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Preface

PREFACE

The Mediterranean Basin is a region of great biediiy. Around 10% of all the existing

plant species in the world inhabit this small afBlais amazing fact provides opportunities
for continuous botanical studies and analyses. Lamd) complex geological history and

long-term climate of the Mediterranean offer a vasinber of particular microhabitats

inhabited by isolated, highly specialised specied aubspecies. High genetic richness
appears to be another particularity of the areachvhs still being recognised and

investigated.

This is why | decided to study genetic variationfadr different Mediterranean species
complexes. The selected species include herbacaads woody taxa, as well as
Gymnosperms and Angiosperms. European Black Fimai¢ nigraArnold.) and Aleppo
Pine Pinus halepensiMill.), ancient gymnosperms, represent two of thee species of
the Mediterranean. Despite similarly high imporent habitats they occupy, areas which
they inhabit are very different, resulting in diéat ecology and life-history traits of these
two species. European Nettle Tre€eltis australis L.), though not exclusively a
Mediterranean species, represents an importanteeleof the Mediterranean vegetation
and has had an important role for the local inlzaits, from the time of the first settlers till
today (alimentary, wood, spiritual and horticuliiur#ts particularities are also two closely
related speciesC( tournifortii Lam. and, so called;. aethnensigTornab.) Strobl) with
their unresolved phylogenetic status. The lashefstudied taxa is an herbaceous group of
plants, Inula verbascifoliagroup, which represents a complex of strictly Medanean
plants from which | restricted my analyses lomlas verbascifolia subsp. verbascifolia
taxa. The centre of their distribution is the loBiea and their divergence in an outcome of

particular environmental conditions around the Nir@anean costs.

I this work | analyzed intra-specific genetic disiy and phylogeography of four species,
in order to resolve the existing incongruence ieirttsystematics. By applying various

molecular methods and testing various regions ef genome | aimed to provide a
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comprehensive molecular systematics of the stusjiedies to help and encourage various
future studies. Moreover, | applied the same apraa computational genetic analyses,
testing different methods and models. | discus#),lhbe results and the applicability of all
the applied methods. Finally, | introduced a braed technology called High resolution
melting (HRM) to test and, eventually recommend itse, in phylogenetics and

phylogeography studies, fields in which it has méween used before.

Apart from giving new insights to the phylogenetmfsthe studied groups, | hope this
study will provide an overview of the present malec techniques and encourage more
studies on unresolved evolutionary traits in Med#eean Basin. At the end, we should
never forget the biodiversity loss we are expeiliggmat the moment. The biodiversity
should not be regarded only at the level of spenigsalso on the genetic level. Therefore
any study on genetic variability is also a studyadads the conservation of some unique

identities.



Table of Contents

TABLE OF CONTENTS

1. INTRODUCTION L.ttt it e e e e e e e e e e e e e e e eaaes 1
1.1. Mediterran@an regiON ... .......i.uieuetiie et aie e et e e e e e e e 1.

1.1.1. Mediterranean Basin and its biodiversity .....c.......ccc.coeeeii. 3

1.1.2. Geology and history of the Mediterraneanoreg..................... 4

1.1.3. Pleistocene in the Mediterranean region .......... por e e 5

1.1.4. Evolution after the Pleistocene and humarach

onthe vegetation ..........coviiiiiiiiii e e
1.2. StUIEd SPECIES ...viiee it e e e e et et e e e e e e e e eneens D
1.2.1. GENUBINUS ...ceie it et e e e e e aeees 9
1.2.1.1. Evolution of PINES .......ovvviiiii i, 9
1.2.1.2. Pines of the Mediterranean Basin ............cc......... 10
1.2.1.3. Genetic diversity of pines ..........coociiiiiiiiiiiineennns 11
1.2.1.4. Systematics Of germIBIUS.........ccoeeveeeeeeiiiiieeiieiiiiiien 12
1.2.1.5. Aleppo pineRinus halepensiMiller) ... 13
1.2.1.6. European black pineiigus nigraArnold)..............cc......... 18
1.2.2. GeNUEEILIS ......oviiieeii e e 2T
1.2.2.1. European nettle tre@g(tis australisL.) .................... 28
1.2.2.2. Oriental Hackberr{gltis tournefortiLam.) ...............29
1.2.3.Inula verbascifoliasubsp. erbascifolia... ............................ 29
1.3. MoleCular @analySES .......c.uieiieiit e et e e e 23

1.3.1. Discovering the variability and evolutiopa



Table of Contents

history of the species ............cccoiiiiiiiiiinnis
1.3.2. Molecular markers used for DNA sequencing.....................

1.3.3. Molecular phylogenetics .........cccvevevevvevvvnnniennnn.

2. OBJECTIVES AND SCOPE OF THE STUDY ...t e e
3. MATERIAL AND METHODS ... e
3.1, SAMPIING o
3.2. Conserving the material ..........ccvii i e
3.3 DNA EXITACTION ... vttt e e e e e e e e e e e e

3.4. Amplification of the fragment using the PCRadmiae ........
3.5. DNA purification ..........cccooeiii i

3.6. DNA fragments verification — Gel electrophases............................
3.7. DNA SEQUENCING ... vuvve it eneeieeae e ee e e e e e e ene e
3.8. BioiNformatiCs ..........ccoviiieiiie e
3.8.1. Chromatogram visualization .........................
3.8.2. Multiple sequence alignment ........................
3.8.3. MESUILE 2.75. .ttt e e e e e
3.8.4.DNASP 5.10. ...
3.8.5. Mega 5.0, e
3.8.6. RAXML ..o
3.8 7. MIBAYES ...

