, 1993)
could have provided a refuge for brown hares during the Late Pleistocene, when
large parts of Europe were either covered with ice or were otherwise unsuitable
for this species (cf., e.g., Frenadlal., 1992). Similar refugia of brown hares also
might have existed over millennia in the south of the Italian and Iberian peninsulas
(Corbet, 1986). In the absence of significant gene flow, refugial Mediterranean
populations could have acquired sufficiently differentiated gene pools, warranting
subspecific status of the respective hares.

In this study, we assess multilocus allozyme variability in Greek hares. We
particularly test the hypothesis of the occurrence of indigenous alleles possibly
resulting from multiple mutations during phases of isolation in a Late Pleistocene
refuge in the south of the Balkan peninsula by comparing the present allozyme
data to already published data of brown hares (Hatrthl., 1989, 1990, 1992,
1993, 1994, 1995). However, a Late Pleistocene refugial population in the south-
ern Balkans could have lost variant alleles because of repeated range restrictions
and concomitant reductions of effective population size under unfavorable habitat
conditions and restricted gene flow. Also, such southern refugial hares would have
had less chance of receiving genes from populations that possibly have spread after
the Late Glacial Maximum from eastern Europe, because of their rather marginal
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range in the south of the Balkan peninsula. Hence, we specifically analyze al-
lozyme data of hares from sample regions in Greece together with data of brown
hares from eight populations in Bulgaria produced earlier in the same laboratory
(Suchentrunlet al., 2000a). The latter hares can be considered as populations at
a zoogeographical crossroad and might therefore have a richer genetic diversity
than Greek hares have.

MATERIAL AND METHODS

Samples and Isozyme Electrophoresis

Liver tissue samples of 91 brown hares were collected during the hunting sea-
sons (mid-September to early January 1998—-2000) in seven regions (operationally
called populations) of mainland Greece and in southeastern Crete. In mainland
Greece, hares were shot mainly in shrubland at altitudes of ca. 300-1000 m
asl in typical Eastern Mediterranean-type ecosystems, dominated by Kermes oak
(Quercus coccifera) in four regions (Loutraki,= 10; Velestinon = 5; Epirus,

n =5; Serresh = 12) and in landscapes with mixed fir forest—subalpine pas-
tures, dominated b&bies borisii-regis, between 1500-1700 m asl (Spilia; 29;
Pyrra,n = 26). Four hares were shot in dry scrubland around lerapetra, south-
eastern Crete, between 100-400 m asl. The sample regions are shown in
Fig. 1.

The samples were frozen within a few hours after shooting and stored at
—20°C until further treatment in the laboratory. Horizontal starch gel electrophore-
siswas usedto reveal allelic variation atisozyme loci. Poor quality of some samples
and lack of spleen and blood samples, however, allowed scoring of only a limited
number out of the loci studied earlier in hares from Europe (e.g., Altak, 2000;

2001; Alves and Ferrand, 1999; Bonhometeal., 1986; Hartet al., 1989, 1990,
1992, 1993, 1994, 1995; Suchentrunk, 1993; and Suchengétailk 1998; 2000a;
2001).

The following 26 enzymes/enzyme systems corresponding to 35 putative
structural gene loci (isozyme-system abbreviation, E.C. humber, and respective
structural gene loci in parentheses) were studied: sorbitol dehydrogenase (SDH,
1.1.1.14,Sdh), lactate dehydrogenase (LDH, 1.1.1121h-2), malate dehydro-
genase (MOR, 1.1.1.3'Mor-1,-2), malic enzyme (MOD, 1.1.1.40/0d-1,-2),
isocitrate dehydrogenase (IDH, 1.1.1.lh-1,-2), glucose dehydrogenase (GDH,
1.1.1.47Gdh-2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1.2.1.12,
Gapdh), xanthine dehydrogenase (XDH, 1.2.X@h), glutamate dehydrogenase
(GLUD, 1.4.1.3Glud), catalase (CAT, 1.11.1.6at), superoxide dismutase (SOD,
1.15.1.1,Sod-1,-2), purine nucleoside phosphorylase (NP, 2.4Nb),, aspartate
aminotransferase (AAT, 2.6.1.R7at-1,-2), hexokinase (HK, 2.7.1.Hk-1,-3),
pyruvate kinase (PK, 2.7.1.4@k-1), adenylate kinase (AK, 2.7.4.8k-1,-2),
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Fig. 1. Locations of study populations of brown hares in Gre&td:= Epirus,
IER = lerapetral OU = Loutraki,PYR= Pyrra,SER= SerresSP| = Spilia,
VEL = Velestino.

phosphoglucomutase (PGM, 2.7.2fm-1), esterases (ES, 3.1.E$;1;4.2.1.1,
Es-D), fructose-1,6-diphosphatase (FDP, 3.1.3:tlp;1), peptidases (PEP, 3.4.11,
Pep-1,-2), guanine deaminase (GDA, 3.5.438la), aldolase (ALDO, 4.1.2.13,
Aldo), fumarate hydratase (FH, 4.2.1Fh), aconitase (ACO, 4.2.1.3co-1),
mannose phosphate isomerase (MPI, 5.3MI#), glucose phosphate isomerase
(GPI, 5.3.1.9Gpi-1).

Tissue preparation, electrophoresis, and protein-specific staining were car-
ried out following Hartl and Hoger (1986) and Grillitset al. (1992). Direct
side-by-side comparisons of migrating allozymes were made including samples
of Austrian and Bulgarian brown hares on the same gels. This enabled allele desig-
nations consistent with Hagt al. (1993), Suchentrurdt al. (1999, 2000a, 2001),
and Alveset al. (2001). Genotypic interpretations of band patterns were carried
outin accordance with the respective quaternary enzyme structure (e.g., Harris and
Hopkinson, 1976; Rothe, 1994). Because of poor tissue quality, some hares could
not be genotyped for the whole array of loci because of dubious band patterns. For
the combined data analysis, the allozyme data of Bulgarian hares (Suchentrunk
et al., 2000a) were adjusted to the earlier listed 35 loci, by using only those loci
screened presently in the Greek hares.
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Data Analysis

The BIOSYS-1 pc package, release 1.7 (Swofford and Selander, 1989) was used to
calculate allele frequencies, average heterozygollgydbservedHe: expected),
proportion of polymorphic loci Pyse), mean number of alleles per locus based
on all 35 loci (A), pairwise Nei'sF values (Nei, 1977), hierarchic&l-statistics

for estimation of partitioning of relative genetic variability among Greek and Bul-
garian populations, Nei's genetic distanc€y €orrected for small sample sizes
(Nei, 1978), modified Rogers’ distances (Wright 1978), and to construct a Wagner
dendrogram from pairwise Rogers’ distances (Fig. 2). Significance of deviation of
Fst values from zero was tested following Chesser (1993%-fest was used to

test significance of different total rates of polymorphism (no criterion) for Greek
and Bulgarian hares.

The FSTAT program, version 2.9.3 (Goudet, 2001; see also Goudet, 1995)
was used to test for significant deviations of genotype frequencies from Hardy—
Weinberg (HW) expectations and linkage disequilibrium (LD) between pairs of
polymorphic loci, separately for each population. The same program was used to
calculate overall and population-specific Weir and Cockerham (1984) estimators
of Fst 6 andFis (f) and respective significance levels for difference from zero by
randomization tests. It was further used to test for significant differences in allelic
richness (Rs) with a rarefaction approach that corrects for unbalanced sample
sizes, as well as observed heterozygoskty)( gene diversity s), f, and®
values for Greek and Bulgarian hares, respectively. These tests were based on
randomly (10,000 permutations) allocating single populations to one of these two
groups (Greek vs. Bulgarian hares) and comparing the permutation results with the
original results. To account for multiple tests, significance levels were determined
for all test series according to sequential or strict Bonferroni procedures with a
nominala of 0.05 (Rice, 1989).

RESULTS

Of all 35 loci assayed, five (14.3%) were polymorphic with two to five alleles in
at least one Greek population and seven (20%) were polymorphic with two to four

Greek populations Bulgarian populations

' SER B '
R LOU SPI URA
STZAG
VEL SAN

Fig. 2. Unrooted Wagner tree (Farris, 1972) based on pairwise modified Rogers’ distances
and 35 loci. For acronyms of Greek populations see Fig. 1 and for Bulgarian populations see
Suchentrunket al. (2000a). Cophenetic correlation coefficien0.946; total tree length-

0.454.
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Table I. Allele Frequencies at Polymorphic Loci and Indices of Genetic Variability in Brown Hare
Populations From Greece

Greek populations [Locus] 8 Bulgarian

SER  PYR IER VEL SPI Lou EPI  populations
Alleles  (11.2) (25.6) (3.8) (4.8) (28.6) (9.9)  (4.9) (15.0-24.8)

Sdh

100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.975-1.000

300 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000-0.025
Ldh-2

83 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000-0.031

100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.969-1.000
Idh-2

100 0.792 0.917 1.000 1.000 0.946 1.000 0.875 0.500-1.000

130 0.208 0.083 0.000 0.000 0.054 0.000 0.125 0.000-0.500
Es-1

—42 0.100 0.184 0.000 0.500 0.050 0.000 0.125 0.000-0.139

-75 0.200 0.342 0.333 0.000 0.225 0.250 0.375 0.450-0.794

—-100 0.700 0.395 0.667 0.500 0.425 0.583 0.500 0.083-0.450

—-108 0.000 0.026 0.000 0.000 0.275 0.167 0.000 0.000-0.079

—-162 0.000 0.053 0.000 0.000 0.025 0.000 0.000 0.000
Es-D

100 0.958  0.900 1.000 0.875 0.911 1.000 1.000 0.781-1.000

141 0.042 0.100 0.000 0.125 0.089 0.000 0.000 0.000-0.219
Pep-2

94 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000-0.056

100 0.864 0.604 0.833 1.000 0.932 0.900 0.750 0.725-0.938

104 0.045 0.083 0.000 0.000 0.034 0.050 0.250 0.063-0.275

114 0.091 0.313 0.167 0.000 0.034 0.050 0.000 0.000
Mpi

77 0.000 0.000 0.000 0.000 0.020 0.100  0.000 0.000-0.025

88 0.000 0.000 0.000 0.000 0.020 0.000  0.000 0.000

100 0.792 0.840 0.625 0.750 0.920 0.700 1.000 0.806-0.977
126 0.208 0.160 0.375 0.250 0.040 0.200 0.000 0.023-0.194

