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ΕΕΥΥΧΧΑΑΡΡΙΙΣΣΤΤΙΙΕΕΣΣ  
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ΠΕΡΙΛΗΨΗ 
 

 Ο επξσπατθφο ιαγφο (Lepus europaeus Pallas, 1778) απνηειεί έλα επξέσο 

δηαδεδνκέλν είδνο ζηελ Επξψπε, κε κεγάιε πνηθηιία ελδηαηηεκάησλ θαη ηδηαίηεξε 

νηθνλνκηθή ζεκαζία, δηφηη απνηειεί έλα απφ ηα ζεκαληηθφηεξα ζεξάκαηα ζηελ 

Επξψπε θαη ηδηαίηεξα ζηε Βαιθαληθή ρεξζφλεζν θαη ηελ Ειιάδα. Η εθηεηακέλε 

θαηαλνκή ηνπ θαη ην γεγνλφο φηη νη πιεζπζκνί ηνπ αληαπνθξίλνληαη ηαρχηαηα ζηηο 

αιιαγέο ελδηαηηεκάησλ, ην θαζηζηνχλ έλα είδνο-κνληέιν, κέζσ ηνπ νπνίνπ κπνξνχκε 

λα εμάγνπκε ρξήζηκα ζπκπεξάζκαηα γηα ηε ζπκπεξηθνξά, ηε βηνινγία θαη ηελ 

πιεζπζκηαθή δνκή ησλ άγξησλ πιεζπζκψλ πνιιψλ ζειαζηηθψλ. 

 Σε απηήλ ηε δηδαθηνξηθή δηαηξηβή πξαγκαηνπνηήζεθε πιεζπζκηαθή αλάιπζε 

ελφο κεγάινπ αξηζκνχ δεηγκάησλ επξσπατθνχ ιαγνχ ζε έλα εθηεηακέλν δίθηπν 

δεηγκαηνιεςίαο ζηελ Επξψπε, ηελ Ειιάδα, ηελ Τνπξθία θαη ην Ιζξαήι. Η κειέηε 

ζηεξίρζεθε ζηελ αλάιπζε κνξηαθψλ δεηθηψλ ηνπ κηηνρνλδξηαθνχ DNA θαη δεηθηψλ 

ηνπ ππξεληθνχ DNA (ρξσκφζσκα Y), ρξεζηκνπνηψληαο ηερληθέο φπσο PCR-RFLP, 

PCR-SSCP θαη αιιεινχρεζε δηαθφξσλ πεξηνρψλ DNA.  

 

Οη βαζηθνί ζηφρνη ηεο κειέηεο απνηππψλνληαη σο εμήο: 

 Μειέηε ηεο γελεηηθήο δνκήο ησλ θπζηθψλ πιεζπζκψλ ηνπ ιαγνχ θαη ηεο 

γνληδηαθήο ξνήο κεηαμχ ησλ πεξηνρψλ δεηγκαηνιεςίαο 

 Έιεγρνο ηεο ππφζεζεο ηεο κεηαλάζηεπζεο ηνπ επξσπατθνχ ιαγνχ πξνο ηελ 

Κεληξηθή Επξψπε απφ θαηαθχγηα ηεο Βαιθαληθήο ρεξζνλήζνπ θαζψο θαη ηεο 

Μηθξάο Αζίαο, θαηά ηελ ηειεπηαία Πεξίνδν ησλ Παγεηψλσλ 

 Μειέηε ηεο γελεηηθήο δνκήο ησλ εθηξεθφκελσλ πιεζπζκψλ ηνπ ιαγνχ, 

εθηίκεζε ηεο γνληδηαθήο ξνήο αλάκεζα ζε εθηξεθφκελνπο θαη θπζηθνχο 

πιεζπζκνχο 

 Εχξεζε κνξηαθψλ δεηθηψλ ζε επίπεδν κηηνρνλδξηαθνχ DNA, γηα ηελ 

ηαπηνπνίεζε ησλ εθηξεθφκελσλ θαη ησλ θπζηθψλ πιεζπζκψλ. 

 

Τα ζπκπεξάζκαηα πνπ πξνέθπςαλ απφ ηε κειέηε είλαη ηα εμήο: 

 Ο επνηθηζκφο κεγάισλ πεξηνρψλ ηεο Επξψπεο κε επξσπατθνχο ιαγνχο, άξρηζε 

ζην ηέινο ηεο ηειεπηαίαο παγεησληθήο πεξηφδνπ θαη ζηελ αξρή ηνπ Οιφθαηλνπ, 

απφ έλαλ κφλν αξρηθφ πιεζπζκφ ησλ θεληξηθψλ ή λνηην-θεληξηθψλ Βαιθαλίσλ 

θαη ππήξμε ζρεηηθά ηαρχηαηνο. Απηφ έξρεηαη ζε αληίζεζε κε ηελ ππφζεζε 
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επνηθηζκνχ ηεο Επξψπεο απφ κεξηθά κηθξά ζειαζηηθά, θαηά ην ηέινο ηνπ 

Πιεηζηφθαηλνπ, απφ κεξηθά θαηαθχγηα ηεο αλαηνιηθήο Επξψπεο θαη ηεο δπηηθήο 

Σηβεξίαο. 

 Οη κέρξη ηψξα αλαιχζεηο έδεημαλ φηη ζηελ Ιβεξηθή ρεξζφλεζν ηα κε πβξηδηζκέλα 

άηνκα επξσπατθνχ ιαγνχ έρνπλ ηνπο θιαζζηθνχο απιφηππνπο ζην mtDNA, 

γεγνλφο πνπ απνθιείεη ηελ πεξηνρή απηή απφ ην λα έπαημε ην ξφιν θαηαθπγίνπ 

γηα ην L. europaeus θαηά ηνλ Πιεηζηφθαηλν. 

 Σηε Βνπιγαξία θαη ηε βνξεηναλαηνιηθή Ειιάδα είλαη παξνχζεο φιεο νη 

απιννκάδεο, δεκηνπξγψληαο κηα εθηεηακέλε πεξηνρή επηθάιπςεο φισλ ησλ 

απινηχπσλ. 

 Αληρλεχζεθε γνληδηαθή ξνή απφ ηελ Αλαηνιία πξνο ηελ Επξψπε, πηζαλφηαηα 

θαηά ηε δηάξθεηα ηεο ηειεπηαίαο πεξηφδνπ ηνπ Πιεηζηφθαηλνπ, κέζσ ηεο γέθπξαο 

ηνπ Βνζπφξνπ. 

 Οη επξσπατθνί ιαγνί απφ ηε Μ. Βξεηαλία εκθάληζαλ πνιχ ρακειφ 

πνιπκνξθηζκφ, αιιά θαίλεηαη πσο δελ απνηεινχλ έλα μερσξηζηφ ππνείδνο (L. e. 

occidentalis), φπσο είρε ζεσξεζεί παιαηφηεξα. Η βφξεηα Γεξκαλία ζα κπνξνχζε 

λα είλαη ε πεξηνρή πξνέιεπζεο ησλ ζχγρξνλσλ πιεζπζκψλ ηεο Βξεηαλίαο.  

 Η ππεξζήξεπζε θαη νη ζπλερείο απειεπζεξψζεηο αιιφρζνλσλ ιαγψλ ζα 

κπνξνχζαλ λα εμεγήζνπλ ηε καδηθή παξνπζία ησλ απινηχπσλ ηεο επξσπατθήο 

νκάδαο EU-A ζηελ θεληξηθή θαη βφξεηα Ιηαιία. Η πξαθηηθή απηή ίζσο ζπλέβαιε 

ζηελ αληηθαηάζηαζε ησλ γεγελψλ απινηχπσλ SEE πνπ πηζαλψο ήηαλ 

δηαδεδνκέλνη αξρηθά. Τα δεδνκέλα καο απνξξίπηνπλ ηελ χπαξμε ελφο 

δηαθνξεηηθνχ ππνείδνπο (L. e. meridiei) ζηελ Ιηαιηθή ρεξζφλεζν. 

 Αλ θαη νη πνιιέο επηρεηξήζεηο εκπινπηηζκνχ θαη αλζξσπνγελψλ 

απειεπζεξψζεσλ επξσπατθνχ ιαγνχ πνπ έρνπλ πξαγκαηνπνηεζεί ζα κπνξνχζαλ 

λα εμεγήζνπλ ηελ παξνπζία κε αλακελφκελσλ απινηχπσλ ζε νξηζκέλεο 

πεξηνρέο, εληνχηνηο αληρλεχζεθε έλα έληνλν θπινγεσγξαθηθφ ζήκα ζε φιεο ηηο 

πεξηνρέο πνπ κειεηήζεθαλ. 

 Τα θπινγελεηηθά δέλδξα πνπ πξνέθπςαλ απφ ηελ αλάιπζε ησλ γνληδίσλ tRNA 

ηνπ mtDNA ήηαλ ζπγθξίζηκα κε απηά πνπ έδσζαλ ηα ππφινηπα κηηνρνλδξηαθά 

ηκήκαηα. Είλαη πνιχ πηζαλφ φηη ηα γνλίδηα tRNA πνπ αλαιχζεθαλ, 

ζπζζψξεπζαλ κεηαιιάμεηο ζε ζέζεηο νη νπνίεο δελ επεξεάδνπλ ην ξφιν ηνπο ζηε 

κηηνρνλδξηαθή ζχλζεζε ησλ πξσηετλψλ.  
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 Οη κνξηαθέο αλαιχζεηο απηψλ ησλ γνληδίσλ tRNA κπνξεί λα ρξεζηκνπνηεζνχλ 

σο πνιχηηκα βνεζεηηθά εξγαιεία γηα ηελ ζχλδεζε ηεο αθξηβνχο βηνρεκηθήο 

ιεηηνπξγίαο ησλ κηηνρνλδξίσλ κε ηηο εμειηθηηθέο θαη θπινγελεηηθέο κειέηεο.  

 Η κειέηε ησλ tRNAs θαηέγξαςε εμειηθηηθέο αιιαγέο πνπ κπνξνχλ λα ζπλδεζνχλ 

άκεζα κε ηε δηαθξηηή θπινγεσγξαθηθή θαηαλνκή ηνπ L. europaeus. Τν γεγνλφο 

φηη νη λνπθιενηηδηθέο αληηθαηαζηάζεηο πνπ αληρλεχζεθαλ εκθαλίδνληαη ζε έλα 

κεγάιν πνζνζηφ ησλ αηφκσλ ηνπ L. europaeus ππνδειψλεη φηη είλαη αλεθηέο απφ 

ηελ πίεζε ηεο θπζηθήο επηινγήο. 

 Σε ζπκθσλία κε ηα ππφινηπα θπινγελεηηθά δεδνκέλα ηνπ mtDNA, ε αλάιπζε 

ηνπ γνληδίνπ Cytb επηβεβαηψλεη ηελ χπαξμε ηνπιάρηζηνλ ηεζζάξσλ 

δηαθνξεηηθψλ απιννκάδσλ κε πνιχ θαιά πξνζδηνξηζκέλε θαηαλνκή ζηελ 

Επξψπε θαη ηελ Αλαηνιία. 

 Η αλάιπζε ηνπ Cytb ππνζηεξίδεη επίζεο ην βαζχ δηαρσξηζκφ ησλ πιεζπζκψλ 

ηνπ L. europaeus αλάκεζα ζηελ Αλαηνιία (Τνπξθία θαη Ιζξαήι) θαη ηελ Επξψπε 

ζε επίπεδν mtDNA. 

 Σε αληίζεζε κε ηνπο δηγνλετθνχο ππξεληθνχο κνξηαθνχο δείθηεο, ηα δεδνκέλα ηνπ 

Y-DNA ππνζηεξίδνπλ ηελ χπαξμε δχν βαζηθψλ θπινγελεηηθψλ θιάδσλ γηα ην 

είδνο L. europaeus αλάκεζα ζηελ Επξψπε θαη ηελ Αλαηνιία. 

 Σε αληίζεζε κε ην mtDNA, ν ηχπνο ηνπ Y-DNA ηεο Αλαηνιίαο εληνπίζηεθε θαη 

ζε κεξηθά άηνκα ηεο θεληξηθήο Ειιάδαο. Είλαη πνιχ πηζαλφ φηη ε ηάζε γηα 

θηινπαηξία ησλ ζειπθψλ επξσπατθψλ ιαγψλ, θαζηζηά ηελ εηζδνρή ηνπ mtDNA 

πην δχζθνιε ζε ζρέζε κε ην Y-DNA θαη θαηαιήγεη ζε δηαθνξεηηθά πξφηππα 

θαηαλνκήο. 

 Οη ειιεληθνί πιεζπζκνί ηνπ L. europaeus εκθαλίδνπλ πνιχ κεγαιχηεξε γελεηηθή 

πνηθηιφηεηα ζε ζρέζε κε ηνπο εθηξεθφκελνπο αιιά θαη ηνπο θεληξνεπξσπατθνχο 

πιεζπζκνχο, φπσο ζπλάγεηαη απφ ηα δεδνκέλα ηνπ mtDNA θαη ησλ RAPDs. 

Επνκέλσο, ζα ήηαλ άζηνρν λα ρξεζηκνπνηεζνχλ απειεπζεξψζεηο εθηξεθφκελσλ 

αηφκσλ γηα λα εκπινπηηζηεί ε ήδε πινχζηα γελεηηθή δεμακελή ησλ ειιεληθψλ 

πιεζπζκψλ. 

 Τν επφκελν δηαρεηξηζηηθφ εξψηεκα είλαη εάλ ζα ππάξμεη ην θαηλφκελν ηεο 

γελεηηθήο θαηάπησζεο κεηά απφ αλάκημε ησλ ηνπηθψλ γνληδηαθψλ δεμακελψλ κε 

κε πξνζαξκνζκέλα γνλίδηα εηζαγφκελσλ αηφκσλ. Η Βνπιγαξία θαη πιένλ, κεηά 

ηηο απειεπζεξψζεηο, ε βνξεηναλαηνιηθή Ειιάδα είλαη νη κφλεο πεξηνρέο ηεο 
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Επξψπεο φπνπ ζπλππάξρνπλ θαη νη ηέζζεξεηο απιννκάδεο. Καη ζηηο δχν 

πεξηπηψζεηο δελ ππάξρνπλ ηα θαηάιιεια δεδνκέλα γηα λα απνθαλζνχκε σο πξνο 

ηηο πηζαλέο αιιειεπηδξάζεηο κεηαμχ ησλ δηαθφξσλ απιννκάδσλ. Εάλ, 

καθξνρξφληα, ηα εηζαγφκελα μέλα γνλίδηα επηβηψζνπλ, δεκηνπξγψληαο λένπο 

γελφηππνπο κε ηα ήδε ππάξρνληα, ζα απνδεηρζεί φηη απηά κπνξνχλ λα 

πξνζαξκνζηνχλ. Καζψο ηα ππξεληθά γνλίδηα δελ είλαη ηδηαίηεξα 

δηαθνξνπνηεκέλα κεηαμχ ησλ πιεζπζκψλ ηεο Ειιάδαο θαη ηεο ππφινηπεο 

Επξψπεο, ηα μέλα ππξεληθά γνλίδηα δελ ζα απνηειέζνπλ έλα ζνβαξφ 

κεηνλέθηεκα. Επνκέλσο, ππφ ηηο ζπγθεθξηκέλεο πεξηπηψζεηο, ηα πξνγξάκκαηα 

απειεπζεξψζεσλ ζα κπνξνχζαλ λα εληαρζνχλ ζε έλα δηαρεηξηζηηθφ ζρήκα, κε 

ηελ πξνυπφζεζε φηη θαη φιεο νη άιιεο κε γελεηηθέο παξάκεηξνη ιακβάλνληαη 

ππφςε θαη ειέγρνληαη απζηεξά. 
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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 is one 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: 

 assess the genetic differentiation and the phylogenetic status of brown hare 

populations 

 test the hypothesis that this species migrated into central Europe from a 

number of late glacial refugia, including some in Asia Minor 

 estimate the genetic structure of reared populations and the impact of the 

releases on the native populations genetic structure 

 develop molecular markers for the identification of reared and native 

populations 

The conclusions drawn from the study are the following: 

 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. 

 So far, mtDNA of non-introgressed brown hares from Iberia 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.  

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

bridge, was detected.  
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 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. 

 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.   

 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. 

 Phylogenetic trees produced by the comparison of mt tRNA genes are similar 

compared to those that are produced by the standard methods. 

 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.  

 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.  

 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. 

 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.  

 The analysis consistently supports the deep separation of Anatolian (Turkey 

and Israel) and European lineages of L. europaeus at the mtDNA level. 

 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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 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. 

 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. ΔΗΑΓΩΓΖ 

 

1.1 Πληθςζμιακή γενεηική 

 

Ζ πιεζπζκηαθή γελεηηθή είλαη ν θιάδνο ν νπνίνο κειεηά ηε γελεηηθή πνηθηινκνξθία πνπ 

παξαηεξείηαη ηφζν ζηα άηνκα ελφο πιεζπζκνχ φζν θαη κεηαμχ δηαθνξεηηθψλ 

πιεζπζκψλ, δειαδή ηελ πνηθηιφηεηα αιιεινκφξθσλ θαη γελνηχπσλ θαη ηηο αληίζηνηρεο 

ζπρλφηεηέο ηνπο θαζψο θαη ηα αίηηα-κεραληζκνχο νη νπνίνη κεηαβάιινπλ ηε γελεηηθή 

δνκή ησλ πιεζπζκψλ. Ζ πιεζπζκηαθή γελεηηθή είλαη άξξεθηα ζπλδεδεκέλε κε ηελ 

εμέιημε θαη απνηειεί ηε βάζε γηα ηε γελεηηθή βειηίσζε ησλ δσηθψλ νξγαληζκψλ, ηε 

δηαηήξεζε ησλ εηδψλ θαη ηεο βηνπνηθηιφηεηαο (Russell, 2009). Δθαξκφδνληαο ηηο αξρέο 

ηεο θιαζζηθήο γελεηηθήο ζε κεγάιεο νκάδεο αηφκσλ, ε πιεζπζκηαθή γελεηηθή κειεηάεη 

ηα πξφηππα ηεο γελεηηθήο πνηθηινκνξθίαο πνπ εληνπίδνληαη κέζα ζε θάζε νκάδα, δειαδή 

ηε γελεηηθή δνκή ησλ πιεζπζκψλ, ηε γεσγξαθηθή ηνπο δηαθνξνπνίεζε θαη ηε κεηαβνιή 

ηνπο ζην ρξφλν. 

 

1.2 Γενεηική ποικιλομοπθία 

 

Ζ πιεζπζκηαθή γελεηηθή πνηθηινκνξθία έρεη ηε βάζε ηεο ζηε δηαθνξνπνίεζε ηεο 

λνπθιενηηδηθήο αιιεινπρίαο. Πξνυπφζεζε γηα ηελ χπαξμε γελεηηθήο πνηθηινκνξθίαο 

είλαη νη λνπθιενηηδηθέο αιιαγέο-κεηαιιάμεηο. Απηέο νη αιιαγέο κπνξνχλ λα πξνθχςνπλ 

θαηά ηε δηαδηθαζία ηεο αληηγξαθήο ηνπ DNA θαη αλ ζπκβνχλ ζηα θχηηαξα ηεο γακεηηθήο 

ζεηξάο είλαη δπλαηφλ λα κεηαβηβαζηνχλ ζηηο επφκελεο γεληέο. Σηο ηειεπηαίεο δεθαεηίεο, ε 

εμέιημε ησλ κνξηαθψλ ηερληθψλ θαη ησλ κεζφδσλ αιιεινχρεζεο ζπλεηέιεζε ζηε 

ξαγδαία αχμεζε ησλ δεδνκέλσλ ηεο πιεζπζκηαθήο πνηθηινκνξθίαο ζην επίπεδν ηεο 

λνπθιενηηδηθήο αιιεινπρίαο. Γελεηηθή πνηθηιφηεηα κπνξεί επίζεο λα πξνθχςεη θαη απφ 

ην γελεηηθφ αλαζπλδπαζκφ. ηνπο επθαξπσηηθνχο νξγαληζκνχο ππάξρνπλ δχν δηεξγαζίεο 

αλαζπλδπαζκνχ: Α) Ο  δηαρξσκνζσκαηηθφο  αλαζπλδπαζκφο,  πνπ  γίλεηαη  κε  βάζε  ηνλ 

ειεχζεξν ζπλδπαζκφ ησλ ρξσκνζσκάησλ, θαηά ηνλ νπνίν ηα κεησηηθά πξντφληα 

αληηζηνηρνχλ ζην 50% ηνπ ζπλφινπ ησλ απνγφλσλ θαη Β) Ο ελδνρξσκνζσκαηηθφο 

αλαζπλδπαζκφο (δηαζθειηζκφο), πνπ  ζπκβαίλεη θαηά ηε κείσζε αλάκεζα ζε κε αδειθέο 
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ρξσκαηίδεο θαη νδεγεί ζε δηαθνξεηηθφ ζπλδπαζκφ αιιεινκφξθσλ. Σα παξαγφκελα 

κεησηηθά πξντφληα απηνχ ηνπ ηχπνπ αλαζπλδπαζκνχ αληηζηνηρνχλ ζε πνζνζηφ 

κηθξφηεξν απφ ην 50% ηνπ ζπλφινπ ησλ απνγφλσλ (Σξηαληαθπιιίδεο, 2001).  

Ζ γελεηηθή  πνηθηινκνξθία, πνπ  παξάγεηαη κέζα ζε έλαλ πιεζπζκφ απφ ηηο 

κεηαιιάμεηο θαη ηνλ αλαζπλδπαζκφ, ηξνπνπνηείηαη (απμνκεηψλεηαη, θαζηεξψλεηαη ή 

απαιείθεηαη)  κέζα απφ κεραληζκνχο δηεξγαζηψλ φπσο ε θπζηθή επηινγή, ε γνληδηαθή 

ξνή θαη ε γελεηηθή παξέθθιηζε. Ζ θπζηθή επηινγή είλαη κηα νκάδα δηεξγαζηψλ, κέζσ ησλ 

νπνίσλ, ραξαθηεξηζηηθά ηα νπνία θαζηζηνχλ ηνπο νξγαληζκνχο θαιχηεξα 

πξνζαξκνζκέλνπο ζην πεξηβάιινλ ηνπο, απμάλνπλ δειαδή ηελ πηζαλφηεηα επηβίσζεο 

θαη αλαπαξαγσγήο ηνπο, δηαηεξνχληαη θαη κεηαβηβάδνληαη, δηακνξθψλνληαο έλα κεγάιν 

κέξνο ηεο θαηλνηππηθήο πνηθηινκνξθίαο πνπ παξαηεξείηαη ζηελ θχζε θαη ηαπηφρξνλα 

ηεο ππνθείκελεο γελεηηθήο παξαιιαθηηθφηεηαο. Ζ γνληδηαθή ξνή πεξηγξάθεη ηελ είζνδν 

ζηε γελεηηθή δεμακελή ελφο πιεζπζκνχ, γνληδίσλ (ή αιιεινκφξθσλ ηνπο) απφ έλαλ ή 

πεξηζζφηεξνπο πιεζπζκνχο. πλήζσο νη πιεζπζκνί απηνί αλήθνπλ ζην ίδην είδνο, ζε 

κεξηθέο πεξηπηψζεηο, φκσο, πξαγκαηνπνηείηαη πβξηδηζκφο αλάκεζα ζε δηαθνξεηηθά είδε, 

ηα νπνία δελ είλαη πιήξσο αλαπαξαγσγηθά απνκνλσκέλα. Ζ γνληδηαθή ξνή 

πξαγκαηνπνηείηαη κε κεηαθίλεζε αηφκσλ κεηαμχ δχν πιεζπζκψλ, κέζσ ηεο 

κεηαλάζηεπζεο ή κεηαθνξάο αηφκσλ απφ ηνλ άλζξσπν. Δηζάγεη λέα αιιειφκνξθα ή 

κεηαβάιιεη ηε ζπρλφηεηα ππαξρφλησλ αιιεινκφξθσλ ζηνπο πιεζπζκνχο. Ο φξνο 

γελεηηθή παξέθθιηζε αλαθέξεηαη ζε αιιαγέο απφ γεληά ζε γεληά ζηηο ζπρλφηεηεο ησλ 

αιιεινκφξθσλ ζε έλα πιεζπζκφ πνπ νθείινληαη ζε ηπραία γεγνλφηα. Πξφθεηηαη γηα 

πνιχ ζεκαληηθή εμειηθηηθή δηεξγαζία, ε νπνία κπνξεί λα νδεγήζεη ζε απφηνκεο αιιαγέο 

ησλ αιιεινκνξθηθψλ ζπρλνηήησλ ζε ζρεηηθά ζχληνκν ρξνληθφ δηάζηεκα. Μπνξεί λα 

ζπκβάιιεη ζηελ εγθαζίδξπζε λέσλ αιιεινκφξθσλ ζε έλα πιεζπζκφ αιιά θαη ζηελ 

απψιεηα θάπνησλ, κε ζπλέπεηα ηελ ζεκαληηθή αιινίσζε ηεο γελεηηθήο πνηθηιφηεηαο. 

 

1.3 Μελέηη ηων εξελικηικών ζσέζεων ηων οπγανιζμών 

 

Ο φξνο θπινγέλεζε αλαθέξεηαη ζηε κειέηε ησλ εμειηθηηθψλ ζρέζεσλ κεηαμχ 

νξγαληζκψλ, πιεζπζκψλ θαη εηδψλ φπσο απηέο δηακνξθψλνληαη κε ην πέξαζκα  ηνπ 

ρξφλνπ. Ζ εμειηθηηθή δηαδηθαζία είλαη δπλαηφλ λα δεκηνπξγήζεη δηαθιαδψζεηο, θαζψο νη 

2Institutional Repository - Library & Information Centre - University of Thessaly
04/06/2024 07:21:59 EEST - 3.145.59.163



πιεζπζκνί κεηαβάιινληαη ζην ρξφλν, δηαρσξίδνληαη ζε μερσξηζηνχο θιάδνπο 

(εηδνγέλεζε), δηαζηαπξψλνληαη ή εμαθαλίδνληαη. Ο πξνζδηνξηζκφο ησλ θπινγελεηηθψλ 

ζρέζεσλ είλαη ζπλδεδεκέλνο κε ηελ ηαμηλφκεζε ησλ νξγαληζκψλ, θαζψο, απφ ηελ επνρή 

ηνπ Γαξβίλνπ αθφκε, ζηφρνο ησλ εηδηθψλ ήηαλ ε ηαμηλφκεζε λα αληαλαθιά φζν πην 

πηζηά γίλεηαη ηηο θπινγελεηηθέο ζρέζεηο ησλ νξγαληζκψλ. 

Παιαηφηεξα, ε πεξηγξαθή ησλ ζρέζεσλ κεηαμχ ησλ νξγαληζκψλ βαζηδφηαλ 

θπξίσο ζε θαηλνηππηθά ραξαθηεξηζηηθά, ζηε ζπγθξηηηθή κνξθνινγία, ζηε θπζηνινγία 

θ.ιπ. Οη κέζνδνη αλάιπζεο ησλ γλσξηζκάησλ (πνπ νλνκάζηεθαλ θιαδηζηηθέο κέζνδνη) 

βαζίδνληαη ελ γέλεη ζηηο αξρέο πνπ πεξηγξάθεθαλ απφ ην Γεξκαλφ εληνκνιφγν  Willi 

Hennig  ζην  βηβιίν  ηνπ  Phylogenetic  Systematics (1966). Δθφζνλ ήηαλ γλσζηφ φηη ν 

γελφηππνο ελφο αηφκνπ αληηθαηνπηξίδεηαη ζην θαηλφηππφ ηνπ, ηα κνξθνινγηθά 

γλσξίζκαηα ήηαλ απηά πνπ ρξεζηκνπνηήζεθαλ θαηά θχξην ιφγν ζηηο θιαδηζηηθέο 

κειέηεο. Δπηπξνζζέησο, ν θαηλφηππνο είλαη εθείλνο πνπ πθίζηαηαη ηηο πηέζεηο ηεο 

θπζηθήο επηινγήο θαη εμειίζζεηαη νξαηά. Έλα αθφκε πιενλέθηεκα ηεο ρξήζεο ησλ 

κνξθνινγηθψλ γλσξηζκάησλ, είλαη ε δπλαηφηεηα ρξήζεο κεγάινπ δείγκαηνο αηφκσλ ζηηο 

αλαιχζεηο, κεηψλνληαο κε ηνλ ηξφπν απηφλ ηελ πηζαλφηεηα ζηαηηζηηθνχ  ζθάικαηνο, 

θαζψο θαη ε δπλαηφηεηα επαλάιεςεο ησλ αλαιχζεσλ κε ηε ρξήζε ησλ ίδησλ αηφκσλ, 

εθφζνλ είλαη δπλαηή ε δηαηήξεζή ηνπο. Γηα ηνπο παξαπάλσ ιφγνπο, ε ρξήζε ηεο 

κνξθνινγίαο βξηζθφηαλ ζε άλζηζε κέρξη ηε δεθαεηία ηνπ ’80. Ωζηφζν, νη αλαιχζεηο πνπ 

ζηεξίδνληαη ζηε κνξθνινγία ησλ αηφκσλ έρνπλ θαη κεηνλεθηήκαηα, φπσο γηα 

παξάδεηγκα ην γεγνλφο φηη ηα δηαθνξεηηθά γλσξίζκαηα είλαη, νξηζκέλεο θνξέο,  δχζθνιν 

λα δηαθξηζνχλ, ζπλεπψο πξέπεη λα ιακβάλεηαη ππφςε ε ππνθεηκεληθφηεηα ηνπ εξεπλεηή. 

Δπηπιένλ, ηα πξφηππα ηεο θιεξνλνκηθφηεηαο ησλ κνξθνινγηθψλ γλσξηζκάησλ δελ είλαη 

πάληα ζαθή. Σέινο, ππάξρνπλ πεξηπηψζεηο θαηά ηηο νπνίεο ην πιήζνο ησλ δεδνκέλσλ 

(δηαζέζηκσλ γλσξηζκάησλ) δελ επαξθεί γηα ηελ αμηφπηζηε ζηήξημε ησλ θπινγελεηηθψλ 

ππνζέζεσλ. 