3.8.8. Network 4.6.1. 1. ..o e

.................... 33

36

50

................. 52

52

28

59

.................. 6.7

67

68

68

70

.................... 72



Table of Contents

4. RESULTS ..o e e
4.1. Markers applicability ..........cccoooiii i
4.1.0. AlEPPO PiNe ..veiiie e e e e

4.1.2. European Black Pine ...

4.1.3. European Nettle Tree ..........coviiiiiiiiiiinnne.
4.1.4.Inula verbascifoliagroup ..........ccoooviiiiinns

4.1.5. Markers combination ..............cccoviiiiiin .

4.2. Genetic reports between the samples ...t it cee e
4.2.1. AlEPPO PINE e e

4.2.2. European Black Pine ...

4.2.3. European Nettle Tree .........ccovviiiiiiiiiiinnnnne.
4.2.4.Inula verbascifoliagroup ..........ccocoveiiiiinninnns

4.3. Genetic position of the studied species ............ccccee...
4.3.1. PINES oot
4.3.2.GenuEEltiS ...
4.33.Genudnula ...

5.1. Choosing a perfect DNA marker .............ccccoevvvnnne.

5.2. Application of the molecular methods for nestoucting

Of PhylogenetiC trees ... e
5.3. Phylogenetic results obtained ..............c.ccooiii e

5.3.1. AlEPPO PINE ..o e e e e e e

04

105

106



Table of Contents

5.3.2. European Black Pine ..........cccooiiiiii i, Q71
5.3.3. European Nettle Tree .......cooviiiiiiii i e 109
5.3.4.Inula verbascifoliagroup ..........c.oooviiii i 109
5.4. Additional DNA SEQUENCES ........oiviiiniiiiieieeeee e e eae 111
6. HIGH RESOLUTION MELTING (HRM) ANALYSES ... 113
6.1, INErOAUCTION ...t e e e e e e 113
6.2. Material and methods ..........ooiiiii 31
6.3. Results and diSCUSSION ........cooiiiiim e 119
6.4. CONCIUSIONS ...t e e e e e 127
7. CONCLUSIONS ..o e e e e e e ene e 128

8. REFERENCES ... 130



Introduction

1.INTRODUCTION

1.1. Mediterranean region

Mediterranean Basin is the area around the Meditean Sea which covers around
2.3 x 16 km? and stretches over 3 800 km from west to eastla®@0 km from north to
south. Especially remarkable is its unusual gedgcap and topographical diversity with
high mountains, wetlands, peninsulas and, oneefatyest, archipelagos in the world. All
these structures together with favourable climate aontributing in making the
Mediterranean Basin such a biodiversity rich regibiatural borders of the Basin are
usually mountains but in some parts it is moredimaate that makes the distinct confine
from the other regions. The mountain chains ineclgdhe: Pyrenees (dividing Spain from
France), the Alps (dividing Italy from Central Epe), the Dinarides (along the eastern
Adriatic) and the Balkan and Rhodope Mountains tf@f Balkan Peninsula) divide the
Mediterranean from the temperate climate regions\Wastern and Central Europe.
Continuing towards east the Basin extends into @esAsia, spreading over the western
and southern portions of the Anatolian peninsulae eastern Mediterranean littoral
between Anatolia and Egypt is called the Levantyaays consisting of Lebanon, Syria,
Jordan, Israel, Palestine, Cyprus, Hatay Provimceparts of southern Turkey, regions of
northwestern Iraq and the Sinai Peninsula; anailsgobounded by the Syrian and Negev
deserts. The strip of Mediterranean climate in @sris thinner than the one in Europe due
to the hot climate coming from the south. The nemhportion of the Maghreb region of
northwestern Africa has a Mediterranean climatpassted from the Sahara Desert by the
Atlas Mountains. In the eastern Mediterranean thkaB extends till the shores of the
Mediterranean, with the exception of the northenmge of the peninsula of Cyrenaica in

Libya (which has a dry Mediterranean climate).

The Mediterranean Sea is connected to the Atl@tEan by the Strait of Gibraltar,
in the west, while the Dardanelles and the Bospoamect it with the Sea of Marmara
and the Black Sea, in the east. The Sea of Marmsacdten considered a part of the
Mediterranean Sea, whereas the Black Sea is ggnaddl The 163 km long man-made

Suez Canal in the southeast connects the Medisama8ea with the Red Sea.
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The Mediterranean Sea is subdivided into a numbenller waterbodies: the
Strait of Gibraltar; the Alboran Sea, between Spaid Morocco; the Balearic Sea,
between mainland Spain and its Balearic Island&g]JbMajorca and Minorca); the
Ligurian Sea between Corsica and Liguria (Italye tTyrrhenian Sea enclosed by
Sardinia, Italian peninsula and Sicily; the lonfaea between ltaly, Albania and Greece;
the Adriatic Sea between Italy, Slovenia, Croalasnia and Herzegovina, Montenegro

and Albania; the Aegean Sea between Greece an@y (frgure 1.1).

Large islands in the Mediterranean include Cyp@rste, Euboea, Rhodes, Lesbos,
Chios, Kefalonia, Corfu, Naxos and Andros in thestesan Mediterranean; Sardinia,
Corsica, Sicily, Cres, Krk, Bta Hvar, Pag, Kafula and Malta in the central

Mediterranean; and the Balearic Islands in the evad¥lediterranean.
Twenty-one modern states have a coastline on titéteanean Sea. They are:

- Europe (from west to east): Spain, France, Monktaty, Malta, Slovenia, Croatia,
Bosnia and Herzegovina, Montenegro, Albania, GreeceTurkey (East Thrace)

- Asia (from north to south): Turkey (Anatolia), Cyst Syria, Lebanon, Israel,
Egypt (the Sinai Peninsula)

- Africa (from east to west): Egypt, Libya, Tuniskdgeria and Morocco.
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1.1.1. Mediterranean Basin and its biodiversity