Ho 4.6 4.6 5.0 4.8 4.0 4.1 5.0 1.5-4.3

He 4.4 53 4.0 5.0 3.6 3.7 3.9 2.6-5.2
Posos 11.43 1429 8.57 8.57 14.29 8.57 8.57 5.71-11.43
A 1.20 1.26 1.09 1.09 1.31 1.17 111 1.11-1.20
Rs 1192 1233 1.175 1.210 1.158 1.163 1.170 1.111-1.228
f —-0.063 0.14 -0.313 -0.125 -0.121 -0.117 -0.355 —-0.081—0.426

Note.For abbreviations and locations see Fig. 1. For comparison, ranges of respective values for eight
Bulgarian populations (Suchentruek al., 2000a) are also givell,: observed population-specific
heterozygosityHe: expected population-specific heterozygosRyso: rate of polymorphism (95%
criterion),A: mean number of alleles per locus, Rs: allelic richnésgyeir and Cockerham’s estimators

of Fis (no value differed significantly from zero; Weir and Cockerham, 1984); mean number of hares
(averaged over all loci scored) is given in parentheses for each population.

alleles in at least one Bulgarian population (Table I). The allEed162, Pep-
2114 andMpi®® that occurred at low frequencies respectively in one or more Greek
populations, were not found previously in any other study on brown hares. Overall
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rates of polymorphism (no criterion) did not differ significantly £ 0.05, two-

sided exact Fisher’s test) between Greek (14.3%) and Bulgarian (20.0%) hares.
For the Greek populations, the mean number of alleles per locus ranged between
1.09 and 1.26, and the rate of polymorphism (95% criterion) ranged between 8.57
and 14.29%. Average observeH,) and expectedH.) heterozygosity ranged
between 4.0-5.0 and 4.1-5.0, respectively.Nealue (Fs according to Weir and
Cockerham, 1984) differed significantly from zero in any population. There was
neither a significant deviation of HW proportions of genotypes at any locus and in
any population, nor a significant LD for any pair of loci, when tested separately
for each population. Population indices of genetic variability and Ng&j'values

are detailed in Table | for Greek populations (Nei, 1977), along with the respective
ranges for the Bulgarian populations.

Mean Nei'sF¢ and® values of Greek and Bulgarian hare populations (Nei,
1977; GreeceFs = 0.095,0 = 0.038; Bulgaria:Fs; = 0.100; ® = 0.086) dif-
fered significantly from zero, respectively. Among Greek hare populations, how-
ever, only 1 (4.76%) out of 21 pairwise values differed significantly from zero,
whereas 8 (28.57%) out of 28 values differed significantly from zero in pairwise
comparisons between the Bulgarian populations, and 19 (33.93%) out of 56 val-
ues differed significantly from zero in pairwise comparisons between the Greek
and Bulgarian populations (adjusted nominal level of 0.000476 after sequential
Bonferroni corrections based on 105 pairwise tests). Significance for Rgi's
values of Greek populations was proved for 23.8% of all pairwise comparisons
(Nei, 1977; Table Il). Pairwise Nei® (Nei, 1978) and modified Rogers’ distance
values were generally very low for Greek populations and of the same magnitude
or somewhat greater for Greek/Bulgarian population pairs (Table I1).

Under sequential Bonferroni correction, population-specific Rs values, rate
of polymorphism (95% criterion)}s, f, and® values did not differ significantly
between Greek and Bulgarian hares, respectively. Only population-spegific
values were significantly different in Greek and Bulgarian hares, when based
on two-sidedp values after 10,000 permutations (Table IIl). Rs values did not
vary significantly among Greek populations £ 0.949, df= 6, Kruskal Wallis
test based on locus-specific Rs values). Wright's hierarchical analysis (Wright,
1978) of population differentiation revealed that only 3.3% of the relative genetic
variation was due to partitioning among Greek and Bulgarian hares, whereas 6%
was due to partitioning among all populations studied (Table V).

DISCUSSION

Both the level of allozymic variability and the population genetic structure of
hares from Greece largely conform to those found in brown hares from Bulgaria
and central Europe (Suchentruekal., 2000a; see also Hadt al., 1989, 1990,
1992, 1993, 1994, 1995; Suchentrwgtial., 2001). Rs and other indices of genetic
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Table Il. Genetic Differentiation Among Greek Hare Populations

Between populations from Greece Between Greek
and Bulgarian
1) (2 3) (4) (5) (6) (7) populations
SER(1) 0.002 0.000 0.003 0.002 0.000 0.000 0.003-0.011
— 0.064 0.051 0.073 0.061 0.049 0.058 0.068-0.111
0.054-0.252
PYR(2) 0.001 0.006 0.003 0.003 0.000 0.000-0.011
0.042 — 0.067 0.087 0.066 0.068 0.059 0.059-0.106
0.033 0.035-0.167
IER (3) 0.003 0.002 0.000 0.001 0.000-0.014
0.034 0.050 — 0.085 0.075 0.039 0.081 0.072-0.129
—-0.032 -0.012 0.015-0.274
VEL (4) 0.005 0.004 0.005 0.004-0.023
0.068 0.082 0.100 — 0.078 0.076 0.092 0.081-0.152
—0.005 0.050 -0.014 —0.021-0.179
SPI(5) 0.000 0.000 0.000-0.013
0.046 0.046 0.076 0.08% — 0.045 0.057 0.054-0.117
0.054 0.071 0.085 0.009 0.049-0.248
LOU (6) 0.001 0.001-0.014
0.050 0.051 0.022 0.081 0.029 — 0.066 0.060-0.123
0.003 0.047 0.046 0.047 0.018 0.041-0.238
EPI(7) 0.000-0.007
0.043 0.038 0.087 0.115 0.044 0.059 — 0.031-0.097
0.007 0.010 0.073 0.146 0.030 0.046 —0.064-0.123

Note.Nei's pairwise geneti® distances (Nei, 1978) (first row) and Rogers’ modified genetic distances
(second row) are given above the diagonal. NEgsvalues (Nei, 1977) and Weir and Cockerham'’s
estimators of~s; (Weir and Cockerham, 1984 values) for relative genetic differentiation are given
below the diagonal in first and second rows, respectively. Asterisks denote significance at the nominal
5% level under Bonferroni corrections for multiple tests. Respective ranges for pairwise valDes of
and Rogers’ distances as well @svalues between the Greek and eight Bulgarian populations (see
Suchentrunlet al., 2000a) are given in the rightmost part of the table for comparison.

Table Ill.  Comparison of Overall Population Genetic
Parameters for Greek and Bulgarian Hares

Parameter Greek hares Bulgarian hares p
Rs 1.042 1.038 0.2518
Ho 0.044 0.033 0.0064
Hs 0.043 0.038 0.3542
f —0.035 0.128 0.0348
C) 0.038 0.086 0.3387

Note.Rs: allelic richnesst,: observed heterozygositils:
gene diversity,f: Weir and Cockerham’s estimator 6fs,
(Weir and Cockerham, 1984%: Weir and Cockerham’s
estimator offs; (Weir and Cockerham, 1984p; two-sided
significance value after 10,000 permutations.
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Table IV. Wright's HierarchicalF-statistics for Greek and Bulgarian Hares
(Wright, 1978), Based on 35 Loci

Comparison Variance component F-statistics
Populationx regior? 0.08714 0.060
Populationx total variance 0.13652 0.091
Regionx total variance 0.04938 0.033

Note.Variance components arfé+statistics combined across loci.
aRegion: Greece vs. Bulgaria.

diversity did not differ significantly between Greek and Bulgarian hares, except
for Hy, which was marginally elevated in Greek hares. However, three new alleles,
namelyEs-1-162, Pep-214, andMpi®8, were detected in the Greek hares with low
frequencies. Since they were absent in all brown hares from regions in central and
southern Europe (Hardt al., 1994; Suchentrurdt al., 2000a, 2001; unpublished
data) they might indeed be indicative of a Late Pleistocene refuge population in
the southern Balkan. Subfossil remains from several sites in Greece (e.g., Reisch,
1976) prove at least the occasional occurrence of brown hares during the Late
Pleistocene in this part of the Mediterranean.

Among these three perhaps endemic allelesPte21“allele apparently is
widespread at low frequency among hares from mainland Greece, whereas the
other two were found only in two populations. They might also occur at low
frequencies in a wider range in Greece but could have been missed in the small
population samples. On the other hand, while the allg##$°°, Ldh-23, andPep-

2% are present in brown hares from Bulgaria and central Europe (Suchentrunk
et al., 2000a) at low frequencies, respectively, they are absent in the Greek hares.
While theldh-222 allele of some central European populations (Hetrtl., 1993;
Suchentrunlet al., 2000a) is absent both in the Greek and Bulgarian samples, the
quite commorPep-21* allele of Greek hares likely is absent in Bulgarian hares.
The Pep-2* allele of one southwestern Bulgarian population was not detected in
any Greek population. Hence, the earlier hypothesis of its origin through gene flow
from a northern Greek population into the Struma valley in southwestern Bulgaria
(Suchentrunlet al., 2000a) is not supported by this evidence.

In summary, this distributional pattern of alleles with low frequency of occur-
rence indicates some gene pool differentiation both between Greek and Bulgarian
hares and between Greek and central European populations. It parallels the phylo-
genetic divergence of mtDNA haplotypes found between indigenous Greek hares
and those that had been imported to Greece from central Europe, reared in breeding
stations and released to the wild (see Mamatisl., 2001). Since the presently
studied Greek hares were collected in areas well away from such restocking re-
gions, and released hares presumably survive for relatively short periods of time
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in Greece (Mamuri®t al., 2001), we consider our allozyme data as typical for
indigenous Greek hares. However, all common alleles of central European brown
hares were also common in Greek hares. Thus, among the studied loci, apparently
no allele is useful to trace possible specimens imported from central European
populations and released in the course of restocking programs in Greece. We also
cannot allocate particular allozymic characteristics to certain nominal subspecies
of Greek hares, because we did not have the opportunity of morphological ana-
lyzes of the studied hares to determine subspecies and because of the incomplete
knowledge on the respective ranges of these subspecies. Moreover, some of these
nominal subspecies may not hold or be combined in the long run. As regards hares
from Crete which are considered a separate subspdcies €reticus), the few
specimens we examined do not particularly differ in their allozyme pattern from
the hares from mainland Greece. Apparently they do not exhibit reduced genetic
diversity, as might be expected from an island population, that originates from
imported hares and likely has experienced a founder effect.