 Μηα ιχζε ζηα πξνβιήκαηα απηά έδσζε ε αλάπηπμε ησλ κνξηαθψλ κεζφδσλ, νη 

νπνίεο βξίζθνπλ εθαξκνγή ζε φινπο ηνπο νξγαληζκνχο θαη ζε θάζε κφξην ην νπνίν θέξεη 

πιεξνθνξία γηα ηνλ νξγαληζκφ. Με ηελ αλάπηπμε κνξηαθψλ ηερληθψλ, φπσο ε 

αιπζηδσηή αληίδξαζε πνιπκεξάζεο (Polymerase Chain Reaction, PCR), δφζεθε ζηνπο 

εξεπλεηέο ε δπλαηφηεηα πξνζδηνξηζκνχ αιιεινπρηψλ DNA ζε κεγάιε  θιίκαθα.  Έηζη, 
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ε κνξηαθή αλάιπζε εληάρζεθε σο απαξαίηεην εξγαιείν ζηηο θπινγελεηηθέο κειέηεο 

θαζψο ζεσξήζεθε φηη ηα κνξηαθά δεδνκέλα, θαη θπξίσο νη αιιεινπρίεο ηνπ DNA 

παξέρνπλ απνδείμεηο νη νπνίεο επηηξέπνπλ ηνλ πξνζδηνξηζκφ ηεο θπινγέλεζεο φισλ ησλ 

κνξθψλ δσήο. Δπηπιένλ, ζεσξήζεθε φηη ηα κνξηαθά δεδνκέλα ήηαλ αλψηεξα απφ ηα 

κνξθνινγηθά, θαζψο αλαθέξνληαη ζην επίπεδν ηνπ DNA θαη ησλ γνληδίσλ, ηα νπνία 

παξέρνπλ ηηο απαξαίηεηεο απνδείμεηο γηα ηηο ζρέζεηο κεηαμχ ησλ αηφκσλ. Ωζηφζν, απφ 

ηελ αξρή ζρεδφλ ηεο ρξήζεο ησλ κνξηαθψλ δεδνκέλσλ, ήηαλ γλσζηφ φηη νη κέζνδνη 

απηέο, φπσο θαη νη κέζνδνη πνπ ρξεζηκνπνηνχζαλ κνξθνινγηθά δεδνκέλα, είραλ ηφζν 

πιενλεθηήκαηα φζν θαη κεηνλεθηήκαηα.. Ζ κειέηε ηνπ DNA επηηξέπεη ηελ άκεζε 

αλάιπζε ηνπ γελεηηθνχ πιηθνχ, ην νπνίν έρεη  θιεξνλνκεζεί απφ ηνπο πξνγφλνπο θαη 

ζπλεπψο αληαλαθιά ηε γελεαινγία θαη είλαη αμηφπηζην γηα ηε κειέηε ησλ θπινγελεηηθψλ 

ζρέζεσλ. Αληηζέησο, κηα ζπγθεθξηκέλε δνκή ζε έλαλ νξγαληζκφ, δελ παξέρεη 

πιεξνθνξίεο γηα ηνλ ηξφπν κε ηνλ νπνίν έρεη πξνθχςεη, δειαδή εάλ νθείιεηαη ζε άκεζεο 

πεξηβαιινληηθέο επηξξνέο ή ζηελ θιεξνλνκηθφηεηα. Δθφζνλ, ινηπφλ,  γηα  ηε  κειέηε 

ησλ θπινγελεηηθψλ ζρέζεσλ είλαη απαξαίηεηε ε κειέηε ησλ θιεξνλνκνχκελσλ 

ραξαθηεξηζηηθψλ, ε κνξθνινγία θαζίζηαηαη ιηγφηεξν αμηφπηζηε γηα ηηο θπινγελεηηθέο 

κειέηεο.  

 Έλα απφ ηα πξνβιήκαηα ησλ κνξθνινγηθψλ κειεηψλ είλαη ην γεγνλφο φηη νη ππφ 

κειέηε νξγαληζκνί κπνξεί λα κνηάδνπλ εμαηξεηηθά κεηαμχ ηνπο ζηε κνξθνινγία, κε 

ζπλέπεηα νη νκνηφηεηεο απηέο λα θαζηζηνχλ δπζθνιφηεξε ηελ εχξεζε ελφο αξηζκνχ 

ραξαθηήξσλ, ηθαλνχ γηα αμηφπηζηε θαη ζπζηεκαηηθή αλάιπζε. Αληηζέησο, νη αιιεινπρίεο 

DNA είλαη επκεηάβιεηεο αλάκεζα ζηα είδε  θαη  θαηά  ζπλέπεηα,  είλαη  δπλαηφλ  λα 

βξεζεί  κεγάινο  αξηζκφο ραξαθηήξσλ (ζέζεηο δεπγψλ βάζεσλ) νη  νπνίνη θέξνπλ 

θπινγελεηηθά πιεξνθνξηαθή κεηαβιεηφηεηα. Σν θφζηνο είλαη έλαο ζεκαληηθφο 

παξάγνληαο ζε θάζε κειέηε. Ζ κειέηε ηεο κνξθνινγίαο  είλαη  πνιχ  πην  νηθνλνκηθή 

απφ  ηε  κειέηε ησλ αιιεινπρηψλ ηνπ DNA. Απηφ ζεκαίλεη φηη κε ην ίδην θφζηνο είλαη 

δπλαηφλ λα κειεηεζνχλ πεξηζζφηεξεο δνκέο ελφο νξγαληζκνχ, απ’ φηη γνλίδηα. ηελ 

πεξίπησζε απηή ε κνξθνινγία ππεξηεξεί ηνπ DNA. Ωζηφζν, ε ηερλνινγία ηνπ DNA 

γίλεηαη φιν θαη πην νηθνλνκηθή θαη γξήγνξε, νπφηε ην ζπγθεθξηκέλν πιενλέθηεκα ηεο 

κνξθνινγίαο ζπλερψο θζίλεη.  

 Έλα ζπγθεθξηκέλν κνξθνινγηθφ ραξαθηεξηζηηθφ είλαη δπλαηφλ λα θαζνξίδεηαη 
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απφ πεξηζζφηεξα ηνπ ελφο γνλίδηα, κε απνηέιεζκα ε κειέηε ηνπ λα αληιεί πιεξνθνξίεο 

γηα πνιιαπιά ηκήκαηα ηνπ γελεηηθνχ πιηθνχ. Αληηζέησο, ζπλήζσο ιφγσ νηθνλνκηθψλ 

πεξηνξηζκψλ, ε κνξηαθή αλάιπζε πεξηνξίδεηαη ζε έλα ή ζε κηθξφ αξηζκφ γνληδίσλ. Έηζη, 

δελ ιακβάλεηαη ππ’ φςηλ ε πηζαλή αιιειεπίδξαζή ηνπ κε άιια άγλσζηα γνλίδηα, κε 

ζπλέπεηα λα ππάξρεη πηζαλφηεηα ραξαθηήξεο νη νπνίνη αλαθέξνληαη σο μερσξηζηνί, λα 

εμειίζζνληαη θαηά ζπζρεηηδφκελν ηξφπν, γεγνλφο πνπ θαζηζηά ηε θπινγέλεζε ιηγφηεξν 

αμηφπηζηε. Αληίζεηα, εάλ ε κειέηε αθνξά ραξαθηεξηζηηθά πνπ θσδηθνπνηνχληαη απφ 

δηαθνξεηηθά γνλίδηα, είλαη ιηγφηεξν πηζαλφ ε εμέιημή ηνπο λα ζπζρεηίδεηαη. ηελ 

πεξίπησζε απηή, νη κνξθνινγηθέο κειέηεο ππεξηεξνχλ. Ωζηφζν, απηή ε δηαθνξά κε ηηο 

κνξηαθέο κειέηεο κεηψλεηαη φζν κεγαιψλεη ν αξηζκφο ησλ ππφ κειέηε γνληδίσλ.  

 πκπεξαζκαηηθά, νη πιένλ αμηφπηζηεο θπινγελεηηθέο κειέηεο βαζίδνληαη ζε 

ζπλδπαζκφ δηαθνξεηηθψλ εηδψλ δεδνκέλσλ. Απηή ε πξνζέγγηζε ηηο θαζηζηά πην 

νινθιεξσκέλεο  θαη  κεηψλεη ηελ πηζαλφηεηα λα πεξηέρνπλ ζθάικαηα φζνλ αθνξά ηα 

ζπκπεξάζκαηα πνπ εμάγνληαη, ηδηαίηεξα δε εάλ απηά ζπκθσλνχλ αλάκεζα ζε δηαθνξεηηθά 

είδε αλαιχζεσλ (Bininda-Emonds, 2000). Παξ’ φια απηά, ε ζπκβνιή ηεο κνξηαθήο 

αλάιπζεο ζηε θπινγέλεζε θαη ν ζεκαληηθφο ηεο ξφινο ζηε δηαιεχθαλζε ησλ 

θπινγελεηηθψλ ζρέζεσλ αθφκα θαη κεηαμχ αλψηεξσλ ηαμηλνκηθψλ βαζκίδσλ δελ είλαη 

δπλαηφλ λα ακθηζβεηεζεί.  

 

1.4 Μοπιακοί δείκηερ 

 

Οη κνξηαθνί δείθηεο ρξεζηκνπνηνχληαη επξέσο ζηελ εμειηθηηθή βηνινγία θαη ζηηο 

θπινγελεηηθέο κειέηεο ελψ νη κνξηαθέο κέζνδνη αλάιπζεο βειηηψλνληαη κε ηαρείο 

ξπζκνχο. Τπάξρεη κία πιεζψξα κνξηαθψλ δεηθηψλ πνπ κειεηνχλ ηνλ πνιπκνξθηζκφ είηε 

ζε επίπεδν πξσηετλψλ είηε ζε επίπεδν DNA. Οη θπξηφηεξνη απφ απηνχο είλαη:  

 Αιινέλδπκα, πνπ βαζίδνληαη ζηελ πνηθηιφηεηα ησλ πξσηετλψλ ιφγσ κε 

ζπλψλπκσλ λνπθιενηηδηθψλ πνιπκνξθηζκψλ ζηελ θσδηθή πεξηνρή ηνπ 

αληίζηνηρνπ γνληδίνπ. Σα αιινέλδπκα δηαθέξνπλ σο πξνο ηελ ειεθηξνθνξεηηθή 

θηλεηηθφηεηά ηνπο.  

 Πνιπκνξθηζκνί κεγέζνπο ηκεκάησλ πεξηνξηζκνχ (RFLP) (Botstein et al., 1980) 

πνπ αθνξά ζηελ παξαγσγή ηκεκάησλ DNA δηαθνξεηηθνχ  κήθνπο, κεηά απφ 
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πέςε κε πεξηνξηζηηθά έλδπκα.  

 Σπραία εληζρπκέλν πνιπκνξθηθφ DNA (RAPD) (Williams et al., 1990) ν νπνίνο 

βαζίδεηαη ζην δηαθνξηθφ πνιιαπιαζηαζκφ, ηπραίσλ αιιεινπρηψλ  ελφο δείγκαηνο 

DNA. Ζ ηαπηνπνίεζή ηνπο επηηπγράλεηαη κέζσ PCR κε νιηγνλνπθιενηηδηθνχο 

εθθηλεηέο (8-10 βάζεηο).  

 Μηθξνδνξπθφξνη, πνπ απνηεινχληαη απφ δηαδνρηθέο επαλαιακβαλφκελεο 

αιιεινπρίεο 1-6 βάζεσλ νη νπνίεο θέξνπλ εθαηέξσζελ κνλαδηαίεο αιιεινπρίεο. 

Δκθαλίδνπλ πςειφ βαζκφ πνιπκνξθηζκνχ θαη εληνπίδνληαη ζε πάξα πνιιέο 

δηαθνξεηηθέο ζέζεηο ηνπ γνληδηψκαηνο (Queller et al., 1993). 

 Αιιεινπρίεο DNA. Παιαηφηεξα, νη παξαπάλσ κέζνδνη ρξεζηκνπνηνχληαλ επξέσο 

ζηηο θπινγελεηηθέο κειέηεο θπξίσο ιφγσ ηνπ ρακεινχ θφζηνπο θαη ηεο ηαρχηεηαο 

εθηέιεζήο ηνπο ζε ζχγθξηζε κε ηελ αιιεινχρεζε ηνπ DNA. Ωζηφζν, πιένλ ηφζν 

ην θφζηνο φζν θαη ν ρξφλνο πνπ απαηηείηαη γηα ηελ αιιεινχρεζε κεηψζεθαλ 

δξακαηηθά. Έηζη, ε αιιεινχρεζε ηνπ DNA εθαξκφδεηαη πνιχ ζπρλά ζηηο 

θπινγελεηηθέο κειέηεο, θαζψο ζπληζηά κηα  ιεπηνκεξή  θαη αλαιπηηθή  κέζνδν 

γηα ηελ εθηίκεζε ησλ γελεηηθψλ απνζηάζεσλ γνληδηαθψλ ηκεκάησλ θαη γνληδίσλ. 

Παξφια απηά, ζε κία ζπγθεθξηκέλε θπινγελεηηθή αλάιπζε είλαη δπλαηφλ λα 

απαηηείηαη ε αλάιπζε πνιιαπιψλ κνξηαθψλ δεηθηψλ πνπ παξέρνπλ 

ζπκπιεξσκαηηθέο πιεξνθνξίεο. 

  

1.4.1 Σο μιηοσονδπιακό DNA (mtDNA) ζηιρ θςλογενεηικέρ μελέηερ 

Οη κνξηαθέο θπινγελεηηθέο κειέηεο ζηεξίδνληαη ζπλήζσο ζηε ρξήζε κηηνρνλδξηαθψλ 

γνληδίσλ. Σν κηηνρνλδξηαθφ DNA, σο κνξηαθφο δείθηεο, ρξεζηκνπνηείηαη επξχηαηα ζηηο 

θπινγελεηηθέο κειέηεο. Σα πεξηζζφηεξα κηηνρνλδξηαθά γνληδηψκαηα είλαη θπθιηθά, 

δίθισλα, ππεξειηθσκέλα κφξηα DNA ελψ γξακκηθά κφξηα εληνπίδνληαη κφλν ζε 

νξηζκέλα πξσηφδσα θαη κχθεηεο. ε πνιιέο πεξηπηψζεηο, ην πεξηερφκελν ηνπ mtDNA ζε 

γνπαλίλεο/θπηνζίλεο (GC) δηαθέξεη ζεκαληηθά απφ ην ππξεληθφ DNA θαη γηα απηφ είλαη 

δπλαηφλ λα δηαρσξηζηεί απφ ην ππξεληθφ κε θπγνθέληξεζε ζε δηαβάζκηζε ππθλφηεηαο 

ρισξηνχρνπ θαηζίνπ (αλαθνξά). Σν mtDNA δε ζπλδέεηαη κε ηζηφλεο ή παξφκνηεο 

πξσηεΐλεο (Russell, 2009). Σα κηηνρνλδξηαθά γνληδηψκαηα δηαθνξεηηθψλ εηδψλ 

παξνπζηάδνπλ πνιιέο νκνηφηεηεο σο πξνο ηνλ αξηζκφ θαη ηηο ιεηηνπξγίεο ησλ γνληδίσλ 
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ηνπο. Σν κηηνρνλδξηαθφ DNA ησλ δψσλ (Δηθφλα 1) είλαη έλα κηθξφ, εμσρξσκνζσκαηηθφ 

γνληδίσκα, πνπ έρεη ζπλήζσο κέγεζνο ηεο ηάμεο ησλ 16-17 kb θαη πεξηιακβάλεηηα ίδηα 

37 γνλίδηα: 2 γηα ξηβνζσκηθά RNAs (rRNAs), 13 γηα πξσηεΐλεο θαη 22 γηα κεηαθνξηθά 

RNAs (tRNAs). Δπηπιένλ, ππάξρεη κηα κεγάιε κε θσδηθή πεξηνρή (D-loop), ε νπνία 

είλαη γλσζηφ φηη πεξηέρεη ζηνηρεία ειέγρνπ ηεο αληηγξαθήο θαη ηεο κεηαγξαθήο 

(Krzywinski et al., 2006). Γελ είλαη μεθάζαξν θαηά πφζν απηέο νη πεξηνρέο ειέγρνπ είλαη 

νκφινγεο κεηαμχ απφκαθξσλ δσηθψλ εηδψλ ή, ελαιιαθηηθά, έρνπλ πξνθχςεη αλεμάξηεηα, 

απφ δηαθνξεηηθέο κε θσδηθέο αιιεινπρίεο ζε μερσξηζηέο εμειηθηηθέο γελεαινγίεο, 

δεδνκέλνπ φηη δελ παξνπζηάδνπλ λνπθιενηηδηθή νκνινγία εθηφο απφ ηηο πεξηπηψζεηο πνπ 

πξφθεηηαη γηα ζηελά ζπγγεληθά είδε (Boore, 1999). 

Σα πξντφληα απηψλ ησλ γνληδίσλ, καδί κε κφξηα RNA θαη πξσηεΐλεο πνπ 

εηζάγνληαη απφ ην θπηηαξφπιαζκα, παξέρνπλ ζην κηηνρφλδξην ην δηθφ ηνπ ζχζηεκα 

αληηγξαθήο θαη κεηαγξαθήο ηνπ DNA θαη κεηάθξαζεο ησλ πξσηετλψλ. Ζ κειέηε ηνπ 

mtDNA παξέρεη πνιχηηκεο πιεξνθνξίεο γηα ηελ γνληδησκαηηθή εμέιημε. Δπηπιένλ, ε 

ζχγθξηζε ηεο νξγάλσζεο ησλ κηηνρνλδξηαθψλ γνληδίσλ είλαη δπλαηφλ λα νδεγήζεη ζηελ 

εμαγσγή αξραίσλ εμειηθηηθψλ ζρέζεσλ, θαζψο ε δηάηαμε ησλ γνληδίσλ ζε απφκαθξεο 

ηαμηλνκηθά νκάδεο είλαη κνλαδηθή θαη έηζη είλαη ζρεδφλ αδχλαην λα ζπκβεί απηφ ην 

γεγνλφο κε ηνλ ίδην ηξφπν ζε αλεμάξηεηεο εμειηθηηθά γελεαινγίεο (Boore, 1999). 

 

Δηθφλα 1: Μηηνρνλδξηαθφ DNA (mtDNA) 
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Σα γνληδηψκαηα ησλ νξγαληδίσλ αληηγξάθνληαη θαη θιεξνλνκνχληαη κε δηαθνξεηηθφ 

ηξφπν απ’ φηη ηα γνλίδηα ηνπ ππξήλα θαη σο εθ ηνχηνπ ε δπλακηθή ησλ λνπθιενηηδηθψλ 

αληηθαηαζηάζεσλ είλαη πνιχ δηαθνξεηηθή. Ο κέζνο ξπζκφο ζπλψλπκσλ 

αληηθαηαζηάζεσλ ζηα κηηνρνλδξηαθά γνλίδηα ησλ ζειαζηηθψλ είλαη πεξίπνπ 5,7 x10
-8

 

αλά ζέζε αλά έηνο, είλαη δειαδή πεξίπνπ δεθαπιάζηνο απφ ην κέζν ξπζκφ ζπλψλπκσλ 

αληηθαηαζηάζεσλ ησλ γνληδίσλ ηνπ ππξήλα. Ο ξπζκφο κε ζπλψλπκσλ αληηθαηαζηάζεσλ 

πνηθίιιεη ζεκαληηθά κεηαμχ ησλ γνληδίσλ ηνπ κηηνρνλδξίνπ αιιά ζε θάζε πεξίπησζε 

είλαη ζεκαληηθά πςειφηεξνο απφ ην κέζν ξπζκφ ζπλψλπκσλ αληηθαηαζηάζεσλ πνπ 

παξαηεξείηαη ζηα ππξεληθά γνλίδηα. Απηφ ζρεηίδεηαη κε ηελ ρακειφηεξε αμηνπηζηία ηνπ 

κεραληζκνχ αληηγξαθήο ηνπ DNA, γεγνλφο πνπ έρεη σο ζπλέπεηα ηνλ πςειφηεξν ξπζκφ 

εηζαγσγήο ζθαικάησλ θαηά ηελ αληηγξαθή θαη ηελ επηδηφξζσζε ηνπ mtDNA. ε 

αληίζεζε κε ηηο πνιπκεξάζεο DNA ηνπ ππξήλα, νη πνιπκεξάζεο DNA ηνπ κηηνρνλδξίνπ 

δελ έρνπλ ηθαλφηεηα επηδηνξζσηηθνχ ειέγρνπ. Δπίζεο, νη πςειφηεξεο ζπγθεληξψζεηο 

κεηαιιαμηγφλσλ, φπσο νη ειεχζεξεο ξίδεο νμπγφλνπ, νη νπνίεο πξνθχπηνπλ απφ 

κεηαβνιηθέο δηεξγαζίεο πνπ δηεμάγνληαη ζηα κηηνρφλδξηα, είλαη δπλαηφλ λα παίδνπλ ξφιν 

ζηνπο πςειφηεξνπο ξπζκνχο λνπθιενηηδηθψλ αληηθαηαζηάζεσλ. Δπηπιένλ, είλαη πηζαλφλ, 

ε πίεζε ηεο θπζηθήο επηινγήο, πνπ θπζηνινγηθά εμαιείθεη πνιιέο κεηαιιαγέο ζηα 

γνλίδηα ηνπ ππξήλα, λα είλαη ιηγφηεξν έληνλε ζηα κηηνρφλδξηα, επεηδή ηα πεξηζζφηεξα 

θχηηαξα πεξηέρνπλ πνιιέο δεθάδεο κηηνρφλδξηα θαζέλα απφ ηα νπνία πεξηέρεη κέρξη θαη 

δψδεθα αληίγξαθα ηνπ κηηνρνλδξηαθνχ γνληδηψκαηνο. Σέινο, νη κεηαιιαγέο ζηα γνλίδηα 

ηνπ κηηνρνλδξηαθνχ γνληδηψκαηνο πνπ θσδηθνπνηνχλ πξσηεΐλεο, tRNA θαη rRNA 

θαίλεηαη λα κελ επεξεάδνπλ ηφζν αξλεηηθά ηελ πξνζαξκνζηηθφηεηα ηνπ αηφκνπ φζν νη 

αληίζηνηρεο κεηαιιαγέο ζηα ππξεληθά γνλίδηα.  

Παξφηη είλαη γλσζηφ φηη ηα κηηνρνλδξηαθά γνληδηψκαηα ησλ δψσλ εμειίζζνληαη 

ηαρχηαηα, ε νξγάλσζε ησλ γνληδίσλ θαίλεηαη λα είλαη απαξάιιαθηε γηα κεγάιεο 

ρξνληθέο πεξηφδνπο ηεο εμειηθηηθήο ηζηνξίαο. Με νξηζκέλεο εμαηξέζεηο, ε νξγάλσζε ησλ 

γνληδίσλ είλαη ζρεηηθά ζηαζεξή κέζα ζηηο θχξηεο νκάδεο, αιιά δηαθέξεη κεηαμχ απηψλ, 

θαη ε ζχγθξηζε απηήο ηεο νξγάλσζεο παξέρεη ζεκαληηθέο πιεξνθνξίεο γηα ηηο 

θπινγελεηηθέο ζρέζεηο ζηνπο βαζχηεξνπο θιάδνπο ησλ κεηαδψσλ. Ο κεγάινο αξηζκφο 

ησλ πηζαλψλ γνληδηαθψλ δηαηάμεσλ θαζηζηά ζρεδφλ αδχλαην ην λα απνθηνχλ 

δηαθνξεηηθέο ηαμηλνκηθέο βαζκίδεο ην ίδην κνληέιν νξγάλσζεο. Ζ ζχγθξηζε ηεο 
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νξγάλσζεο ησλ κηηνρνλδξηαθψλ γνληδίσλ παξείρε πεηζηηθέο θπινγελεηηθέο ζρέζεηο ζε 

αξθεηέο πεξηπηψζεηο θαηά ηηο νπνίεο ηα ππφινηπα δεδνκέλα ήηαλ ακθίβνια, φπσο π.ρ. 

ζηηο πεξηπηψζεηο ησλ κεγάισλ νκάδσλ ησλ ερηλφδεξκσλ θαη ησλ αξζξνπφδσλ. 

 Ζ επθνιία ζηνλ πνιιαπιαζηαζκφ, νη  ζρεηηθά  γξήγνξνη  εμειηθηηθνί  ξπζκνί, 

θαζψο θαη ε απνπζία γελεηηθνχ αλαζπλδπαζκνχ, έθαλαλ  ην mtDNA  αλαπφζπαζην 

θνκκάηη  ηεο  ζπζηεκαηηθήο  θαη  ηεο  γελεηηθήο πιεζπζκψλ (Avise, 1986, Awadalla et 

al., 1999, Simon  et al., 2006). Δπεηδή φιν ην κηηνρνλδξηαθφ DNA θιεξνλνκείηαη σο κία 

κνλάδα, ή απιφηππνο, ε ζχγθξηζε ηνπ κηηνρνλδξηαθνχ DNA απφ δηαθνξεηηθά άηνκα 

κπνξεί λα παξνπζηαζηεί κε ηε κνξθή θπινγελεηηθνχ δέλδξνπ. Παξ’ φια απηά, ην 

κηηνρνλδξηαθφ DNA αληαλαθιά κφλν ηελ ηζηνξία ησλ ζειπθψλ αηφκσλ ηνπ πιεζπζκνχ 

θαη έηζη κπνξεί λα κελ αληηπξνζσπεχεη ηελ εμειηθηηθή ηζηνξία φινπ ηνπ πιεζπζκνχ. Γηα 

απηφ ην ιφγν ρξεζηκνπνηνχληαη ζπλήζσο ζπκπιεξσκαηηθά θαη κειέηεο ηνπ ππξεληθνχ 

DNA ή πεξηνρή ηνπ ρξσκνζψκαηνο Υ, ην νπνίν δηαθξίλεηαη απφ παηξηθή θιεξνλφκεζε 

(Garrigan & Hammer, 2006). 

 

1.4.2 Πςπηνικοί γενεηικοί ηόποι  

Παξφια ηα πιενλεθηήκαηα πνπ παξνπζηάδεη ην κηηνρνλδξηαθφ γνληδίσκα, σο πεγή 

κνξηαθψλ δεηθηψλ γηα θπινγελεηηθέο κειέηεο, ην γεγνλφο φηη θιεξνλνκείηαη σο εληαία 

κνλάδα, έρεη σο ζπλέπεηα λα κελ είλαη δπλαηφλ λα ζεσξεζνχλ ηα γνλίδηα πνπ 

πεξηιακβάλεη σο αλεμάξηεηεο πεγέο θπινγελεηηθήο πιεξνθνξίαο. Αληίζεηα, ην ππξεληθφ 

γνληδίσκα πεξηιακβάλεη πεξηνρέο πνπ θσδηθνπνηνχλ πξσηεΐλεο θαη RNA, ελψ θέξεη θαη 

κε θσδηθέο πεξηνρέο πξνζθέξνληαο έηζη κηα πιεζψξα αλεμάξηεησλ δεηθηψλ, νη νπνίνη 

εμειίζζνληαη κε δηαθνξεηηθνχο ξπζκνχο, θαζηζηψληαο ην ρξήζηκν εξγαιείν γηα ηε 

κειέηε ησλ θπινγελεηηθψλ ζρέζεσλ κεηαμχ ζπγγελψλ εηδψλ (Dolman & Phillips, 2004, 

Willows-Munro et al., 2005). 

Οη ππξεληθνί γελεηηθνί ηφπνη πνπ θσδηθνπνηνχλ πξσηεΐλεο ζπλήζσο δελ 

εκθαλίδνπλ πνιπκνξθηζκφ κεγέζνπο ή, εάλ εκθαλίζνπλ, απηφο αληηζηνηρεί ζε αξηζκφ 

πνιιαπιάζην ησλ ηξηψλ λνπθιενηηδίσλ, κε απνηέιεζκα ε νκνπαξάζεζε ησλ 

αιιεινπρηψλ λα κελ παξνπζηάδεη δπζθνιίεο. Ωζηφζν, νη ζπγθεθξηκέλνη γελεηηθνί δείθηεο 

είλαη δπλαηφλ λα δεκηνπξγήζνπλ δπζθνιίεο θαηά ηελ επεμεξγαζία ησλ απνηειεζκάησλ, 

ιφγσ ησλ ηληξνλίσλ πνπ πεξηέρνπλ (Downie & Gullan, 2004) θαη γηα απηφ ην ιφγν, ζε 
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νξηζκέλεο θπινγελεηηθέο κειέηεο ρξεζηκνπνηνχληαη κεκνλσκέλεο πεξηνρέο εμνλίσλ. 

Απηνί νη δείθηεο αμηνπνηνχληαη ζπλήζσο ζε θπινγελεηηθέο κειέηεο πςειφηεξσλ 

ηαμηλνκηθψλ επηπέδσλ. Απφ ηελ άιιε πιεπξά, νη αιιεινπρίεο θαη ε ηνπνινγία ησλ 

ηληξνλίσλ είλαη δπλαηφλ λα παξέρνπλ ρξήζηκεο πιεξνθνξίεο γηα ηελ εμειηθηηθή ηζηνξία θαη 

ηε θπινγέλεζε κηαο νκάδαο εηδψλ. Έηζη, νη αιιεινπρίεο ησλ ηληξνλίσλ, νη νπνίεο 

εμειίζζνληαη ηαρέσο, ρξεζηκνπνηνχληαη ζπρλά γηα θπινγελεηηθέο κειέηεο πνπ αθνξνχλ 

ζηελά ζρεηηδφκελα είδε ελψ ε εμέιημε ηεο γνληδηαθήο νξγάλσζεο, κέζσ απψιεηαο ή 

πξνζζήθεο ηληξνλίσλ, γεγνλφο πνπ θαίλεηαη λα ζπκβαίλεη κε πνιχ αξγνχο ξπζκνχο ζε 

νξηζκέλεο γελεαινγίεο, ρξεζηκνπνηείηαη ζπρλά γηα ηε δηεξεχλεζε βαζχηεξσλ θπινγελεηηθψλ 

ζρέζεσλ γηα ηηο νπνίεο απφ κφλε ηεο ε αιιεινπρία, ιφγσ κεγάισλ απνθιίζεσλ, δελ παξέρεη 

αμηφπηζηα ζπκπεξάζκαηα (Irimia & Roy, 2008). Άιινη ππξεληθνί γελεηηθνί ηφπνη πνπ 

κπνξνχλ λα ρξεζηκνπνηεζνχλ γηα κειέηεο θπινγέλεζεο είλαη νη κηθξνδνξπθνξηθέο 

αιιεινπρίεο. Πξφθεηηαη γηα επαλαιακβαλφκελεο αιιεινπρίεο ελφο έσο πέληε 

λνπθιενηηδίσλ πνπ ππάξρνπλ ζε ζεκαληηθφ πνζνζηφ ζην γνληδίσκα ησλ επθαξπσηηθψλ 

νξγαληζκψλ. Δκθαλίδνπλ πςειά επίπεδα πνιπκνξθηζκνχ, ιφγσ ηνπ πςεινχ ξπζκνχ 

κεηαιιάμεσλ. Ζ αμηνπνίεζή ηνπο ζε κειέηεο πιεζπζκηαθήο γελεηηθήο ζπλέβαιαλ ζηνλ 

θαζνξηζκφ ηεο γελεηηθήο δνκήο πνιιψλ εηδψλ, ζπγθξίλνληαο ηηο εμειηθηηθέο ζρέζεηο θαη 

κειεηψληαο ηελ πξφζθαηε ηζηνξία ζε επίπεδν πιεζπζκψλ (Buburuzan et al., 2007).  