The Mediterranean Basin has approximately 30 O@@tm@pecies which is around
10% of the living plant species presently knowntlo& world. The huge richness of plants
and animals puts it on the list of the biodiversibtspots (Médail & Quézel 1999, Pt
al. 2003, Cuttelod 2008) and interesting is to natia no other hotspot is located on such
a small area. In the Mediterranean Basin 10% ofmbied’s higher plants can be found in
an area representing only 1.6% of the Earth’s sarfdMédail & Quézel 1997). Already
well known diversity nowadays has been also demnatest using genetic analysis (Fady-
Welterlen 2005). Geologic and climatic characterssbf the Basin seem to be the basic
reasons for this big diversity (Blondel & AronsofA9B). Being located between three
continents, Mediterranean Basin has been a cefhtepeated splitting and joining of land
masses. Such an active geologic history caused spewacular geologic structures as
high mountains rising directly from the sea, smslhnds with huge number of lagoons,
volcanic islands, water cliffs, salt marsh habitatsderwater and continental caves etc.; all
together offering a vast number of unique habitdise Mediterranean climate is a
transitional regime between cold temperate andrdpical climates. The Basin is located
in the moderate geographic altitude so it is sadenfthe extreme cold and heat, but still it
is a region of big climatic varieties and therefarplace where wildlife needed to adapt in
various conditions. Mean annual rainfall rangesnfiess than 100 mm at the edge of the
Sahara and Syrian deserts to more than 4 m onrcedatal massifs of southern Europe.
Months with no precipitations at all vary from atabt two month each year in the western
Mediterranean and five to six month in the eastdediterranean. This is a period in
which most plants and animals must respond withplegsiological or behavioral
adaptations. Mean annual temperature range froffC2+8 certain mountain ranges, such
as the Atlas and the Taurus, to well over 20°Ceatam localities along the North African
coast. Another characteristic of the Mediterranelimate is wind (Blondel & Aronson
1999). Various winds change the microclimate aroMutliterranean Basin and besides
changing the local temperature they increase eafiparand often mechanically affect the

local vegetation.
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1.1.2. Geology and history of the Mediterraneanoreg

The formation of the Mediterranean Sea startedrbedoound 165 Ma (Early and
Middle Jurassic) with the opening of the Atlanticgan. In that period Eurasia and Africa
began convergence motion one towards another wdaioked early formation of the Alps
and the Mediterranean Basin. During the Late Jicassd Early Cretaceous (179 — 120
Ma) Africa moved left-lateral and later, in the @eeous (120 — 80 Ma) plates
convergence brought Africa and Europe closer tagetnd strong Alpine orogenesis
began. After a period of relative quiescence, ntorerergence occurred during the Eocene
and Early Oligocene (55 — 45 Ma) as Africa rotabgdmore than 50° relative to Europe.
These movements of European and African platetezsut forming numerous deep basins
bordered by relatively shallow sills as well as snaigh mountains and mountain chains
(figure 1.2).

Late Jurassic 152 Ma

A

INDIAN

Figure 1.2. Geologic history of Earth and formatiohthe Mediterranean (the maps have been taken:fro
"Plate tectonic maps and Continental drift animagso by C. R. Scotese, PALEOMAP Project

(www.scotese.com)”).

Also the climate varied during these periods. Friiva generally hot and dry
climate during the Mesozoic the climate aroundNtegliterranean began to become more

tropical. From the late tertiary (Oligocene and béine) there are fossil records showing
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that the vegetation was evergreen rainforest amelldorests. By the end of the Miocene
tropical elements disappear from the fossil recandgcating the decrease of temperature
and the start of the climate very similar to thesant one, during the Pliocene (the
temperature were probably just few degrees highen today). The cooling continued

through whole Pliocene to arrive to well-known cgleriod in the Pleistocene (2.5 — 2.1

Ma) after which the present climate started.
There are two events that significantly influentee wildlife in Mediterranean:

The Messinian salinity crisis is event that begurb.26 Ma and started as a result of

uplifting along the African and Iberian plate whiasulted in closing of the Mediterranean
Sea. Since evaporation of the Mediterranean Seauish stronger then the water input
from the rivers and the precipitations it led tavésing of sea level in the whole Basin. The
Mediterranean Sea became a disjunct mosaic of sajg lakes located in the deepest
parts of the Basin. Recently the depth of the exatpe demonstrated that this evaporation
did not occur just once during the long period. Thanection of the Mediterranean Sea
and the Atlantic Ocean was closed and reopenedaplpt8-10 times. The Messinian

salinity crisis, that finally ended 5.33 Ma, walpably the most dramatic event that
occurred during the Cenozoic era. The most partheBasin in these dry periods were
deserts and while for the marine organisms thisntnéarmination for some terrestrial

organisms it opened new land-bridges that couldradbme new migration opportunities

and mix the previously separated populations (Tham005).

The Pleistocene (1.8 Ma — 15 000 BP) was anottaenaiic period for the Mediterranean
Basin. Due to the strong cooling of the climate gigntity of the water concentrated in
continental ice sheets 1500 to 3000 meters thefylted in temporary sea level drops of
230 m or more over the entire surface of the Edrtins, once again, caused drying out of
some of the parts of the Mediterranean (for exartimehalf of the Adriatic Sea) while the
most of the Mediterranean islands become connewstttd the mainland, creating once

again the bridges for plants and animals (Blondéir&nson 1999).
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1.1.3. Pleistocene in the Mediterranean region

The Pleistocene lasted from about 2 588 000 to A yeéars ago, spanning the
world's recent period of repeated glaciations. Glaate was marked by repeated glacial
cycles where continental glaciers were pushedeatfil parallel somewhere (figure 1.3).
It is estimated that, at maximum glacial exten&o36f the Earth's surface was covered by
ice. The mean annual temperature at the edge dat¢heas —6°C and at the edge of the
permafrost 0°C (Blondel & Aronson 1999). The eféeaf glaciation were global.
Antarctica was ice-bound throughout the Pleistocamevell as the preceding Pliocene.
The Andes were covered in the south by the Patagoe cap. There were glaciers in
New Zealand and Tasmania. The current decayingiegta®f Mount Kenya, Mount
Kilimanjaro, and the Ruwenzori Range in east anatraé Africa were larger. Glaciers
existed in the mountains of Ethiopia and to thetwethe Atlas Mountains. In the northern
hemisphere, many glaciers fused into one. The Uerah ice sheet covered the North
American northwest; the east was covered by thedmigde. The Fenno-Scandian ice

sheet rested on northern Europe, including GreigiBy the Alpine ice sheet on the Alps.