According to the similar values of allelic richness, a parameter of genetic
diversity which accounts for unbalanced sample sizes, and the other indices of
genetic diversity, none of the presently studied Greek populations can be identi-
fied as one with particularly rich genetic resources. Levels of gene pool variability
for single Greek populations are moderate to somewhat elevated as compared to
mammalian standards (e.g. Tiedemahal., 1996) and compatible with allozymic
diversity in Bulgarian and central European brown hares (léagl., 1993, 1994;
Suchentrunlet al., 1999, 2000a, 2001; contrary to the misinterpretation of low
genetic diversity of European populations by Thulin and Tegelstrom, 2001). These
results suggest that the long—term low population densities reported for the Greek
hares (Mamuri®t al., 2001; Sfougarist al., 1999) so far did not have any neg-
ative impact on genetic diversity. However, to substantiate this supposition, we
would need allozymic data of Greek populations with distinctly higher population
densities.

Both the mostly insignificanE -statistics and the low pairwise genetic dis-
tance values indicated a low level of partitioning of the encountered allozymic
variability among the Greek populations. The high number of insignifiEgrind
@ values for pairwise comparisons of populations, however, might in part be due
to the low sample sizes for several populations. The only slightly greater genetic
distance values for pairwise comparisons between Greek and Bulgarian popu-
lations, and the hierarchicd-statistics indicated an only marginally increased
gene pool differentiation across these two regions. Low levels of allozymic di-
vergence appear to be common among populations of brown hares or other hare
species, even across large geographic distances in Europe (Alves and Ferrand,
1999; Hartlet al., 1993, 1994; Suchentrumk al., 1999, 2000a, 2001; contrary
to the misinterpretation of a moderate geographic substructuring by Thulin and
Tegelstrom, 2001). Low nuclear gene pool divergence was also indicated by minor
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differences in RAPD band patterns between brown hares from Greece and central
Europe (Mamuriset al., 2002), and even highly resolving nuclear markers such
as microsatellites revealed substantial gene flow between neighboring brown hare
populations in northern continental Europe, contrary to clearly restricted mtDNA
gene flow (Fickekt al., 1999). This discrepancey in geographical structuring of
nuclear and mtDNA might be due to a more philopatric behaviour of females,
which should result in less spreading of the maternally inherited mtDNA.

The F-statistics indicate a high level of gene flow among the Greek pop-
ulations. Based on the relationship between the fixation index and the number
of migrating alleles among populations under the island model of populations
(Nm ~ [1 — Fst]/4Fst; Wright, 1943), an average of 2.38 (basedrgnalues) or
6.33 (based o values) hares per generation exchange genes among populations.
This is well above the value (1.0) considered to balance drift effects in popula-
tions. Drift might be expected particularly in the Greek populations, because of
their very low densities with less than five hares per 100 hectares (Maetalis
2001; Sfougari®t al., 1999). Absence of pronounced drift together with the low
genetic distances suggest little genetic differentiation among nominal subspecies.
However, particularly in the face of the wide morphological and morphometri-
cal variability within and among hares conventionally considered to belong to
L. europaeudr L. capensige.g. Angermann 1983; see also Suchentremdl.,
2000b) and unpublished data on mtDNA characteristics (Kasagtdid., sub-
mitted; Mamuriset al., unpublished manuscript), the existing old descriptions of
Greek subspecies should be considered insufficient. A validation or revision of the
various currently listed Greek subspecies and an evaluation of their evolutionary
relationships would necessitate combined morphological and molecular exami-
nations based on large numbers of hares from many locations, with a particular
emphasis on both nuclear and mitochondrial marker systems.
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3. XYZHTHXH

3.1 Tevetikn] dop] Kol QUAOYEVETIKES GYECELS TOV TANOVOPOV TOVL

EVPOTTATKOD AayoV HeE avaivon Tov pitoyovoprokov DNA

>t pedém tov Stamatis et al., (2009) npaypotorombnke avdivon tov MIDNA pe ™
uébodo RFLP og tpia tpqpata tov yovidiopartog (Cytb/CR, COI ko 12S/16S rRNA). H
avédivon mpaypoatomrombnke oe 926 oOsiypota gvpomaikov Aayod, amd 33 meproyég
detypatoAnyiog mov mpoépyoviav and 15 yodpeg e Evponng ko g Acioc. Emmiéov
avalvOnkov aAiniovyieg g meproyng eréyyxov (CR) tov ptoyovépiakod DNA omd 69
delypata Aayold, AVIITPOCOTEVTIKG omd TIG MEPLOYEG OstypoToAnyiog, ot omoieg
ovykpidnkov pe 137 akAnlovyieg mov tponAbav and v tpanelo dedopévav GenBank.
And v avaivon tov MDNA pe ™ pébodo RFLP mpoékvyav 112 aridtumor ot omoiot
OLOOOTTOLOVVTOL GE TEVTE, EUPOVASG OLYMPIOUEVES, PLAOYEMYPUPIKES OTAOOUAOES, Ol
omoieg elvat ot €ENG:

1. Notwoovatolkod Evponaikod tomov Athoopdda (SEEh)

2. Avorolkob — Mecovatolkod tomov AmAoopdda (AMh)

3. Evponaikod tomov Athoopdda — Ymoopdada A (EUh-A)

4. Evpondikov tonov Andooudda — Yrnoopdade B (EUh-B)

5. Evdidpeon Anhooudda (INTERh)

To 59,8% tng cvvoAikng ToKIAOTTOS TOV ptoyovoplakohd DNA, sivor amotéleospa
NG OLOOOTOINONG TOV OTAOTUTI®V OTIS TEVTE amAoopddes. Emiong, to dedopéva mov
TPOEKLYOV OO TNV OVAALGT] TOV GAANAOLYLOV GLUEMOVOLY HE TO OMOTEAECUOTO TNG
avédivong tov MDNA pe ™ pébodo RFLP, kaBdg 6Aeg o1 arliniovyiec mov avaivdnkay,
TPOCUPUOCTNKAV  (PLAOYEDYPOPIKA OTIG OMAOOUAOES, EVIGYVOVTOG TNV TOPUTAVED
ounadomoinon.

ATO TV avAALON OmOOEIKVVETOL 1 VTOPEN pioag peyaing Covng emkdAvyng ot
Bopetavatoikn EALGOa kot T Boviyapia, Adyw ¢ mapovsiog amAoTOT®mY Kot oo TG
TEVTE AMAOOUADES, TO 0molo £xel avapephel Kot o€ TPONYOLUEV LEAETN GTOV EVPOTATKO
Aoy6 amd tovg Kasapidis et al., (2005). H mepoyn avt) mapovoidlel tv vymiotepn

VOVKAEOTIOKT O10PpOPOTTOINGT| Ad OAEC TIG TEPLOYES, KAOMS, EVIOTIOTNKE TO HEYOADTEPO
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1060010 anhotonev (31,3%) amd omowdnmote AGAAN mepoyn. Ta odedopéva dev
OTOOEIKVOOVY TNV €MEKTACT TS (OVNG EMKAALYNG 6TV AVaToAr], Omwg vrootnpiletal
amd v gpyacio tov Kasapidis et al., (2005). Qotoc0, Yo va emPefaiwbodv avtd ta
evpruata, Bo mpénet va avarlvBodv mepiocodTepa delypato Aaywdv and tn Bopelodvtiky
Tovpxkia.

Amo 10Ug amidtvmovg TG Lovng emikdAvyng, tpelg amiotvmor (Evoidueon
Amhoopado INTERh), epgavifovv pio evoidueon 0éon oe oyéon pe v Amloouddo
(SEEh) xa1 ™v Amlooudda (AMh). H odvdeon tov amhoTOT®V OUTOV HE TIC
Amhoonddeg SEEh kot AMh ka1 n mapovsioc Tovg poévo otV TEPLOYN EMKAAVYNG,
VIOdEIKVOEL OTL TBovOV va. £xovv dtacmBel amd pio apyaio yovidlokr de€apevn and v
onoio e€ehiybnkav ot Athoopdadeg SEEh kot AMh. Qotdoo, yo v evioyuon avtig ™G
Oewplog elvar amapaitmtn n avaivon aAnOvcpdv Aayol omd TEPLOYES YEITOVIKEG TNG
Lovng emkdivyne, omwg ¢ Povpaviog, g Kevipikng Boikavikig Xepoovicov,
neploxés Popea e Mavpng Odrococag, Kabmg ko mepoyés g Tovpkiag mov
yeurvidCovv pe v EALGSa.

Amo Vv avdivon tov diktdmv mopatnpeitonr 6Tt pHOvVo TPES OmMAOTLTOL Omd TNV
Amhoouddo SEEh givon Tpdyovor tewv amrotinmv e Anhoopddag EUh-B. Exriong, tpeig
amotomol g Amloopddag EUN-B, ot omoiot Bpébnkov otovg minBuouodg g
Boviyapioc, g Bopetog ko Boperoavatoikng EALGdag, cuoyetiCovtar otevd pe tpelg
amAoTuIovg ¢ amloouddag EUN-A, ot omoiot Bpébnkav ce dropa tov tAnBucumv g
BovAyapiog, e ZepPioag kot otnv mieovotra tov atdpov g Kevipung Evponng.
O)ot o1 amAdtumor wov Ppédnkav oty Kevrpikn, Bopetodvtikn kot Notodvtikr| Evponn
TPOEPYOVTOL 0o dVO amAdTumovg TG amAoopdadac EUD-A, ot oroiot Bpébnkav, emiong,
o1 BovAyapio. Ot moAd 6TeEVEG PLAOYEVETIKEG GYECELS OAMV OVTAOV TOV OTAOTOHTWV, TOL
amovIOvVTol o€ peydio tuqpata g Bopelag, g Bopetodutikng kot g NoToduTIKNg
Evponng, evioybouv m Besmpio Tov TOYOTOTOL EMOIKIGHOD TMV TEPLOYDOV OVTAOV OO
EVPOTOTKOVS AoyoOg pe TV €£0c0évnon Tov KAMUOTIKOV QOIVOUEVOV TNG TEAELTOLNG
[Teprodov tov Mayetdvov (Corbet, 1986).