Σέινο, ζηηο θπινγελεηηθέο αλαιχζεηο ρξεζηκνπνηνχληαη επίζεο νη γελεηηθνί ηφπνη 

πνπ θσδηθνπνηνχλ rRNA. Απηνί νη γελεηηθνί ηφπνη βξίζθνληαη ζπγθεληξσκέλνη ζε 

γεηηνληθέο πεξηνρέο ηνπ γνληδηψκαηνο θαη νξγαλψλνληαη ζε κηα εληαία ιεηηνπξγηθή 

κνλάδα. Κάζε ηέηνηα κνλάδα πεξηιακβάλεη γνλίδηα, ηα νπνία θσδηθνπνηνχλ ηε κεγάιε 

(28S) θαη ηε κηθξή (18S) ππνκνλάδα  ηνπ  ξηβνζψκαηνο,  θαζψο  θαη  ην  5,8S  rRNA,  ηα 

νπνία δηαρσξίδνληαη απφ κε θσδηθέο πεξηνρέο (ETS, ITS1, ITS2). Σν θχξην πιενλέθηεκα 

πνπ θαζηζηά ην ππξεληθφ ξηβνζσκηθφ DNA θαηάιιειν θπινγελεηηθφ δείθηε, είλαη ην 

κεγάιν κέγεζνο ηεο αιιεινπρίαο πνπ ζπλεπάγεηαη θαη κεγάιε πνζφηεηα θπινγελεηηθήο 

πιεξνθνξίαο. Ζ επηινγή ηνπ θαηάιιεινπ γελεηηθνχ δείθηε ζηελ εθάζηνηε θπινγελεηηθή 

κειέηε εμαξηάηαη απφ ηνλ αληίζηνηρν εμειηθηηθφ ξπζκφ ελψ, θαηά πεξίπησζε, νη 

ελαιιαθηηθνί γελεηηθνί δείθηεο κπνξνχλ λα ρξεζηκνπνηεζνχλ θαη ζπλδπαζηηθά (Olsen & 

Woese, 1993). 
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1.4.3 Σο σπωμόζωμα Υ 

Σν ρξσκφζσκα Υ είλαη έλα απφ ηα δχν θπιεηηθά ρξσκνζψκαηα (ΧΥ), ηα νπνία δηαζέηνπλ 

ζε θάζε θχηηαξν ηα πεξηζζφηεξα ζειαζηηθά θαη πεξηέρεη κεηαμχ άιισλ ην γνλίδην SRY 

(sex determination region- θπιν-θαζνξηζηηθφο παξάγνληαο), ην νπνίν φηαλ είλαη παξφλ, 

ελεξγνπνηεί ηελ αλάπηπμε ησλ φξρεσλ θαη θαζνδεγεί ηε δεκηνπξγία αξζεληθψλ 

θαηλνηχπσλ. Σν Υ ρξσκφζσκα πεξηέρεη θαη κεξηθά άιια γνλίδηα πνπ είλαη απαξαίηεηα 

γηα ηελ παξαγσγή ζπέξκαηνο. Σν ρξσκφζσκα Υ ηνπ αλζξψπνπ απνηειείηαη απφ 60 

εθαηνκκχξηα δεχγε βάζεσλ. Σν γεγνλφο φηη ην DNA ηνπ ρξσκνζψκαηνο Υ κεηαβηβάδεηαη 

απφ παηέξα ζε γην, ε αλάιπζε ηνπ κπνξεί λα νδεγήζεη ζε δηεξεχλεζε ησλ 

παηξνγξακκηθψλ ζεηξψλ ζε θπινγελεηηθέο αλαιχζεηο. 

Ο αλαζπλδπαζκφο αλάκεζα ζηα ρξσκνζψκαηα Χ θαη Υ απνδείρηεθε επηδήκηνο 

δεδνκέλνπ φηη θαηέιεγε ζε αξζεληθά ρσξίο ηα απαξαίηεηα γνλίδηα πνπ πξνεγνπκέλσο 

βξίζθνληαλ ζην Υ θαη ζε ζειπθά κε αρξείαζηα ή αθφκε θαη βιαβεξά γνλίδηα, πνπ 

πξνεγνπκέλσο βξηζθφηαλ κφλν ζην ρξσκφζσκα Υ. Ωο απνηέιεζκα ηα ρξήζηκα γνλίδηα 

γηα ηα αξζεληθά ζπγθεληξψζεθαλ θνληά ζην γνλίδην SRY θαη ν αλαζπλδπαζκφο 

θαηαζηάιζεθε, πξνθεηκέλνπ λα δηαηεξεζεί απηή ε εηδηθή πεξηνρή αλέπαθε (Graves, 

2006).  

 Σν ρξσκφζσκα Υ είλαη εθηεζεηκέλν ζε ζρεηηθά πςεινχο ξπζκνχο 

κεηαιιαμηγέλεζεο ζε ζρέζε κε ην ππφινηπν ππξεληθφ γνληδίσκα. Σν ρξσκφζσκα Υ 

κεηαβηβάδεηαη απνθιεηζηηθά απφ ην ζπέξκα, ην νπνίν ππνβάιιεηαη ζε πνιιαπιέο 

θπηηαξηθέο δηαηξέζεηο θαηά ηε δηάξθεηα ηεο γακεηνγέλεζεο. Κάζε θπηηαξηθή δηαίξεζε 

απνηειεί κηα επηπιένλ επθαηξία γηα ζπζζψξεπζε κεηαιιάμεσλ. Δπηπιένλ, ην ζπέξκα 

απνζεθεχεηαη ζην ηδηαίηεξα φμηλν πεξηβάιινλ ησλ φξρεσλ, ην νπνίν ελζαξξχλεη 

πεξαηηέξσ ηελ κεηαιιαμηγέλεζε. Οη δχν απηνί παξάγνληεο δεκηνπξγνχλ ηηο ζπλζήθεο 

ψζηε ην ρξσκφζσκα Υ λα δηαηξέρεη έλα θίλδπλν κεηαιιάμεσλ 4,8 θνξέο κεγαιχηεξν απφ 

ην ππφινηπν γνληδίσκα (Graves, 2006).  

 Σν πιεζπζκηαθφ κέγεζνο ηνπ ρξσκνζψκαηνο Υ είλαη πεξηνξηζκέλν θιεξνλνκηθά 

ζην 1/4  ζε ζρέζε κε απηφ ησλ απηνζσκάησλ. Οη δηπινεηδείο νξγαληζκνί πεξηέρνπλ δχν 

αληίγξαθα ησλ απηνζσκηθψλ ρξσκνζσκάησλ, ελψ κφλν ν κηζφο πεξίπνπ πιεζπζκφο 

πεξηέρεη έλα ρξσκφζσκα Υ. Έηζη, ην θαηλφκελν ηεο γελεηηθήο παξέθθιηζεο είλαη κηα 
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ηδηαίηεξα έληνλν ζην ρξσκφζσκα Υ. Μέζσ ηεο ηπραίαο δηεπζέηεζεο, έλα ελήιηθν 

αξζεληθφ κπνξεί λα κε κεηαβηβάζεη πνηέ ην ρξσκφζσκα εάλ απνθηήζεη κφλν ζειπθνχο 

απνγφλνπο. Έηζη, αλ θαη ην αξζεληθφ κπνξεί λα έρεη έλα θαιά πξνζαξκνζκέλν 

ρξσκφζσκα Υ, απαιιαγκέλν απφ ππεξβνιηθέο κεηαιιάμεηο, κπνξεί πνηέ λα κελ ην 

πεξάζεη ζηελ επφκελε γελεηηθή δεμακελή (Graves, 2006).  

 Γηα φινπο ηνπο παξαπάλσ ιφγνπ, ην ρξσκφζσκα Υ απνηειεί έλαλ άθξσο 

ελδηαθέξνληα κνξηαθφ δείθηε, ν νπνίνο ζα κπνξνχζε λα δψζεη πνιχηηκέο πιεξνθνξίεο 

γηα ηελ γελεηηθή πιεζπζκηαθή δνκή θαη ηελ θαηαγσγή ησλ ζχγρξνλσλ γνληδηαθψλ 

δεμακελψλ ζηα δηάθνξα είδε ζειαζηηθψλ, ζπκπεξηιακβαλνκέλνπ θαη ηνπ επξσπατθνχ 

ιαγνχ.     

 

1.5 Ο εςπωπαϊκόρ λαγόρ (Lepus europaeus Pallas, 1778) 

 

1.5.1. ςζηημαηική καηάηαξη ηος είδοςρ Lepus europaeus 

Βαζίιεην: Εψα 

Φχιν: Υνξδσηά 

Τπν-θχιν: πνλδπισηά 

Κιάζε: Θειαζηηθά 

Σάμε: Λαγφκνξθα 

Οηθνγέλεηα: Leporidae 

Γέλνο: Lepus 

Δίδνο: europaeus 

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

 

1.5.2 Φςζική πεπιγπαθή 

 

Δηθφλα 2: Lepus europaeus 
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Ο επξσπατθφο ιαγφο έρεη ζπλνιηθφ κήθνο πνπ θπκαίλεηαη απφ 60 έσο 75 cm θαη δπγίδεη 

απφ 3 έσο 5 θηιά (Hall & Kelson, 1959, Peterson, 1966). Σν ρξψκα ηνπ είλαη 

θαζηαλφγθξηδν έσο γθξίδν θαθέ, εθηφο απφ ηελ πεξηνρή ηεο θνηιηάο πνπ είλαη γθξη-

άζπξε. Σν θεθάιη έρεη θαθέ απνρξψζεηο κε πην αλνηρηφρξσκνπο θχθινπο γχξσ απφ ηα 

κάηηα. Έρεη καθξηά απηηά, ηα πίζσ πφδηα ηνπ είλαη πην καθξηά απφ ηα κπξνζηηλά, ελψ ηα 

πέικαηά ηνπ θαιχπηνληαη απφ παρχ ηξίρσκα γηα λα εκπνδίδνπλ ηελ νιίζζεζε. Ζ νπξά, 

κε κήθνο ζπλήζσο 7-11 cm, είλαη καχξε ζην επάλσ κέξνο ηεο θαη άζπξε ζην θάησ. Ζ 

δηάξθεηα δσήο ηνπ θηάλεη ηα 7-8 ρξφληα (Peterson, 1966, Bansfield, 1974).
 
Σν ρεηκψλα ην 

ηξίρσκα ηνπ επξσπατθνχ ιαγνχ γίλεηαη ειαθξψο πην γθξίδν. Δπίζεο, δελ έρεη 

παξαηεξεζεί αμηνζεκείσηνο δηκνξθηζκφο αλάκεζα ζηα δχν θχια. Ζ κνλαδηθή δηαθνξά 

πνπ έρεη παξαηεξεζεί είλαη φηη ηα αξζεληθά έρνπλ ζπλήζσο πην θνληφ θαη παρχ ιαηκφ ζε 

ζρέζε κε ηα ζειπθά άηνκα (Bansfield, 1974, Dragg, 1974). 

 

1.5.3. ςμπεπιθοπά 

Ο επξσπατθφο ιαγφο ζεσξείηαη λπθηφβην δψν. Γεληθά πξνηηκά ηε κνλαρηθή δσή αλ θαη 

έρνπλ ζεκεησζεί εκθαλίζεηο ηνπ ζε κηθξέο νκάδεο, θπξίσο ηελ πεξίνδν ηνπ 

δεπγαξψκαηνο. Υαξαθηεξηζηηθφ ηνπ γλψξηζκα είλαη ε κεγάιε ηαρχηεηα πνπ αλαπηχζζεη, 

ε νπνία κπνξεί λα θηάζεη ηα 70 km/h. Έρεη δηακνξθσκέλα πφδηα έηζη ψζηε λα πεδά, λα 

πεξπαηά θαη λα ηξέρεη. Γηαζέηεη ηδηαίηεξα αλεπηπγκέλε ηελ αίζζεζε ηεο φξαζεο, 

φζθξεζεο θαη αθνήο. Όηαλ αθνχζεη ζφξπβν ζηέθεηαη ζηα πίζσ πφδηα κε ζεθσκέλα ηα 

απηηά ηνπ (Hamilton & Whitaker, 1943). 

 

1.5.4. Γεωγπαθική εξάπλωζη 

Ο επξσπατθφο ιαγφο ζπλαληάηαη ζην κεγαιχηεξν ηκήκα ηεο Δπξψπεο θαη αλαηνιηθά ηεο 

Μ. Αζίαο έσο ηελ Κεληξηθή Αζία (Δηθ. 3), (Lincoln, 1974, Broekhuizen & Maaskamp, 

1980, Caillol & Meunier, 1989, Poli et al., 1991). Δπίζεο, έρεη εηζαρζεί ζηελ Ακεξηθή, 

Απζηξαιία θαη Νέα Εειαλδία (Lincoln, 1974, Caillol & Meunier, 1989, Bonino & 

Montenegro, 1997). 
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Δηθφλα 3: Παγθφζκηα θαηαλνκή ηνπ Lepus europaeus (απφ: Flux & Angermann, 1990). 

 

1.5.5. Βιόηοπορ 

Ο επξσπατθφο ιαγφο δεη ζε πεδηάδεο θαη ζε βνπλά κέρξη ην πςφκεηξν ησλ 1800 m. 

πλήζσο δξαζηεξηνπνηείηαη ζε αλνηρηέο πεξηνρέο, νξηνζεηεκέλεο απφ δαζηθέο εθηάζεηο 

ελψ απνθεχγεη ηα κέξε κε πνιιή πγξαζία. Ο ιαγφο έρεη αλάγθε απφ κηα δσηηθή πεξηνρή 

300 ζηξεκκάησλ, ζηελ νπνία ππάξρνπλ αξθεηέο δηαδξνκέο δηαθπγήο. Ζ θσιηά ηνπ, ηελ 

νπνία αλαδεηά ζε θπζηθά πξνζηαηεπκέλα ζεκεία ρσξίο λα ηελ δηακνξθψλεη ν ίδηνο φπσο 

π.ρ. ην ζπγγεληθφ ηνπ θνπλέιη, βξίζθεηαη ζε θνηιψκαηα θάησ απφ ςειά ρφξηα ή 

ζάκλνπο, θαιά θακνπθιαξηζκέλε (Peterson 1966, Bansfield 1974). 

 

1.5.6. Γιαηποθικέρ ζςνήθειερ 

Σελ εκέξα, ν επξσπατθφο ιαγφο θξχβεηαη ελψ ηηο λπρηεξηλέο ψξεο αθήλεη ηε θσιηά γηα 

λα αλαδεηήζεη ηελ ηξνθή ηνπ. Απηή απνηειείηαη απφ κεγάιε πνηθηιία θαη εμαξηάηαη απφ 

ηηο επνρέο ηνπ έηνπο. Γεληθά, ηξέθεηαη κε θάζε είδνπο θπηά, ρφξηα, ζηηεξά, ιαραληθά, 

θχιια ζάκλσλ θαη κηθξά θιαδηά. Δπίζεο, ραξαθηεξηζηηθφ ηνπ είλαη ε θνπξνθαγία, 

θαζψο ζπρλά θαηαλαιψλεη καιαθέο θνπηζνπιηέο πνπιηψλ πνπ είλαη πινχζηεο ζε 

βηηακίλεο, ακηλνμέα θαη βαθηήξηα ηα νπνία ηνπ είλαη απαξαίηεηα (Hamilton & Whitaker, 

1943, Bansfield, 1974). 

14Institutional Repository - Library & Information Centre - University of Thessaly
04/06/2024 07:21:59 EEST - 3.145.59.163



 

1.5.7. Αναπαπαγωγή 

Αλ θαη ν επξσπατθφο ιαγφο είλαη γεληθά κνλαρηθφ δψν, θνηλσληθνπνηείηαη ηδηαίηεξα θαηά 

ηελ πεξίνδν ηνπ δεπγαξψκαηνο, θαηά ηε δηάξθεηα ηεο νπνίαο επηδίδεηαη ζε ζεακαηηθά 

άικαηα θαη κάρεο δηεθδηθψληαο ην ηαίξη ηνπ. Μέρξη πξφζθαηα, απηέο νη κάρεο, θαηά ηηο 

νπνίεο ν έλαο ιαγφο ρηππνχζε ηνλ αληίπαιν κε ηηο παηνχζεο ηνπ, ζεσξνχληαλ κηα κνξθή 

αληαγσληζκνχ κεηαμχ ησλ αξζεληθψλ. Ωζηφζν, κηα πην ιεπηνκεξήο παξαθνινχζεζε 

έδεημε φηη πνιιέο θνξέο επξφθεηην γηα ζειπθά άηνκα πνπ ρηππνχζαλ αξζεληθά είηε γηα 

λα δείμνπλ πσο δελ ήηαλ αθφκα έηνηκα γηα δεπγάξσκα είηε γηα λα δνθηκάζνπλ ηελ 

απνθαζηζηηθφηεηα ησλ αξζεληθψλ. Ζ αλαπαξαγσγηθή πεξίνδνο ηνπ ιαγνχ είλαη ζπλήζσο 

ελ κέζσ ρεηκψλα θαη ελ κέζσ θαινθαηξηνχ. Σν ζειπθφ γελλά ηξεηο σο ηέζζεξηο θνξέο ην 

ρξφλν, έπεηηα απφ θπνθνξία 30-40 εκεξψλ. Ζ ηειεπηαία θπνθνξία ζπλήζσο είλαη ζην 

ηέινο ηνπ θαινθαηξηνχ (Peterson, 1966, Bansfield, 1974, Bonino & Montenegro, 1997).
 

 

1.5.8. Κίνδςνοι και απειλέρ 

Ο επξσπατθφο ιαγφο απνηειεί ζήξακα πνιιψλ αξπαθηηθψλ θαη γηα απηφ ην ιφγν 

ζεσξείηαη αξθεηά ζεκαληηθφο νηθνινγηθφο παξάγνληαο ζηαζεξφηεηαο ηνπ 

νηθνζπζηήκαηνο. Σνλ θπλεγνχλ ζρεδφλ φια ηα ζαξθνθάγα, φπσο ν ιχθνο,  ν ζθχινο, ην 

θνπλάβη, ε αιεπνχ θαη ν άλζξσπνο αιιά θαη ηα αξπαθηηθά πηελά, φπσο νη αεηνί θαη ηα 

γεξάθηα (Peterson, 1966, Bansfield, 1974). Ο ιαγφο ακχλεηαη ηξέρνληαο, 

ρξεζηκνπνηψληαο ηαπηφρξνλα ηαρχηαηνπο ειηγκνχο γηα λα δηαθχγεη ή κέλνληαο 

θξπκκέλνο ζην έδαθνο. 

Ο πιεζπζκφο ηνπ παξνπζηάδεη έληνλεο θαη αθαλφληζηεο απμνκεηψζεηο πνπ κπνξεί 

λα νθείινληαη ζε θιηκαηηθνχο παξάγνληεο, αιιά θαη ζε παξάγνληεο φπσο ν  

αληαγσληζκφο γηα ηελ εμεχξεζε ηξνθήο, ε ζήξεπζε θαη δηάθνξεο αζζέλεηεο. Οη 

παξαπάλσ ιφγνη έρνπλ σο απνηέιεζκα αθ’ ελφο ηε κείσζε ηνπ ξπζκνχ ηεο 

αλαπαξαγσγήο θαη αθ’ εηέξνπ ηελ ειάηησζε ηεο αληνρήο θαη ηεο πξνζαξκνζηηθφηεηαο 

ηνπο ζε αζζέλεηεο (Smith & Johnston, 2008).
 

 

1.5.9. Οικονομική ζημαζία για ηον άνθπωπο 

Ο επξσπατθφο ιαγφο, ιφγσ ηεο εμαηξεηηθήο πνηφηεηαο ηνπ θξέαηφο ηνπ, απνηειεί 
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ζεξεχζηκν είδνο ζηελ Δπξψπε θαη ζηελ Ακεξηθή (Bansfield, 1974). Ωζηφζν, ζε πνιιέο 

πεξηνρέο, φπσο ε Αξγεληηλή θαη ε Απζηξαιία, ν επξσπατθφο ιαγφο, ιφγσ ηεο γξήγνξεο 

αλαπαξαγσγήο ηνπ, πξνθαιεί εθηεηακέλεο θαηαζηξνθέο ζηηο γεσξγηθέο θαιιηέξγεηεο 

ζηελ πξνζπάζεηά ηνπ λα ηξαθεί (Smith & Johnston, 2008). 

 

1.5.10. Δπεςνηηική ζημαζία 

Ο επξσπατθφο ιαγφο απνηειεί έλα θπξίαξρν ζηνηρείν ηεο παλίδαο ησλ αλνηθηψλ 

εθηάζεσλ κε ηδηαίηεξε νηθνλνκηθή ζεκαζία, δηφηη απνηειεί έλα απφ ηα πην δεκνθηιή 

ζεξάκαηα ζηελ Δπξψπε θαη ηδηαίηεξα ζηε Βαιθαληθή ρεξζφλεζν θαη ηελ Διιάδα. Ζ 

εθηεηακέλε θαηαλνκή ηνπ θαη ην γεγνλφο φηη αληαπνθξίλεηαη ηαρχηαηα ζηηο αιιαγέο 

ελδηαηηεκάησλ ηνπ ην θαζηζηνχλ έλα είδνο-κνληέιν κέζσ ηνπ νπνίνπ κπνξνχκε λα 

εμάγνπκε ρξήζηκα ζπκπεξάζκαηα γηα ηε ζπκπεξηθνξά, ηε βηνινγία θαη ηελ πιεζπζκηαθή 

δνκή ησλ άγξησλ πιεζπζκψλ πνιιψλ ζειαζηηθψλ.  

 

1.6 Μοπιακέρ πληθςζμιακέρ μελέηερ ηος Lepus europaeus ζηην Δςπώπη  

 

Ζ γλψζε ηεο γελεηηθήο πνηθηιφηεηαο ηνπ επξσπατθνχ ιαγνχ απνηειεί έλα πνιχ 

ζεκαληηθφ εξγαιείν γηα ηελ θαηαλφεζε ηεο πιεζπζκηαθήο δνκήο θαη δπλακηθήο απηνχ 

ηνπ είδνπο ππφ δηαθνξεηηθέο πεξηβαιινληηθέο ζπλζήθεο. Παξφιν πνπ ην είδνο L. 

europaeus είλαη αξθεηά δηαδεδνκέλν ζηελ Δπξψπε, νη κειέηεο πνπ ζρεηίδνληαη µε ηελ 

πιεζπζκηαθή δνκή ηφζν απηνχ ηνπ είδνπο, φζν θαη άιισλ εηδψλ ηεο νηθνγέλεηαο 

Leporidae θαη βαζίδνληαη ζε µνξηαθνχο δείθηεο, είλαη πεξηνξηζκέλεο. ηε ζπλέρεηα 

αλαιχνληαη νη κνξηαθέο κειέηεο, ηφζν ζε επίπεδν πξσηετλψλ φζν θαη ζε επίπεδν DNA, 

πνπ αθνξνχλ ηνλ επξσπατθφ ιαγφ θαη είραλ δεκνζηεπζεί κέρξη ηελ έλαξμε ηεο 

ζπγθεθξηκέλεο δηαηξηβήο.  

 

1.6.1 Πληθςζμιακέρ μελέηερ ζε επίπεδο ππωηεϊνών  

Οη κειέηεο ησλ Suchentrunk et al., (1998, 2001), ζε επίπεδν αιινελδχκσλ, ζε 

πιεζπζκνχο ηεο Αγγιίαο θαη ηεο Νέαο Εειαλδίαο, έδεημαλ ρακειφηεξα επίπεδα 

εηεξνδπγσηίαο θαη γελεηηθήο πνηθηιφηεηαο ζε ζρέζε κε ηα αληίζηνηρα επίπεδα ζε 

πιεζπζκνχο ηεο Απζηξίαο, πνπ παξνπζηάζηεθαλ ζηηο κειέηεο ησλ Hartl et al., (1993, 
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1995). Οη πιεζπζκνί ηεο Νέαο Εειαλδίαο παξνπζίαζαλ κηθξή κείσζε γελεηηθήο 

πνηθηιφηεηαο ζε ζρέζε µε ηνπο πιεζπζκνχο ηεο Αγγιίαο, απφ ηνπο νπνίνπο ζεσξείηαη φηη 

πξνέξρνληαη. Δπίζεο, απφ ηα δεδνκέλα πξνέθπςε φηη νη πιεζπζκνί ηεο Αγγιίαο 

πξνήιζαλ απφ ηνπο πιεζπζκνχο ηεο θεληξηθήο Δπξψπεο θαη εκθαλίδνπλ ρακειφηεξα 

επίπεδα γελεηηθήο πνηθηιφηεηαο ζε ζχγθξηζε κε ηνπο πιεζπζκνχο ηεο Απζηξίαο. Σα 

απνηειέζκαηα ελίζρπζαλ ηελ ππφζεζε πεξί εηζαγσγήο ιαγψλ ζηα Βξεηαληθά λεζηά απφ 

ηνπο Ρσκαίνπο (Arnold, 1993) ή, ελαιιαθηηθά, ηεο εηζφδνπ ιαγψλ ζηελ Αγγιία µέζσ ηεο 

θπζηθήο γέθπξαο πνπ έλσλε ηα Βξεηαληθά λεζηά µε ηε ζεκεξηλή επεηξσηηθή Δπξψπε, 

πξηλ απφ πεξίπνπ 8.000 ρξφληα (Suchentrunk et al., 1998).  

Απμεκέλε δηαθνξνπνίεζε ζε επίπεδν αιινελδχκσλ απνθαιχθζεθε θαη απφ ηε 

κειέηε ησλ Suchentrunk et al., (2000) ζε πιεζπζκνχο ηνπ επξσπατθνχ ιαγνχ ηεο 

Βνπιγαξίαο, ζε ζχγθξηζε µε πιεζπζκνχο ηεο θεληξηθήο Δπξψπεο. Σα απνηειέζκαηα, 

έδεημαλ φηη νη γελεηηθέο δεμακελέο ηεο θεληξηθήο Δπξψπεο πξνήιζαλ απφ πεξηνρέο ηεο 

λνηηναλαηνιηθήο Δπξψπεο θαη φηη ε θαηαλνκή ηεο γελεηηθήο πνηθηινκνξθίαο ζηηο 

πεξηνρέο απηέο δελ επεξεάδεηαη ζε ζεκαληηθφ βαζκφ απφ ηηο κεγάιεο γεσγξαθηθέο 

απνζηάζεηο, ιφγσ ηεο πηζαλήο χπαξμεο ελφο πακµηθηηθνχ δηθηχνπ ηνπηθψλ πιεζπζκψλ. 

Τπάξρεη, σζηφζν, ηάζε γηα δηαθνξνπνίεζε ησλ ηνπηθψλ γελεηηθψλ δεμακελψλ ησλ 

πιεζπζκψλ ηεο λνηηναλαηνιηθήο (Βνπιγαξία) θαη θεληξηθήο (Απζηξία) Δπξψπεο. Σν 

γεγνλφο απηφ κπνξεί ελ κέξεη λα νθείιεηαη ζε γνληδηαθή ξνή απφ άιιεο πεξηνρέο ηεο 

λνηηναλαηνιηθήο Δπξψπεο πξνο ηελ θεληξηθή Δπξψπε.  

Ζ κειέηε ησλ Alves et al., (2000) κε βάζε πξσηεΐλεο ηνπ πιάζκαηνο, απνθάιπςε 

πςειφηεξν επίπεδν γελεηηθήο πνηθηιφηεηαο ζηνλ ηβεξηθφ ιαγφ (Lepus granatensis), ζε 

ζρέζε κε ηνλ επξσπατθφ ιαγφ ζε πεξηνρέο ηεο Γαιιίαο θαη ηεο Απζηξίαο. Ζ δηαθνξά 

απηή κπνξεί λα νθείιεηαη ζην γεγνλφο φηη νη πιεζπζκνί ηνπ επξσπατθνχ ιαγνχ, πνπ 

αλαιχζεθαλ, πξνέξρνληαλ απφ πιεζπζκνχο ηεο Γαιιίαο θαη ηεο Απζηξίαο, πνπ 

βξίζθνληαλ ζε θαηάζηαζε αηρκαισζίαο. Δπίζεο, πιεζπζκηαθέο κειέηεο ζηηο πεξηνρέο 

επαθήο ησλ δχν εηδψλ (L. granatensis θαη L. europaeus) ζηελ Ηβεξηθή ρεξζφλεζν, 

απνθάιπςαλ ηελ χπαξμε ηζρπξήο γελεηηθήο απνκφλσζεο ησλ εηδψλ απηψλ ρσξίο λα 

απνθιείνπλ ηελ πηζαλφηεηα γνληδηαθήο ξνήο ζε κηθξφ πνζνζηφ (Bonhomme et al., 1986, 

Alves and Ferrand, 1999). 

 Οη Suchentrunk et al., (2003) κειέηεζαλ ηελ πνηθηιφηεηα, ζην επίπεδν ησλ 
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αιινελδχκσλ, 91 L. europaeus απφ επηά πεξηνρέο ηεο Διιάδαο. Σα απνηειέζκαηα 

ζπγθξίζεθαλ κε αληίζηνηρα απνηειέζκαηα απφ πιεζπζκνχο ηεο Βνπιγαξίαο, κε ζθνπφ 

λα εμεηαζηεί ε ππφζεζε ηεο χπαξμεο ζπγθεθξηκέλσλ αιιειφκνξθσλ ζηελ Διιάδα, ηα 

νπνία, πηζαλφλ, λα πξνήιζαλ απφ έλαλ απνκνλσκέλν πιεζπζκφ ζηε λφηηα Βαιθαληθή 

ρεξζφλεζν θαηά ηε δηάξθεηα ηεο ηειεπηαίαο πεξηφδνπ ησλ Παγεηψλσλ. Απηή ε ππφζεζε 

εληζρχεηαη θαη απφ ηελ απμεκέλε γελεηηθή δηαθνξνπνίεζε ζην επίπεδν ηνπ mtDNA ζε 

ειιεληθνχο πιεζπζκνχο ιαγνχ (Mamuris et al., 2001). Ζ αλάιπζε 35 γελεηηθψλ ηφπσλ 

απνθάιπςε ηξία αιιειφκνξθα  ζε ρακειή ζπρλφηεηα, ηα νπνία δελ βξέζεθαλ ζε θαλέλα 

πιεζπζκφ απφ ηε Βνπιγαξία ή άιιε επξσπατθή ρψξα. Αληηζέησο, νξηζκέλα 

αιιειφκνξθα πνπ εληνπίζηεθαλ ζηε Βνπιγαξία θαη ζε πεξηνρέο ηεο Δπξψπεο, 

απνπζίαδαλ απφ ηνπο ειιεληθνχο πιεζπζκνχο. Δπίζεο, απφ ηελ αλάιπζε ησλ 

απνηειεζκάησλ πξνέθπςε κεγαιχηεξε γελεηηθή δηαθνξνπνίεζε ζηνπο ειιεληθνχο 

πιεζπζκνχο, θαζψο θαη κία κηθξή γνληδηαθή ξνή κεηαμχ ησλ πιεζπζκψλ. Σα 

απνηειέζκαηα ζπκθσλνχλ κε ηελ αξρηθή ππφζεζε πεξί χπαξμεο θαηαθπγίνπ ζηε λφηηα 

Βαιθαληθή, ηελ πεξίνδν ηνπ Αλψηεξνπ Πιεηζηφθαηλνπ, θαζψο βξέζεθαλ ζπγθεθξηκέλα 

αιιειφκνξθα ζηηο πεξηνρέο απηέο, κε κηθξή, φκσο, επίδξαζε ζηε γελεηηθή 

δηαθνξνπνίεζε ησλ πιεζπζκψλ ιαγνχ ηεο Διιάδαο θαη ηεο Βνπιγαξίαο. 