Figure 1.3. Earth during the last glacial periodhé& map has been
taken from: "Plate tectonic maps and Continentaft@mimations
by C. R. Scotese, PALEOMAP Project (www.scotesg':om

It is not completely known where Mediterranean vatyjen persisted during the
glacial periods but the most number of refugia owm in the southern Iberian and
Apennine Peninsula, Balkans, Middle East and N@éftica. Vegetation of the southern

Europe in that period was the vegetation domindtgdyrasses andrtemisia species.
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Essentially land was covered by the steppe vegetaitilapted to the lack of water as well
as low temperature (Thompon 2005). Médail & Diadefp@09) identified 52 refugia
within the Mediterranean region, 33 situated inestern Mediterranean Basin and 19 in
the eastern part. It is hard to know how numerdbsldng term persistent tree cover was
but it has been clearly demonstrated it existee&cBdorests, for example, during the last
glacial period survived in many regions in ltaliand Balkan peninsulas, but much less
data have been found for the Iberian Peninsula (Magal 2006). Interesting is that the
fossil and genetic data show that beech survivedast glacial period in multiple refuge
areas, as in Mediterranean as in the central Eubapehat the Mediterranean refuge areas
did not contribute to the colonization of centradanorthern Europe (Maget al 2006).
Oak species, on the other hand, inhabited Ibetalian and Balkan Peninsula (probably
escaping on the mid-altitude in mountainous regemeking for more precipitations) from
where they dispersed all around the north Eurogimdavarious, often distant, passages
(Petitet al 2002). Recently it seems to be more and moreeavithat the vision of the
Europe without forest needs to be reconsideredlanébrest probably used to survive also
northernmost then it was thought. Macrofossil (Wit al 2000) as well as computer
simulated analyses indicate that nemoral trees wpeobably largely confined to the
traditional southern refugia, but, with many spsdeing potentially widespread within
this region, while many boreal tree species mayeHhasen widespread not only in these
southern areas, but also in Central and EastermpEurincluding the Russian Plain
(Svenninget al 2008). The fast expansion of the forest in Hotegewhen the climate
became warmer, testifies that several refugia ediatso between the eastern margin of the

Scandinavian ice sheet and the Ural Mountains (&f@aet al. 2011).

1.1.4. Evolution after the Pleistocene and human impadhe vegetation

After the last glaciation the warming happenedtgrédst and the pioneer plants
spread fast from their refugia to the uninhabitegha. The deciduous forest spread from
the Mediterranean area north at rates of abotit 10’ m per year. The possible problems
for the first plants were probably the grazers tivate often slowing down the forest
evolvement. While northern Europe was being refeceshe Mediterranean region was
slowly losing the forest cover as the shrublandstetl to become frequent. Responsible
for these changes is the climate that became dndrcaused frequent forest fires during

7
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the summer, often combined with strong Mediterraneands. It is also necessary to
regard the human activity, which, right from theleaf the Pleistocene, started to be more
present in the major part of the Basin. There ardrast opinions whether the vegetation
has changed due to the climate changes or duestbuiman presence but doubtless the
moment when human started to use fire for cregtemgjures and agricultural field meant

the drastic change for the Mediterranean environrfiénrgood 1981).

No other place on the Earth has such a strong amstant contact of the nature and
human as Mediterranean Basin. Since the regioninfebited by various cultures from
the beginning of the western civilization it is et hard to describe and imagine the
original vegetation of some particular parts of Mediterranean. While existing forests or
even relict trees may indicate the original woodlam general terms, the cover has been
widely reduced on many sites to one of sparse dsnaiad unpalatable perennials.
Therefore all the present vegetation must alwaysnterpreted considering the possible
human activities from the past. Less resistantraack valuable species have been reduced
(or concentrated in small limited areas) while thig areas have been covered with
degraded forest types such are maquis (a biomastiogsof densely growing evergreen
shrubs) and garrigue (more degraded bush assod@atidh open spaces), or even batha,
presenting the lowest vegetation formation contejnscattered low scrubs with annual
plants scattered on the rocky ground. Other pofnview does not consider maquis
degraded land formed by the human but is an olligyp& of the vegetation, evolving as a
result of the particular climatic and environmermthénomenon such are extreme droughts
during the summer, periodical freezing wintersrexitely hot summers, strong winds and

common natural fire (Thirgood 1981).

A valuable source of information when studying tpeytogeography of the
Mediterranean plants are the historical recordsatestnating the management practices of
the forests in the antiquity. From an early dates were moved from place to place, thus
Darius (530 — 522 B.C.) wrote to his steward, Gad&t.. you are taking trouble over my
estates, in that you are transferring trees andtplaom beyond the Euphrates to Asia
Minor”. In Roman times, the coppice woods with a@ncoupes were common and were
termedSilvae caeduaePliny the Older, in hidHistoria Naturialis mentions eight year
rotations for chestnut for the production of vinekes and eleven years for oak (Thirgood

1981). The writers Vergil, Varro, Columella and r@li all included directions on the
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growing of timber trees in their treatises. Plingoaremarks that the mountain slopes
around his villa were “covered with plantationstiofber” (Pliny the Younger, 1st century
AD). It is considered that a considerable amountplainting was done by Etruscans,
Greeks, Romans and Arabs, and that especiallylitper of Pines were moved throw-out
the Mediterranean basiRinus pineal. is perhaps the best known example about which
there are numerous different opinions. As it isetlible plant it was planted widely.
Theories about being the Lebanon-origin tree, bdingught to other parts of the
Mediterranean already by Etruscans, contrast the lmsed on which it was always

distributed from western to eastern Mediterranddnir§ood 1981).