H pewopévn yevetikn dapoponoinorn tov amlotomov e omioopddas EUN-A
otovg TAnBucpovg g Bopetag, Bopetodutikng kot Notodvtikng Evpdnng, épyetor og

avtifeon pe ) Bewpio VTapENg katapuyiov L. europaeus oty Ipnpikn Xepoodvnoo kotd
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™ Oodpkela g terevtaiog [lepiooov twv Ilayetdvov, kabmng kot pe v Hmapén
yovidrokng pong amd v Avatolkn Evpodmn kot tig meployég e Zifnpiag mpog v
Kevtpwn Evponn, petd v Iepiodo tov [ayetdvov (Corbet, 1986, Suchentrunk et al.,
2000). Q¢ ek T00vTOL, TO dedopéva dev cLUE®VOLY pe TV vobeon twv Bilton et al.,
(1998), 611 mOAAG €idn ONAacTik®V petovdotevoay and v Avatodikn Evponn 1 and
neployég g Zimpiog mpog v Kevipikn Evponn, petd v Ilepiodo tov [Hayetdvov.
AvtiBétwg, evioybeton n Bempio Tov emMOKIGHOD peYAA®Y Teploydv ¢ Evponng amd
TANOLGLOVG Aayoy amd TIC KEVIPIKEG Kot VOTIEG TEPoyES TV Boikoaviov petd v
[Tepiodo twv Iayetdvov. To ceviplo ovtd taplalel pe 10 TpOTLVIO EEATAMONG TOV
TAnBvopmv and Mecoyeslaxd katapvyo (Taberlet et al., 1998, Hewitt, 2000).

Ot evponaikol Aayoi Tov Bpetavikdv vnoldv, ot onoiot Bewpodvian Eexwplotd
vroeidog (L. e. occidentalis), Bpébnkav vo €xovv GTEV] GLUAOYEVETIKY GYEON UE TOVG
Aayotg e Bopelag Hrepotiknig Evponng. H yevetikn moucihdtta tov tAnfucudv g
M. Bpetaviag ntav moAd yapnAr. O mAnbucpoc mov mpoegpyotov ond t Bopeia M.
Bpetavia gppdvice poévo évav amidtumo, o omoiog Bpébnke povo otov mAnBvoud g
Boépeiag I'epuaviag, kovtd oto cvvopa pe ™ Aavia eved o minfvcpdg e Notwog M.
Bpetaviag eppdvice évav, emiong, povodlkd omAOTLTO, TOV TO KOWO KOl €VPEMG
egomlopévo amhotomo tng amloouddog EUh-A, o omoiog amavtdrol, emiong, otov
minBovopd g Bopelog I'eppoaviag. Emopévoc, sivoar modd mbavod or minbucpoi twv
Aayav g M. Bpetaviog va mpoépyovrtan gite and mAnBucpovg g Bopeag I'eppaviag, ot
omoiot petagépbnkay ota vnotld avtd ite and Tovg apyaiovg Popaiovg | and vedtepeg
amowkicelc, gite eEontiog PLGIKNG HETAVACSTELONG TOL €id0Vg Pécw piog COVNS-YEPLPOG
Enpag, mov vmnpye xotd TN odpkelwr Tov Nemdtepov OAOKOIVOL Kol GUVESEE TO
Bpetavikd Nnoid ko tnv Hrepotikn Evponn (Corbet, 1986, Suchentrunk et al., 2006).

Ye mévte hayovg amd Tig votieg EAPetikég Admelg Ppébnkav tpelg amldTumol ot
010101, PLAOYEVETIKA, NTOV OPKETE GLVOEOEUEVOL E TOVG AMAOTUTTOVG TNG ATAOOUAdOG
SEEh. Emiong, évog omAdTLIOC 0md TOLG TTOPATAvVm, OVIUTPOCHOTEVE Kol TO TEGGEPQ
dropo mov mpoépyovrov amd v ItaAic, oAl eviomiomnke kol otov TANBLGUO TOL
Bpadétov e Avtikig EAAGSag. Avtd to tpdTumo dtacmopdg Tov putoyovoplakoh DNA
VTOONAMVEL T1 QULGIKN YOVISWOKY pony HETOED Tov TANBuoudv Aoyod omd

Bopetodvtikr; EALGSa mpog v Kevrpun Itodio péow piag Covng-yépuvpag Enpag ot
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Bopeia Adpratikn, avapeca oty Itaikn ko BaAkavikn Xepodvnoo, kotd 1 didpkela
tov Nemtepov OAdkatvov Kot Tov Tedevtaiov [TAeiotdkavov. Avti n Bewpio coppwvel
HE TO OMOTEAECUATO OV TPOEKLYOV OO TNV OVOAVLOT TOV OAANAOLYLOV, TO OTOld
delyvouv 0Tt dvo amAdtumol amd v Itadior eivar UAOYEVETIKE GUVIESEUEVOL LE TOVG
amlotumovg g Amhoopdadog SEEh kot dev cvppmvodv pe v dmapén tov vrogidoug L.
e. meridiei otV ItaAia (Pierpaoli et al., 1999). Ocov agopd otovg Aayovg g EABetiog
mov avikovv otV Amlooudda SEEh, mbavov va mponibav omd Evav apyéyovo
minBovopd g Itaiioc, o omoiog petoxkwvnOnke mpog tic Notieg AAmelg petd v
voydpnon tov Hoystdvov. H topovsio Aaydv mov avikovy oty Amioopdda SEEh
omv Itoda, v EABetia kor v Avotpio pmopel, emiong, va eivor amotéleoua
EI0AYOY®OV Kot aneAevfepdoemv oTig mePLoyEg anTes. Ol eMKPATEGTEPOL ATAOTVTOL GTNV
Itodio. eivan ot amAdtomor g Amioopdadog EUh-A, odpugove pe ) cuvovaouévn
avaALGT TOV GAANAOLYIOV TG HEAETNG HOG Kot avTdv ¢ pehétng tov Pierpaoli et al.,
(1999). 'Eva mbavo puAoyevetikd cevdplo Oa tav 0Tt o1 amrAdTLTOL 0VTOL EPTOcHV EKEL
petd v e&animon tov Aayodv tpog Vv Itaiikr Xepoovnoo petd 1o Televtaio Méyioto
tov [ayetdvov (Pierpaoli et al., 1999). Evolhaktikd 1} cOUTANpOUOTIKE, 1 avEnpévn
nopovoia amhotomov g Amhoopuddac EUh-A otig meproyéc avtég, Ha pmopodoe va
e&nyndel kar amd ™ abpoda elGaymYN AAYOV OO YEITOVIKES YDPES, 1 OTToio SMPKNGE Yo
nepimov évav awdva, pEypt t oexkoetic tov 90. IMapopoieg dpdoelg mbavdv va
QVTIKOTESTNOOV TOVG  YNYeveis amlotumovg g Amloouddac SEEh, oto peyolvtepo
tunpo g Itodiog (Pierpaoli et al., 1999).

H mopovsio amlotinmv g Anloopddag (AMh) otig votioavatoMkég meployés
™m¢ BaAkavikng Xepooviioov vmodnAMVEL T YOVIOLOKT PO amd TEPLOYES TNG AVATOANG
npo¢ v Evponn, pécw yépupag Enpdg oty mepoyn tov Boomdpov v Terevtaia
[Tepiodo tov ITAeiotOKOIVOL, 1 oMol e€apavioTnke AOY® TG avENoNg TG oTABUNG TG
Odraccac 8000 ypovia m.X. (Gokasan et al., 1997). H Oewpio ovt copemvel pe v
vdOeom OTL o1 evpwmaikol Aayol petavdotevoay and TV AVOTOAN TPOG TEPLOYES NG
Notioavatoikng Baikavikng Xepooviicov oAl Kot amd T akTég g Mikpac Aciog
TPoG To VNold tov AvatoAikob Atyoiov, OTav Ol MEPLOYEG OVTEC NTAV EVOUEVEG WE
Tuquota Enpdg, v Tedevtaio [epiodo twv Mayetdvov 1 v Iepiodo tov Nedtepov

OMokawvov (Kasapidis et al., 2005). H voukAeoTidiky TOIKIAOTNTO TOV AOYOV OTIC
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TEPLOYEG OWTEG TAPOVCIACTNKE OTA O EMimMEdD e T TV Aaydv g Tovpkiog Kot
tov IopanA, amodeikvbovtag 0Tl dev emnAbe Kopio peimon g TOKIAOUOPPIOG TOL
MtDNA efottiog ™G HETOVACTELTIKNG Topeiog TV TANBLGUOY ToL Aayod omd TNV
AvoatoAn mpog v Notioavatorkr) Evponn. Xe avtifeon pe v Kevipikr Evpdnn kot
mv Amhooudda EUh-A, 1 yevetikn avdivon tov mtDNA ypnolpomoidviog ta dedouévo
tov RFLP aALd Kot tov aAAnlovyidv, delyvel 0TL | Teployn TS AVATOANG Topovctalel
™V VYNAOTEPN  YEVETIKN dlapopomoinor, €ktog ¢ (dvng emkdivyng, o1
Notoavatolikn Baikavikn Xepodvnco, amodetkvhoviag Tn GLVEYT TAPOLGio TOL I00VG
oT1g meployés avtéc. To mbavdtepo cevaplo eivar 0Tt o1 TePoyEg TS Avatodng vapEay
SPKOG €va Ploye@ypapikd GTavpodpoutl Yo TOAAG Onlaotikd Kot d&xOnKav peydan
yovidlokn pon amd mopokeipeveg mepoyxés g Evpacioag ko g Aepikng xotd
didpketo tov [Thstotokovov kat tov Oldkavov ( Cheylan, 1991, Sert et al., 2005).