Ζ γελεηηθή πνηθηιφηεηα ησλ επξσπατθψλ ιαγψλ ηεο Αλαηνιήο θαη ε ζρέζε ηνπο 

κε ηνπο επξσπατθνχο πιεζπζκνχο ζε εμειηθηηθφ επίπεδν, κειεηήζεθαλ απφ ηνπο Sert et 

al., (2005) κε αλάιπζε ηζνελδχκσλ. Απφ ηα απνηειέζκαηα παξαηεξήζεθε απμεκέλε 

γελεηηθή δηαθνξνπνίεζε ζηνπο ιαγνχο ηεο Αλαηνιήο, ζε ζρέζε κε ηε κέζε 

δηαθνξνπνίεζε ησλ πιεζπζκψλ ηεο λφηηαο θαη λνηηναλαηνιηθήο Βαιθαληθήο θαη ηε 

ρακειή δηαθνξνπνίεζε ησλ πιεζπζκψλ ηεο θεληξηθήο Δπξψπεο. Ζ απμεκέλε απηή 

γελεηηθή δηαθνξνπνίεζε ελδέρεηαη λα είλαη απνηέιεζκα ηεο γεσγξαθηθήο ζέζεο ηεο 

πεξηνρήο απηήο θαζψο θαη ηεο απμεκέλεο γνληδηαθήο ξνήο πνπ δέρεηαη απφ γεηηνληθέο 

πεξηνρέο, αιιά θαη ηεο καθξνρξφληαο παξνπζίαο πιεζπζκψλ ιαγνχ θαηά ηε δηάξθεηα ηεο 

ηειεπηαίαο πεξηφδνπ ησλ Παγεηψλσλ, φηαλ βνξεηφηεξεο πεξηνρέο, ηελ ίδηα πεξίνδν, δελ 

παξείραλ θαηάιιεια ελδηαηηήκαηα γηα ηνπο πιεζπζκνχο ηνπ ιαγνχ. 

 

1.6.2 Πληθςζμιακέρ μελέηερ με σπήζη δεικηών μιηοσονδπιακού DNA 

Ο πξνζδηνξηζκφο ηεο αιιεινπρίαο νιφθιεξνπ ηνπ κηηνρνλδξηαθνχ γνληδηψκαηνο ηνπ 

18Institutional Repository - Library & Information Centre - University of Thessaly
04/06/2024 07:21:59 EEST - 3.145.59.163



επξσπατθνχ ιαγνχ (17734 bp) πξαγκαηνπνηήζεθε απφ ηνπο Arnason et. al., (2002), ζην 

πιαίζην ηεο κειέηεο ησλ θπινγελεηηθψλ ζρέζεσλ 60 εηδψλ ζειαζηηθψλ δηαθφξσλ 

ηαμηλνκηθψλ επηπέδσλ.  

 Ζ κειέηε ησλ Thulin et al., (1997) ζε πιεζπζκνχο L. europaeus θαη L. timidus 

ηεο νπεδίαο βαζίζηεθε ζηελ αλάιπζε  ηνπ mtDNA κε ηε κέζνδν RFLP. ηνπο 

πιεζπζκνχο ηνπ L. europaeus, αληρλεχζεθε ρακειή απινηππηθή δηαθνξνπνίεζε, ην 

νπνίν νθείιεηαη ζην φηη νη πιεζπζκνί ηνπ L. europaeus ζηηο θαλδηλαβηθέο ρψξεο 

εηζήρζεθαλ απφ πεξηνρέο ηεο θεληξηθήο θαη βφξεηαο Δπξψπεο, ζηηο νπνίεο παξαηεξείηαη 

ρακειφ επίπεδν γελεηηθήο πνηθηιφηεηαο. Σν ζπκπέξαζκα απηφ εληζρχεηαη θαη απφ ηελ 

έξεπλα ησλ Hartl et al., (1993), ζηελ νπνία βξέζεθε ρακειή δηαθνξνπνίεζε, ζε επίπεδν 

mtDNA, ζε πιεζπζκνχο L. europaeus ηεο Απζηξίαο. Δπίζεο ηα απνηειέζκαηα ηεο 

έξεπλαο ησλ Thulin et al., (1997) αλέδεημαλ ηνλ πβξηδηζκφ θπζηθψλ πιεζπζκψλ ησλ 

εηδψλ L. europaeus θαη L. timidus, γεγνλφο πνπ ήδε είρε παξαηεξεζεί ζε θαηάζηαζε 

αηρκαισζίαο. 

Τςειφο βαζκφο ελδνεηδηθήο δηαθνξνπνίεζεο ηνπ mtDNA ζην είδνο L. europaeus 

παξαηεξήζεθε ζηελ Ηβεξηθή ρεξζφλεζν, απφ ηνπο Pérez-Suárez et al., (1994), ην νπνίν 

απνηειεί έλδεημε πβξηδηζκνχ ηνπ L. europaeus κε ηα είδε L. castroviejoi θαη L. 

granatensis, πνπ ζπλππάξρνπλ ζηελ πεξηνρή. 

Οη Fickel et al., (2008), αλαιχνληαο αιιεινπρίεο ηεο πεξηνρήο ειέγρνπ (control 

region, CR) ηνπ mtDNA, ζε πιεζπζκνχο επξσπατθνχ ιαγνχ απφ επηά επξσπατθέο 

ρψξεο, απέδεημαλ φηη ε Ηηαιηθή ρεξζφλεζνο απνηέιεζε έλα επηπιένλ θαηαθχγην γηα ηνπο 

ιαγνχο, εθηφο απφ ηε Βαιθαληθή θαη ηε Μηθξά Αζία, θαηά ηελ ηειεπηαία Πεξίνδν ησλ 

Παγεηψλσλ, απφ ηηο νπνίεο πξνέθπςε ε επαλεπνίθηζε ησλ ρσξψλ ηεο θεληξηθήο 

Δπξψπεο. 

 Οη Kasapidis et al., (2005) κειέηεζαλ ηε θπινγεσγξαθηθή θαηάζηαζε ηνπ 

επξσπατθνχ ιαγνχ,  αλαιχνληαο αιιεινπρίεο ηεο πεξηνρήο ειέγρνπ ηνπ mtDNA απφ 98 

ιαγνχο απφ ηελ επεηξσηηθή θαη λεζησηηθή Διιάδα, ηε Βνπιγαξία, ηελ Κχπξν θαη ην 

βφξεην Ηζξαήι θαζψο θαη 44 δεκνζηεπκέλεο αιιεινπρίεο πνπ πξνέξρνληαλ απφ ιαγνχο 

ηεο θεληξηθήο Δπξψπεο θαη ηεο Ηηαιίαο. Σα απνηειέζκαηα ηεο κειέηεο ππνδεηθλχνπλ δχν 

δηαθξηηνχο ηχπνπο κηηνρνλδξηαθνχ DNA, έλαλ «αλαηνιηθφ ηχπν» θαη έλα «δπηηθφ ηχπν», 

µε κέζε λνπθιενηηδηθή δηαθνξνπνίεζε 6,6%. Ο «αλαηνιηθφο ηχπνο» πεξηιακβάλεη 
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απινηχπνπο απφ ηα λεζηά ηνπ Αλαηνιηθνχ Αηγαίνπ, ηελ Κχπξν, ην βφξεην Ηζξαήι, ηε 

Θξάθε θαη ηελ αλαηνιηθή Μαθεδνλία. ηνλ «δπηηθφ ηχπν» πεξηιακβάλνληαη νη 

απιφηππνη απφ ηελ Κξήηε, ηε Λεπθάδα, ηε Νάμν, ηα Κχζεξα θαη ηελ επεηξσηηθή Διιάδα 

θαζψο θαη νη απιφηππνη ηεο Απζηξίαο, ηεο Γεξκαλίαο, ηεο Οπγγαξίαο, ηεο εξβίαο, ηεο 

Ρνπκαλίαο, ηεο Βνπιγαξίαο θαη ηεο Ηηαιίαο,. Μία δψλε επηθάιπςεο ησλ δχν ηχπσλ 

κηηνρνλδξηαθνχ DNA εληνπίδεηαη ζηελ πεξηνρή ηεο Θξάθεο θαη ηεο Βνπιγαξίαο. 

Οη Mamuris et al., (2001) κειέηεζαλ ηε γελεηηθή δηαθνξνπνίεζε θαη ηε 

θπινγελεηηθή θαηάζηαζε πιεζπζκψλ ηνπ L. europaeus ηεο θεληξηθήο Διιάδαο, θαζψο 

θαη ηελ επίδξαζε ησλ απειεπζεξψζεσλ εθηξεθφκελσλ αηφκσλ ζηε γελεηηθή δνκή ησλ 

θπζηθψλ πιεζπζκψλ. Γηα απηφ ην ζθνπφ αλαιχζεθαλ ηκήκαηα ηνπ mtDNA κε ηε κέζνδν 

RFLP-PCR. Ζ αλάιπζε ησλ δεδνκέλσλ απνθάιπςε εθηεηακέλε απινηππηθή πνηθηιφηεηα 

εληφο θαη κεηαμχ ησλ θπζηθψλ πιεζπζκψλ (42 απφ ηνπο 56 απιφηππνπο ήηαλ κνλαδηθνί). 

Ζ απινηππηθή πνηθηιφηεηα ήηαλ εμ ίζνπ θαηαλεκεκέλε εληφο θαη κεηαμχ ησλ 

γεσγξαθηθψλ πεξηνρψλ, ελψ ε εηεξνγέλεηα ησλ απινηππηθψλ ζπρλνηήησλ, ππέδεημε 

ζεκαληηθή γελεηηθή δηαθνξνπνίεζε κεηαμχ ησλ πεξηνρψλ δεηγκαηνιεςίαο. Δπηπιένλ, 

πξνζδηνξίζηεθαλ ζπγθεθξηκέλα πξφηππα mtDNA, ηα νπνία δηαθνξνπνηνχζαλ εληειψο 

ηνπο εθηξεθφκελνπο απφ ηνπο θπζηθνχο πιεζπζκνχο θαη απνδείθλπαλ, ζε κεγάιν βαζκφ, 

ηελ χπαξμε εθηξεθφκελσλ ιαγψλ εληφο ησλ θπζηθψλ πιεζπζκψλ, πηζαλφλ απφ 

παιαηφηεξεο απειεπζεξψζεηο. Δπίζεο, ε αλάιπζε ηνπ mtDNA απέδεημε ηε δηείζδπζε 

αιιφρζνλσλ γνληδηαθψλ απνζεκάησλ ζηνπο θπζηθνχο πιεζπζκνχο. Έηζη, γηα λα 

δηαηεξεζνχλ νη γεγελείο γνλφηππνη θαη λα πξνιεθζεί ε κείσζε ηεο γελεηηθήο 

πνηθηιφηεηαο πξνηάζεθε λα ζηακαηήζνπλ ηα πξνγξάκκαηα εκπινπηηζκνχ θαη λα 

αλαπηπρζνχλ θαηάιιεια πξνγξάκκαηα δηαρείξηζεο, πξνζαξκνζκέλα ζηε δπλακηθή ησλ 

ηνπηθψλ πιεζπζκψλ.  

 

1.6.3 Πληθςζμιακέρ μελέηερ με σπήζη δεικηών ηος πςπηνικού γονιδιώμαηορ 

Οη Fickel et al., (1999) ρξεζηκνπνίεζαλ ηέζζεξηο µηθξνδνξπθνξηθνχο γελεηηθνχο ηφπνπο 

θαζψο θαη ηελ πεξηνρή ειέγρνπ ηνπ µηηνρνλδξηαθνχ DNA γηα λα κειεηήζνπλ ηε γελεηηθή 

δνκή θαη πνηθηιφηεηα δχν πιεζπζκψλ ηνπ L. europaeus ζηελ πεξηνρή ηεο Βεζηθαιίαο 

ηεο Γεξκαλίαο. Απφ ηελ θαηαλνκή ησλ αιιεινµφξθσλ ησλ µηθξνδνξπθνξηθψλ ηφπσλ 

δελ πξνέθπςε θακία δηαθνξνπνίεζε κεηαμχ ησλ πιεζπζκψλ. Αληηζέησο, απφ ηελ 
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θαηαλνκή ησλ απινηχπσλ ηνπ mtDNA, νη δχν πιεζπζκνί εκθαλίδνληαη λα είλαη γελεηηθά 

δνκεκέλνη θαη ζεκαληηθά δηαθνξνπνηεκέλνη κεηαμχ ηνπο, απνδεηθλχνληαο φηη ε κεηξηθή 

γνληδηαθή ξνή είλαη πνιχ πεξηνξηζκέλε. Δθφζνλ ηα ζειπθά άηνκα, βάζεη ηεο 

απινηππηθήο θαηαλνκήο, είλαη απνθιεηζκέλα απφ ηε γνληδηαθή ξνή, ζπκπέξαλαλ φηη 

µφλν ηα αξζεληθά άηνκα είλαη ππεχζπλα γηα ηελ αληαιιαγή αιιεινµφξθσλ 

κηθξνδνξπθνξηθψλ ηφπσλ κεηαμχ ησλ δχν πιεζπζκψλ. Σν γεγνλφο απηφ νθείιεηαη ζην 

φηη, ελψ ην mtDNA ραξαθηεξίδεηαη απφ µεηξηθή θιεξνλνµηθφηεηα, ην µηθξνδνξπθνξηθφ 

DNA, θιεξνλνκείηαη ηφζν κεηξηθά φζν θαη παηξηθά ζε ίζεο αλαινγίεο. Σα 

απνηειέζκαηα απηά κπνξεί λα δηθαηνινγεζνχλ απφ ηε θηινπαηξηθή ζπκπεξηθνξά ησλ 

ζειπθψλ αηφκσλ αιιά θαη απφ ηνλ πςειφηεξν βαζκφ δηαζπνξάο θαη ρσξνθξάηεηαο 

(home range) ησλ αξζεληθψλ αηφκσλ.  

 Οη Putze et al., (2007) ρξεζηκνπνίεζαλ δέθα λένπο κνξηαθνχο δείθηεο ζην 

ρξσκφζσκα Y ηνπ επξσπατθνχ ιαγνχ, νη νπνίνη είλαη θαηάιιεινη γηα ηνλ πξνζδηνξηζκφ 

ηνπ θχινπ ζηα άηνκα ελφο πιεζπζκνχ, θαζψο θαη γηα ηε δηεξεχλεζε ηεο γελεηηθήο δνκήο 

θαη ηεο γνληδηαθήο ξνήο ζηνπο πιεζπζκνχο ηνπ επξσπατθνχ ιαγνχ, ζην επίπεδν ηνπ 

ππξεληθνχ DNA θαη θπξίσο, ζε γνλίδηα  πνπ θιεξνλνκνχληαη παηξηθά. 1.8 Μνξηαθέο 

πιεζπζκηαθέο κειέηεο ηνπ L. europaeus ζηελ Διιάδα 

 Ζ κέζνδνο RAPD ρξεζηκνπνηήζεθε απφ ηνπο Mamuris et al., (2002), γηα λα 

εθηηκεζεί ε γελεηηθή δηαθνξνπνίεζε πιεζπζκψλ ηνπ επξσπατθνχ ιαγνχ απφ ηελ 

θεληξηθή Διιάδα. Οη ειιεληθνί θπζηθνί πιεζπζκνί ζπγθξίζεθαλ κε δείγκαηα απφ ηελ 

Απζηξία, ηελ Πνισλία, ηε Γεξκαλία, ηε Γαιιία θαη ηε Βνπιγαξία, θαζψο επίζεο θαη κε 

ηνπο εθηξεθφκελνπο/απειεπζεξσκέλνπο ιαγνχο, γηα λα δηεξεπλεζεί ε επίδξαζε ησλ 

απειεπζεξψζεσλ ζηε γελεηηθή ζχλζεζε ησλ γεγελψλ πιεζπζκψλ. Ζ απνπζία 

δηαγλσζηηθψλ δσλψλ, πνπ ζα κπνξνχζαλ λα δηαρσξίζνπλ πιεζπζκνχο ιαγνχ,  

επηβεβαίσζε ηελ χπαξμε πςειήο ππξεληθήο γνληδηαθήο ξνήο κεηαμχ, αξθεηά 

απνκαθξπζκέλσλ, πιεζπζκψλ ιαγνχ. Σα θπινγελεηηθά δέληξα, πνπ πξνέθπςαλ απφ ηηο 

γελεηηθέο απνζηάζεηο, νη νπνίεο ππνινγίζηεθαλ απφ ηηο ζπρλφηεηεο ησλ δσλψλ RAPD, 

ππέδεημαλ έλα θχξην ζεκείν δηαρσξηζκνχ ηεο γελεαινγίαο ηνπ ππξεληθνχ DNA. Σα 

εθηξεθφκελα άηνκα νκαδνπνηήζεθαλ κε ηνπο πιεζπζκνχο ηεο Πνισλίαο, ηεο Απζηξίαο, 

ηεο Γεξκαλίαο θαη ηεο Γαιιίαο, ελψ νη πιεζπζκνί ηεο Διιάδαο δηαθνξνπνηήζεθαλ θαη 

νκαδνπνηήζεθαλ κε ηνλ πιεζπζκφ ηεο Βνπιγαξίαο. H δηαθνξνπνίεζε ησλ θπζηθψλ 
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πιεζπζκψλ ζηελ Διιάδα δελ αθνινχζεζε θάπνηα γεσγξαθηθή ηάζε, δεδνκέλνπ φηη ε 

γελεηηθή απφθιηζή ηνπο δελ θάλεθε λα ζπζρεηίδεηαη κε ηηο γεσγξαθηθέο απνζηάζεηο. 

Ωζηφζν, νξηζκέλα πξφηππα RAPD εθηξεθφκελσλ θαη άγξησλ ιαγψλ ήηαλ πνιχ 

δηαθνξεηηθά απφ ην θνηλφ πξφηππν πνπ βξέζεθε ζηε ζπληξηπηηθή πιεηνςεθία ησλ ιαγψλ 

πνπ εμεηάζηεθαλ, γεγνλφο πνπ αληαλαθιά, ελδερνκέλσο, ηελ αλάκημε γελεηηθά 

δηαθνξνπνηεκέλσλ αηφκσλ. Ζ αλάιπζε RAPD έδεημε φηη νη απειεπζεξψζεηο είραλ ήδε 

αξρίζεη λα επεξεάδνπλ ηε γελεηηθή δνκή ησλ ειιεληθψλ πιεζπζκψλ θαη ελίζρπζαλ ηελ 

άπνςε φηη ήηαλ απαξαίηεηε κηα θαηάιιειε δηαρείξηζε, πξνζαξκνζκέλε ζηε βηνινγία 

θαη ηελ νηθνινγία ησλ ηνπηθψλ πιεζπζκψλ. 

 

1.7 κοπόρ ηηρ Γιδακηοπικήρ Γιαηπιβήρ 

 

ηελ εξγαζία απηή πξαγκαηνπνηήζεθε πιεζπζκηαθή αλάιπζε ελφο κεγάινπ αξηζκνχ 

δεηγκάησλ επξσπατθνχ ιαγνχ ζε έλα εθηεηακέλν δίθηπν δεηγκαηνιεςίαο, θαιχπηνληαο, 

ζπλνιηθά, 33 πεξηνρέο ηεο Διιάδαο, δηαθφξσλ επξσπατθψλ ρσξψλ, ηεο Σνπξθίαο θαη ηνπ 

Ηζξαήι. Ζ κειέηε ζηεξίρζεθε ζηελ αλάιπζε κνξηαθψλ δεηθηψλ ηνπ κηηνρνλδξηαθνχ 

DNA θαη δεηθηψλ ηνπ ππξεληθνχ DNA (Y ρξσκφζσκα), ρξεζηκνπνηψληαο ηερληθέο φπσο 

PCR-RFLP, PCR-SSCP θαη αιιεινχρεζε δηαθφξσλ πεξηνρψλ DNA. 

Οη βαζηθνί ζηφρνη ηεο κειέηεο απνηππψλνληαη σο εμήο: 

 Μειέηε ηεο γελεηηθήο δνκήο ησλ θπζηθψλ πιεζπζκψλ ηνπ ιαγνχ θαη ηεο 

γνληδηαθήο ξνήο κεηαμχ ησλ πεξηνρψλ δεηγκαηνιεςίαο 

 Έιεγρνο ηεο ππφζεζεο ηεο κεηαλάζηεπζεο ηνπ επξσπατθνχ ιαγνχ πξνο ηελ 

Κεληξηθή Δπξψπε απφ θαηαθχγηα ηεο Βαιθαληθήο ρεξζνλήζνπ θαζψο θαη ηεο 

Μηθξάο Αζίαο, θαηά ηελ ηειεπηαία Πεξίνδν ησλ Παγεηψλσλ 

 Μειέηε ηεο γελεηηθήο δνκήο ησλ εθηξεθφκελσλ πιεζπζκψλ ηνπ ιαγνχ, εθηίκεζε 

ηεο γνληδηαθήο ξνήο αλάκεζα ζε εθηξεθφκελνπο θαη θπζηθνχο πιεζπζκνχο  

 Δχξεζε κνξηαθψλ δεηθηψλ ζε επίπεδν κηηνρνλδξηαθνχ DNA, γηα ηελ 

ηαπηνπνίεζε ησλ εθηξεθφκελσλ θαη ησλ θπζηθψλ πιεζπζκψλ. 
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2. ΑΠΟΣΔΛΔΜΑΣΑ 

 

2.1 Γημοζιεςμένερ επγαζίερ 

 

Σα απνηειέζκαηα πνπ πξνέθπςαλ απφ ηελ παξνχζα δηαηξηβή απνηέιεζαλ ην πιηθφ 

ηεζζάξσλ δεκνζηεχζεσλ ζε δηεζλή επηζηεκνληθά πεξηνδηθά, ελψ πξφδξνκα  

απνηειέζκαηα ηεο δηδαθηνξηθήο δηαηξηβήο δεκνζηεχηεθαλ ζε άιιεο ηξεηο εξγαζίεο ζε 

δηεζλή πεξηνδηθά.  Οη εξγαζίεο νη νπνίεο δεκνζηεχζεθαλ (θαη επηζπλάπηνληαη ζηε 

ζπλέρεηα) είλαη νη εμήο: 

 

 Stamatis C., Suchentrunk F., Sert H., Triantaphyllidis
 
C., Mamuris Z. (2007). 

Genetic evidence for survival of released captive-bred brown hares (Lepus 

europaeus) during restocking operations in Greece. Oryx 41(4): 548-551. 

 

 Stamatis C., Giannouli S., Suchentrunk F., Sert H., Stathopoulos C., Mamuris Z. 

(2008). Recruitment of mitochondrial tRNA genes as auxiliary molecular markers 

for linked functional genomic and genetic analyses: The paradigm of brown hare 

(Lepus europaeus). Gene 410: 154-164. 

 

 Stamatis C., Suchentrunk F., Moutou K.A., Giacometti M., Haerer G., Djan M., 

Vapa L., Vucovic M., Tvrtkovic N., Sert H., Alves P., Mamuris Z. (2009). 

Phylogeography of the Brown hare, Lepus europaeus, in Europe:  legacy of 

southeastern Mediterranean refugia? Journal of Biogeography 36: 515-528. 

 

 Mamuris Z., Moutou K.A., Stamatis C., Sarafidou T., Suchentrunk F. (2010). Y 

DNA and Mitochondrial lineages in European and Asian populations of the 

brown hare (Lepus europaeus). Mammalian Biology 75: 233-242. 
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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 IUCN 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 et 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

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
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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 L14841 and H15149 (Palumbi et al., 1991)

and digested simultaneously by the AluI and the Hinf I

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

HhaI restriction enzyme. Both segments, Cytb and COI,

were part of the three regions screened by Mamuris et 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 ll volumes, containing 3 units of

Taq polymerase, 1x reaction buffer (500 mM KCl,

200 mM Tris-HCl pH 9.0), 0.2 mM dNTPs, 0.5 mM

of each primer, 2 mM MgCl2 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

(COI).

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).
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Digestion profiles are shown in Fig. 2, and their geo-

graphical occurrence in Fig. 1. The diagnostic enzymes

permit the allocation of individuals to the different

haplogroups. The results were validated by using both

types of analysis (full set of restriction enzymes on the

three mtDNA, segments as in Mamuris et al., 2001, vs

only diagnostic enzymes) in a large proportion of the

samples. Profile A was found in all brown hares hunted

in Turkey and Israel and a percentage of brown hares

from north-eastern continental Greece (15.4%) and

Bulgaria (21.8%). Profile B occurred exclusively in Greece

and Bulgaria. Hares with the C2 profile apparently

occurred in different places both in Greece and Bulgaria

but were never traced in Turkey, Israel or in any other

European country screened. Analysis of the reared brown

hares from the two breeding stations revealed an identical

profile (C1) to that traced in all individuals from France,

the Netherlands, Germany, Poland, Austria, Switzerland,

Serbia and a percentage of hares from Bulgaria. Until

2003, after the analysis of more than 400 individuals

(Mamuris et al., 2001, and this study), we had never de-

tected the profile C1 in wild brown hares, even in central

Greece, which was intensively surveyed. However, moni-

toring in 2003 and 2004 detected nine brown hares (four

females, one male and four of unidentified sex) from

central (seven) and northern Greece (two) with the

profile C1. Some of those hares previously released in

Europe may also have had profile B because hares that

were reared in eastern European breeding stations may

have been supplied from Bulgaria. However, our genetic

data for brown hares from central or north-western

Europe did not trace any individual with profile B.

In February 1999 four released brown hares (two

males, two females), born in captivity and hard-released,

were radio-tracked during a restocking operation

(A.I. Sfougaris, pers. comm.). Three died during the first

6 days and the fourth one after 13 days; all four were

probably killed by red foxes Vulpes vulpes (A.I. Sfougaris,

pers. comm.). Other surveys (Pepin & Cargnelutti, 1985;

Angelici et al., 1999) also indicate that survival of

released captive-bred individuals is low. However,

given that restocking operations in Greece were halted

in 2001 and that brown hares with profile C1 were not

traced in Greece before 2003, the presence of nine in-

dividuals with the profile C1 is the first indication that

a percentage of the released farm-bred brown hares sur-

vived long enough to have had at least one reproductive

cycle and transmit their genome.

There are two major management objectives of re-

stocking programmes: to prevent the decline or even the

extinction of local populations and/or to increase

genetic diversity, reducing the degree of relatedness

and inbreeding. Hare densities in central and western

Greece, ranging from 1.1 to 2.4 individuals per 100 ha,

are much lower than in other European countries (Smith

et al., 2005). Furthermore, during the years 1986-1990,

the records of the Ministry of Agriculture show that

European brown hare syndrome caused severe mortal-

ity (40-90%). In these circumstances, captive breeding

and restocking programmes followed by strict genetic

control should be considered and evaluated.

In contrast to natural populations, reared populations

showed relatively little genetic variation (Mamuris et al.,

2001, 2002). From the genetic point of view the only ad-

vantage that released animals could confer is the enrich-

ment of the Greek mtDNA genetic pool with the ‘reared’

mtDNA haplotypes. According to our data Bulgaria, and

now, after the releases, north-eastern continental Greece,

are the only European regions where animals with all four

types of mtDNA profile occur. In both cases either there

are no data or it is too early to check for possible locally

maladapted individuals or genes (Hodder & Bullock, 1997).