1.2. Studied species

1.2.1. Genus Pinus
1.2.1.1. Evolution of pines

Gymnosperms are woody seed plants of huge ecorammdiecological importance.
They are often considered ancient plants, evenngifossils”; since, nevertheless they
developed very early in geologic history (probalmythe Middle Devonian, 365 million
years ago), their species abundance nowadays yslox@rcomparing it to the one of the
angiosperms. Recently it has been discovered thgiosperms and gymnosperms
probably developed in the same time but with armggans’ diversification happening very
slowly at the beginning (Megallon 2010, Smé&hal. 2010). This is why the term “living
fossils” is to be reassessed. Gymnosperms’ low murabspecies, earlier explained as the
low evolutionary rate but recently demonstratet$ ithe same or even bigger than in the
angiosperms (Crisp & Cook 2011), should be judtifiiy the big extinctions in the past.
The biggest extinction of gymnosperms occurredtikaly recently, in the end of the
Eocene, and was caused by strong global coolingdayidg. Number of conifer species
nowadays is reduced to only 850 to 1200 speciels mibre than a third of the species
belonging to the Pinaceae family. More than halftled species under this family are

included in the remarkable genRmus(containing more than 100 species).
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The earliest known pin®&inus belgicais found in the Early Cretaceous (about 130
million years ago) in Belgium, followed by findingf another 25 pine species from the
same period. These Mesozoic pines were dispersed 31° — 50° N latitude and were
spreading from east to west of Laurasia, as Norttedca and Europe were still joint. At
this latitude the climate was stable during ther yeth temperature 10° — 20°C higher than
today and with moderate rainfalls. Next geologicdgut Paleogene, was characterized by
strong climatic changes having a big impact on gopulations. As a result of a strong
temperature increase, tropical forest spread throuigthe middle latitudes overcoming the
previously growing pines (for which the temperatasewell as moisture became too high).
From this period the pine pollen was present omyertremely high or low latitudes and
several scarce refugia. Global cooling at the eénBozene, allowed the dispersion of the
pines once again so, contrary to the most of tmenggperms, pine families marked a big
increase. This period is considered to be the denith the biggest impact on the pine
genetic biodiversity (Millar 1993). By the end ob&ne most of the pine subsection were
developed and were dispersed generally on the gdaees as today (Millar 1998).
Pleistocene glaciations do not seem to have affeitte pine populations so strongly. In
central and southern Europe pine population prgbaivived without significant losses,
while from the northern Europe they were refugimgl ae-spreading in each interglacial.
For example, there are evidence that Scots PRima$ sylvestrit..) lived on 30 locations
in Carpathian plane in the periods from 32 000 -0@8, 23 000 — 20 000 and 18 000 — 16
000 years BP (Rudner & Sumegi 2001), demonstrdhinchigh resistance of the pines on
then-current conditions. Increase of the pine pajpuhs in southern and central Europe
started already between 15 000 and 12 000 yearsaagoarrived to the northernmost of
the continent about 5 700 years ago (when pinesirdded even in Finland). It is
interesting to point out that the pine coveragehat period was bigger than nowadays,
especially in North Europe. From yet not explaieatdasons (regional climate changes,
volcanic eruptions, anthropogenic pressures or gian fire frequency are the most
acceptable theories) between 4 800 and 4 400 Bfaranother big decrease of the pine
pollen occurred and brought pine populations dowmpresent dimensions (Willist al
1998).
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1.2.1.2. Pines of the Mediterranean Basin

Mediterranean pines according to Klaus (1989), esgmt an extremely
heterogeneous assembly and consist mainly of paties from the Cretaceous—Tertiary
period. Based on the pollen findings they were gmes the Basin about 3,5 million years
ago. In fact they were probably periodically presench earlier but they started to evolve
and to inhabit wide territory at the period whee ttiimate of the area started to become
dryer (end of Miocene, 5 million years ago) sinke tesistance to drought conditions is
the biggest advantage of the pines in the Mediteaa area. Nowadays there are ten pine
species inhabiting the Mediterranean Basin and tiplgy an important role in
Mediterranean habitats. There have been many disrnsswhether Mediterranean pines
could form the climax vegetation, therefore preskatstabile population or not. Generally
pines in Mediterranean form a pioneer vegetatiomt@rmediate step forward to the more
stable vegetation but it is also possible to fihd pine-dominated climax communities,
especially the ones irreversibly modified by hunaativity. In any case distribution of the
pine populations in Mediterranean is closely ralatethe human activities for over 10 000
years and it is impossible to discuss pine vegetdah Mediterranean without considering
forest fire and cutting caused by man as well dsrestation processes (Barbésb al
1998).

1.2.1.3. Genetic diversity of pines

Pines are often considered taxonomically completagenus due to their big
capacity of the interspecific hybridization (Bucei al. 1998). There are, also, many
closely related taxa with small, but notable motpgw differences, whose taxonomical
status have been doubtable and have been chanfjergtbrough the time. This itself
demonstrates the big diversity that can be foursidenthe genus. Pines are extremely
genetically diverse organisms due to the lack ohplete barriers to hybridization, high
fecundity and high dispersal of the pollen and sdééddig 1998). The huge production of
pollen as well as pollen grains with two “wingsir Bladders between the intine and exine
of the pollen grain, are its special adaptationsaizemophily and allows them to spread
and exchange their genetic material widely. To @s$ong distance dispersal, seed of

almost all the pines have a wing which facilitatesir wind transportation.
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Apart the interspecific hybridization ability, aher characteristic causing the
difficulties in the beginning of the genetic anaygss the inheritance of organellar DNA in
pines, which is different from the one in the asg@rms. In pine species mtDNA is being
inherited maternally as in all the angiosperms, levlihe cpDNA is being inherited
parentally (Neale & Sederoff 1989).

The biggest specification of the genBswus as mentioned before, occurred in
Eocene. As a result of the climatic changes in peaiod nowadays there are more and less
polymorphic pine species. Some of the species itdthlvarious refugia and in that period
managed to differentiate one from each other whbileer species, located in smaller
populations in which they often suffered from thettle neck effect, nowadays have
extremely low diversity rate. One of such exampéewidely distributed red pinéRinus
resinosaAit., which passed through genetic bottle neckrduthe last glacial period and
therefore nowadays is one of the most geneticadlyadperate conifer species in North
America. After numerous temptations with differeggnetic methods with no results
finally 5 polymorphic nuclear microsatellites mardgo distinguish “northeastern” from
the main population (Boy®t al 2005). European Black Pine, on the other hand,
demonstrated big genetic diversity using many ckfié methods and its vast

polymorphism will be discussed in details below.