AopBdavovtag vroyn tic vyniég Tipég Fst mov mapatnprnkov otovg avtdyBoveg
minBucpovg g EALGdag, mov vmodnidver ) pikpn yovidlakn pon tov MIDNA kot
avénuévn erhomtatpio Tov Onlukodv atdpwv (Mamuris et al., 2001), n {ovn enikdioyng
eoaivetal vo eivol opKeTd exTeTaPEVT). AKOVGOIEG, OVOP®OTOYEVEIG LETAKIVIGELS AoyDV Otd
TIG VOTIOOVOTOAIKES TTPOG TIG POpeteg Kot duTikég meptoyég s BovAyapiag icmg eiyav wg
OmOTEAECHO, TNV TEYVNTN €mékTaon TG (OVNG €mKOALYNG Kot TPOG OAOKANPTM 11|
Boviyapia. EmmAéov, n dmapén pog eKTETAUEVNC TEPLOYNG EMKAALYNG KOl 1] TOPOLGIN
Tov andotonov g Evoidueong Amloouddag INTERh povo oty meproyn g {ovng
eMKAALYNG VITOJEKVOEL OTL 1 AVAUELET] TOAD SLOPOPETIKAOV TUTMV YOVIOUDUOTOG AOyo
oTNV TEPLOYN AT OV glval, amid, £vo TEPICTUGLOKO QAIVOLEVO, e HKPN eEEMKTIKT
enintoon. Ta dtupopetikd avtd yovididpata, mbavov, vo petaifaloviot emttoy®g and
YEVIAL GE YEVIA Y10 HEYAAO YPOVIKO OAGTNUO KOU UTOPOVV VO EMNPEACOVV KOl V.
OOTPEPADOCOVY ONUAVTIKE TO (QLAOYEVETIKA Kol TOEWVOMIKG GUUTEPAGUOTO, €6V
peAetdrol pkpod poOvo detypo atdpmv amd o meptoptopévn mepoyn. Eva mapddetypa
EVTOVIG €1G00YNG YOVIOIOHOTOG, 0TO YEVOG Lepus, petd amd vppocud, ivor n tepintmon
tov L. granatensis mov déytnke MtDNA yovidiopa and to L. timidus (Melo-Ferreira et
al., 2005; Alves et al., 2006) kot amd SiGpopa GAro €161 Lepus ¢ KevTpikng kot Gmm
Avarolkng Aciag (Ben Slimen et al., 2007).
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Yy epyacio tov Stamatis et al., (2008) avolvOnkav, petd omd aAiniovyion
tRNA yovidlia oo MIDNA, c¢ detypato vpomaikod Aayod amd SpPOPETIKES TEPLOYES
detypatoAnyiog. Mekethnikov ot évoo- kot Olo-£101kEG UETOAAAEES pe OKOMO Vv
e€NyNOoLV 01 PLAOYEVETIKEG JLOPOPOTOUCELS KOL 1 SIOPOPETIKY YEWYPAUPIKT] KOUTAVOWT.
H oavédivon emkevipodbnke oto yovidld TOL K®OKOTOOVV Yo TO tRNA™ ko 10
tRNA™®, 300 yovidia mwov evromiCovtatl kovtd otnv meployn eréyyov (D-loop), n onoia
YpNoLonoleitol evpémg o€ peAéteg mov e€etdlovv TIG €EEMKTIKEG, PLAOYEVETIKES KOl
QLAOYEMYPOUPIKEG OYEGES METAED SLOPOPETIKMY 0OV GAAA Kol péco 6to 1010 €l00G.
EmumAéov, ta 800 yovidia kwdukomolovv avtimpoconevutikd popto tRNA, epodcov 1o éva
petaypdoetor and v «eraepldy aivcido tov MIDNA (aivcida miovola ce C mov
kodwomnotel yioo 14 tRNA) kot €161 katalnqyel o €va «Bapv» tRNA"®, evé 10 @rho
petaypdpeton and v «Papid» arvcica MDNA (oivoido mwhovoww oe G mov
kwowonotet yio oktd tRNA) ko €101 Katahnyetl oe Eva «ehagpO» tRNAT (Anderson et
al., 1981). Xt6y0g emiong Mrav kot 1 dgpedvnon Tov Katd 1OG0 ovTd To Yovidia Oa
pumopovcav va ypnoipomomBodv ®g poprokoi Oeikteg Yy v eEaywyn YPNOLOV
(QULAOYEVETIKOV KOl  (QLUAOYEOYPOPIKAOV TANPOPOPIOV UE  TOVTOYPOVN  TOPAYWYN
amoteAecpudtov o Poymuikd  emimedo. Bdoer  amokAelotikd TtV dedopévov
aAAniovyong mov mpoékvyav omd T prtoyovoplokd yoviowe tRNA, n avdivon
eotiaotnke oe Béoelg mov d0ev Bo pmopovcay Vo ETNPEACOVY T GUVOAIKT dOUN TV
popimv, aAld Bo propodcoay mOavE Vo GUVEICOEPOVY GE SLOPOPETIKT] PUAOYEVELD HEGOL
0710 €100¢ L. europaeus mov mopovctdlel S1POPETIKT YEMYPAPIKY| KaTavour|. TELog avtd
10, amoteEAéopata cuyKpiOnkav pe mponyodueveg peréte (Kasapidis et al., 2005).

ATO ™V avaAvon TV 0AANAOL IOV aviyvedTnKe pio HETAAAAEN Yol TO YOVidlo
tRNA™ ot 6éon 13 (U13C) kon pio petddhoén otn 0éon 39 (A39G) yia 1o yovidio
tRNA™. Ta amoTeAEoHATO TG TANOVGLIOKNG aVAAVONG, GTNPLLOUEVO GTO TPOTYOVLEVOL
VPN LLOTO, OPASOTTOINGOV TOVG TANOVGLOVG TOL AayoD GE dVO KOPLEG PLAOYEWYPAPIKES
opdoeg: M TPdTN opdda TEPAAUPAVEL TOVG Aayovg amd ) Bopewa, v Kevrpun ko
Notioavatoikn Evpann, n dedtepn opdda mepthapfavel Tovg Aayovg g Tovpkiog kot
tov lopand evd ot BovAyapia kot ™ Bopetoavatolkn EAAGSa amavtdvtot Kot ot 900
onades (Covn emkdioyng). Ta amoteAéopato avTd GLUEMVOVV LE TN PLAOYEDYPOUPIKN

KATOVOUT TOV TANOLGUOV TOV AoyoD, TOV TPOEKVYE OO TNV AVAAVGOT TOV OAANAOVY IOV
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¢ meproyng D-loop (Stamatis et al., 2009). Agdouévov 011, e&ehiktikd, ta yovidia tRNA
elval ToAD cuvinpnuéva, ot PETUAAAEELS Ol OTOleg EMPEPOVY OALUYEC OTOL LOPLOL TOV
tRNA, pmopel éyovv onuovtikn enidpacn omv €EEMKTIKY] TPOGOUPUOYN GLYYEVIKOV
€10MV 0AAG Kot péso 6To 1010 €100, Ao TNV 0VAAVOT) TPOKVTTEL OTL Ol LETAALAEELG OTAL
00 avtd yovidln oyetiCovion e pior EVOIAKPITN YEWYPAPIKT KOATAVOUY TV TANOLGUOV
tov Aoyod. To yeyovdg 61t ot voukAeotdwée ordayés tov yovdiov tRNA mov
peAethOnkav, epeaviCoviot og Eva peydro apBpd atdpmv L. europaeus, vrodeikvoet 6Tt
ot 0AAYEC aTEG dgv emnpedlovTat, TPOg TO TPV, amd TV TECT TNG PUOIKNG EMAOYNG.

Ymv epyacio tov Mamuris et al., (2010) mpaypatomomibnke ovdivon tov
GAANAOLYIOV TOL KVLTOYP®WOTOG b, o delypota 75 Aaydv, OVIITPOCOTEVTIKOV TMOV
YOPOV Kol TOV amAoopddwv, Onmg meptypdonkay oty epyocio tov Stamatis et. al.,
(2009). Amdé v avdivorn mpofékvyav 57 SpOpPETIKEG aAANAovLYieS, Ol omoieg
opadomomOnkav e técoeplg amioopnddss: v amioopnddo CBEU-A, mov Bpébnke otnv
Evponn, extoc g EAMGdag, 11 amioopddeg CBSEE kv CBEU-B, ot omoieg
evtomiotnkay otv EAAGSa  kor ™ BovAyopio kot v amroopddoa CBAM, n omoia
evromiotnke otn Bovlyapia, ™ Boperoavatoiun EAAGda, T Tovpkia ko to IopoanA.

H ouloyevetikry avdivon tov kvtoxpopotog b emPefordver v vmopén
TEGGAPMOV OLOPOPETIKAOV OTAOOUAd®V, YE®YPaPKd kKabopiopuévav oty Evpdnn kot v
AVOTOAT), OTOTEAECUOTA TOL OOl GLUPMOVOLV UE TIG TPONYOVUEVEG WEAETEG OF
drapopetikég meployég Tov prroyovoplakov DNA (Stamatis et al., 2008, 2009). Eniong,
oo TNV ovVAALOY TV YEVETIKOV OMOGTAGE®V EMPERAIOVETOL O GAPNG OLLYOPIGUIS TV
EVPOTAIKAOV Aay®V TG AvatoAng omd tovg Aayobg ™ Evpdmng oto emimedo tov
mMtDNA (Stamatis et al., 2009). H vynAdtepn T} voukAeoTidikng d10popomoinong,
avapeco ot TEooEPLS  OmAoOoUGdEG, mapatnpnOnke omv amhooudda CBAM,
OTOTEAEG O, TO OTOT0 EVIGYVEL TNV AmoYN OTL 01 TEPLOYEG TNG AVATOANG dEXONKOV LEYAAN
yovidlakn pon omd mopakeipeveg meployés ¢ Evpaciog kot g Aepikng katd
ddpketo, Tov IMieotokaivov kar tov OAdkawvov ( Cheylan, 1991, Sert et al., 2005).
AvTBETOC, N YOUNAOTEPT T VOUKAEOTIOKNG O10(pOPOTOINoTG, TOV TOpATNPNONKE oTNV
amioopdoa CBEU-A, vodeikvidel Tov Yp1yopo, GYETIKA, EMOIKIGUO EVPVTEPWOV TEPLOYDV
¢ Evpdmng kor v dupeon e&dnimon tov ewdonv petd v Ilepiodo tov [Hayetdvov

(Kasapidis et al., 2005, Fickel et al., 2008, Stamatis et al., 2009).
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3.2 ITin0vopaxn perétn Tov Lepus europaeus oto ypopocopa Y