Studies revealing the richness of the genetic diversity

of brown hare populations in Greece in comparison

Fig. 2 (a) Digestion of Cytb segment with

AluI and HinfI 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 HhaI. U 5 undigested DNA,

M 5 100bp ladder. Numbers indicate

base pairs for each band.
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with other European countries (Mamuris et al., 2001,

2002; Suchentrunk et 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 tRNAThr and tRNAPro 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.
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1. Introduction

Mitochondrial tRNAs are essential co-factors ofmitochondrial
translation and at the same time represent a family of ancient
molecules (Di Gulio, 2004). Their accurate aminoacylation is
catalyzed by aminoacyl-tRNA synthetases (aaRSs) that are
imported to the mitochondrion from the cytosol (Ibba and Söll,
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
29essaly
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and are characteristic for each tRNA species and inmany cases for
each organism (McClain, 1993). To fulfill their biological role,
tRNAs depend also on three-dimensional L-shaped formbased 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 emergemt 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 tRNAThr and tRNAPro, 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”
tRNAPro while the other is transcribed from the “heavy”
mtDNA strand (G-rich strand encoding 8 tRNAs) thus resulting
tional Repository - Library & Information Centre - University of Thes
/2024 07:21:59 EEST - 3.145.59.163
a “light” tRNAThr (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 ofmitochondrial tRNAPro and tRNAThr

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 tRNAPro,
tRNAThr, the mt variable region (D-loop region) and a ~400 bp
fragment of mitochondrial cytochrome b. Double strand DNA
amplifications were performed in 50 μL volumes, containing 2
units of Taq DNA polymerase, 5 μL of 10× reaction buffer
(500 mM KCl, 100 mM Tris–HCl pH 9.0), 5 mM dNTPs,
50 pmol of each primer, 2.5 mM MgCl2 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
30saly



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 Region Samples GenBank accession no

tRNAPro tRNAThr

PEU-01 TEU-01 Aberdeenshire,
Scotland (N-UK)

1 EU160602 EU160611

Wiltshire,
South England
(S-UK)

1 EU160602 EU160611

Niebüll,
North Germany
(N-D)

1 EU160599 EU160608

Offenburg,
South-West
Germany (SW-D)

2 EU160599 EU160608

Membrolles,
France (F)

2 EU160601 EU160610

Airport Schipol,
The Netherlands (NL)

1 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
(S-GR)

2 EF515857 EF515859

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

2 EF515857 EF515859

Spilia (Sp-GR) 3 EF515857 EF515859
Elassona (El-GR) 3 EF515857 EF515859
Velestino (Ve-GR) 3 EF515857 EF515859
Western Greece,
Vradeto (Vr-GR)

5 EF515857 EF515859

Central Greece,
Pyrra (Py-GR)

2 EF515857 EF515859

PEU-02 TEU-02 South Israel (S-ISR) 6 EF515858 EF515860
North Israel (N-ISR) 10 EF515858 EF515860
Turkey (TR) 15 EU160607 EU160616
Thrace,
North-Eastern Greece
(NE-GR)

3 EU293197 EU293199

North-Eastern Greece
(NE-GR)

1 EU293197 EU293199

Bulgaria (BL) 1 EU293198 EU293200

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
L.tim-Dloop-01 L. timidus (Swiss) EF515861
L.tim-Dloop-02 L. timidus (Ural) EF515862
L.co-Dloop L. corsicanus EF515867
L.cas-Dloop L. castroviejoi EF515868
L.gran-Dlooop-01 L. granatensis EF515865
L.gran-Dloop-02 L. granatensis EF515866
L.sax-Dloop L. saxatilis EF515869
L.cap-Dloop-01 L. capensis EF515863
L.cap-Dloop-02 L. capensis EF515864
L.e-Dloop-EU-A07 L. europaeus DQ469657
L.e-Dloop-EU-A10 L. europaeus DQ469669
L.e-Dloop-PTSEE-13 L. europaeus DQ469649
L.e-Dloop-PTSEE-14 L. europaeus DQ469682
L.e-Dloop-PTAM13 L. europaeus DQ469704
L.e-Dloop-PTAM21 L. europaeus DQ469705
Or.cun-Dloop O. cuniculus EF515870

Cytochrome b
L.tim-CYTB-01 L. timidus (Swiss) EU285246
L.tim-CYTB-02 L. timidus (Ural) EU285247
L.co-CYTB L. corsicanus EU285248
L.cas-CYTB L. castroviejoi EU285249
L.gran-CYTB-01 L. granatensis EU285250
L.gran-CYTB-02 L. granatensis EU285251
L.sax-CYTB L. saxatilis EU285252
L.cap-CYTB-01 L. capensis EU285253
L.cap-CYTB-02 L. capensis EU285254
L.e-CYTB-EU-A07 L. europaeus EU285261
L.e-CYTB-EU-A10 L. europaeus EU285258
L.e-CYTB-PTSEE-13 L. europaeus EU285259
L.e-CYTB-PTSEE-14 L. europaeus EU285260
L.e-CYTB-PTAM13 L. europaeus EU285256
L.e-CYTB-PTAM21 L. europaeus EU285257
Or.cun-CYTB O. cuniculus EU285255
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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 10min. The PCR productswere purifiedwithGFXPCRDNA
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. The structural
and functional integrity of the tRNA genes was predicted
using tRNAscan-SE Search Server (http://selab.janelia.org/
tRNAscan-SE). Apart from tRNAPro and tRNAThr genes, the D-
loop mitochondrial locus was aligned to compare tRNA-based
phylogenies both at intra-species and intra-genus levels. For intra-
genus analysis we used also a fragment of the mitochondrial
cytochrome b gene. Hybridization and mtDNA introgression are
common within genus Lepus (Thulin et al., 1997; Melo-Ferreira
et al., 2005; Alves et al., 2006). Therefore, several Lepus species
could be introgressed by foreign mtDNA, making species
titutional Repository - Library & Information Centre - University of Th
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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).
31essaly
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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

chimpanzee
D38116

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 AY684273
Bos indicus Zebu cattle AY126697
Ovis aries Sheep AF010406
Hippopotamus
amphibius

Hippopotamus AJ010957

Lama pacos Alpaca Y19184
Cetacea Balaenoptera

physalus
Fin whale X61145

Balaenoptera
musculus

Blue whale X72204

Balaenoptera
bonaerensis

Antarctic
minke whale

AP006466

Carnivora Hydrurga leptonyx Leopard seal AM181026
Mirounga leonina Southern

elephant seal
AM181023

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
unicornis

Indian
rhinoceros

X97336

Equus asinus Ass X97337
Ceratotherium
simum

White
rhinoceros

Y07726

Chiroptera Chalinolobus
tuberculatus

New Zealand
long-tailed bat

AF321051

Pteropus scapulatus Little red
flying fox

AF321050

Pteropus
dasymallus

Ryukyu
flying fox

AB042770

Macroscelidae Macroscelides
proboscideus

Elephant shrew AJ421452

Proboscidea Loxodonta africana African
elephant

AJ224821

Elephas maximus Asiatic elephant DQ316068
Xenarthra Dasypus

novemcinctus
Armadillo Y11832

Muridae Mus musculus Mouse AY172335
Muridae Rattus norvegicus Rat X14848
Lagomorpha Lepus europaeus European hare AJ421471

Oryctolagus
cuniculus

Rabbit AJ001588

Ochotona princeps American pika AJ537415a
Ochotona collaris Collared pika AF348080

Soricidae Sorex unguiculatus Long-clawed
shrew

AB061527

Talpidae Talpa europaea European mole Y19192

(continued on next page)

Table 3 (continued)

Taxon Species Common name GenBank accession no

Marsupialia Macropus robustus Wallaroo Y10524
Trichosurus
vulpecula

Brushtail
possum

AF357238

Didelphis
virginiana

Opossum Z29573

Isoodon macrourus Bandicoot AF358864
Vombatus ursinus Common

wombat
AJ304826

Monotremata Ornithorhynchus
anatinus

Platypus X83427

Tachyglossus
aculeatus

Australian
echidna

AJ303116
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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
HKY85+γ 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
2×106 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
regions was assessed using the partition-homogeneity test
implemented in PAUP⁎ v40b10 (Swofford, 1998).

3. Results

3.1. Comparison of structural and functional features of
L. europaeus mt tRNAPro and tRNAThr

An important preliminary condition to individual nucleotide
comparison in the present work was the analysis of the primary
and secondary structures as well as interactions important for
the tertiary structure that these specific mt tRNAs form. We
based on our own sequencing information from L. europaeus
32saly



Fig. 1. A. Alignment of cytoplasmic and mitochondrial tRNAPro and tRNAThr sequences from Homo sapiens and Lepus europaeus. B. Percentage of mismatches and G–U, C–A base pairs present in mitochondrial
tRNAPro and tRNAThr from Homo sapiens and Lepus europaeus.
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Fig. 2. Percentage of polymorphisms observed in different parts of mitochondrial
tRNAPro (A) and tRNAThr (B) molecules from Lepus europaeus. Polymorphisms
have been assigned based on the respective human sequences.
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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 tRNAPro and 67nt for tRNAThr 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” tRNAThr exhibits 10% mismatches
whereas only 1.21% corresponds to G–U base pairs. On the
other hand the heavy tRNAPro 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 tRNAThr and tRNAPro sequences from L. europaeus
individuals, we noticed that tRNAThr 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 tRNAPro and 51 different mutations into tRNAThr

(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 tRNAPro molecules from L. europaeus
were observed in the T-loop. It has been already reported that the
tional Repository - Library & Information Centre - University of Thes
/2024 07:21:59 EEST - 3.145.59.163
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 tRNAPro sequences were aligned the anticodon
loop was shown to be 100% conserved (data not shown).

The mt tRNAThr sequences alignment from L. europaeus
revealed more polymorphisms (Fig. 2B). Their distribution was
not identical to those of tRNAPro. The polymorphisms of mt
tRNAThr 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 tRNAThr molecule and the
alignment of more mammalian mt tRNAThr 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 Söll, 2000). Aminoacylation tRNA
identity elements have been well deciphered only for nuclear-
encoded tRNAs and are considered conserved during evolu-
tion (McClain, 1993; Giegé et al., 1998). On the other hand,
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Fig. 3. Superimposition of secondary structures of mitochondrial tRNAPro (A) and tRNAThr (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.)
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Fig. 4. Map showing the sampling sites and haplotype distribution within the surveyed area. The mutational relationships between haplotypes for the tRNAThr and
tRNAPro 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 tRNAThr and the haplotype PEU-1 for the tRNAPro,
whereas deep grey and light grey circles represent brown hares with haplotype TEU-2 for the tRNAThr and the haplotype PEU-2 for the tRNAPro (for sample
abbreviations see Table 1).

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

Institu
04/06
aminoacylation identity elements for mammalian mt tRNAs
are only known for tRNAAsp/Gly (Börner et al., 1996) and
tRNASer (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
Fig. 5. Phylogenetic trees based on Bayesian analysis of the combined sequences of th
regions (right side) from different Lepus species. The topology for the major clusters
(NJ) analyses. Numbers at the internodes of the clusters indicate percentage posterio
Similar values for MP and NJ bootstrap (1000 replicates) are not shown. Oryctolagu
major clusters.
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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
e tRNAThr and tRNAPro genes (left side) and part of the D-loop and cytochrome b
was identical for Bayesian, Maximum Parsimony (MP) and Neighbour-Joining
r probabilities from the Bayesian analysis. Probabilities below 50% are omitted.
s cuniculus was used as outgroup. Letters A and B in both trees indicate the two
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tRNAThr 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 tRNAPro 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 tRNAThr

molecule on the other hand is more polymorphic compared to the
tRNAPro. 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
Fig. 6. Phylogenetic tree based on Bayesian analysis of the combined sequences of the
(see Table 3).
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(U13C) in the tRNAPro, which is located at the D-stem and one
mutation (A39G) in tRNAThr 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 tRNAPro and tRNAThr 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
tRNAThr and tRNAPro genes from 55 different species retrieved in the GenBank
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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 tRNAPro and tRNAThr 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
et al., 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
tional Repository - Library & Information Centre - University of Thes
/2024 07:21:59 EEST - 3.145.59.163
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 12S–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 (Gökaşan et al., 1997) might have enabled signifi-

cant gene flow of brown hare populations from south-western

Asia to south-eastern Europe. This palaeogeographic 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-

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: AciI, AluI, AseI, AvaII, BamHI, BanI, BstUI,

DdeI, EcoRI, HaeIII, HhaI, HincII, HinfI, HpaI, MboI, MseI,

MspI, PstI, TaqI, XbaI. Details on DNA extraction, the primers

used and PCR amplification conditions are given in Mamuris
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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 reap 4.0 (McElroy et al., 1991). Tests were carried out

(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 phylip 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

Table 1 Sample size (n), 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 (p).

Sampling site n T P V (%) W (%) h p

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 (El-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

European area’ (SEEa)

349 114 34 32.66 9.74 70.93 0.22

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

European area’ (CEUa)

402 43 14 10.70 3.48 40.24 0.10

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

East area’ (AMa)

25 12 7 48.00 28.00 70.48 0.37

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
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using random starting trees run for 8 · 106 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

diversity values among populations using the spss 11.0 statistical

program package. The resultant MDS-coordinates of popula-

tions were subjected to manova (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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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
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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 S1 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-lL volumes containing 2 units of Taq

polymerase, 5 lL of 10 · reaction buffer (500 mm KCl,

100 mm Tris, pH 9.0), 5 mm dNTPs, 50 pmoles of each

primer, 2.5 mm MgCl2 and c. 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

ClustalX (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

(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 c 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 · 106 to 8 · 106 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 12S–16S rRNA

had approximate sizes of 1.8, 1.3 and 2.05 kb, respectively,

corresponding to c. 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 12S–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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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

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 FST comparisons

among populations only 52 were statistically significant. The

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

European type haplogroup; AMh, Anatolian/

Middle Eastern type haplogroup; Interh,

intermediate haplogroup. Each haplotype is

identified by its corresponding number, as in

Appendix S2.
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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

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 FST 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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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-

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

(Leu1 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.

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.

Structure

Source of

variation

Total

variance

(%)

Fixation

indices

(FST) P-value

No structure Among populations 53.51 0.53507 0.00001

Within populations 46.49

Four major

areas

Among regions 50.43 0.61011 0.00001

Among populations

within groups

10.59 0.21352 0.00001

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

h0 6.764 0.01 0.000 8.432

h1 5265.00 94.453 3838.75 39.385

s 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; h0, pre-expansion and h1, post-

expansion population sizes; s, 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.
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nucleotides of the mtDNA control region (CR) for the sequences combining our data set with data from GenBank (contributed by J. Fickel,
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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

SEEh, as revealed by the network MJ analysis. The connection

of the SEEh and the AMh through these three haplotypes

(Bayesian and network MJ 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

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

(Leu1 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 (Gökaşan 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 FST-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-

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 et 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 et 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-I sequences 

This study 

EUA01 (14) 1 Aberdeenshire, Scotland (N-UK) DQ469656 

EUA02 (8) 1 Offenburg, South-West Germany (SW-D) DQ469661 

EUA03 (14) 1 Offenburg, South-West Germany (SW-D) DQ469660 

EUA04 (14) 1 Eastern Austria (A) DQ469667 

EUA05 (5) 1 Membrolles, France (F) DQ469665 

EUA06 (14) 1 Wiltshire, South England (S-UK) DQ469654 

EUA07 (8) 1 Airport Schipol, The Netherlands (NL) DQ469657 

EUA08 (14) 1 Niebüll, 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 

EUB01 (42) 1 Southern Greece (S-GR) DQ469671 

EUB02 (47) 1 Crete (Cr-GR) DQ469670 

EUB03 (40) 1 Crete (Cr-GR) DQ469675 

EUB04 (39) 1 North-Eastern Greece (NE-GR) DQ469672 

EUB05 (39) 1 Spilia (Sp-GR) DQ469676 

EUB06 (47) 1 Bulgaria (BL) DQ469673 

EUB07 (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 (El-GR) DQ469680 

SEE04 (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 (El-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 (El-GR) DQ469686 

AM01 (118) 1 North Israel (N-ISR) DQ469698 

AM02 (112) 1 North Israel (N-ISR) DQ469645 
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AM03 (111) 1 North Israel (N-ISR) DQ469646 

AM04 (117) 1 North Israel (N-ISR) DQ469707 

AM05 (115) 1 North Israel (N-ISR) DQ469708 

AM06 (114) 1 North Israel (N-ISR) DQ469706 

AM07 (116) 1 North Israel (N-ISR) DQ469699 

AM08 (109) 1 North Israel (N-ISR) DQ469643 

AM09 (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 

Leu 10 (25) 2 Northern and southern Italy AF157433 

Leu 11 (26) 1 Southern Italy AF157434 

Leu 12 (1) 2 Hungary; southern Italy AF157435 

Leu 13 (3) 1 Southern Italy AF157436 

Leu 14 (3) 11 Central and northern Italy; Serbia; Romania AF157437 

Leu 15 (4) 2 Hungary; Serbia AF157438 

Leu 16 (6) 1 Austria AF157439 

Leu 17 (33) 1 Northern Italy AF157445 

Leu 18 (31) 1 Northern Italy AF157442 

Leu 19 (32) 1 Northern Italy AF157441 
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Leu 20 (30) 3 Hungary; Serbia; northern Italy AF157440 

Leu 21 (28) 1 Hungary AF157443 

Leu 22 (27) 1 Northern Italy AF157444 

Kasapidis et al. (2005) 

A1 (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 

A7 (140) 3 Lesvos island AY466788 

A8 (142) 1 Rhodes island AY466789 

A9 (143) 1 Rhodes island AY466790 

A10 (122)  1 Chios island AY466791 

A11 (121)  2 Chios island AY466792 

A12 (129)  1 Cyprus AY466793 

A13 (128)  1 Cyprus AY466794 

A14 (127)  1 Cyprus AY466795 

A15 (126)  1 Eastern Macedonia AY466796 

A16 (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: Ierapetra 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 AY466826 

B30 (86) 1 Epirus AY466827 

B31 (89) 1 Bulgaria AY466828 

B32 (90) 1 Bulgaria AY466829 

B33 (64) 1 Western Macedonia AY466830 

B34 (65) 1 Central Greece AY466831 

B35 (66) 3 Central Greece AY466832 

B36 (65) 1 Central Macedonia AY466833 

B37 (62) 2 Central Macedonia AY466834 

B38 (85) 1 Western Macedonia AY466835 

B39 (38) 1 Thrace AY466836 

B40 (68) 1 Bulgaria AY466837 

B41 (67) 1 Bulgaria AY466838 

B42 (69) 3 E. Macedonia; Thrace AY466839 

B43 (70) 1 Thrace AY466840 

B44 (71) 2 Central Macedonia AY466841 

B45 (72) 1 Eastern Macedonia AY466842 

B46 (73) 1 Thrace AY466843 

B47 (74) 3 Thrace AY466844 

B48 (59) 1 Central Macedonia AY466845 

B49 (75) 1 Eastern Macedonia AY466846 

B50 (76) 1 Eastern Macedonia AY466847 

B51 (48) 2 Western Macedonia AY466848 

B52 (54) 1 Eastern Macedonia AY466849 

B53 (53) 1 Eastern Macedonia AY466850 

B54 (52) 1 Eastern Macedonia AY466851 

B55 (51) 2 Lefkada island AY466852 

B56 (55) 1 Thrace AY466853 

Fickel et al. (unpublished)  

01 (14) 1 Germany AY103494 

02 (30) 1 Germany AY103495 

05 (14) 1 Germany AY103498 

06 (8) 1 Germany AY103499 

07 (14) 1 Germany AY103500 

08 (3) 1 Germany AY103501 

12 (5) 1 Germany AY103505 

13 (15) 1 Germany AY103506 

14 (18) 1 Germany AY103507 

16 (23) 1 Germany AY103509 

17 (25) 1 Germany AY103510 

18 (22) 1 Germany AY103511 

20 (14) 1 Germany AY103513 

25 (21) 1 Germany AY103518 

26 (14) 1 Germany AY103519 

29 (24) 1 Germany AY103522 

30 (30) 1 Germany AY103523 

32 (25) 1 Germany AY103525 

33 (27) 1 Germany AY103526 
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34 (35) 1 Germany AY103527 

36 (12) 1 Germany AY103529 

38 (16) 1 Germany AY103531 

39 (2) 1 Germany AY154661 

40 (29) 1 Germany AY154662 

45 (19) 1 Germany AY163356 

47 (25) 1 Germany AY163358 

48 (14) 1 Germany AY163359 

49 (14) 1 Germany AY163360 

50 (14) 1 Germany AY163361 

52 (14) 1 Germany AY163363 

56 (25) 1 Germany AY163367 

57 (7) 1 Germany AY163368 

58 (34) 1 Germany AY163369 

59 (7) 1 Germany AY163370 

60 (17) 1 Germany AY163371 

63 (11) 1 Germany AY163374 

64 (10) 1 Germany AY163375 

65 (31) 1 Germany AY163376 

66 (11) 1 Germany AY300032 

67 (14) 1 Germany AY300033 

68 (36) 1 Germany AY300034 

69 (4) 1 Germany AY300035 

70 (9) 1 Germany 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): AluI, AseI, AvaII, DdeI, HaeIII, HinfI, MboI, MseI, MspI, TaqI, XbaI; cytochrome oxidase I (COI): AluI, HaeIII, HhaI, 

HinfI, BstUI, MboI, AvaII; 12S-16S rRNA: AluI. For the purposes of presentation nonpolymorphic enzymes were omitted. 
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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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Appendix S2 Continued 
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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         1                           
46 CAAAAAAAAAAAAABAAAA  1       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         1 5 1  1 3 1                     

56 AAAAACCBAAAAAAAAAAA     1    2 2  1  6  5                    

57 ACAAAJBAABAAAAAAAAA              1                      
58 ABAAAJAFABAAAAAAAAA          1  1 1                       

59 AAAEAKCBAAAAAAAAAAA           1                         

60 BBAAAAAAAAAAAAAAAAA     2    1                           

61 CBAAAAAABAAAAABAAAA     1                               

62 CBAAAAAAAAAADABAAAA     3                               

63 FBAAAABAAAAAAAAAAAA     2                               
64 ABAADCCBAAAAAAAAAAA  2                                  

65 BBAAACCBADAAAAAAAAA     1                               

66 AAAAAAADAAAAAAAAAAA                       1             
67 AAAGAAAGAAAAAAAAAAA     1             4     3             

68 AAAHAAADAAAAAAAAAAA                       1             

69 DBAAACCBAAAAAAAAAAA   2   1  1 1                           
70 DBAAACCBAAAABAAAAAA    2    5                            

71 DAAAACCBAAAAAAAAAAA         1                           

72 IBAAACCBAAAAAAAAAAA      2                              
73 ABAAACCBAAAAAAAAAAA     1    2 8    8 1 3 2                   

74 ABAACCCBAAAAAAAAAAA          1                          

75 AAAAABCBAAAAABABAAA                      5 80  5 13 16 4 2  17     
76 ABAAABCBAAAAABABAAA                      1 4  20 6 5         

77 ABAAACCBAAAAABABAAA                1   3    21 76   1         

78 ABABACCBAAAAABABAAA               1 1   1    5             
79 AAAAACCBAAAAABABAAA              1     2  22 1 9 19            

80 AAAAACHBAAAAABABAAA                      2              

81 ABAAACHBAAAAABABAAA                      1              
82 ABAAABIBAAAAABABAAA                          1          

83 AAAAABIBAAAAABABAAA                          4    16      

84 ABAAACCBAAACABABAAA                            6        
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Appendix S2 Continued 
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85 ABAAABJBAAAAABABAAA                         1           
86 ABAAABCJAAAAABABAAA                          1          

87 MAAAACCBAAAAABABAAA                        16            

88 ABAAAMCBAAAAABABAAA                        1            
89 AAAAABHBAAAAABABAAA                       1             

90 AAAAAQCBAAAAABABAAA                       1             

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 
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.
r 2009 Deutsche Gesellschaft für Säugetierkunde. Published by Elsevier GmbH. All rights reserved.
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Introduction

Many biological aspects of a species, such as dispersal
rate and pattern, and the mating systems, combined
with environmental and landscape characteristics (e.g.
geographical barriers) in the recent and remote past (e.g.
glaciations) seriously affect levels and patterns of genetic
nde. Published by Elsevier GmbH. All rights reserved.
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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. 20.000 ybp) 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
onal Repository - Library & Information Centre - University of Thes
024 07:21:59 EEST - 3.145.59.163
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 1C 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 (50-GAAACTGGCTCCAA-

TAACCC-30) and LepD2H (50-ATTTAAGAGGAACGT
GTGGG-30; Pierpaoli et al. 1999) was used to PCR-amplify
a fragment of ca. 1200 bp of the Cytb gene. Double strand

DNA amplifications were performed in 50mL volumes,
containing 2 units of Taq polymerase (Invitrogen), 5mL of
10x reaction buffer (500mM KCl, 100mM Tris pH 9.0),
0.8mM dNTPs, 50 pmoles of each primer, 2.5mM MgCl2, and

500 ng of DNA. PCR amplification conditions were as follows:
one initial step of denaturation at 95 1C for 5min, followed, by
35 cycles of amplification; each cycle being 95 1C for 40 s, 52 1C

for 50 s, and 72 1C for 1.5min and a final extension step at
72 1C for 10min. 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 ¼ 0.01 the
HKY85 model (Hasegawa et al. 1985), with g 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
tional Repository - Library & Information Centre - University of The
/2024 07:21:59 EEST - 3.145.59.163
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� 106 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 (50-CGGCCAGGAACGGGT-
CAAGCG) and SRY-Rv (50- CCTTCCGGCGAGGTCTG-
TAC), was designed according to the sequence with Accession

number EF437194 (nts 598–838; Putze et al. 2007) and
amplified a fragment of 239 bp of the SRY gene coding
region. The second pair, DBY8-Fw (50-CCCCAACAAGA-

GAATTGGCT) and DBY8-Rv (50-CAGCACCACCATA
KACTACA, Hellborg and Ellegren 2004) amplified the intron
8 of DBY gene (179 bp). PCR conditions were: 5min at 95 1C

and 35 cycles of 40 s at 95 1C, 40 s at 52 1C and 30 s at 72 1C,
followed by a 10min extension at 72 1C, for both fragments.
The amplification reactions were carried out on 200–300 ng of

genomic DNA in a 50ml final volume containing 1X PCR
buffer, 1 unit of Taq DNA polymerase (Invitrogen), 50 pmoles
of each primer, 2mM MgCl2 and 0.2mm 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 ¼ 3),
L. timidus (n ¼ 7), L. corsicanus (n ¼ 2), L. granatensis

(n ¼ 7), L. capensis (n ¼ 8), L. brachyurus (n ¼ 6), L. saxatilis

(n ¼ 2), L. castroviejoi (n ¼ 2)] together with Oryctolagus

cunniculus (n ¼ 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 mL of

amplified DNA was mixed with 10 mL of denaturing loading
buffer (95% deionized formamide, 10mm NaOH, 0.01%
bromophenol blue and 0.01% xylene cyanol). Samples were

denatured for 6min at 95 1C 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 200V and temperature
(4 1C) for 20 h. 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
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Representation of Lepus species separation according to their DBY-intron composition.
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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 (Cytb) 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,
onal Repository - Library & Information Centre - University of Thes
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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. Haplotype names, sampling localities, and accession
numbers of the brown hare mtDNA Cytb sequences.

Haplotype names Sampling localities Accession
numbers

CBEUA01 England (GB), (2)
Poland (PL), (2)
Austria (A), (2)

France (F), (2)
Switzerland (CH),
The Netherlands

(NL)

EU939323

CBEUA02 England (GB) EU939324
CBEUA03 Austria (A) EU939325

CBEUA04 Germany (D) EU939326
CBEUA05 Germany (D) EU939327

CBEUA06 Switzerland (CH) EU939328

CBEUA07 Germany (D) EU939329

CEEUB01 Southern Greece
(GR)

EU939330

CEEUB02 North-Eastern

Greece (GR)

EU939331

CBEUB03 Bulgaria (BL),
Crete (GR), Crete
(GR)

EU939332

CBEUB04 Central Greece
(GR)

EU939333

CBEUB05 Central Greece

(GR)

EU939334

CBSEE01 (3) Central Greece
(GR)

EU939335

CBSEE02 North-Eastern
Greece (GR), (2)
Western Greece

GR), Central
Greece (GR)

EU939336

CBSEE03 Southern Greece
(GR)

EU939337

CBSEE04 Central Greece
(GR)

EU939338

CBSEE05 Western Greece

(GR)

EU939339

CBSEE06 Central Greece
(GR)

EU939340

CBSEE07 Western Greece
(GR)

EU939341

CBSEE08 Western Greece
(GR)

EU939342

CBSEE09 Central Greece
(GR)

EU939343

CBSEE10 Central Greece

(GR)

EU939344

CBSEE11 Central Greece
(GR)

EU939345

CBAM01 Turkey (TR) EU939346
CBAM02 Israel (IL) EU939347
CBAM03 North-Eastern

Greece (GR)

EU939348

CBAM04 North-Eastern
Greece (GR)

EU939349

Table 1. (continued )

Haplotype names Sampling localities Accession
numbers

CBAM05 North-Eastern
Greece (GR)

EU939350

CBAM06 North-Eastern

Greece (GR)

EU939351

CBAM07 Turkey (TR) EU939352
CBAM08 Turkey (TR) EU939353

CBAM09 Turkey (TR) EU939354
CBAM10 Turkey (TR) EU939355
CBAM11 Turkey (TR) EU939356
CBAM12 Israel (IL) EU939357

CBAM13 Israel (IL) EU939358
CBAM14 Turkey (TR) EU939359
CBAM15 Israel (IL) EU939360

CBAM16 Israel (IL) EU939361
CBAM17 Israel (IL) EU939362
CBAM18 Turkey (TR) EU939363

CBAM19 Turkey (TR) EU939364
CBAM20 Israel (IL) EU939365
CBAM21 Turkey (TR) EU939366

CBAM22 Turkey (TR) EU939367
CBAM23 Turkey (TR) EU939368
CBAM24 Turkey (TR) EU939369
CBAM25 Israel (IL) EU939370

CBAM26 Bulgaria (BG) EU939371
CBAM27 Turkey (TR),

Israel (IL)
EU939372

CBAM28 Israel (IL) EU939373
CBAM29 Israel (IL) EU939374
CBAM30 Turkey (TR) EU939375

CBAM31 (2) Israel (IL) EU939376
CBAM32 Israel (IL) EU939377
CBAM33 Israel (IL) EU939378
CBAM34 Israel (IL) EU939379
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haplotype. As for the intron the haplotype IN-A was
found in all hares from Anatolia (n ¼ 30) and Israel
(n ¼ 8), in 27% of hares from Bulgaria (n ¼ 17), and in
6.8% of hares from Greece (n ¼ 12), while the haplotype
IN-B was found in the vast majority of the hares from
all the sampling sites in Europe, but never traced in
Anatolia and Israel (Fig. 1A). Of the 12 hares bearing
the IN-B haplotype from Greece, eight were detected in
north-eastern Greece and four in central Greece. For the
intron a separation was also observed at the species
level, since L. nigricollis, L. castroviejoi, and L. timidus

had the IN-B haplotype whereas L. corsicanus, L.

granatensis, L. capensis, L. brachyurus, and L. saxatilis

had the IN-A haplotypes (Fig. 1C).
Potential linkage between the two Y-chromosomal

markers could have affected haplotype analysis within
and between populations. Data, however, do not
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 ¼ 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, Israel) 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).
onal Repository - Library & Information Centre - University of Thes
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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; Gökas-an 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
68saly



ARTICLE IN PRESS

05

02

03

01 04

06
02

04

05

01

03
01

05

0910

11

05
02

06 04

03

07

08

CBAM

07

CBSEE

CBEU-B

CBEU-A

09

22
08

23
10

19
01

18

21

24
30 2728

29
34

17
25

07
11
14

26

15
02

20
12

13

31

16

33
03
05

04
06

06
10

09
11

07 08
03 04

01
02

05 02

05

03
04

01
02

0103
06
07

0405

0.005

32

99

84

75

CBEU-A

CBEU-B
CBSEE

CBAM

71

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.
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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-
tional Repository - Library & Information Centre - University of The
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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 ¼ 38) compared with Europe
(n ¼ 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

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 Soulé, 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
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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
km2 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 ml volumes, containing 4 units of Taq polymerase,
10 ml of 10� reaction buffer (500 mM KCl, 100 mM
Tris pH 9.0), 10 mM dNTPs, 100 ng of each primer, 5
mM MgCl2 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: AciI, AluI, AseI,
AvaII, BamHI, BanI, BstUI, DdeI, EcoRI, HaeIII,
HhaI, HincII, HinfI, HpaI, MboI, MseI, MspI, PstI,
TaqI,XbaI. 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. NST (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 harea

Haplotype (composite genotype) Sample locality

ZA VR PY SP EL VE ‘R-like’ Reared

Type1 ABAAAABAAABAAAAA 2(0.077) 3(0.088)

Type2 ABAAAABAAACAAAAA 1(0.029) 3(0.136)

Type3 ABAAAAACAACAAAAA 1(0.050)

Type4 ABAAAAACAABAAAAA 1(0.050)

Type5 BBAAAAACAABAAAAA 3(0.115) 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)

Type10 BAAAAADGAADAAAAA 5(0.208)

Type11 CAAAAAAABACAABAA 1(0.038) 1(0.048)

Type12 CAAAAAAABABAABAA 1(0.029)

Type13 CBAAAAAAAAAAABAA 3(0.115) 1(0.048) 2(0.059)

Type14 CBAAAAAAAABAABAA 4(0.154) 1(0.048) 3(0.088) 1(0.050) 8(0.364)

Type15 CBADAEAAAABAABAA 2(0.077)

Type16 AAAAAAAAAABAAAAA 4(0.154) 1(0.048)

Type17 AAAAAABAAABAAAAA 2(0.077)

Type18 AAAAAABAAACAAAAA 1(0.038) 1(0.041)

Type19 AAAAAABAAABBAAAA 3(0.125)

Type20 AAAAAAAAADBAAAAA 1(0.038)

Type21 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)

Type31 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)

Type40 BAAAAAFGAABAAABA 1(0.050)

Type41 BAAAAAACAABAAAAA 1(0.050) 1(0.045)

Type42 CBAAAAAAADBAAAAA 1(0.050)

Type43 ABAABABAACBAAAAA 1(0.041)

Type44 BAAAAAAAACBAAAAA 1(0.048)

Type45 ABCABABAABBAAAAA 1(0.041)

Type46 CBAAAFAAAABAABAA 1(0.045)

Type47 ABAAAAAAAAAAABAA 1(0.038)

Type48 CBAAAAAGAABAABAA 1(0.045)

Type49 DBAAACCBAABAAAAA 5(0.357)

Type50 DBAAACCBAABBAAAA 6(0.428)

Type51 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)

a Composite genotypes are denoted by capital letters in the following order. Control Region: AluI, AseI, AvaII, DdeI, HaeIII, HinfI,MboI,MseI,

MspI, TaqI; COI/COII: AluI, HaeIII, HhaI, HinfI; 12S/16S RNA: AciI, AluI. 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 (HinfI), C (MboI) and B (MseI)] on the
Control Region segment and for one enzyme [pattern B
(HhaI)] 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 (AluI)] (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’
individuals (10/14) were sampled in the EL area, con-
stituting 33.3% of the total sample of this area, while
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
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).
All haplotypes detected within reared and ‘reared-like’
populations were unique. The most common haplo-
types, grouping 34.5% (50/145) of the wild hares were

Fig. 2. Majority rule consensus tree clustering the 56 haplotypes

described in Table 1. Bootstrap estimates (as a percentage) are indi-

cated above branches.