1.2.1.4. Systematics of genBsius

Systematics of the gen&snushas been a complicated issue for a long period wit
huge number of articles published about this thé@ernandtet al. 2005, Kaundun &
Lebreton 2010). Recent classification based onroplast DNA analyses confirms the
existence of two subgenuBjnus (Diploxylon or hard pines) an8trobus(Haploxylon or
soft pines). In the first group there are two sewi Pinus and Trifoliae) and five
subsections and in the second one, two sectasya andQuinquefogliag divided in six
subsections (Gernandt al. 2005). Based on morphometric and biochemicaVldfaids)
parameters it has been discovered that the subdgmabus (Holarctic group with 5
needles) is the ancestral one, while in the sulgPmus (Lauroasian group with two or
three needles) the most ancient group is Trifol@e.the other hand the Mediterranean

pines (subsectionBinus and Pinasterfrom the sectiorPinug are the most recent ones,
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especially the ones from the subsectamaster growing in the dry and hot climate, which
are highly evolved compared to those from the @rld wet regions (Eurasia and North
America) (Kaundun & Lebreton 2010).

The sectionPinus is a huge group containing 3/5 of the pine speamainly
distributed on south. The subsections Rneus and Pinaster SubsectiorPinus contains
the species originating from the Eurasia, Meditezean, Eastern North America and Cuba
and are following speciesP. densataMast, P. densiflora Siebold & Zucc, P.
hwangshanensidN. Y. Hsia P. kesiyaRoyle ex Gordon P. luchuensisMayr., L.
massoniandamb, P. merkusidungh. & de VrieseP. mugorlurra P. nigraJ.F.Arnold P.
resinosaSol. ex Aiton P. sylvestrid.., P. tabuliformisCarr, P. taiwanensiddayata, P.
thunbergiiParl, P. tropicalisMorelet P. unicataRaymond ex A. DCandP. yunnanensis
Franch.. SubsecioRinaster contains the species originating from the Canatgnds,
Mediterranean and Himalayas and they &we:brutia Ten, P. canariensisC. Sm, P.
halepensidMill., P. heldreichiiH.Christ P. pinasterAiton., P. pineal. andP. roxburghii
Sarg. (Gernanddt al 2005).

1.2.1.5. Aleppo pineRinus halepensiMiiller)

Aleppo pine is a small to medium-size tree, 10-2@ath The bark of the young
trees is smooth and light grey; while later it hees orange-brown, thick and deeply
fissured at the base of the trunk, and thin an#lyflm the upper crown. The leaves
("needles") are very slender, 6-10 cm long, digyngellowish green and produced in
pairs; usually they fall down after two years. Tdmnes are narrow conic, 5-12 cm long
and 2—-3 cm broad at the base when closed, greastatipening glossy red-brown when
24 months old. Usually cones grow in the group2-8f they are petiolate on the stem of
up to 2 cm and usually turned down. They open siawker the next few years, a process
quickened if they are exposed to heat such asrasffdires. The cones open 5-8 cm wide
to allow the seeds to disperse. The seeds are Brfong, with a 20 mm wing, and are
wind-dispersed (Vidakovi1982).

Aleppo pine is mainly pioneer species adapted tawgn poorer soils with the
ability to grow even on “terra rossa”, clay soibduced by the weathering of limestone, or
on the soils rich of magnesium or iron. It withstanwell the climate with periodically
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droughts occurring every year for at least threettm® and with annual precipitations of
400-300 mm. It is also the common in degraded ptammimunities. The most stabile
populations are formed in the low maquis biome gngwogether with MasticRistacia
lentiscus L.), Myrtus (myrtle) Myrtus communisL.), Phillyrea @hillyreasp.) and
Rosemary Rosmarinus officinalid..) or in the garrigue plant community wiffhymus
capitatusL. and accompanying specie&leppo pine is one of the most flammable and
fire-prone species in the Mediterranean Basin whth historical notes in which one third
of the population burned (Bernetti 1995). Its sty@alaptation to fire is also visible on their
cones that sometimes open several years after #teration ensuring that, after the fire
(high temperatures make the cones of several ggmmesaopen at the same moment), big

quantity of the seeds are momentarily ready towgi®ernetti 1995).

This pine is a strictly Mediterranean species dispein Morocco, Algeria, Tunisia
and Libya in Africa, Spain, France, Italy, CroatMpntenegro, Albania and Greece in
Europe and Turkey, Israel and Jordan in Asia (Bgu#4). It grows from the sea level to
the altitudes of 1500 m (in Morocco and Algeriak & pioneer species it has been widely
used in reforestation either as a plant to stopdsgradation or to prepare the conditions
for planting broadleaf vegetation. However thisnger species often got naturalised very
easily so now it is hard to estimate its origingkbution. In Italy the biggest spontaneous
or sub-spontaneous populations are found in Afelspecially on the Gargano Peninsula
and in the provenience of Taranto) (Giordaetoal 1984, Agostini 1969) as well as in
Sardinia and Sicily. The doubtful populations dre bnes in Umbria in Valle Spoletina
and in Valle Nerina which are very well naturalised based on their unusual location and
floristic composition as well as morphological dimity to an Israeli population Schiller &
Brunori (1992) conclude it is a result of an antieforestation. Still there is another point
of view stating that the vegetation around tR@&e individuals consists of the
Mediterranean flora plants (Strawberry tree, PhglirJudas tree, etc.). So, even though it
seems that the location is not natural for the ptefPine since it is located in the
mountainous area, far away from the sea, presdnbe other Mediterranean plants heads
to idea that the conditions are not so unsatisfgcafter all. Explanation of how certain
Mediterranean plants can be found on the mountorfar away from the sea in the place
nowadays considerably cold place could be foundnirancient Lake Velino that existed