Xty epyaocia tov Mamuris et al., (2010), TopdAAnia pe Ty ovaAvGT TOL KVTOYPOUATOG
b, TpaypotomoOnke oviAVLGN HOPLOKOV SEIKTOV TOV YPOUOCHOUATOS Y TOV EVPOTOIKOD
Aayod, ot omoiot kKAnpovopoOvIol HOovoyoveikd, pe okomd vo cvykpldel to TPOTLTO
KOTOVOUNG TNG YOVISIOKNG TOLG PONG HeE ovTd Tov putoyovoplaokod DNA oAAd kot pe
deiktec o1 omoiot kKAnpovopovHvtal dryoveikd (aAroévivpa, pikpodopvpopot, RAPDS). To
MIDNA eacpariler minpogopieg LOVO Yo TV UNTPIKY GEPA Kot 1 YpNyopn €5EMEN
TOV TO KOVEL EVAAMTO GE EUIVOUEVA LETOAAOKTIKOV Kopeouov (opomhacio) oe Pdbog
TOAD  UEYOAMV  EEEMKTIKMOV  YPOVIKAOV  KAMUAK®V. EmnpocHétwg, civar kord
TEKUNPLOUEVO OTL ToL eEEMKTIKG TPOTLTTOL EVOS LOVO YOVISTOL 1) aAAnAovyiag Oev Hmopovv
Vo GLYKPBOVV amapotTtTMG Kol Ogv amodidovy pe axpifeta v e£EMEN TOL OPYAVIGHOD
(Avise, 2004). X& avtidtaoToAn, T0 ¥ ¥poOUOcOUN TOV ONAACTIKGOV £XEL AVOTNPA TUTPIKN
KAnpovounon kat pkpdtepo pubud petalddéewv oe oyéon pe to MtDNA (Schaffner,
2004). Av ko1 ot yevetikoi tomor Tov MDNA kot Tov ypopocodpotog Y eivar amlogidn
GULGTNLLOTO TTOV KAT|POVOLOVVTOL LOVOYOVEIKE , TO TPATLTOL OGTOPAG TOV EVPMOTATKOV
Aayov Qo pmopobcoav vo. 00MYNGOVV GE CNUOVTIKN YE@YPOEIKN O10(pOPOTOiNcT TMV
arAotomwv tov MIDNA, oAld oe o eviaio €upEMS OUOYEVOTOMUEVT] YOVIOLOKN
de€apevn, 660V a@opd 6Tove AmAdTVITOVS ToL Ypwuoomdpatoc Y (Melnick & Hoelzer,
1992). Emouévmg, peletdvtag tantdypova Kot To 600 cvotiuata o pumopovoe vo
OLELKOADVEL TN GLYKPLTIKY oviAvorn, ®cte (o) va depevvnBodv ot SdPOUES TNG
YOVIOLOKNG pONG 6€ OAN TNV kotavoun tov gidovg oe Evponn kot Avatoria ko (B) va
KatovonBel to Katd OGO Ol YEVETIKOL OEIKTEG TOV YPOUOCOUATOS Y, TOL £Y0oLV &va
TPOTLTO O1OGTOPAS GLUVOEOEUEVO LLE TUPNVIKT] YOVIOIOKT PO TV OPCEVIKMV, TOPAYEL
QVAOYEVELEG IOV Tpocopotdlovy e Tao ahdoéviupa, dAlovg deikteg mupnvikov DNA kot
™ popeoAroyia, 1 tapldlovv pe 116 puAoyéveleg oo MIDNA, pe 1o omoio powpdlovton
TNV LOVOYOVEIKN KAnpovounon.

On deikteg mov ypnoyomomOnkav Nrav éva tuua tov eEwviov tov yovidiov SRY
(sex determination region- @uA0-KaOoPIoTIKOC TapdyovTag) Kot pio TEPLOYN VIPOVIOv

uetaéd tov eEoviov 8 kot 9 tov yovidiov DBY (DEAD box Y-linked), ot omoiot dev
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enpaviCouv kavéva, avoovvolooud (Gubbay et al., 1990, Sinclair et al., 1990, Hellborg
kot Ellegren, 2004).

H mnbvopioxn avdivon amokdAlvye TPelc OPopeTIKEG aAAnAovyieg Yo To
e&avio SRY ( EX-A, EX-B, EX-C) kot dvo aAiniovyieg yio to wvipdvio DBY (IN-A, IN-
B). And v avdivon tov eEmViov TPOEKLYE OTL 1) GLVIPUTTIKY TAELOVOTNTA TOV AOYDV
elyav tov amhdtomo EX-A, tpeig Aayol amd to Notwo Iopanh lyav tov anidturo EX-B
eva évog Aayog amd to Bopelo Iopani gppdvice tov aniotvrmo EX-C. Ocov agopd v
mAnBvcokn avdivon tov wrpoviov, o amdotunog IN-A Bpébnke oe GAovg Tovg Aaryoig
¢ Tovpxkiag, Tov lopani, 610 27% twv Aayodv g BovAyapiag kot oto 6,8% twv Aaydv
g EALGdag, amd Tovg omoiovg ot oktd aviyvehnkav otn Bopeloavatoiikn EALGSa kot
téooepig omnv Kevipikn EAAGda , evd o amdoturog IN-B Bpébnke otnv mieiovotnta tev
Aayov g Evponng evad amovciale eviehdc amd tv Tovpkia kot 1o Iopani. Ta
dedopévo. g  avdAvong amokGAvyav  xounAd emimedo  €vOOEWWKOD  YEVETIKOV
TOAVLOPPIGUOV TOV JEKTOV TOL YPOUOCOUOTOS Y, kATl mov &iye avapepbel Ko oe
Tponyovuevn ueAETn Tov yovidiov SRY otov evpmmaikd Aayd (Putze et al., 2007).

Ot Aayol mov peretnOnkov oty gpyocio avty, elyov Tponyovuévmg avaivbel o
eninedo pitoyovopliokod DNA (Stamatis et al., 2009), divovtag ) dvvatdmro Yo
OUYKPION TOV OTOTEAECUATOV TOV 000 OEKTMOV TOL KANPOVOLOLVTOL HOVOYOVEIKA.
Eniong ta 10w dropo €xovv peretndel @g mpog TNV YEVETIKN TOVS S1POPOTOINCT OE
eminedo mupnvikov DNA, ypnoipomoiwvtog deikteg kpodopueop®Vy, aAloeviOImV Kot
RAPDs. Ot pehéteg oavtég, €deiav  €vo  yevikevpévo mpdtumo  mANOLGHIOKNG
Towilopopeiog Kot  dlpopomoinone, He OYETKE  peydAo aplBud  HOVASIKOV
OAANAOUOPPV OALG e EVOEIEELS Yoo TOPOVGIN YEVETIKNG PONG UETOED TANOVOU®V TOL
Bpiokovtar og yertovikég meployés (Mamuris et al., 2002, Suchentrunk et al., 2003, Sert
et al., 2005, Ben Slimen et al., 2008). Avtifétwc, ta dedopéva Tov TPOEKLYAV OO THV
avdALON TOV JEIKTOV TOV YPOUOCOUATOS Y VIOONADVOLV TNV Topovsic 600 KOPLOV
(QULAOYEVETIK®OV KAAOWV, Yoo TOV €upomoikd Aayd, avdiueca otnv Evpomn kol v
AvatoA). H voukAeotidikn 010popomoinon avapesa otoug 600 aTovg AmAOTHTOVS NTUV
TOAD YOUNAT, e HOVO Hiol VOUKAEOTIOKY] OVTIKATAGTAOT). ATO TIC TPONYOVUEVEG LEAETES
oto ptoyovoprokd DNA omodeiynke m mapovcio piog peyding {ovng emudioyng

amAotomv ot BovAyapio kot 1 Bopeloavatoiikn EAAGSa. v meproyn ovtn
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mapoatnpeital, €miong, KoL 1 TOPOLSIK TOV dVO OTAOTLIOV TOV TPOEKLYOAV OTd TNV
avOALOT TV OEIKTOV TOL YPOUOCOUATOS Y, TOL EVPOTAIKOV KOlL TOL OVOTOAKOV
amAOTOTTOV, YEYOVOG OV eVicyVeL TV Bewpia mepl dmapéng Yovidtakng pong amd meEPLOYES
™¢ Avatolg mpog v Evponn, péow plag Lovng Enpag oty mepoyn tov Boomdpov
v Televtaio [Tepiodo tov ITAeiotOKOVOL, 1| OMOlaL e€apaviotnke, AdY®m TG aOENONG
™¢ otdbunc g BdAaccac, 8000 ypovia m.X. (Geoffrey kou Hosey, 1982, Gokasan et al.,
1997). Ze avtifeon pe to puroyovoplakd DNA, Bpédnkav Aayol otnv Kevrpwkn EALGSa
ot omoiot giyav avatoikov tomov Y-DNA. Eivor mbBoavov n tdon tov InAvkadv Aaydv o
euomatpio va Kabiotd mo duckoin 1 dracropd tov MIDNA ce oyéon pe 1o DNA tov
Y ypopocouatog, 6nwg eniong, vrdpyet N mbavotta ot Aayol avtol va mpoépyoviat and
npoyevéotepeg omerevfepmoelg Aaydv, ot omoiot &wonyOnoav omd mEPLOYES NG
Boviyopiog (Stamatis et al., 2007). To 6Ovoro TV TOAHOPPIGU®Y 6T0 Y YPOUOCHLLO
evtomiotnke 61OV MANOLGHOVS TG AVOTOANG, TOPA TO GYETIKE WKPOTEPO aplBuod
atOp®V TOL avalvdnkav o€ avtn Vv Tepoyn (N=38), oe cyKplon pe ToVg TANOVGUOVG
™m¢ Evpodnng (N=407). OAeg o1 VOUKAEOTIOKEG OVTIKATAGTAGELS TOV OVIXVELTNKAY GTO
eEdvio tov ypopocopatog Y, evtomiotnKav oe TpEg Aayovg omd to Iopani,
dwywpilovtag Tovg Aayos avtohs amd Tovg LIOAOUTOVS Aayovg g Tovpkiag kot Tov
Iopani. Ot moAvpopeiopot avtol gival, mOAvVOV, ATOTEAEGUO GUVEXOUEVTG YEVETIKNG
pong kol yovidlokng dleicdvong omd yerrtovikég meployés tov loponA, AapPavovrag
VEOYN TOV EKTETAUEVO O10.E101KO VPPIOIGHO pésa oto Yévog Lepus, ommg £xel avapepOel
oe moAMég meputtwoelg ( Thulin et al., 1997, Melo-Ferreira et al., 2005, 2007, Alves et
al., 2006, Ben Slimen et al., 2007).