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 (T)

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 38.46 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 25.00 2.83 88.77 1.40

SP 23 11 7 30.43 63.63 2.09 88.77 1.79

EL 20 (10) 16 9 45.00 56.25 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 22.70 75.00 3.30 85.27�0.11 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% (haplotypesNo. 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
(�2=887.26, P<0.0001). Yet, significant substructuring
was found for the two populations within the cluster A
(�2=36.00, P<0.0001) and for the three populations
within the clusters B (�2=97.84, P<0.0001) and C

Table 3

Pairwise estimates of nucleotide divergence (�102) 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 –

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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(w2=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 NST 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 NST 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 NST 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 (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 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
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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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Assessment of Genetic Structure of Greek Brown
Hare (Lepus europaeus) Populations Based
on Variation in Random Amplified
Polymorphic DNA (RAPD)
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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 betweenL. europaeuspopulations 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 hare (Lepus europaeusPallas, 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-Joneset al., 1999).

In a previous study, the genetic differentiation of brown hare populations
from Central Greece was assessed using mtDNA RFLP-PCR analysis (Mamuris
et al., 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 (Pierpaoliet al., 1999), and threefold lower than the average (6.2%) of
Iberian brown hares (Perez-Suarezet al., 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-Suarezet al., 1994), Scandinavian (Thulinet al., 1997), and Italian
(Pierpaoliet al., 1999) brown hares, but contrasts with the study of Hartlet al.
(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; Williamset al., 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 (Hartlet al., 1992), Austria (Hartlet al.,
1993), and Bulgaria (Suchentrunket 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; Pierpaoliet al., 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 (Mamuriset 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 past release
within wild populations. These hares were separated from the wild samples and
were assigned to a new group, named “likely-reared” population (N = 19). The re-
maining 129 wild hares came from Austria (N = 10), Poland (N = 10), Germany
(N = 46), France (N = 21), and Bulgaria (N = 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 23,100 km2 and 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 ofL. 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 20 (4) 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 (5) 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 primer;P: Number of
polymorphic bands found per primer in each population ofL. europaeus.
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except into two controlled hunting areas (PY and SP) (Fig. 1), and (c) there is an
ongoing parallel survey within the 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, Mg2+, and 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 in 25µL of 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 MgCl2 and 1×reaction buffer. Amplifica-
tion conditions included a total of 35 cycles of 40 s at 94◦C, 1 min at 38◦C, 1 min
at 72◦C, 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 0.5µL mL−1 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 number 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 endonucleases (AluI, HaeIII,
MspI,AvaII, andDdeI). 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 within (Ji ) and between (Jij ) 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. All dendrograms 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 I).

Polyacrylamide Electrophoreses

The number of individuals analyzed on polyacrylamide gels per population and per
primer is shown in Table I. A preliminaryχ2 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) populations.M = 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 II).

Theχ2 contingency analysis of RAPD marker frequencies, after Bonferoni
corrections, showed significant heterogeneity (p < 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
χ2-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 samples (p > 0.05).

The estimated values of heterozygosity were slightly higher for all compar-
isons between populations (meanHij = 0.269) than for those observed within
populations (meanHi = 0.246) (Table II). Reared and “likely-reared” samples
with Hi = 0.202 andHi = 0.200, respectively had the lower estimated heterozy-
gosity compared with the wild samples (meanHi = 0.255) (Table II). Estimates
of FST using the estimated heterozygosities for the 12 populations, suggested
the presence of subdivision among populations (FST = 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 III. Nei’s Genetic Distance Between 12 Populations ofL. europaeusBased 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 (meanJi = 0.753) (Table II) were
very close to those estimated among populations (meanJij = 0.726). Reared and
“likely-reared” sample withJi = 0.798 andJi = 0.800, respectively had higher
intrapopulation gene identity compared with the wild samples (meanJi = 0.743).
Values of pairwise comparisons of Nei’s genetic distance (D) between populations
(Nei, 1972), computed from combined data for the five primers, ranged from
D = 0.002 (Austria–Poland and Germany) toD = 0.086 (“likely-reared” and
Vradeto) (Table III). Genetic distances among the six wild Greek samples ranged
from D = 0.005 (Spilia and Vradeto) toD = 0.013 (Zallogo and Vradeto) with
an average ofD = 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 samples (D = 0.006 andD = 0.008), but distinct from the Greek and the
Bulgarian samples (meanD = 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 (Williamset 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
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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 (Blacket al., 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 (Hartlet al., 1993; Suchentrunket al., 2000).
In this respect, RAPD data are not in concordance with the mtDNA study on Greek
brown hares (Mamuriset 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, it is
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 confirmed byFST analysis.FST

values showed significant genetic structuring when all samples were considered
(FST = 0.086) but very little between Greek samples (FST = 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 ofL. europaeusclustered
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, Suchentrunket al.
(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 (Mamuriset al., 2001) showed that these
nine hares shared common or closely relatedL. europaeushaplotypes 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 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 (Sfougariset 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 heterozygosity ofHi =
0.202 andHi = 0.200, respectively and with intrapopulation similarity indices of
Ji = 0.798 andJi = 0.800, respectively showed relatively little genetic diversity
compared with the wild populations (meanHi = 0.257 and meanJi = 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 (Mamuriset 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 an isolated
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-1−162, Pep-2114, Mpi88) 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.

KEY WORDS: brown hare;Lepus europaeus; allozymes; population genetics; Greece; Mediterranean.

INTRODUCTION

Hares from Greece have been described as various subspecies (Lepus europaeus
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. transsylvanicus), based 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., Bennettet al., 1991; Lang, 1994;
see also, e.g., Geragaet al., 2000; Robertset 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., Frenzelet al., 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 (Hartlet al., 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

100

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



P1: IZO

Biochemical Genetics [bigi] pp772-bigi-461673 April 9, 2003 14:55 Style file version Nov 9th, 2002

Biochemical Genetic Variation of Greek Hares 129

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
(Suchentrunket 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,n = 10; Velestino,n = 5; Epirus,
n = 5; Serres,n = 12) and in landscapes with mixed fir forest–subalpine pas-
tures, dominated byAbies borisii-regis, between 1500–1700 m asl (Spilia,n = 29;
Pyrra,n = 26). Four hares were shot in dry scrubland around Ierapetra, 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-
sis was used to reveal allelic variation at isozyme 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., Alveset al., 2000;
2001; Alves and Ferrand, 1999; Bonhommeet al., 1986; Hartlet al., 1989, 1990,
1992, 1993, 1994, 1995; Suchentrunk, 1993; and Suchentrunket al., 1998; 2000a;
2001).

The following 26 enzymes/enzyme systems corresponding to 35 putative
structural gene loci (isozyme-system abbreviation, E.C. number, and respective
structural gene loci in parentheses) were studied: sorbitol dehydrogenase (SDH,
1.1.1.14,Sdh), lactate dehydrogenase (LDH, 1.1.1.27,Ldh-2), malate dehydro-
genase (MOR, 1.1.1.37,Mor-1,-2), malic enzyme (MOD, 1.1.1.40,Mod-1,-2),
isocitrate dehydrogenase (IDH, 1.1.1.42,Idh-1,-2), glucose dehydrogenase (GDH,
1.1.1.47,Gdh-2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1.2.1.12,
Gapdh), xanthine dehydrogenase (XDH, 1.2.3.2,Xdh), glutamate dehydrogenase
(GLUD, 1.4.1.3,Glud), catalase (CAT, 1.11.1.6,Cat), superoxide dismutase (SOD,
1.15.1.1,Sod-1,-2), purine nucleoside phosphorylase (NP, 2.4.2.1,Np), aspartate
aminotransferase (AAT, 2.6.1.1,Aat-1,-2), hexokinase (HK, 2.7.1.1,Hk-1,-3),
pyruvate kinase (PK, 2.7.1.40,Pk-1), adenylate kinase (AK, 2.7.4.3,Ak-1,-2),
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Fig. 1. Locations of study populations of brown hares in Greece:EPI= Epirus,
IER= Ierapetra,LOU= Loutraki,PYR= Pyrra,SER= Serres,SPI= Spilia,
VEL= Velestino.

phosphoglucomutase (PGM, 2.7.5.1,Pgm-1), esterases (ES, 3.1.1.1,Es-1; 4.2.1.1,
Es-D), fructose-1,6-diphosphatase (FDP, 3.1.3.11,Fdp-1), peptidases (PEP, 3.4.11,
Pep-1,-2), guanine deaminase (GDA, 3.5.4.3,Gda), aldolase (ALDO, 4.1.2.13,
Aldo), fumarate hydratase (FH, 4.2.1.2,Fh), aconitase (ACO, 4.2.1.3,Aco-1),
mannose phosphate isomerase (MPI, 5.3.1.8,Mpi), glucose phosphate isomerase
(GPI, 5.3.1.9,Gpi-1).

Tissue preparation, electrophoresis, and protein-specific staining were car-
ried out following Hartl and Höger (1986) and Grillitschet 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 Hartlet al. (1993), Suchentrunket al. (1999, 2000a, 2001),
and Alveset al. (2001). Genotypic interpretations of band patterns were carried
out in 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.

102

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



P1: IZO

Biochemical Genetics [bigi] pp772-bigi-461673 April 9, 2003 14:55 Style file version Nov 9th, 2002

Biochemical Genetic Variation of Greek Hares 131

Data Analysis

The BIOSYS-1 pc package, release 1.7 (Swofford and Selander, 1989) was used to
calculate allele frequencies, average heterozygosity (Ho: observed,He: expected),
proportion of polymorphic loci (P95%), mean number of alleles per locus based
on all 35 loci (A), pairwise Nei’sFst values (Nei, 1977), hierarchicalF-statistics
for estimation of partitioning of relative genetic variability among Greek and Bul-
garian populations, Nei’s genetic distances (D) corrected 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). AG-test 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 θ 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 heterozygosity (Ho), gene diversity (Hs), f , and2
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
nominalα 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

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 coefficient= 0.946; 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 5.3 4.0 5.0 3.6 3.7 3.9 2.6–5.2
P95% 11.43 14.29 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 1.11 1.11–1.20
Rs 1.192 1.233 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 (Suchentrunket al., 2000a) are also given.Ho: observed population-specific
heterozygosity,He: expected population-specific heterozygosity,P95%: rate of polymorphism (95%
criterion),A: mean number of alleles per locus, Rs: allelic richness,f : Weir 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 allelesEs-1−162, Pep-
2114, andMpi88 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 (p > 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 observed (Ho) and expected (He) heterozygosity ranged
between 4.0–5.0 and 4.1–5.0, respectively. Nof value (Fis 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 Nei’sFis values
are detailed in Table I for Greek populations (Nei, 1977), along with the respective
ranges for the Bulgarian populations.

Mean Nei’sFst and2 values of Greek and Bulgarian hare populations (Nei,
1977; Greece:Fst = 0.095,2 = 0.038; Bulgaria:Fst = 0.100;2 = 0.086) dif-
fered significantly from zero, respectively. Among Greek hare populations, how-
ever, only 1 (4.76%) out of 21 pairwise2 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 Nei’sFst

values of Greek populations was proved for 23.8% of all pairwise comparisons
(Nei, 1977; Table II). Pairwise Nei’sD (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 II).

Under sequential Bonferroni correction, population-specific Rs values, rate
of polymorphism (95% criterion),Hs, f , and2 values did not differ significantly
between Greek and Bulgarian hares, respectively. Only population-specificHo

values were significantly different in Greek and Bulgarian hares, when based
on two-sidedp values after 10,000 permutations (Table III). Rs values did not
vary significantly among Greek populations (p = 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 IV).

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 (Suchentrunket al., 2000a; see also Hartlet al., 1989, 1990,
1992, 1993, 1994, 1995; Suchentrunket al., 2001). Rs and other indices of genetic
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Table II. 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∗ 0.083∗ — 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 geneticD distances (Nei, 1978) (first row) and Rogers’ modified genetic distances
(second row) are given above the diagonal. Nei’sFst values (Nei, 1977) and Weir and Cockerham’s
estimators ofFst (Weir and Cockerham, 1984;2 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 values ofD
and Rogers’ distances as well as2 values between the Greek and eight Bulgarian populations (see
Suchentrunket al., 2000a) are given in the rightmost part of the table for comparison.

Table III. 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
2 0.038 0.086 0.3387

Note.Rs: allelic richness,Ho: observed heterozygosity,Hs:
gene diversity,f : Weir and Cockerham’s estimator ofFis,
(Weir and Cockerham, 1984),2: Weir and Cockerham’s
estimator ofFst (Weir and Cockerham, 1984),p: 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

Population× regiona 0.08714 0.060
Population× total variance 0.13652 0.091
Region× total variance 0.04938 0.033

Note.Variance components andF-statistics combined across loci.
aRegion: Greece vs. Bulgaria.

diversity did not differ significantly between Greek and Bulgarian hares, except
for Ho, which was marginally elevated in Greek hares. However, three new alleles,
namelyEs-1−162, Pep-2114, andMpi88, were detected in the Greek hares with low
frequencies. Since they were absent in all brown hares from regions in central and
southern Europe (Hartlet al., 1994; Suchentrunket 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 alleles, thePep-2114allele 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 allelesSdh300, Ldh-283, andPep-
294 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 theIdh-283 allele of some central European populations (Hartlet al., 1993;
Suchentrunket al., 2000a) is absent both in the Greek and Bulgarian samples, the
quite commonPep-2114 allele of Greek hares likely is absent in Bulgarian hares.
ThePep-294 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
(Suchentrunket 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 Mamuriset al., 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 (Mamuriset 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 subspecies (L. e. creticus), 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. Tiedemannet al., 1996) and compatible with allozymic
diversity in Bulgarian and central European brown hares (Hartlet al., 1993, 1994;
Suchentrunket al., 1999, 2000a, 2001; contrary to the misinterpretation of low
genetic diversity of European populations by Thulin and Tegelström, 2001). These
results suggest that the long–term low population densities reported for the Greek
hares (Mamuriset al., 2001; Sfougariset 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 insignificantF-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 insignificantFst and
2 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 hierarchicalF-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; Suchentrunket al., 1999, 2000a, 2001; contrary
to the misinterpretation of a moderate geographic substructuring by Thulin and
Tegelström, 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 (Fickelet 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 (based onFst values) or
6.33 (based on2 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 (Mamuriset al.,
2001; Sfougariset 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. europaeusor L. capensis(e.g. Angermann 1983; see also Suchentrunket al.,
2000b) and unpublished data on mtDNA characteristics (Kasapidiset al., 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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ismes.Biologia Gallo-hellenica18:99–106.
De Beaux, O. (1929). Ricerche faunistiche nelle isole Italiane dell’ Egeo. Mammiferi.Arch. Zool. Ital.

13:1–25.
Farris, J. S. (1972). Estimating phylogenetic trees from distance matrices.Am. Nat.106:645–668.
Fickel, J., Lieckfeld, D., and Pitra, C. (1999). Analyze der genetischen Diversität und Struktur in

benachbarten Populationen des Feldhasen (Lepus europaeus, Pallas 1778).Z. Jagdwiss.45:230–
237.
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3. ΤΕΖΣΖΖ 

 

3.1 Γενεηική δομή και θςλογενεηικέρ ζσέζειρ ηων πληθςζμών ηος 

εςπωπαϊκού λαγού με ανάλςζη ηος μιηοσονδπιακού DNA 

 

ηε κειέηε ησλ Stamatis et al., (2009) πξαγκαηνπνηήζεθε αλάιπζε ηνπ mtDNA κε ηε 

κέζνδν RFLP ζε ηξία ηκήκαηα ηνπ γνληδηψκαηνο (cytb/CR, COI θαη 12S/16S rRNA). Ζ 

αλάιπζε πξαγκαηνπνηήζεθε ζε 926 δείγκαηα επξσπατθνχ ιαγνχ, απφ 33 πεξηνρέο 

δεηγκαηνιεςίαο πνπ πξνέξρνληαλ απφ 15 ρψξεο ηεο Δπξψπεο θαη ηεο Αζίαο. Δπηπιένλ 

αλαιχζεθαλ αιιεινπρίεο ηεο πεξηνρήο ειέγρνπ (CR) ηνπ κηηνρνλδξηαθνχ DNA απφ 69 

δείγκαηα ιαγνχ, αληηπξνζσπεπηηθά απφ ηηο πεξηνρέο δεηγκαηνιεςίαο, νη νπνίεο 

ζπγθξίζεθαλ κε  137 αιιεινπρίεο πνπ πξνήιζαλ απφ ηελ ηξάπεδα δεδνκέλσλ GenBank. 

Απφ ηελ αλάιπζε ηνπ mtDNA κε ηε κέζνδν RFLP πξνέθπςαλ 112 απιφηππνη νη νπνίνη 

νκαδνπνηνχληαη ζε πέληε, εκθαλψο δηαρσξηζκέλεο, θπινγεσγξαθηθέο απιννκάδεο, νη 

νπνίεο είλαη νη εμήο: 

1. Ννηηναλαηνιηθνχ Δπξσπατθνχ ηχπνπ Απιννκάδα (SEEh) 

2. Αλαηνιηθνχ – Μεζαλαηνιηθνχ ηχπνπ Απιννκάδα (AMh) 

3. Δπξσπατθνχ ηχπνπ Απιννκάδα – Τπννκάδα A (EUh-A) 

4. Δπξσπατθνχ ηχπνπ Απιννκάδα – Τπννκάδα B (EUh-B) 

5. Δλδηάκεζε Απιννκάδα (INTERh) 

Σν 59,8% ηεο ζπλνιηθήο πνηθηιφηεηαο ηνπ κηηνρνλδξηαθνχ DNA, είλαη απνηέιεζκα 

ηεο νκαδνπνίεζεο ησλ απινηχπσλ ζηηο πέληε απιννκάδεο. Δπίζεο, ηα δεδνκέλα πνπ 

πξνέθπςαλ απφ ηελ αλάιπζε ησλ αιιεινπρηψλ ζπκθσλνχλ κε ηα απνηειέζκαηα ηεο 

αλάιπζεο ηνπ mtDNA κε ηε κέζνδν RFLP, θαζψο φιεο νη αιιεινπρίεο πνπ αλαιχζεθαλ, 

πξνζαξκφζηεθαλ θπινγεσγξαθηθά ζηηο απιννκάδεο, εληζρχνληαο ηελ παξαπάλσ 

νκαδνπνίεζε. 

Απφ ηελ αλάιπζε απνδεηθλχεηαη ε χπαξμε κίαο κεγάιεο δψλεο επηθάιπςεο ζηε 

Βνξεηαλαηνιηθή Διιάδα θαη ηε Βνπιγαξία, ιφγσ ηεο παξνπζίαο απινηχπσλ θαη απφ ηηο 

πέληε απιννκάδεο, ην νπνίν έρεη αλαθεξζεί θαη ζε πξνεγνχκελε κειέηε ζηνλ επξσπατθφ 

ιαγφ απφ ηνπο Kasapidis et al., (2005). Ζ πεξηνρή απηή παξνπζηάδεη ηελ πςειφηεξε 

λνπθιενηηδηθή δηαθνξνπνίεζε απφ φιεο ηηο πεξηνρέο, θαζψο, εληνπίζηεθε ην κεγαιχηεξν 
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πνζνζηφ απινηχπσλ (31,3%) απφ νπνηαδήπνηε άιιε πεξηνρή. Σα δεδνκέλα δελ 

απνδεηθλχνπλ ηελ επέθηαζε ηεο δψλεο επηθάιπςεο ζηελ Αλαηνιή, φπσο ππνζηεξίδεηαη 

απφ ηελ εξγαζία ησλ Kasapidis et al., (2005). Ωζηφζν, γηα λα επηβεβαησζνχλ απηά ηα 

επξήκαηα, ζα πξέπεη λα αλαιπζνχλ πεξηζζφηεξα δείγκαηα ιαγψλ απφ ηε Βνξεηνδπηηθή 

Σνπξθία.  

Απφ ηνπο απιφηππνπο ηεο δψλεο επηθάιπςεο, ηξεηο απιφηππνη (Δλδηάκεζε 

Απιννκάδα INTERh), εκθαλίδνπλ κία ελδηάκεζε ζέζε ζε ζρέζε κε ηελ Απιννκάδα 

(SEEh) θαη ηελ Απιννκάδα (AMh). Ζ ζχλδεζε ησλ απινηχπσλ απηψλ κε ηηο 

Απιννκάδεο SEEh θαη AMh θαη ε παξνπζία ηνπο κφλν ζηελ πεξηνρή επηθάιπςεο, 

ππνδεηθλχεη φηη πηζαλφλ λα έρνπλ δηαζσζεί απφ κία αξραία γνληδηαθή δεμακελή απφ ηελ 

νπνία εμειίρζεθαλ νη Απιννκάδεο SEEh θαη AMh. Ωζηφζν, γηα ηελ ελίζρπζε απηήο ηεο 

ζεσξίαο είλαη απαξαίηεηε ε αλάιπζε πιεζπζκψλ ιαγνχ απφ πεξηνρέο γεηηνληθέο ηεο 

δψλεο επηθάιπςεο, φπσο ηεο Ρνπκαλίαο, ηεο Κεληξηθήο Βαιθαληθήο Υεξζνλήζνπ, 

πεξηνρέο βφξεηα ηεο Μαχξεο Θάιαζζαο, θαζψο θαη πεξηνρέο ηεο Σνπξθίαο πνπ 

γεηηληάδνπλ κε ηελ Διιάδα.  

Απφ ηελ αλάιπζε ησλ δηθηχσλ παξαηεξείηαη φηη κφλν ηξεηο απιφηππνη απφ ηελ 

Απιννκάδα SEEh είλαη πξφγνλνη ησλ απινηχπσλ ηεο Απιννκάδαο EUh-B. Δπίζεο, ηξεηο 

απιφηππνη ηεο Απιννκάδαο EUh-B, νη νπνίνη βξέζεθαλ ζηνπο πιεζπζκνχο  ηεο 

Βνπιγαξίαο, ηεο Βφξεηαο θαη Βνξεηναλαηνιηθήο Διιάδαο, ζπζρεηίδνληαη ζηελά κε ηξεηο 

απιφηππνπο ηεο απιννκάδαο EUh-A, νη νπνίνη βξέζεθαλ ζε άηνκα ησλ πιεζπζκψλ ηεο 

Βνπιγαξίαο, ηεο εξβίαο θαη ζηελ πιεηνλφηεηα ησλ αηφκσλ ηεο Κεληξηθήο Δπξψπεο. 

Όινη νη απιφηππνη πνπ βξέζεθαλ ζηελ Κεληξηθή, Βνξεηνδπηηθή θαη Ννηηνδπηηθή Δπξψπε 

πξνέξρνληαη απφ δχν απιφηππνπο  ηεο απιννκάδαο EUh-A, νη νπνίνη βξέζεθαλ, επίζεο, 

ζηε Βνπιγαξία. Οη πνιχ ζηελέο θπινγελεηηθέο ζρέζεηο φισλ απηψλ ησλ απινηχπσλ, πνπ 

απαληψληαη ζε κεγάια ηκήκαηα ηεο Βφξεηαο, ηεο Βνξεηνδπηηθήο θαη ηεο Ννηηνδπηηθήο 

Δπξψπεο, εληζρχνπλ ηε ζεσξία ηνπ ηαρχηαηνπ επνηθηζκνχ ησλ πεξηνρψλ απηψλ απφ 

επξσπατθνχο ιαγνχο κε ηελ εμαζζέλεζε ησλ θιηκαηηθψλ θαηλνκέλσλ ηεο ηειεπηαίαο 

Πεξηφδνπ ησλ Παγεηψλσλ (Corbet, 1986). 

 Ζ κεησκέλε γελεηηθή δηαθνξνπνίεζε ησλ απινηχπσλ ηεο απιννκάδαο EUh-A 

ζηνπο πιεζπζκνχο ηεο Βφξεηαο, Βνξεηνδπηηθήο θαη Ννηηνδπηηθήο Δπξψπεο, έξρεηαη ζε 

αληίζεζε κε ηε ζεσξία χπαξμεο θαηαθπγίνπ L. europaeus ζηελ Ηβεξηθή Υεξζφλεζν θαηά 
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ηε δηάξθεηα ηεο ηειεπηαίαο Πεξηφδνπ ησλ Παγεηψλσλ, θαζψο θαη κε ηελ χπαξμε 

γνληδηαθήο ξνήο απφ ηελ Αλαηνιηθή Δπξψπε θαη ηηο πεξηνρέο ηεο ηβεξίαο πξνο ηελ 

Κεληξηθή Δπξψπε, κεηά ηελ Πεξίνδν ησλ Παγεηψλσλ (Corbet, 1986, Suchentrunk et al., 

2000). Ωο εθ ηνχηνπ, ηα δεδνκέλα δελ ζπκθσλνχλ κε ηελ ππφζεζε ησλ Bilton et al., 

(1998), φηη πνιιά είδε ζειαζηηθψλ κεηαλάζηεπζαλ απφ ηελ Αλαηνιηθή Δπξψπε ή απφ 

πεξηνρέο ηεο ηβεξίαο πξνο ηελ Κεληξηθή Δπξψπε, κεηά ηελ Πεξίνδν ησλ Παγεηψλσλ. 

Αληηζέησο, εληζρχεηαη ε ζεσξία ηνπ επνηθηζκνχ κεγάισλ πεξηνρψλ ηεο Δπξψπεο απφ 

πιεζπζκνχο ιαγνχ απφ ηηο θεληξηθέο θαη λφηηεο πεξηνρέο ησλ Βαιθαλίσλ κεηά ηελ 

Πεξίνδν ησλ Παγεηψλσλ. Σν ζελάξην απηφ ηαηξηάδεη κε ην πξφηππν εμάπισζεο ησλ 

πιεζπζκψλ απφ Μεζνγεηαθά θαηαθχγηα (Taberlet et al., 1998, Hewitt, 2000). 

 Οη επξσπατθνί ιαγνί ησλ Βξεηαληθψλ λεζηψλ, νη νπνίνη ζεσξνχληαη μερσξηζηφ 

ππνείδνο (L. e. occidentalis), βξέζεθαλ λα έρνπλ ζηελή θπινγελεηηθή ζρέζε κε ηνπο 

ιαγνχο ηεο Βφξεηαο Ζπεηξσηηθήο Δπξψπεο. Ζ γελεηηθή πνηθηιφηεηα ησλ πιεζπζκψλ ηεο 

Μ. Βξεηαλίαο ήηαλ πνιχ ρακειή. Ο πιεζπζκφο πνπ πξνεξρφηαλ απφ ηε Βφξεηα Μ. 

Βξεηαλία εκθάληζε κφλν έλαλ απιφηππν, ν νπνίνο βξέζεθε κφλν ζηνλ πιεζπζκφ ηεο 

Βφξεηαο Γεξκαλίαο, θνληά ζηα ζχλνξα κε ηε Γαλία ελψ ν πιεζπζκφο ηεο Νφηηαο Μ. 

Βξεηαλίαο εκθάληζε έλαλ, επίζεο, κνλαδηθφ απιφηππν, ηνλ πην θνηλφ θαη επξέσο 

εμαπισκέλν απιφηππν ηεο απιννκάδαο EUh-A, ν νπνίνο απαληάηαη, επίζεο, ζηνλ 

πιεζπζκφ ηεο Βφξεηαο Γεξκαλίαο. Δπνκέλσο, είλαη πνιχ πηζαλφ νη πιεζπζκνί ησλ 

ιαγψλ ηεο Μ. Βξεηαλίαο λα πξνέξρνληαη είηε απφ πιεζπζκνχο ηεο Βφξεηαο Γεξκαλίαο, νη 

νπνίνη κεηαθέξζεθαλ ζηα λεζηά απηά είηε απφ ηνπο αξραίνπο Ρσκαίνπο ή απφ λεψηεξεο 

απνηθίζεηο, είηε εμαηηίαο θπζηθήο κεηαλάζηεπζεο ηνπ είδνπο κέζσ κίαο δψλεο-γέθπξαο 

μεξάο, πνπ ππήξρε θαηά ηε δηάξθεηα ηνπ Νεψηεξνπ Οιφθαηλνπ θαη ζπλέδεε ηα 

Βξεηαληθά Νεζηά θαη ηελ Ζπεηξσηηθή Δπξψπε (Corbet, 1986, Suchentrunk et al., 2006).  