before the Roman period. This lake, before the Rmrsdarted drying it out, covered a
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large surface, containing a big volume of watert tt@uld have mitigated the climate
around it. It is well known that water bodies kdabp temperature around them balanced
due to water’s higher heat capacity then solid sufees (ground, rocks) of which terrain
consists. The similar examples can be found ardhed.ago Fucino and Lago di Garda,
where both lakes around which an unexpectedly tbphite vegetation grows. Interesting
to study are the small populations found arounat&eas Their native origin has been also
put in doubt due to their isolation from the otbepulations. However, they are doubtless
native which can be confirmed by old literature aoponymy of some of the localities.
Interesting observation was given by La Fata (19@&) stated that the sand soil, present
around Pescara (an optimal soil for this pineyeis/ similar to the one on Gargano and in
Puglia. This soil is not present in any place cluséescara so, La Fata says, that is an
explanation of why these isolated populations ¢xB1s2005 Mancini studied the ecology
of the Aleppo Pine populations around Pescara andleded that the natural populations
can be recognized for being in the optimal statid wienty of renovation under the older
trees. Origin of the most of the Croatian populaibas also been put in doubt; however, it
seems that originally it only grew on the islandsutiern of Sibenik despite its

contemporary widespread distribution on most ofdbst and islands (Vidakayvil982).
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Figure 1.4. Distribution of Aleppo Pine (map waskda from The
EUFORGEN Programme coordinated by Bioversity Indional).

Phenotypic variability between Aleppo Pine popwlasi is very big (Vidakovi
1982). Already in 1960 Giordano recorded the défees in the cones, seed sprouting and
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the growing period between the individuals of thi#edent proveniences and Karschon
(1961) found the morphological differences of thepylations growing on different

altitudes in Israel. Turning to the molecular-lexalalyses the variability was not so
strongly demonstrated. Performing the allozyme ymial in Jordan and Israeli the
variability within populations was high but the camong the populations was not (Korol
et al 1995). Analysis of resin monoterpenes also shotliedsmall variability between

numerous provenances (Greece, Spain, Morocco, iA|geunisia and Israel), managing to
distinguish only three distinct groups; the Gretbke, West European and the North African
one (Schiller & Grunwald 1987). The small genetithim-population diversity was also

recorded with chloroplast microsatellite analyggsbably signalling the strong bottleneck
event that occurred in the past (Morgaeteal 1997). Using the same method Grivet
(2009) explained that the small diversity in thesteen populations shows their initial
origin. From east the colonisation moved towardsstyepassing over lItaly. Italian

peninsula nowadays hosts the most variable popualatthose polymorphism is recent and

the result of a strong bottleneck occurred arouh0d0 years ago (Grivet 2009).

Turkish Pine Rinus brutiaTenore)

Turkish Pine is an interesting species, evolutipnary close to Aleppo Pine. It
was considered as a subspecies of Aleppo Finadlepensis subsp. brut{@en.) Henry)
(Fukarek 1959) but later they got separated in disbinct speciesR. brutia T. andP.
halepensisMill.) (Gaussenet al 1964, Pignatti 1982). Evidence of their close relations
lays in their hybridization capability. Turkish aideppo pine hybridization in nature has
been described in Greece (Panetsos 1975) and T(Bkailler & Mendel 1995) and on the
plantations in Croatia (Vidako¥i1982), Italy (Gola 1924) and France (Vidakoi982).
More recently this hybridization has been demonetravith allozymes (Korokt al. 1995)
and chloroplast paternally inherited simple-seqearpeat (cpSSR) markers (Buetial
1998), who showed the direct evidence for hybriglimabetween sympatric populations.
According to allozyme analyses extant Turkish Ama&imilar to the progenitors of the
Aleppo Pine (Conklet al 1988).

It is distinguishable from the Aleppo Pine for itmger needles, strongly reddish

bark and for the sessile cones grouped two or timgether in their particular way. Turkish

16



Introduction

pine forests cover extensive areas in the Easterditbtranean: Greece, Turkey, Cyprus,

Syria and Lebanon. A few small populations candamd in Iraq and Iran (figure 1.5).
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This distribulion map, showing the natural distribution area of Pinus brutia was compiled by members of the EUFORGEN Networks
based on an earlier map published by W.B.Critchfield & E.L Little, Jr., Geoaraphic Distibution. of the Pines of the World,
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Figure 1.5. Distribution of Turkish Pine (map weakén from The EUFORGEN
Programme coordinated by Bioversity International).
Turkish pine is often divided in four subspecies:

- P. brutia subsp. brutigrowing on Crete, Cypress, Mediterranean costs of
Turkey, Syria and Lebanon

- P. brutia subsp. stankiewic&iuk. growing on Crimea

- P. brutia subsp. pithyus&teven. growing on the north-eastern coast of the
Black Sea

- P. brutia subsp. eldaricaMedw. growing in the eastern Turkey,

Azerbaijan, Iran, Pakistan and Afghanistan.

In this study these subspecies were not considened only one sample of Turkish

Pine was taken to confront it with Aleppo Pine skesp
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1.2.1.6. European black piriarfus nigraArnold)

European Black Pine is a large coniferous evergtess growing up to 20-55
meters tall and usually straight at maturity. Thews is broadly conical on young trees,
umbrella-shaped on older trees, especially in sivadloil on rocky terrain. The bark is grey
and widely split by black flaking fissures into cplates, becoming increasingly fissured
with age. The dark-green leaves ("needles") araigigptwo together, straight or curved,
rather stiff, 8-16 cm long and 1-2 mm wide. Bladkepis a monoecious wind-pollinated
conifer and its seeds are wind dispersed. Flowesoauirs every year, although seed yield
is abundant only every 2—4 years. Ovulate and patlenes appear from May to June,
depending on the local climate. Fecundation ocdidsmonths after pollination. The
mature seed cones are 5-10 cm long and 2-4 cm sedsjle and horizontally spreading
with rounded scales. They ripen from Septemberdmlaer of the second year, and open
in the third year after pollination. Cones conta@*-40 seeds, of which half can germinate.
The seeds are dark grey, 6-8 mm long, with a yebaff wing 20—25 mm long; they are
wind-dispersed when the cones open from DecembeApnl (Isajev et al. 2003,
Vidakovi¢ 1982). These are general morphological charattayigut it is important to
note that between the populations there is a ghwatsity in morphology as well as in

ecology.