3.3 AvOpomoyevelg OpaoTNPLOTNTES, EKTPOPES Kol amerevdepooerg

EVPOTATKAOV A0y DV

O gvpomaikdg Aaydg amoterel éva amd o onuavikd Onpevoipa €ion otnv EALGSo adAd
Kot o€ TOAMEG evpomaikéc yopeg (Pielowski, 1976). Ta tehevtaio ypdvia. Exet
wapoatnpnfel katakdpLEN pei®ON TOV TANBLOU®OV TOL EVPOTATKOV Aayol efoutiog
SPOPOV YEDPYIKDV dPUGTNPLOTHTMV, TOL UETARAAAOVY TIG TEPLOYES dtofimong Kot TG

évtovng mieong mov aoKeiTol 6ToVg TANBVoUOVE amd Tn Ofpevon Kot amd SAPOPES
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acBéveleg. Baoel 10T0pik®dv 0edopévev, €xovv TTPayHatomoindel apkeTEC UETOPOPES
TANOLVGUOV EVPOTATKOV AXYOV, Ol OTOIES, EVOEYOUEVMGS, EMNPEACAYV TO PLAOYEMYPUPIKO
mpoTLTO TOv ptoyovoplakoy DNA tov gupomaikod Aayol, OTIG TEPLOYEG OV £YOLV
ueketOei (Kasapidis et al., 2005, Suchentrunk et al., 2006). Tic tehevtaieg dekoetieg,
TPOYLOTOTOMONKOY  OPKETE TPOYPAULOTO EUTAOVTIOUOD GE TOAAEG TEPLOYEG TOL
napatnpnOnke peimon tov TANOLGUOV TOL Aayol, glGdyoviag aAAOYBova dTopo TOL
€100VG OO JAPOPES EVPOTATKEG YDPES, UE AMOTELECUA VO EYEL EMNPEACTEL 1) YEVETIKNY
doun t@v ynyevov TAnbucpmv Tov gidovg | ovuyyevikov edav (Flux, 1983, Pierpaoli et
al., 1999). Meydhog apiBudc ektpogeiov oe ympeg 0nwe 1 Bovkyapia, n [Mokwvia, 1
YhoBoakia ko  Ovyyapio, TpopnBevay TG KOVNYETIKES OPYAVAGELS SLUPOP®Y TEPLOYDV
g Avtikng ko g Kevipiknig Evpadnng, pe okomd tov eUTAOLTICUO TOV TEPLOYDV
aVTOV pe TANBLGHOVG Aoy DV.

Ymv EAGoa ot amehevBepmoelg Aaymv amayopgvtnkov to 2001, petd amd
andpacn Tov Ymovpyeiov ['ewpyiog. Zopeove pe to otoryeie tov Ymovpyeiov,
nepocotepol  amd 2000 Aayoi, mpoepyOpevolr oamd WIOTIKE eKTpoQEia, POV
TPONYOLUEVMG glyov glcoyBel amd ydpeg 0nwg 1 BovAyapia, n INovykoclafio kot
ItoAia, amedevBepdOnkav povo oty kevipikn EAAGSa amd Kuvnyetikég Opyavaoelg
katd tn dekaetio 1991-2001. Qotdco, péypt to 1998, ta mpoypdupaTe EUTAOVTIGHOD
omv EAMGOa mapéuevav aveEéleykto kobmg dev vanpye Kopio mopokoAovnon tov
AmEAEVOEPOUEVOV Ay DV.

Ymv epyacio tov Mamuris et al., (2001) peletinkav Aayol mov eiyav cuileyOet
Katd TN Odpkeln OVO KLVNYETIKOV TTePLOdwV (1998 kar 1999) kabdg kot Aayoi mov
wpoépyovtay omd 000 eAANVIKE ektpoeeia. AmO v avdAivorn pe ™ pébodo RFLP
TPOEKLY AV TPELG OUAOES AaydV: 0 dyplog TANOVCUOG ALYV, 0 EKTPEPOUEVOS TANOBVGLOG
Kot évag dyprog minBuopog pe ptoyovoplokd DNA gldyiota dtapopomompévo pe avtd
mov mapaTnpHOnKe otov ekTpePopevo mAnBvoud. o va eheyyBel o Pabuog g
YOVIOLOKNG O1ElGOLONG TV EKTPEPOUEVOV-OUTEAELOEPOUEVOV AOYDV GTOVS LGIKOVG
TANOLGLOVG Kol VO OVIXVELTEL 1 KOTOy®YN TOV AQYyOV OLTOV, TPOGOIOPIGTNKLV
KotaAniot dwryveotikoi deikteg oto MIDNA (Stamatis et al., 2007). Ot deikteg avtol
EPaPUOCTNKAV GE €va. peyaro apBud Aayodv g EALGdag (cuiloyn detypdtov ond 1999

éwg 2004), g Tovpkiog, Tov Iopani, dLEOP®V ELPOTATKOV YOPOV KOUONDS Kol GTOVG
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TANOVGLOVG TOV EKTPEPOUEVOV AOYDV Kol SEKPIVAY OTTOTEAECUOTIKA TIG TPELS OUAOES
Aoydv, mov giyav Tpokdyel and ) pedétn tov Mamuris et al., (2001). H avdivon tov
detypdtov pe ta dtyvootikd vivpa édmoe téaoepa dtapopetikd tpdtuma MDNA. To
npotumo A Bpébnke oe dAovg Tovg Aayodg g Tovpkiag , Tov Iopank kabmg kot o€ Eva
T0G00TO Aaydv and v Boperoavatoiikn EAAGda (15,4%) ko ™ BovAyapia (21,8%).
To mpdétumo B eppaviotnke amoxielotikd oty EAAGSa kot T Bovdyapia, dnwg kot to
npotumo C2. Or Aayoi mov wpoépyovrav amd tn [epuavia, v OAhavdia, v [Hodwvia,
v Avotpia, v EABetia, ™ ZepPia kot £va 1060016 and Tov Aaydv g Boviyapiag,
KaBdG Kot o1 EKTPEPOpEVOL Aaryol, epedvicav 1o tpotumo Cl.

Amd ta otoyyela TG HEAETNG, GE GUVOLAGHO KOl WE TO OMOTEAEGUOTO TMV
Mamuris et al., (2001), uéypt to 2003, apov eiyav avaivdei nepioodtepot amd 400 Aayoi
dev eiye Ppedel kavévag pe mpdtvmo Cl (evpomaikd 1 EKTPOPEIOV) GTOVE PVOIKOVG
minBucpovg g EALGdac. Qotdco, avaivoviag detypata mov cuAAéyOnkav tn detio
2003-2004, aviyvevnkav gvvéa Aayol (emtd and v Kevipwm kot ovo oand tn Bopeia
EMLGda) pe to mpoétumo Cl. Aegdopévov 0Tl o1 amerevbepdoELS amayopedTNKAY TNV
EMGda 1o 2001 xou emiong, kavévag Aaydg pe mpdtvmo Cl dev eiye Ppebdel otovg
eAMMVIKovg TAnBuopovg péypt to 2003, n mapovsia TV evvéa atOp®V e T0 TpodTLTo Cl
AOOEIKVVEL OTL VAL TOGOGTO TV ATEAELOEPOUEVOV AayDV eMPBIWGE Yo APKETH YPOVIKO
SAGTNLO, DGTE VO £X0VV TOVAAYLIGTOV VOV aVamopay®yikd KOKAO kot va petafiBdcovy
10 YoVidimpa ToLG.

Ta mpoypdappate epTAOLTIGHOD OTOGKOTOVV GTO VO TPoAapuPdvouy T peioon 1
axopa Kot tnv e€dAeyn TV TOmKAOV TANBLCUOV Adyol Kot Vo avEAVOVY TN YEVETIKN
TOWKIAOTNTO, pEIdVOVTOS To Pabud cuyyévelag kot otpoéiog pésa otovg mAnducpong
avtovs. H mokvotnta tov tAnbuocumv tov Aayod otnv Kevrpikn kot ™ Avtikny EAAGoa
kopaiveron amo 1,1 éwg 2,4 dropa avé 100 ektdpio, TIHES APKETA YOUNAOTEPES OO QVTEG
TOL TOPATNPOVVTIOL 6€ GAAEG gvpomaikég yopeg (Smith et al., 2005). EmmAéov, amod
otoyeio Tov Ymovpyeiov I'ewpylag yioo v mepiodo 1986 €wg 1990, mapatnpndnke
avénuévn Bvnowdmta otovg TANBvopohg Tov Aayoy €EotTiog TOL GLUVOPOUOL TOL
EVPOTAIKOD AoyoDd. Xe OVTEG TIG TEPWMTMGEIS, 1 EAEYXOUEVN EKTPOPN KOl TO.
TPOYPAUUOTO EUTAOVTIGHOV, aKOAOVOOVUEVE OO AVGTNPO YEVETIKO EAEYXO, TPEMEL VO,