 ε πέληε ιαγνχο απφ ηηο λφηηεο Διβεηηθέο Άιπεηο βξέζεθαλ ηξεηο απιφηππνη νη 

νπνίνη, θπινγελεηηθά, ήηαλ αξθεηά ζπλδεδεκέλνη κε ηνπο απιφηππνπο  ηεο Απιννκάδαο 

SEEh. Δπίζεο, έλαο απιφηππνο απφ ηνπο παξαπάλσ, αληηπξνζψπεπε θαη ηα ηέζζεξα 

άηνκα πνπ πξνέξρνληαλ απφ ηελ Ηηαιία, αιιά εληνπίζηεθε θαη ζηνλ πιεζπζκφ ηνπ 

Βξαδέηνπ ηεο Γπηηθήο Διιάδαο. Απηφ ην πξφηππν δηαζπνξάο ηνπ κηηνρνλδξηαθνχ DNA 

ππνδειψλεη ηε θπζηθή γνληδηαθή ξνή κεηαμχ ησλ πιεζπζκψλ ιαγνχ απφ ηε 

Βνξεηνδπηηθή Διιάδα πξνο ηελ Κεληξηθή Ηηαιία κέζσ κίαο δψλεο-γέθπξαο μεξάο ζηε 
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Βφξεηα Αδξηαηηθή, αλάκεζα ζηελ Ηηαιηθή θαη Βαιθαληθή Υεξζφλεζν, θαηά ηε δηάξθεηα 

ηνπ Νεψηεξνπ Οιφθαηλνπ θαη ηνπ Σειεπηαίνπ Πιεηζηφθαηλνπ. Απηή ε ζεσξία ζπκθσλεί 

κε ηα απνηειέζκαηα πνπ πξνέθπςαλ απφ ηελ αλάιπζε ησλ αιιεινπρηψλ, ηα νπνία 

δείρλνπλ φηη δχν απιφηππνη απφ ηελ Ηηαιία είλαη θπινγελεηηθά ζπλδεδεκέλνη κε ηνπο 

απιφηππνπο ηεο Απιννκάδαο SEEh θαη δελ ζπκθσλνχλ κε ηελ χπαξμε ηνπ ππνείδνπο L. 

e. meridiei ζηελ Ηηαιία (Pierpaoli et al., 1999). Όζνλ αθνξά ζηνπο ιαγνχο ηεο Διβεηίαο 

πνπ αλήθνπλ ζηελ Απιννκάδα SEEh, πηζαλφλ λα πξνήιζαλ απφ έλαλ αξρέγνλν 

πιεζπζκφ ηεο Ηηαιίαο, ν νπνίνο κεηαθηλήζεθε πξνο ηηο Νφηηεο Άιπεηο κεηά ηελ 

ππνρψξεζε ησλ Παγεηψλσλ. Ζ παξνπζία ιαγψλ πνπ αλήθνπλ ζηελ Απιννκάδα SEEh 

ζηελ Ηηαιία, ηελ Διβεηία θαη ηελ Απζηξία κπνξεί, επίζεο, λα είλαη απνηέιεζκα 

εηζαγσγψλ θαη απειεπζεξψζεσλ ζηηο πεξηνρέο απηέο. Οη επηθξαηέζηεξνη απιφηππνη ζηελ 

Ηηαιία είλαη νη απιφηππνη ηεο Απιννκάδαο EUh-A, ζχκθσλα κε ηε ζπλδπαζκέλε 

αλάιπζε ησλ αιιεινπρηψλ ηεο κειέηεο καο θαη απηψλ ηεο κειέηεο ησλ Pierpaoli et al., 

(1999). Έλα πηζαλφ θπινγελεηηθφ ζελάξην ζα ήηαλ φηη νη απιφηππνη απηνί έθηαζαλ εθεί 

κεηά ηελ εμάπισζε ησλ ιαγψλ πξνο ηελ Ηηαιηθή Υεξζφλεζν κεηά ην Σειεπηαίν Μέγηζην 

ησλ Παγεηψλσλ (Pierpaoli et al., 1999). Δλαιιαθηηθά ή ζπκπιεξσκαηηθά, ε απμεκέλε 

παξνπζία απινηχπσλ ηεο Απιννκάδαο EUh-A ζηηο πεξηνρέο απηέο, ζα κπνξνχζε λα 

εμεγεζεί θαη απφ ηε αζξφα εηζαγσγή ιαγψλ απφ γεηηνληθέο ρψξεο, ε νπνία δηήξθεζε γηα 

πεξίπνπ έλαλ αηψλα, κέρξη ηε δεθαεηία ηνπ ’90. Παξφκνηεο δξάζεηο πηζαλφλ λα 

αληηθαηέζηεζαλ ηνπο  γεγελείο απιφηππνπο ηεο Απιννκάδαο SEEh, ζην κεγαιχηεξν 

ηκήκα ηεο Ηηαιίαο (Pierpaoli et al., 1999). 

 Ζ παξνπζία απινηχπσλ ηεο Απιννκάδαο (AMh) ζηηο λνηηναλαηνιηθέο πεξηνρέο 

ηεο Βαιθαληθήο Υεξζνλήζνπ ππνδειψλεη ηε γνληδηαθή ξνή απφ πεξηνρέο ηεο Αλαηνιήο 

πξνο ηελ Δπξψπε, κέζσ γέθπξαο  μεξάο ζηελ πεξηνρή ηνπ Βνζπφξνπ ηελ Σειεπηαία 

Πεξίνδν ηνπ Πιεηζηφθαηλνπ, ε νπνία εμαθαλίζηεθε ιφγσ ηεο αχμεζεο ηεο ζηάζκεο ηεο 

ζάιαζζαο 8000 ρξφληα π.Υ. (Gökaşan et al., 1997). Ζ ζεσξία απηή ζπκθσλεί κε ηελ 

ππφζεζε φηη νη επξσπατθνί ιαγνί κεηαλάζηεπζαλ απφ ηελ Αλαηνιή πξνο πεξηνρέο ηεο 

Ννηηναλαηνιηθήο Βαιθαληθήο Υεξζνλήζνπ αιιά θαη απφ ηηο αθηέο ηεο Μηθξάο Αζίαο 

πξνο ηα λεζηά ηνπ Αλαηνιηθνχ Αηγαίνπ, φηαλ νη πεξηνρέο απηέο ήηαλ ελσκέλεο κε 

ηκήκαηα μεξάο, ηελ Σειεπηαία Πεξίνδν ησλ Παγεηψλσλ ή ηελ Πεξίνδν ηνπ Νεψηεξνπ 

Οιφθαηλνπ (Kasapidis et al., 2005). Ζ λνπθιενηηδηθή πνηθηιφηεηα ησλ ιαγψλ ζηηο 

116Institutional Repository - Library & Information Centre - University of Thessaly
04/06/2024 07:21:59 EEST - 3.145.59.163



πεξηνρέο απηέο παξνπζηάζηεθε ζηα ίδηα επίπεδα κε απηή ησλ ιαγψλ ηεο Σνπξθίαο θαη 

ηνπ Ηζξαήι, απνδεηθλχνληαο φηη δελ επήιζε θακία κείσζε ηεο πνηθηινκνξθίαο ηνπ 

mtDNA εμαηηίαο ηεο κεηαλαζηεπηηθήο πνξείαο ησλ πιεζπζκψλ ηνπ ιαγνχ απφ ηελ 

Αλαηνιή πξνο ηελ Ννηηναλαηνιηθή Δπξψπε. ε αληίζεζε κε ηελ Κεληξηθή Δπξψπε θαη 

ηελ Απιννκάδα EUh-A, ε γελεηηθή αλάιπζε ηνπ mtDNA ρξεζηκνπνηψληαο ηα δεδνκέλα 

ησλ RFLP αιιά θαη ησλ αιιεινπρηψλ, δείρλεη φηη ε πεξηνρή ηεο Αλαηνιήο παξνπζηάδεη 

ηελ πςειφηεξε γελεηηθή δηαθνξνπνίεζε, εθηφο ηεο δψλεο επηθάιπςεο, ζηε 

Ννηηναλαηνιηθή Βαιθαληθή Υεξζφλεζν, απνδεηθλχνληαο ηε ζπλερή παξνπζία ηνπ είδνπο 

ζηηο πεξηνρέο απηέο. Σν πηζαλφηεξν ζελάξην είλαη φηη νη πεξηνρέο ηεο Αλαηνιήο ππήξμαλ 

δηαξθψο έλα βηνγεσγξαθηθφ ζηαπξνδξφκη γηα πνιιά ζειαζηηθά θαη δέρζεθαλ κεγάιε 

γνληδηαθή ξνή απφ παξαθείκελεο πεξηνρέο ηεο Δπξαζίαο θαη ηεο Αθξηθήο θαηά ηε 

δηάξθεηα ηνπ Πιεηζηφθαηλνπ θαη ηνπ Οιφθαηλνπ ( Cheylan, 1991, Sert et al., 2005).  

 Λακβάλνληαο ππφςε ηηο πςειέο ηηκέο FST πνπ παξαηεξήζεθαλ ζηνπο απηφρζνλεο 

πιεζπζκνχο ηεο Διιάδαο, πνπ ππνδειψλεη ηε κηθξή γνληδηαθή ξνή ηνπ mtDNA θαη 

απμεκέλε θηινπαηξία ησλ ζειπθψλ αηφκσλ (Mamuris et al., 2001), ε δψλε επηθάιπςεο 

θαίλεηαη λα είλαη αξθεηά εκηεηακέλε. Αθνχζηεο, αλζξσπνγελείο κεηαθηλήζεηο ιαγψλ απφ 

ηηο λνηηναλαηνιηθέο πξνο ηηο βφξεηεο θαη δπηηθέο πεξηνρέο ηεο Βνπιγαξίαο ίζσο είραλ σο 

απνηέιεζκα ηελ ηερλεηή επέθηαζε ηεο δψλεο επηθάιπςεο θαη πξνο νιφθιεξε ηε 

Βνπιγαξία. Δπηπιένλ, ε χπαξμε κηαο εθηεηακέλεο πεξηνρήο επηθάιπςεο θαη ε παξνπζία 

ησλ απινηχπσλ ηεο Δλδηάκεζεο Απιννκάδαο INTERh κφλν ζηελ πεξηνρή ηεο δψλεο 

επηθάιπςεο ππνδεηθλχεη φηη ε αλάκεημε πνιχ δηαθνξεηηθψλ ηχπσλ γνληδηψκαηνο ιαγνχ 

ζηελ πεξηνρή απηή δελ είλαη, απιά, έλα πεξηζηαζηαθφ θαηλφκελν, κε κηθξή εμειηθηηθή 

επίπησζε. Σα δηαθνξεηηθά απηά γνληδηψκαηα, πηζαλφλ, λα κεηαβηβάδνληαη επηηπρψο απφ 

γεληά ζε γεληά γηα κεγάιν ρξνληθφ δηάζηεκα θαη κπνξνχλ λα επεξεάζνπλ θαη λα 

δηαζηξεβιψζνπλ ζεκαληηθά ηα θπινγελεηηθά θαη ηαμηλνκηθά ζπκπεξάζκαηα, εάλ 

κειεηάηαη κηθξφ κφλν δείγκα αηφκσλ απφ κηα πεξηνξηζκέλε πεξηνρή. Έλα παξάδεηγκα 

έληνλεο εηζδνρήο γνληδηψκαηνο, ζην γέλνο Lepus, κεηά απφ πβξηδηζκφ, είλαη ε πεξίπησζε 

ηνπ L. granatensis πνπ δέρηεθε mtDNA γνληδίσκα απφ ην L. timidus (Melo-Ferreira et 

al., 2005; Alves et al., 2006) θαη απφ δηάθνξα άιια είδε Lepus ηεο θεληξηθήο θαη άπσ 

Αλαηνιηθήο Αζίαο (Ben Slimen et al., 2007). 
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 ηελ εξγαζία ησλ Stamatis et al., (2008) αλαιχζεθαλ, κεηά απφ αιιεινχρηζε 

tRNA γνλίδηα ηνπ mtDNA, ζε δείγκαηα επξσπατθνχ ιαγνχ απφ δηαθνξεηηθέο πεξηνρέο 

δεηγκαηνιεςίαο. Μειεηήζεθαλ νη έλδν- θαη δηα-εηδηθέο κεηαιιάμεηο κε ζθνπφ λα 

εμεγεζνχλ νη θπινγελεηηθέο δηαθνξνπνηήζεηο θαη ε δηαθνξεηηθή γεσγξαθηθή θαηαλνκή. 

Ζ αλάιπζε επηθεληξψζεθε ζηα γνλίδηα πνπ θσδηθνπνηνχλ γηα ην tRNA
Thr

 θαη ην 

tRNA
Pro

, δχν γνλίδηα πνπ εληνπίδνληαη θνληά ζηελ πεξηνρή ειέγρνπ (D-loop), ε νπνία 

ρξεζηκνπνηείηαη επξέσο ζε κειέηεο πνπ εμεηάδνπλ ηηο εμειηθηηθέο, θπινγελεηηθέο θαη 

θπινγεσγξαθηθέο ζρέζεηο κεηαμχ δηαθνξεηηθψλ εηδψλ αιιά θαη κέζα ζην ίδην είδνο. 

Δπηπιένλ, ηα δχν γνλίδηα θσδηθνπνηνχλ αληηπξνζσπεπηηθά κφξηα tRNA, εθφζνλ ην έλα 

κεηαγξάθεηαη απφ ηελ «ειαθξηά» αιπζίδα ηνπ mtDNA (αιπζίδα πινχζηα ζε C πνπ 

θσδηθνπνηεί γηα 14 tRNA) θαη έηζη θαηαιήγεη ζε έλα «βαξχ» tRNA
Pro

, ελψ ην άιιν 

κεηαγξάθεηαη απφ ηελ «βαξηά» αιπζίδα mtDNA (αιπζίδα πινχζηα ζε G πνπ 

θσδηθνπνηεί γηα νθηψ tRNA) θαη έηζη θαηαιήγεη ζε έλα «ειαθξχ» tRNA
Thr

 (Anderson et 

al., 1981). ηφρνο επίζεο ήηαλ θαη ε δηεξεχλεζε ηνπ θαηά πφζν απηά ηα γνλίδηα ζα 

κπνξνχζαλ λα ρξεζηκνπνηεζνχλ σο κνξηαθνί δείθηεο γηα ηελ εμαγσγή ρξήζηκσλ 

θπινγελεηηθψλ θαη θπινγεσγξαθηθψλ πιεξνθνξηψλ κε ηαπηφρξνλε παξαγσγή 

απνηειεζκάησλ ζε βηνρεκηθφ επίπεδν. Βάζεη απνθιεηζηηθά ησλ δεδνκέλσλ 

αιιεινχρηζεο πνπ πξνέθπςαλ απφ ηα κηηνρνλδξηαθά γνλίδηα tRNA, ε αλάιπζε 

εζηηάζηεθε ζε ζέζεηο πνπ δελ ζα κπνξνχζαλ λα επεξεάζνπλ ηε ζπλνιηθή δνκή ησλ 

κνξίσλ, αιιά ζα κπνξνχζαλ πηζαλά λα ζπλεηζθέξνπλ ζε δηαθνξεηηθή θπινγέλεηα κέζα 

ζην είδνο L. europaeus πνπ παξνπζηάδεη δηαθνξεηηθή γεσγξαθηθή θαηαλνκή. Σέινο απηά 

ηα απνηειέζκαηα ζπγθξίζεθαλ κε πξνεγνχκελεο κειέηεο (Kasapidis et al., 2005). 

 Απφ ηελ αλάιπζε ησλ αιιεινπρηψλ αληρλεχηεθε κία κεηάιιαμε γηα  ην γνλίδην 

tRNA
Pr

 ζηε ζέζε 13 (U13C) θαη κία κεηάιιαμε ζηε ζέζε 39 (A39G) γηα ην γνλίδην 

tRNA
Thr

. Σα απνηειέζκαηα ηεο πιεζπζκηαθήο αλάιπζεο, ζηεξηδφκελα ζηα πξνεγνχκελα 

επξήκαηα, νκαδνπνίεζαλ ηνπο πιεζπζκνχο ηνπ ιαγνχ ζε δχν θχξηεο θπινγεσγξαθηθέο 

νκάδεο: ε πξψηε νκάδα πεξηιακβάλεη ηνπο ιαγνχο απφ ηε Βφξεηα, ηελ Κεληξηθή θαη ηε 

Ννηηναλαηνιηθή Δπξψπε, ε δεχηεξε νκάδα πεξηιακβάλεη ηνπο ιαγνχο ηεο Σνπξθίαο θαη 

ηνπ Ηζξαήι ελψ ζηε Βνπιγαξία θαη ηε Βνξεηναλαηνιηθή Διιάδα απαληψληαη θαη νη δχν 

νκάδεο (δψλε επηθάιπςεο). Σα απνηειέζκαηα απηά ζπκθσλνχλ κε ηε θπινγεσγξαθηθή 

θαηαλνκή ησλ πιεζπζκψλ ηνπ ιαγνχ, πνπ πξνέθπςε απφ ηελ αλάιπζε ησλ αιιεινπρηψλ 
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ηεο πεξηνρήο D-loop (Stamatis et al., 2009). Γεδνκέλνπ φηη, εμειηθηηθά, ηα γνλίδηα tRNA 

είλαη πνιχ ζπληεξεκέλα, νη κεηαιιάμεηο νη νπνίεο επηθέξνπλ αιιαγέο ζηα κφξηα ησλ 

tRNA, κπνξεί έρνπλ ζεκαληηθή επίδξαζε ζηελ εμειηθηηθή πξνζαξκνγή ζπγγεληθψλ 

εηδψλ αιιά θαη κέζα ζην ίδην είδνο. Απφ ηελ αλάιπζε πξνθχπηεη φηη νη κεηαιιάμεηο ζηα 

δχν απηά γνλίδηα ζρεηίδνληαη κε κία επδηάθξηηε γεσγξαθηθή θαηαλνκή ησλ πιεζπζκψλ 

ηνπ ιαγνχ. Σν γεγνλφο φηη νη λνπθιενηηδηθέο αιιαγέο ησλ γνληδίσλ tRNA πνπ 

κειεηήζεθαλ, εκθαλίδνληαη ζε έλα κεγάιν αξηζκφ αηφκσλ L. europaeus, ππνδεηθλχεη φηη 

νη αιιαγέο απηέο δελ επεξεάδνληαη, πξνο ην παξφλ, απφ ηελ πίεζε ηεο θπζηθήο επηινγήο. 

 ηελ εξγαζία ησλ Mamuris et al., (2010) πξαγκαηνπνηήζεθε αλάιπζε ησλ 

αιιεινπρηψλ ηνπ θπηνρξψκαηνο b, ζε δείγκαηα 75 ιαγψλ, αληηπξνζσπεπηηθψλ ησλ 

ρσξψλ θαη ησλ απιννκάδσλ, φπσο πεξηγξάθεθαλ ζηελ εξγαζία ησλ Stamatis et. al., 

(2009). Απφ ηελ αλάιπζε πξνέθπςαλ 57 δηαθνξεηηθέο αιιεινπρίεο, νη νπνίεο 

νκαδνπνηήζεθαλ ζε ηέζζεξηο απιννκάδεο: ηελ απιννκάδα CBEU-A, πνπ βξέζεθε ζηελ 

Δπξψπε, εθηφο ηεο Διιάδαο, ηηο απιννκάδεο CBSEE θαη CBEU-B, νη νπνίεο 

εληνπίζηεθαλ ζηελ Διιάδα  θαη ηε Βνπιγαξία θαη ηελ απιννκάδα CBAM, ε νπνία 

εληνπίζηεθε ζηε Βνπιγαξία, ηε Βνξεηναλαηνιηθή Διιάδα, ηε Σνπξθία θαη ην Ηζξαήι. 

Ζ θπινγελεηηθή αλάιπζε ηνπ θπηνρξψκαηνο b επηβεβαηψλεη ηελ χπαξμε 

ηεζζάξσλ δηαθνξεηηθψλ απιννκάδσλ, γεσγξαθηθά θαζνξηζκέλσλ ζηελ Δπξψπε θαη ηελ 

Αλαηνιή, απνηειέζκαηα ηα νπνία ζπκθσλνχλ κε ηηο πξνεγνχκελεο κειέηεο ζε 

δηαθνξεηηθέο πεξηνρέο ηνπ κηηνρνλδξηαθνχ DNA (Stamatis et al., 2008, 2009). Δπίζεο, 

απφ ηελ αλάιπζε ησλ γελεηηθψλ απνζηάζεσλ επηβεβαηψλεηαη ν ζαθήο δηαρσξηζκφο ησλ 

επξσπατθψλ ιαγψλ ηεο Αλαηνιήο απφ ηνπο ιαγνχο ηεο Δπξψπεο ζην επίπεδν ηνπ 

mtDNA (Stamatis et al., 2009). Ζ πςειφηεξε ηηκή λνπθιενηηδηθήο δηαθνξνπνίεζεο, 

αλάκεζα ζηηο ηέζζεξηο απιννκάδεο, παξαηεξήζεθε ζηελ απιννκάδα CBAM, 

απνηέιεζκα ην νπνίν εληζρχεη ηελ άπνςε φηη νη πεξηνρέο ηεο Αλαηνιήο δέρζεθαλ κεγάιε 

γνληδηαθή ξνή απφ παξαθείκελεο πεξηνρέο ηεο Δπξαζίαο θαη ηεο Αθξηθήο θαηά ηε 

δηάξθεηα ηνπ Πιεηζηφθαηλνπ θαη ηνπ Οιφθαηλνπ ( Cheylan, 1991, Sert et al., 2005). 

Αληηζέησο, ε ρακειφηεξε ηηκή λνπθιενηηδηθήο δηαθνξνπνίεζεο, πνπ παξαηεξήζεθε ζηελ 

απιννκάδα CBEU-A, ππνδεηθλχεη ηνλ γξήγνξν, ζρεηηθά, επνηθηζκφ επξχηεξσλ πεξηνρψλ 

ηεο Δπξψπεο θαη ηελ άκεζε εμάπισζε ησλ εηδψλ κεηά ηελ Πεξίνδν ησλ Παγεηψλσλ 

(Kasapidis et al., 2005, Fickel et al., 2008, Stamatis et al., 2009).  
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3.2 Πληθςζμιακή μελέηη ηος Lepus europaeus ζηο σπωμόζωμα Y 

 

ηελ εξγαζία ησλ Mamuris et al., (2010), παξάιιεια κε ηελ αλάιπζε ηνπ θπηνρξψκαηνο 

b, πξαγκαηνπνηήζεθε αλάιπζε κνξηαθψλ δεηθηψλ ηνπ ρξσκνζψκαηνο Y ηνπ επξσπατθνχ 

ιαγνχ, νη νπνίνη θιεξνλνκνχληαη κνλνγνλετθά, κε ζθνπφ λα ζπγθξηζεί ην πξφηππν 

θαηαλνκήο ηεο γνληδηαθήο ηνπο ξνήο κε απηφ ηνπ κηηνρνλδξηαθνχ DNA αιιά θαη κε 

δείθηεο νη νπνίνη θιεξνλνκνχληαη δηγνλετθά (αιινέλδπκα, κηθξνδνξπθφξνη, RAPDs). Σν 

mtDNA εμαζθαιίδεη πιεξνθνξίεο κφλν γηα ηελ κεηξηθή ζεηξά θαη ε γξήγνξε εμέιημή 

ηνπ ην θάλεη επάισην ζε θαηλφκελα κεηαιιαθηηθνχ θνξεζκνχ (νκνπιαζία) ζε βάζνο 

πνιχ κεγάισλ εμειηθηηθψλ ρξνληθψλ θιηκάθσλ.  Δπηπξνζζέησο, είλαη θαιά 

ηεθκεξησκέλν φηη ηα εμειηθηηθά πξφηππα ελφο κφλν γνληδίνπ ή αιιεινπρίαο δελ κπνξνχλ 

λα ζπγθξηζνχλ απαξαηηήησο θαη δελ απνδίδνπλ κε αθξίβεηα ηελ εμέιημε ηνπ νξγαληζκνχ 

(Avise, 2004). ε αληηδηαζηνιή, ην Υ ρξσκφζσκα ησλ ζειαζηηθψλ έρεη απζηεξά παηξηθή 

θιεξνλφκεζε θαη κηθξφηεξν ξπζκφ κεηαιιάμεσλ ζε ζρέζε κε ην mtDNA (Schaffner, 

2004). Αλ θαη νη γελεηηθνί ηφπνη ηνπ mtDNA θαη ηνπ ρξσκνζψκαηνο Υ είλαη απινεηδή 

ζπζηήκαηα πνπ θιεξνλνκνχληαη κνλνγνλετθά , ην πξφηππα δηαζπνξάο ηνπ επξσπατθνχ  

ιαγνχ ζα κπνξνχζαλ λα νδεγήζνπλ ζε ζεκαληηθή γεσγξαθηθή δηαθνξνπνίεζε ησλ 

απινηχπσλ ηνπ mtDNA, αιιά ζε κηα εληαία επξέσο νκνγελνπνηεκέλε γνληδηαθή 

δεμακελή, φζνλ αθνξά ζηνπο απιφηππνπο ηνπ ρξσκνζψκαηνο Υ (Melnick & Hoelzer, 

1992). Δπνκέλσο, κειεηψληαο ηαπηφρξνλα θαη ηα δχν ζπζηήκαηα ζα κπνξνχζε λα 

δηεπθνιχλεη ηε ζπγθξηηηθή αλάιπζε, ψζηε (α) λα δηεξεπλεζνχλ νη δηαδξνκέο ηεο 

γνληδηαθήο ξνήο ζε φιε ηελ θαηαλνκή ηνπ είδνπο ζε Δπξψπε θαη Αλαηνιία θαη (β) λα 

θαηαλνεζεί ην θαηά πφζν νη γελεηηθνί δείθηεο ηνπ ρξσκνζψκαηνο Υ, πνπ έρνπλ έλα 

πξφηππν δηαζπνξάο ζπλδεδεκέλν κε ππξεληθή γνληδηαθή ξνή ησλ αξζεληθψλ, παξάγεη 

θπινγέλεηεο πνπ πξνζνκνηάδνπλ κε ηα αιινέλδπκα, άιινπο δείθηεο ππξεληθνχ DNA θαη 

ηε κνξθνινγία, ή ηαηξηάδνπλ κε ηηο θπινγέλεηεο ηνπ  mtDNA, κε ην νπνίν κνηξάδνληαη 

ηελ κνλνγνλετθή θιεξνλφκεζε.  

Οη δείθηεο πνπ ρξεζηκνπνηήζεθαλ ήηαλ έλα ηκήκα ηνπ εμσλίνπ ηνπ γνληδίνπ SRY 

(sex determination region- θπιν-θαζνξηζηηθφο παξάγνληαο) θαη κία πεξηνρή ηληξνλίνπ 

κεηαμχ ησλ εμσλίσλ 8 θαη 9 ηνπ γνληδίνπ DBY (DEAD box Y-linked), νη νπνίνη δελ 
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εκθαλίδνπλ θαλέλα αλαζπλδηαζκφ (Gubbay et al., 1990, Sinclair et al., 1990, Hellborg 

θαη Ellegren, 2004). 

 Ζ πιεζπζκηαθή αλάιπζε απνθάιπςε ηξεηο δηαθνξεηηθέο αιιεινπρίεο γηα ην 

εμψλην SRY ( EX-A, EX-B, EX-C) θαη δχν αιιεινπρίεο γηα ην ηληξφλην DBY (IN-A, IN-

B). Απφ ηελ αλάιπζε ηνπ εμσλίνπ πξνέθπςε φηη ε ζπληξηπηηθή πιεηνλφηεηα ησλ ιαγψλ 

είραλ ηνλ απιφηππν EX-A, ηξεηο ιαγνί απφ ην Νφηην Ηζξαήι είραλ ηνλ απιφηππν EX-B 

ελψ έλαο ιαγφο απφ ην Βφξεην Ηζξαήι εκθάληζε ηνλ απιφηππν EX-C. Όζνλ αθνξά ηελ 

πιεζπζκηαθή αλάιπζε ηνπ ηληξνλίνπ, ν απιφηππνο IN-A βξέζεθε ζε φινπο ηνπο ιαγνχο 

ηεο Σνπξθίαο, ηνπ Ηζξαήι, ζην 27% ησλ ιαγψλ ηεο Βνπιγαξίαο θαη ζην 6,8% ησλ ιαγψλ 

ηεο Διιάδαο, απφ ηνπο νπνίνπο νη νθηψ αληρλεχζεθαλ ζηε Βνξεηναλαηνιηθή Διιάδα θαη 

ηέζζεξηο ζηελ Κεληξηθή Διιάδα , ελψ ν απιφηππνο IN-B βξέζεθε ζηελ πιεηνλφηεηα ησλ 

ιαγψλ ηεο Δπξψπεο ελψ απνπζίαδε εληειψο απφ ηελ Σνπξθία θαη ην Ηζξαήι. Σα 

δεδνκέλα ηεο αλάιπζεο απνθάιπςαλ ρακειά επίπεδα ελδνεηδηθνχ γελεηηθνχ 

πνιπκνξθηζκνχ ησλ δεηθηψλ ηνπ ρξσκνζψκαηνο Y, θάηη πνπ είρε αλαθεξζεί θαη ζε 

πξνεγνχκελε κειέηε ηνπ γνληδίνπ SRY ζηνλ επξσπατθφ ιαγφ (Putze et al., 2007).  

 Οη ιαγνί πνπ κειεηήζεθαλ ζηελ εξγαζία απηή, είραλ πξνεγνπκέλσο αλαιπζεί ζε 

επίπεδν κηηνρνλδξηαθνχ DNA (Stamatis et al., 2009), δίλνληαο ηε δπλαηφηεηα γηα 

ζχγθξηζε ησλ απνηειεζκάησλ ησλ δχν δεηθηψλ πνπ θιεξνλνκνχληαη κνλνγνλετθά. 