Aapavovtor vroéyn kot va, aEloAoyovuvTat ovOAOYOL.
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Ye oavtifeon pe TOUVG QLOKOVC TANOBLGUHOVG, Ol exTpePOUEVOL TANBvouol
EULQAavicay oyeTikd uikpn yevetikn mowiddtnta (Mamuris et al., 2001, 2002). 1o
povadikd topéa mov Bo pmopovoav, ot Aayol avtoi, VO CUVEICEEPOLV givol GTOV
eumAovTIoUO Tov prtoyovoplokod DNA tov eAAnvik®v TAnBucudv pe Toug amAoTuIoug
tov MIDNA TtV ekTpepouevev Aaydv. And Tig pehéteg tpokvmtel 0Tt 1 Boviyapio kot n
Bopeloavatoikn EAAGOa eivor ot povadikég meproyég g Evpanng, otic omoieg ot
minBucpoi Aayov gpeavifovv kot ta téocepa tpoétvmo. MIDNA, to onoio mBavov, Emg
éva Pabuo, va opeiletar oe  omeAevBepmdoelg Aaydv e OAPOPETIKOD  TOTOL
pitoxovoplaxd DNA. Eniong, n avénpévn yevetikn| mowihopopoio tov tAnbucudv tov
Aayod otnv EALGSa o€ oyéon pe Tic vmdowteg svpomaikég ympeg (Mamuris et al., 2001,
2002, Suchentrunk et al., 2003), kabdg kot 1 GALOYH TOV AVIXVEDTNKE OTN YEVETIKN dOUN
TOV EAMNVIKOV TANOUOUDV, OC OTOTEAECUO TOV OTEAELOEPOCE®Y, 00MYyNoaV GTNV
OO yOPELGT TOV TPOYPOUUATOV EUTAOVTICUOD GTNV EAANVIKY EMKPATEID KOL GTOV
EMOVATPOGOIOPICUO TV TPOYPUUUAT®OV dtayeiptons Tov Quokev {oik®v TAnfucuay,
LLE TOVTOTOIN G Kol YEVETIKO EAEYYO TOV EKTPEPOUEVAOV TANOVGUOV OGTE VO, STIoTOOET

0 BaBudg YEVETIKNG GLYYEVELNG LLE TOVS PLGIKOVG TANBVGLOVG.

3.4 Xounepdopora

e O gmoiopog e evpomAikovg Aayog oe peydeg meproyég g Evpanng dpyioe, oto
TEAOG TNG TEAEVTOIOG TAYETOVIKG TEPLOGOL KOt oTNV opyn Tov OAOKAIVOL, amd Evav
UOovVo apyKd TANBLGUO TOV KEVIPIKMOV 1 VOTIO-KEVIPIK®V Boikoaviov kot vanpée
oxeTkd Taybtatoc. Avtd épyeton oe avtiBeon pe v vrdOeom emoKicUoD TG
Evponng amd pepucd pukpd OnAactikd, katd to 1éAog tov [TAgiotdkaivov, oamd

HEPIKA KaTapLyla TG avatolkng Evpdnng kot g dvtikng Zinpiog.

o Ot péypt TOpa avorvoelg £dei&ay 0Tt oty IPnpikn yepodvnco ta un vppdcuéva
dropo EVPOTIKOD Aayod £xovv Tovg KAaoo1kovs anAdturovg MIDNA, yeyovog mov
amoKAgiel TNV TEPLOYN avT amd TO Vo £moiEe TO POAO Kotaguyiov yw Tto L.

europaeus katd tov ITheiotoOKOUVO.
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e > BovAyapia kot ™ Popetoavatorikr) EAAGSa eivor Tapohoeg OAeG 01 amAoOpAdES,

OMNULOVPYDVTOG L0 EKTETAUEVT TTEPLOYN EMKAAVYNC OAMV TMOV ATAOTUTMV.

e Aviyvednke yovidiokn pon amd v Avatola wpog v Evpodnn, mbavotata Kotd
™ Odpkelo TG TeAevtaiag meptodov tov ITAeioTOKOIVOL, UEGHD NG YEPLPOS TOL

Boomopov.

e Ot evpomaikoi Aayoi amd ™ M. Bpetavia gpedvicov moAd younid moAvHopPIGHO,
aAAG dev amotedovv éva Eexmplotd vrogidog (L. e. occidentalis), 6mwg eiye OewpnOel
narodtepa. H Bopera Teppovia Bo pmopodoe va glvar 1 meployn mpoérevons tmv

oLyyxpovev minbvucuav g Bpetaviag.

e H vrepOnpevon kot o1 cuveyelg anehevbepwcelg aAloybovov Aaydv Ba pmopovcav
va g€nynoovv 1 paliky Tapovsic TV aTAOTHTOV TG EVPOTAIKNG opddag EU-A
omv Kevipwkn kot PBopew Itadio. H mpoktikry ovt icog ocvvéfore otnv
VTIKATACTOOT TV ynyevav amiotonov SEE mov mbavdg Ntav dadedopévol
apywd. Ta dedopéva pag amoppintovy TV HaPEN vOg O1APOPETIKOV VITogidovg (L.

e. meridiei) otnv Itahkn yepoodVNGO.

e Av KOl Ol TOAAEG EMYEPNCEIS EUTAOVTICUOD Kol avOp®TOYEVAV ameAevfepmdoemV
EVPOTAiKOD Aoyod mov €yovv mpaypoatomombel Ba pmopodoav va enyncovy v
TOPOVGIO. UN  OVOUEVOUEVOV OTAOTUI®V OE OPICUEVEG TEPLOYES, EVIOVTOLS
aviyvebdnke £€va €VTovo QLUAOYEMYPAMIKO ONUO. CE OAEC TIS TEPLOYEG TOL

peAetnonKav.

o To @uAoyeveTiKd d€vdpa OV TPoEkLYaAV amd TV aviivor Tov yovidiov tRNA tov
MtDNA ftav cuykpicita pe aTtd Tov €000V T0 VITOAOLTO ULTOYOVOPLUKE TUNLOTO.
Etvor moAd mbavo o1t ta yovidwan tRNA mov avaivdnkav, cuecopevcoyv HETAAAAEELS
o€ Béoelc o1 omoiec dev emnpealovv To POAO TOVG OTN HUTOYOVOPLOKT cVVOEST TV

TPOTEIVOV.
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e Ot poprakég avarvoelg avtdv tov yovidiov tRNA propet va ypnopomomboiv wg
moAVTIHO BonOnTikd epyareia yio TNV oOvoeon ¢ akpiovg Broynuikng Asttovpyiog

TOV HTOYXOVOPI®V HE TIG EEEMKTIKEC KOl PUAOYEVETIKEG LEAETEG,.

e H perém tov tRNAS katéypaye eEeMkTikég aAlayég mov umopohv va, cuvoedodv
dpeca pe ™ S10KpITH ELAOYEOYPUPIKY KaTovour Tov L. europaeus. To yeyovdg ot
Ol VOUKAEOTIOKEG OVTIKOTOOTAGELS TOL aviyvevdnkav gpeavifovtol oe €va LeyaAlo

TOGOO0TO TV aTOU®V TOL L. europaeus vrodnAwvet 0Tt givatl avektég omd v mieon

NG PLGIKNG EMAOYTG.

e Xg& ovuepovia pe Ta Voot eVAOYEVETIKA dedopéva Tov MIDNA, 1 avdAivon tov
yovidiov Cytbh emPepfardver v Omap&n TOLAGYIGTOV TEGGAP®OV SLOPOPETIKMOV
amAOONAd®V HE TOAD KoAG mpocdlopicpévn katavoun oty Evpdmn kot v

AvatoAia.

e H avdivon tov Cytb vmoompilet eniong o Pabv daywpiopd Twv TAnBvGU®Y Tov L.
europaeus avapeco otnv Avartorio (Tovpkio ko IopaniA) xor v Evpomn oe

eninedo MtDNA.

o Y& avtifeon pe TOvg SYOVETKOVS TUPMVIKOVG LOPLOKOVS OEIKTES, Ta dedoUEva Tov Y-
DNA vrootpilovv v vmopén 600 Bactkdv euAOYEVETIKGOV KAAO®V Yo TO €100 L.

europaeus avdpecso otnv Evpdnn kot v AvatoAio.

e ¢ avtiBeon pe 1o MDNA, o tomog tov Y-DNA g Avatoliog eviomictnKe Kot o€
pepkd atopa g kevipikng EALGdag. Eivon o mbavo 6t 1 tdon v piionatpia
TV INAVKOV evpOTATKOV Aaydv, kabiotd v 1600y tov MIDNA mo dvokoAn ce

oxéon pe to Y-DNA kot kataAnyel 6€ S1apopeTKd TpOTLTO. KOTOVOUNG.

e Ot eMmvikoi mAnBuopoi tov L. europaeus eugoviCovv moAd PeEYOADTEPT YEVETIKY
TOWKIAOTNTO GE GYECN LE TOVG EKTPEPOUEVOVG OAAL KOL TOVG KEVTIPOEVPWOTOIKOVG

TAnBvopovg, 6mwg ocvvayetor amd to. dedopéva tov MIDNA ko tov RAPDs.
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Enopévmg, 6o Mrav dotoyo va ypnoipwomombodv amelevfepdoel; EKTPEPOUEVOV
ATOU®V Y10 VO, EUTAOVLTIOTEL 1 MO TAOVOIO. YEVETIKN OEEAUEVI] TOV EAANVIKOV

TAnducuav.

o To emduevo dLelPloTIKO ep@TNUA ivor €6V Oa VIAPEEL TO POVOUEVO TNG YEVETIKNG
KOTOATTOONG UETA 0amd avapiln ToV TOTKOV YOVIOWUKAOV OEEAUEVOV UE UM
TPOGaPUOGHEV Yovidla glcayopevov atopwv. H Bovlyopia kot wAéov, petd Tig
anelevbepmoelc, n Poperoavatoikn EAAGSa elvar o1 pdveg meproyég g Evpomng
OOV GLVLTIAPYOLY Kol Ol Téooepelg amloopnddss. Kat otig 0o mepumtmoelg dev
VIAPYOVV  TO KATOAANAQ Ogdopéva Yy amo@avBodue ¢ mpog TG MBaVES
oAnAemdpdoels petaL TV Swedpov amroopddwv. Edv  paxpoypoévia 1o
gloayopeva EEvo yovidlo eTPBUOGOVY, SNUIOVPYDVTAG VEOLS YEVOTLTIOVG LE TO N
vrapyovta, Oo amoderydel 6Tt avTd uTOPOVV va Tpocappoctovy. Kabmg to mupnvikd
yovidla dev gival Kot 1060 drapopomompéva petald g EAAASag kot Tng voAoutng
Evponng, ta E&va mupnvikd yovidia dev Ba amoteAécovy Eva GoPapd LELOVEKTNLLA.
Enopévog, vmd Tig CLYKEKPUEVEG TEPUTTAOGCELS, TA TPOYPAUUOTO ATEAELOEPDOGEDV
Ba pmopovcay va eviayBovv 6e £val SLOYEPIOTIKO TYNUA, LE TNV TPOVTOHeoN OTL KO

OAEG O1 BALEG UM YEVETIKEG TTOPAUETPOL AAUPAVOVTOL LITTOYT KO EAEYYOVTOL AVGTNPA.
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