Δπίζεο ηα ίδηα άηνκα έρνπλ κειεηεζεί σο πξνο ηελ γελεηηθή ηνπο δηαθνξνπνίεζε ζε 

επίπεδν ππξεληθνχ DNA, ρξεζηκνπνηψληαο δείθηεο κηθξνδνξπθφξσλ, αιινελδχκσλ θαη 

RAPDs. Οη κειέηεο απηέο, έδεημαλ έλα γεληθεπκέλν πξφηππν πιεζπζκηαθήο 

πνηθηινκνξθίαο θαη δηαθνξνπνίεζεο, κε ζρεηηθά κεγάιν αξηζκφ κνλαδηθψλ 

αιιεινκφξθσλ αιιά κε ελδείμεηο γηα παξνπζία γελεηηθήο ξνήο κεηαμχ πιεζπζκψλ πνπ 

βξίζθνληαη ζε γεηηνληθέο πεξηνρέο (Mamuris et al., 2002, Suchentrunk et al., 2003, Sert 

et al., 2005, Ben Slimen et al., 2008). Αληηζέησο, ηα δεδνκέλα πνπ πξνέθπςαλ απφ ηελ 

αλάιπζε ησλ δεηθηψλ ηνπ ρξσκνζψκαηνο Y ππνδειψλνπλ ηελ παξνπζία δχν θχξησλ 

θπινγελεηηθψλ θιάδσλ, γηα ηνλ επξσπατθφ ιαγφ, αλάκεζα ζηελ Δπξψπε θαη ηελ 

Αλαηνιή. Ζ λνπθιενηηδηθή δηαθνξνπνίεζε αλάκεζα ζηνπο δχν απηνχο απινηχπνπο ήηαλ 

πνιχ ρακειή, κε κφλν κία λνπθιενηηδηθή αληηθαηάζηαζε. Απφ ηηο πξνεγνχκελεο κειέηεο 

ζην κηηνρνλδξηαθφ DNA απνδείρζεθε ε παξνπζία κίαο κεγάιεο δψλεο επηθάιπςεο 

απινηχπσλ ζηε Βνπιγαξία θαη ηε Βνξεηναλαηνιηθή Διιάδα. ηελ πεξηνρή απηή 
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παξαηεξείηαη, επίζεο, θαη ε παξνπζία ησλ δχν απιφηππσλ πνπ πξνέθπςαλ απφ ηελ 

αλάιπζε ησλ δεηθηψλ ηνπ ρξσκνζψκαηνο Y, ηνπ επξσπατθνχ θαη ηνπ αλαηνιηθνχ 

απινηχπνπ, γεγνλφο πνπ εληζρχεη ηελ ζεσξία πεξί χπαξμεο γνληδηαθήο ξνήο απφ πεξηνρέο 

ηεο Αλαηνιήο πξνο ηελ Δπξψπε, κέζσ κίαο δψλεο μεξάο ζηελ πεξηνρή ηνπ Βνζπφξνπ 

ηελ Σειεπηαία Πεξίνδν ηνπ Πιεηζηφθαηλνπ, ε νπνία εμαθαλίζηεθε, ιφγσ ηεο αχμεζεο 

ηεο ζηάζκεο ηεο ζάιαζζαο, 8000 ρξφληα π.Υ. (Geoffrey θαη Hosey, 1982, Gökaşan et al., 

1997). ε αληίζεζε κε ην κηηνρνλδξηαθφ DNA, βξέζεθαλ ιαγνί ζηελ Κεληξηθή Διιάδα 

νη νπνίνη είραλ αλαηνιηθνχ ηχπνπ Y-DNA. Δίλαη πηζαλφλ ε ηάζε ησλ ζειπθψλ ιαγψλ γηα 

θηινπαηξία λα θαζηζηά πην δχζθνιε ηε δηαζπνξά ηνπ mtDNA ζε ζρέζε κε ην DNA ηνπ 

Y ρξσκνζψκαηνο, φπσο επίζεο, ππάξρεη ε πηζαλφηεηα νη ιαγνί απηνί λα πξνέξρνληαη απφ 

πξνγελέζηεξεο απειεπζεξψζεηο ιαγψλ, νη νπνίνη εηζήρζεζαλ απφ πεξηνρέο ηεο 

Βνπιγαξίαο (Stamatis et al., 2007). Σν ζχλνιν ησλ πνιπκνξθηζκψλ ζην Y ρξσκφζσκα 

εληνπίζηεθε ζηνπο πιεζπζκνχο ηεο Αλαηνιήο, παξά ην ζρεηηθά κηθξφηεξν αξηζκφ 

αηφκσλ πνπ αλαιχζεθαλ ζε απηή ηελ πεξηνρή (n=38), ζε ζχγθξηζε κε ηνπο πιεζπζκνχο 

ηεο Δπξψπεο (n=407). Όιεο νη λνπθιενηηδηθέο αληηθαηαζηάζεηο πνπ αληρλεχηεθαλ ζην 

εμψλην ηνπ ρξσκνζψκαηνο Y, εληνπίζηεθαλ ζε ηξεηο ιαγνχο απφ ην Ηζξαήι, 

δηαρσξίδνληαο ηνπο ιαγνχο απηνχο απφ ηνπο ππφινηπνπο ιαγνχο ηεο Σνπξθίαο θαη ηνπ 

Ηζξαήι. Οη πνιπκνξθηζκνί απηνί είλαη, πηζαλφλ, απνηέιεζκα ζπλερφκελεο γελεηηθήο 

ξνήο θαη γνληδηαθήο δηείζδπζεο απφ γεηηνληθέο πεξηνρέο ηνπ Ηζξαήι, ιακβάλνληαο 

ππφςε ηνλ εθηεηακέλν δηαεηδηθφ πβξηδηζκφ κέζα ζην γέλνο  Lepus, φπσο έρεη αλαθεξζεί 

ζε πνιιέο πεξηπηψζεηο ( Thulin et al., 1997, Melo-Ferreira et al., 2005, 2007, Alves et 

al., 2006, Ben Slimen et al., 2007). 

 

3.3 Ανθπωπογενείρ δπαζηηπιόηηηερ, εκηποθέρ και απελεςθεπώζειρ 

εςπωπαϊκών λαγών 

 

Ο επξσπατθφο ιαγφο απνηειεί έλα απφ πην ζεκαληηθά ζεξεχζηκα είδε ζηελ Διιάδα αιιά 

θαη ζε πνιιέο επξσπατθέο ρψξεο (Pielowski, 1976). Σα ηειεπηαία ρξφληα έρεη 

παξαηεξεζεί θαηαθφξπθε κείσζε ησλ πιεζπζκψλ ηνπ επξσπατθνχ ιαγνχ εμαηηίαο 

δηαθφξσλ γεσξγηθψλ δξαζηεξηνηήησλ, πνπ κεηαβάιινπλ ηηο πεξηνρέο δηαβίσζεο θαη ηεο 

έληνλεο πίεζεο πνπ αζθείηαη ζηνπο πιεζπζκνχο απφ ηε ζήξεπζε θαη απφ δηάθνξεο 
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αζζέλεηεο. Βάζεη ηζηνξηθψλ δεδνκέλσλ, έρνπλ πξαγκαηνπνηεζεί αξθεηέο κεηαθνξέο 

πιεζπζκψλ επξσπατθνχ ιαγνχ, νη νπνίεο, ελδερνκέλσο, επεξέαζαλ ην θπινγεσγξαθηθφ 

πξφηππν ηνπ κηηνρνλδξηαθνχ DNA ηνπ επξσπατθνχ ιαγνχ, ζηηο πεξηνρέο πνπ έρνπλ 

κειεηεζεί (Kasapidis et al., 2005, Suchentrunk et al., 2006). Σηο ηειεπηαίεο δεθαεηίεο, 

πξαγκαηνπνηήζεθαλ αξθεηά πξνγξάκκαηα εκπινπηηζκνχ ζε πνιιέο πεξηνρέο πνπ 

παξαηεξήζεθε κείσζε ηνπ πιεζπζκψλ ηνπ ιαγνχ, εηζάγνληαο αιιφρζνλα άηνκα ηνπ 

είδνπο απφ δηάθνξεο επξσπατθέο ρψξεο, κε απνηέιεζκα  λα έρεη επεξεαζηεί ε γελεηηθή 

δνκή ησλ γεγελψλ πιεζπζκψλ ηνπ είδνπο ή ζπγγεληθψλ εηδψλ (Flux, 1983, Pierpaoli et 

al., 1999). Μεγάινο αξηζκφο  εθηξνθείσλ ζε ρψξεο φπσο ε Βνπιγαξία, ε Πνισλία, ε 

ινβαθία θαη ε Οπγγαξία, πξνκήζεπαλ ηηο θπλεγεηηθέο νξγαλψζεηο δηαθφξσλ πεξηνρψλ 

ηεο Γπηηθήο θαη ηεο Κεληξηθήο Δπξψπεο, κε ζθνπφ ηνλ εκπινπηηζκφ ησλ πεξηνρψλ 

απηψλ κε πιεζπζκνχο ιαγψλ.  

 ηελ Διιάδα νη απειεπζεξψζεηο ιαγψλ απαγνξεχηεθαλ ην 2001, κεηά απφ 

απφθαζε ηνπ Τπνπξγείνπ Γεσξγίαο. χκθσλα κε ηα ζηνηρεία ηνπ Τπνπξγείνπ, 

πεξηζζφηεξνη απφ 2000 ιαγνί, πξνεξρφκελνη απφ ηδησηηθά εθηξνθεία, αθνχ 

πξνεγνπκέλσο είραλ εηζαρζεί απφ ρψξεο φπσο ε Βνπιγαξία, ε Γηνπγθνζιαβία θαη ε 

Ηηαιία, απειεπζεξψζεθαλ κφλν ζηελ θεληξηθή Διιάδα απφ Κπλεγεηηθέο Οξγαλψζεηο 

θαηά ηε δεθαεηία 1991-2001. Ωζηφζν, κέρξη ην 1998, ηα πξνγξάκκαηα εκπινπηηζκνχ 

ζηελ Διιάδα παξέκελαλ αλεμέιεγθηα θαζψο δελ ππήξρε θακία παξαθνινχζεζε ησλ 

απειεπζεξσκέλσλ ιαγψλ. 

 ηελ εξγαζία ησλ Mamuris et al., (2001) κειεηήζεθαλ ιαγνί πνπ είραλ ζπιιερζεί 

θαηά ηε δηάξθεηα δχν θπλεγεηηθψλ πεξηφδσλ (1998 θαη 1999) θαζψο θαη ιαγνί πνπ 

πξνέξρνληαλ απφ δχν ειιεληθά εθηξνθεία. Απφ ηελ αλάιπζε κε ηε κέζνδν RFLP 

πξνέθπςαλ ηξεηο νκάδεο ιαγψλ: ν άγξηνο πιεζπζκφο ιαγψλ, ν εθηξεθφκελνο πιεζπζκφο 

θαη έλαο άγξηνο πιεζπζκφο κε κηηνρνλδξηαθφ DNA ειάρηζηα δηαθνξνπνηεκέλν κε απηφ 

πνπ παξαηεξήζεθε ζηνλ εθηξεθφκελν πιεζπζκφ. Γηα λα ειεγρζεί ν βαζκφο ηεο 

γνληδηαθήο δηείζδπζεο ησλ εθηξεθφκελσλ-απειεπζεξσκέλσλ ιαγψλ ζηνπο θπζηθνχο 

πιεζπζκνχο θαη λα αληρλεπηεί ε θαηαγσγή ησλ ιαγψλ απηψλ, πξνζδηνξίζηεθαλ 

θαηάιιεινη δηαγλσζηηθνί δείθηεο ζην mtDNA (Stamatis et al., 2007). Οη δείθηεο απηνί 

εθαξκφζηεθαλ ζε έλα κεγάιν αξηζκφ ιαγψλ ηεο Διιάδαο (ζπιινγή δεηγκάησλ απφ 1999 

έσο 2004), ηεο Σνπξθίαο, ηνπ Ηζξαήι, δηαθφξσλ επξσπατθψλ ρσξψλ θαζψο θαη ζηνπο 
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πιεζπζκνχο ησλ εθηξεθφκελσλ ιαγψλ θαη δηέθξηλαλ απνηειεζκαηηθά ηηο ηξεηο νκάδεο 

ιαγψλ, πνπ είραλ πξνθχςεη απφ ηε κειέηε ησλ Mamuris et al., (2001). Ζ αλάιπζε ησλ 

δεηγκάησλ κε ηα δηαγλσζηηθά έλδπκα έδσζε ηέζζεξα δηαθνξεηηθά πξφηππα mtDNA. Σν 

πξφηππν A βξέζεθε ζε φινπο ηνπο ιαγνχο ηεο Σνπξθίαο , ηνπ Ηζξαήι θαζψο θαη ζε έλα 

πνζνζηφ ιαγψλ απφ ηελ Βνξεηναλαηνιηθή Διιάδα (15,4%) θαη ηε Βνπιγαξία (21,8%). 

Σν πξφηππν B εκθαλίζηεθε απνθιεηζηηθά ζηελ Διιάδα θαη ηε Βνπιγαξία, φπσο θαη ην 

πξφηππν C2. Οη ιαγνί πνπ πξνέξρνληαλ απφ ηε Γεξκαλία, ηελ Οιιαλδία, ηελ Πνισλία, 

ηελ Απζηξία, ηελ Διβεηία, ηε εξβία θαη έλα πνζνζηφ απφ ησλ ιαγψλ ηεο Βνπιγαξίαο, 

θαζψο θαη νη εθηξεθφκελνη ιαγνί, εκθάληζαλ  ην πξφηππν C1. 

 Απφ ηα ζηνηρεία ηεο κειέηεο, ζε ζπλδπαζκφ θαη κε ηα απνηειέζκαηα ησλ 

Mamuris et al., (2001), κέρξη ην 2003, αθνχ είραλ αλαιπζεί πεξηζζφηεξνη απφ 400 ιαγνί 

δελ είρε βξεζεί θαλέλαο κε πξφηππν C1 (επξσπατθφ ή εθηξνθείνπ) ζηνπο θπζηθνχο 

πιεζπζκνχο ηεο Διιάδαο. Ωζηφζν, αλαιχνληαο δείγκαηα πνπ ζπιιέρζεθαλ ηε δηεηία 

2003-2004, αληρλεχηεθαλ ελλέα ιαγνί (επηά απφ ηελ Κεληξηθή θαη δχν απφ ηε Βφξεηα 

Διιάδα) κε ην πξφηππν C1. Γεδνκέλνπ φηη νη απειεπζεξψζεηο απαγνξεχηεθαλ ζηελ 

Διιάδα ην  2001 θαη επίζεο, θαλέλαο ιαγφο κε πξφηππν C1 δελ είρε βξεζεί ζηνπο 

ειιεληθνχο πιεζπζκνχο κέρξη ην 2003, ε παξνπζία ησλ ελλέα αηφκσλ κε ην πξφηππν C1 

απνδεηθλχεη φηη έλα πνζνζηφ ησλ απειεπζεξσκέλσλ ιαγψλ επηβίσζε γηα αξθεηφ ρξνληθφ 

δηάζηεκα, ψζηε λα έρνπλ ηνπιάρηζηνλ έλαλ αλαπαξαγσγηθφ θχθιν θαη λα κεηαβηβάζνπλ 

ην  γνληδίσκα ηνπο. 

Σα πξνγξάκκαηα εκπινπηηζκνχ απνζθνπνχλ ζην λα πξνιακβάλνπλ ηε κείσζε ή 

αθφκα θαη ηελ εμάιεηςε ησλ ηνπηθψλ πιεζπζκψλ ιαγνχ θαη λα απμάλνπλ ηε γελεηηθή 

πνηθηιφηεηα, κεηψλνληαο ην βαζκφ ζπγγέλεηαο θαη αηκνκημίαο κέζα ζηνπο πιεζπζκνχο 

απηνχο. Ζ ππθλφηεηα ησλ πιεζπζκψλ ηνπ ιαγνχ ζηελ Κεληξηθή θαη ηε Γπηηθή Διιάδα 

θπκαίλεηαη απφ 1,1 έσο 2,4 άηνκα αλά 100 εθηάξηα, ηηκέο αξθεηά ρακειφηεξεο απφ απηέο 

πνπ παξαηεξνχληαη ζε άιιεο επξσπατθέο ρψξεο (Smith et al., 2005).  Δπηπιένλ, απφ 

ζηνηρεία ηνπ Τπνπξγείνπ Γεσξγίαο γηα ηελ πεξίνδν 1986 έσο 1990, παξαηεξήζεθε 

απμεκέλε ζλεζηκφηεηα ζηνπο πιεζπζκνχο ηνπ ιαγνχ εμαηηίαο ηνπ ζπλδξφκνπ ηνπ 

επξσπατθνχ ιαγνχ. ε απηέο ηηο πεξηπηψζεηο, ε ειεγρφκελε εθηξνθή θαη ηα 

πξνγξάκκαηα εκπινπηηζκνχ, αθνινπζνχκελα απφ απζηεξφ γελεηηθφ έιεγρν, πξέπεη λα 

ιακβάλνληαη ππφςε θαη λα αμηνινγνχληαη αλάινγα. 
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 ε αληίζεζε κε ηνπο θπζηθνχο πιεζπζκνχο, νη εθηξεθφκελνη πιεζπζκνί 

εκθάληζαλ ζρεηηθά κηθξή γελεηηθή πνηθηιφηεηα (Mamuris et al., 2001, 2002). ην 

κνλαδηθφ ηνκέα πνπ ζα κπνξνχζαλ, νη ιαγνί απηνί, λα ζπλεηζθέξνπλ είλαη ζηνλ 

εκπινπηηζκφ ηνπ κηηνρνλδξηαθνχ DNA ησλ ειιεληθψλ πιεζπζκψλ κε ηνπο απινηχπνπο 

ηνπ mtDNA ησλ εθηξεθφκελσλ ιαγψλ. Απφ ηηο κειέηεο πξνθχπηεη φηη ε Βνπιγαξία θαη ε 

Βνξεηναλαηνιηθή Διιάδα είλαη νη κνλαδηθέο πεξηνρέο ηεο Δπξψπεο, ζηηο νπνίεο νη 

πιεζπζκνί ιαγψλ εκθαλίδνπλ θαη ηα ηέζζεξα πξφηππα mtDNA, ην νπνίν πηζαλφλ, έσο 

έλα βαζκφ, λα νθείιεηαη ζε απειεπζεξψζεηο ιαγψλ κε δηαθνξεηηθνχ ηχπνπ 

κηηνρνλδξηαθφ DNA. Δπίζεο, ε απμεκέλε γελεηηθή πνηθηινκνξθία ησλ πιεζπζκψλ ηνπ 

ιαγνχ ζηελ Διιάδα ζε ζρέζε κε ηηο ππφινηπεο επξσπατθέο ρψξεο  (Mamuris et al., 2001, 

2002, Suchentrunk et al., 2003), θαζψο θαη ε αιιαγή πνπ αληρλεχηεθε ζηε γελεηηθή δνκή 

ησλ ειιεληθψλ πιεζπζκψλ, σο απνηέιεζκα ησλ απειεπζεξψζεσλ, νδήγεζαλ ζηελ 

απαγφξεπζε ησλ πξνγξακκάησλ εκπινπηηζκνχ ζηελ ειιεληθή επηθξάηεηα θαη ζηνλ 

επαλαπξνζδηνξηζκφ ησλ πξνγξακκάησλ δηαρείξηζεο ησλ θπζηθψλ δσηθψλ πιεζπζκψλ, 

κε ηαπηνπνίεζε θαη γελεηηθφ έιεγρν ησλ εθηξεθφκελσλ πιεζπζκψλ ψζηε λα δηαπηζησζεί 

ν βαζκφο γελεηηθήο ζπγγέλεηαο κε ηνπο θπζηθνχο πιεζπζκνχο. 

 

 

3.4 ςμπεπάζμαηα 

 

 Ο επνηθηζκφο κε επξσπατθνχο ιαγνχο ζε κεγάιεο πεξηνρέο ηεο Δπξψπεο άξρηζε, ζην 

ηέινο ηεο ηειεπηαίαο παγεησληθήο πεξηφδνπ θαη ζηελ αξρή ηνπ Οιφθαηλνπ, απφ έλαλ 

κφλν αξρηθφ πιεζπζκφ ησλ θεληξηθψλ ή λνηην-θεληξηθψλ Βαιθαλίσλ θαη ππήξμε 

ζρεηηθά ηαρχηαηνο. Απηφ έξρεηαη ζε αληίζεζε κε ηελ ππφζεζε επνηθηζκνχ ηεο 

Δπξψπεο απφ κεξηθά κηθξά ζειαζηηθά, θαηά ην ηέινο ηνπ Πιεηζηφθαηλνπ, απφ 

κεξηθά θαηαθχγηα ηεο αλαηνιηθήο Δπξψπεο θαη ηεο δπηηθήο ηβεξίαο. 

 

 Οη κέρξη ηψξα αλαιχζεηο έδεημαλ φηη ζηελ Ηβεξηθή ρεξζφλεζν ηα κε πβξηδηζκέλα 

άηνκα επξσπατθνχ ιαγνχ έρνπλ ηνπο θιαζζηθνχο απιφηππνπο mtDNA, γεγνλφο πνπ 

απνθιείεη ηελ πεξηνρή απηή απφ ην λα έπαημε ην ξφιν θαηαθπγίνπ γηα ην L. 

europaeus θαηά ηνλ Πιεηζηφθαηλν. 
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 ηε Βνπιγαξία θαη ηε βνξεηναλαηνιηθή Διιάδα είλαη παξνχζεο φιεο νη απιννκάδεο, 

δεκηνπξγψληαο κηα εθηεηακέλε πεξηνρή επηθάιπςεο φισλ ησλ απινηχπσλ. 

 

 Αληρλεχζεθε γνληδηαθή ξνή απφ ηελ Αλαηνιία πξνο ηελ Δπξψπε, πηζαλφηαηα θαηά 

ηε δηάξθεηα ηεο ηειεπηαίαο πεξηφδνπ ηνπ Πιεηζηφθαηλνπ, κέζσ ηεο γέθπξαο ηνπ 

Βνζπφξνπ. 

 

 Οη επξσπατθνί ιαγνί απφ ηε Μ. Βξεηαλία εκθάληζαλ πνιχ ρακειφ πνιπκνξθηζκφ, 

αιιά δελ απνηεινχλ έλα μερσξηζηφ ππνείδνο (L. e. occidentalis), φπσο είρε ζεσξεζεί 

παιαηφηεξα. Ζ βφξεηα Γεξκαλία ζα κπνξνχζε λα είλαη ε πεξηνρή πξνέιεπζεο ησλ 

ζχγρξνλσλ πιεζπζκψλ ηεο Βξεηαλίαο.  

 

 Ζ ππεξζήξεπζε θαη νη ζπλερείο απειεπζεξψζεηο αιιφρζνλσλ ιαγψλ ζα κπνξνχζαλ 

λα εμεγήζνπλ ηε καδηθή παξνπζία ησλ απινηχπσλ ηεο επξσπατθήο νκάδαο EU-A 

ζηελ θεληξηθή θαη βφξεηα Ηηαιία. Ζ πξαθηηθή απηή ίζσο ζπλέβαιε ζηελ 

αληηθαηάζηαζε ησλ γεγελψλ απινηχπσλ SEE πνπ πηζαλψο ήηαλ δηαδεδνκέλνη 

αξρηθά. Σα δεδνκέλα καο απνξξίπηνπλ ηελ χπαξμε ελφο δηαθνξεηηθνχ ππνείδνπο (L. 

e. meridiei) ζηελ Ηηαιηθή ρεξζφλεζν. 

 

 Αλ θαη νη πνιιέο επηρεηξήζεηο εκπινπηηζκνχ θαη αλζξσπνγελψλ απειεπζεξψζεσλ 

επξσπατθνχ ιαγνχ πνπ έρνπλ πξαγκαηνπνηεζεί ζα κπνξνχζαλ λα εμεγήζνπλ ηελ 

παξνπζία κε αλακελφκελσλ απιφηππσλ ζε νξηζκέλεο πεξηνρέο, εληνχηνηο 

αληρλεχζεθε έλα έληνλν θπινγεσγξαθηθφ ζήκα ζε φιεο ηηο πεξηνρέο πνπ 

κειεηήζεθαλ. 

 

 Σα θπινγελεηηθά δέλδξα πνπ πξνέθπςαλ απφ ηελ αλάιπζε ησλ γνληδίσλ tRNA ηνπ 

mtDNA ήηαλ ζπγθξίζηκα κε απηά πνπ έδσζαλ ηα ππφινηπα κηηνρνλδξηαθά ηκήκαηα. 

Δίλαη πνιχ πηζαλφ φηη ηα γνλίδηα tRNA πνπ αλαιχζεθαλ, ζπζζψξεπζαλ κεηαιιάμεηο 

ζε ζέζεηο νη νπνίεο δελ επεξεάδνπλ ην ξφιν ηνπο ζηε κηηνρνλδξηαθή ζχλζεζε ησλ 

πξσηετλψλ.  
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 Οη κνξηαθέο αλαιχζεηο απηψλ ησλ γνληδίσλ tRNA κπνξεί λα ρξεζηκνπνηεζνχλ σο 

πνιχηηκα βνεζεηηθά εξγαιεία γηα ηελ ζχλδεζε ηεο αθξηβνχο βηνρεκηθήο ιεηηνπξγίαο 

ησλ κηηνρνλδξίσλ κε ηηο εμειηθηηθέο θαη θπινγελεηηθέο κειέηεο.  

 

 Ζ κειέηε ησλ tRNAs θαηέγξαςε εμειηθηηθέο αιιαγέο πνπ κπνξνχλ λα ζπλδεζνχλ 

άκεζα κε ηε δηαθξηηή θπινγεσγξαθηθή θαηαλνκή ηνπ L. europaeus. Σν γεγνλφο φηη 

νη λνπθιενηηδηθέο αληηθαηαζηάζεηο πνπ αληρλεχζεθαλ εκθαλίδνληαη ζε έλα κεγάιν 

πνζνζηφ ησλ αηφκσλ ηνπ L. europaeus ππνδειψλεη φηη είλαη αλεθηέο απφ ηελ πίεζε 

ηεο θπζηθήο επηινγήο. 

 

 ε ζπκθσλία κε ηα ππφινηπα θπινγελεηηθά δεδνκέλα ηνπ mtDNA, ε αλάιπζε ηνπ 

γνληδίνπ Cytb επηβεβαηψλεη ηελ χπαξμε ηνπιάρηζηνλ ηεζζάξσλ δηαθνξεηηθψλ 

απιννκάδσλ κε πνιχ θαιά πξνζδηνξηζκέλε θαηαλνκή ζηελ Δπξψπε θαη ηελ 

Αλαηνιία.  

 

 Ζ αλάιπζε ηνπ Cytb ππνζηεξίδεη επίζεο ην βαζχ δηαρσξηζκφ ησλ πιεζπζκψλ ηνπ L. 

europaeus αλάκεζα ζηελ Αλαηνιία (Σνπξθία θαη Ηζξαήι) θαη ηελ Δπξψπε ζε 

επίπεδν mtDNA. 

 

 ε αληίζεζε κε ηνπο δηγνλετθνχο ππξεληθνχο κνξηαθνχο δείθηεο, ηα δεδνκέλα ηνπ Y-

DNA ππνζηεξίδνπλ ηελ χπαξμε δχν βαζηθψλ θπινγελεηηθψλ θιάδσλ γηα ην είδνο L. 

europaeus αλάκεζα ζηελ Δπξψπε θαη ηελ Αλαηνιία. 

 

 ε αληίζεζε κε ην mtDNA, ν ηχπνο ηνπ Y-DNA ηεο Αλαηνιίαο εληνπίζηεθε θαη ζε 

κεξηθά άηνκα ηεο θεληξηθήο Διιάδαο. Δίλαη πνιχ πηζαλφ φηη ε ηάζε γηα θηινπαηξία 

ησλ ζειπθψλ επξσπατθψλ ιαγψλ, θαζηζηά ηελ εηζδνρή ηνπ mtDNA πην δχζθνιε ζε 

ζρέζε κε ην Y-DNA θαη θαηαιήγεη ζε δηαθνξεηηθά πξφηππα θαηαλνκήο. 

 

 Οη ειιεληθνί πιεζπζκνί ηνπ L. europaeus εκθαλίδνπλ πνιχ κεγαιχηεξε γελεηηθή 

πνηθηιφηεηα ζε ζρέζε κε ηνπο εθηξεθφκελνπο αιιά θαη ηνπο θεληξνεπξσπατθνχο 

πιεζπζκνχο, φπσο ζπλάγεηαη απφ ηα δεδνκέλα ηνπ mtDNA θαη ησλ RAPDs. 
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Δπνκέλσο, ζα ήηαλ άζηνρν λα ρξεζηκνπνηεζνχλ απειεπζεξψζεηο εθηξεθφκελσλ 

αηφκσλ γηα λα εκπινπηηζηεί ε ήδε πινχζηα γελεηηθή δεμακελή ησλ ειιεληθψλ 

πιεζπζκψλ. 

 

 Σν επφκελν δηαρεηξηζηηθφ εξψηεκα είλαη εάλ ζα ππάξμεη ην θαηλφκελν ηεο γελεηηθήο 

θαηάπησζεο κεηά απφ αλάκημε ησλ ηνπηθψλ γνληδηαθψλ δεμακελψλ κε κε 

πξνζαξκνζκέλα γνλίδηα εηζαγφκελσλ αηφκσλ. Ζ Βνπιγαξία θαη πιένλ, κεηά ηηο 

απειεπζεξψζεηο, ε βνξεηναλαηνιηθή Διιάδα είλαη νη κφλεο πεξηνρέο ηεο Δπξψπεο 

φπνπ ζπλππάξρνπλ θαη νη ηέζζεξεηο απιννκάδεο. Καη ζηηο δχν πεξηπηψζεηο δελ 

ππάξρνπλ ηα θαηάιιεια δεδνκέλα γηα απνθαλζνχκε σο πξνο ηηο πηζαλέο 

αιιειεπηδξάζεηο κεηαμχ ησλ δηαθφξσλ απιννκάδσλ. Δάλ καθξνρξφληα ηα 

εηζαγφκελα μέλα γνλίδηα επηβηψζνπλ, δεκηνπξγψληαο λένπο γελφηππνπο κε ηα ήδε 

ππάξρνληα, ζα απνδεηρζεί φηη απηά κπνξνχλ λα πξνζαξκνζηνχλ. Καζψο ηα ππξεληθά 

γνλίδηα δελ είλαη θαη ηφζν δηαθνξνπνηεκέλα κεηαμχ ηεο Διιάδαο θαη ηεο ππφινηπεο 

Δπξψπεο, ηα μέλα ππξεληθά γνλίδηα δελ ζα απνηειέζνπλ έλα ζνβαξφ κεηνλέθηεκα. 

Δπνκέλσο, ππφ ηηο ζπγθεθξηκέλεο πεξηπηψζεηο, ηα πξνγξάκκαηα απειεπζεξψζεσλ 

ζα κπνξνχζαλ λα εληαρζνχλ ζε έλα δηαρεηξηζηηθφ ζρήκα, κε ηελ πξνυπφζεζε φηη θαη 

φιεο νη άιιεο κε γελεηηθέο παξάκεηξνη ιακβάλνληαη ππφςε θαη ειέγρνληαη απζηεξά.  
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