European Black Pine is moderately fast growingatadut 30—70 centimetres per
year. The tree can be long lived, with some trees 600 years old. It needs full sun to
grow well (is intolerant of shade) and is resistamsnow and ice damage. The optimal
altitudinal range of Black Pine is between 800%00 m a.s.l., but this also varies between
subspecies (for exampk nigra subsp. dalmaticavhich grows on the Adriatic islands).
Diverse pine populations grow on various soil typader various external conditions, for
exampleP. nigrain Sicily and Calabria grows on the silicate sailsvery dry habitatP.
nigra in Valletta Barrea (Abruzzi) anB. nigra subsp. dalmaticéAdriatic coast) on the
calcareous soils and also extremely dry habitateathie P. nigrain Friuli grows on the
calcareous soils but with the annual humidity deutsbm the former ones (Gellini &
Grossoni 1996). Regarding the ecology of the gseBiack Pine is a species growing on
the sub Atlantic mountainous stripe; on the supenwargin of heliophilic broadleaf
vegetation and inferior of the Mediterranean faedt Pubescent OalQ(ercus pubescens

Willd.) with the medium temperatures from 7 to 1286d with a medium of the coldest
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month over -2°C. However even here there are @iffees between the populations. Black
Pine from the AlpsH.nigra subsp. nigrais less thermophylic and more resistant on the
low temperatures while the Pine from Calabifa figra subsp. laricip seems to suffer
more from the low temperatures when planted olisofange (Bernetti 1995).

Another particularity of the European Black Pinatssdiscontinuous distribution.
Naturally it inhabits southern Europe, north-westéfrica and Asia Minor. In southern
Europe distribution covers the central and eadterian Peninsula, southern France, Alps
and Apennines, arriving till the very southern pairthe Italian Peninsula as well as on
Corsica and Sicily. From the Alps it follows th@&di of the Dinaric Alps, spreading on
southern Adriatic islands. From Bulgaria and Grekapreads to Asia Minor, and over
Romany it spreads to Crimea and Caucasus (Vidak@982). Due to its disjunct
distribution underP. nigra group there have been recorded significant mogaicél
differences that brought to discrimination of thenrerous subspecies whose status and
acceptance by the botanists have been changinggdiné time. Table 1.1 shows the most

of the classification made by numerous researchers.

Author Year | Species Subspecies Varieties
Longo- 1903 | P. nigraArn. | subsp. laricioPoir. (Spain,
Ronniger |~ France, Corsica, Calabria, Etna)

1924 _ .
subsp. nigraArn. (Austria,

Balkan, Greece, Crimea,

Turkey, Cyprus)

Svoboda | 1935 | P, nigraArn. | subsp. salzmaniDunal-Asch- | subsp. salzmanni

Grab.) mauretanicaMaire
subsp. poiretiangAsch-Grab.) Peyerynhof)
subsp. nigricansiost. hispanicaRonninger
subsp. pallasiang_amb.) (Cook)

Holmboe(= orientalis pyrenaica(Gran-Godr.)

Kotschy) cevennensiRehd.

subsp. poiretiana
corsicana(Laud.)
calabrica(Schneid.)
barrea

subsp. nigricans
austriacaHoss

dalmaticaVis.
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subsp. pallasiana (= orientalis)

bosniaca(Parde)
sarganica(F. A. Novak)
gocensigP. Gjorgjevic)
zZlatiborica (Adamovic)
pindica(Form.)
bulgarica

banaticaGeorg. lion.

caramanicaRehd.

taurina (Steudel) (fenzlii
Ant. Kotschy)

ponticaC. Koch

tatarica
Schwarz 1939 | P, nigraArn. | subsp. pallasiana
(Richt.)Schwz.
subsp. fenzli{Schwz.) Schwz
subsp. nigrgRicht) Schwz
subsp. dalmaticéSchwz.)
Schwz.
subsp. mauretanic@aire et
Peyrimh.) Schwz.
subsp. laricio(Schwz.) Schwz.
subsp. salzmannfRicht.)
Schwz.
Del Villar | 1947 | P. clusiana | P. nigricans P. clusiana
Clem in Ar. subsp. nigra var. poiretiana
subsp. pallasiana var. cebennensis
P. nigricans var. latisquama
Host var. mauretanica
Delevoy 1949 | P, nigraArn. | subsp. occidentalis subsp. occidentalis

subsp. orientalis

var. salzmanniAsch. et
Graebn.

var. pyrenaicaCarr.

var. hispanicaCook

var. marocana

var. poiretiana Asch. et
Graebn

var. mauritanicaMaire et

de Peyerimhoff
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subsp. orientalis
var. calabricaSchneid
var. austriacaAsch. Et
Graebn
var. hornoticaBeck
var. ga‘ensisbord.
var. dalmaticaVis.
var. bosniace&Elwes
var. banaticaGeorgescu
var. pallasianaAsch. et
Graebn
var. caramaniceHort.

var. fenzliiAnt. et

Kotsch
Vidakovi¢ | 1957 | P. nigraArn. | subsp. austriackloss subsp. geéensis
subsp. goéensis(bord) var. illyrica
subsp. dalmaticéVis.) Schwrz
subsp. pallasiang_amb.)
Holmonn
subsp. calabricgScheid.)
subsp. corsicané_oud.) Fuk.
subsp. salzmaniDunal)
Franco.
Fukarek 1958 | P. clusiana | P. clusiana: P. salzmannii
(Clemente in P. mauretanicgdMaire- var. pyrenaica (Gren et
Arias) Peyerynhof) Godr)
P. salzmanni{Maire et
P. laricio Peyerinhof)
(Poiret in P. hispanicgCook) P. illyrica
Lamk) P. laricio var. gocensigDord)
P. corsicangLoud)
P. nigricans P. calabrica(Delamare)
Host. P. nigricans P. caramaniva
P. austriaca(HOss) var. zhukovskiangPalibin)
P. pallasiana Novak var. senneriandSaatz.)
Lambert. P. illyrica (Vidakovic)

P. dalmatica(Visiani)
P. pindica(Formanek)

P. italica (Hosschstett.)
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P. pallasiana
P. banatica(Georg. Et
lon.)
P. tatarica
P. caramanivgLoud)
P. fenzlii(Ant. Et

Kotschy)
Gausseret | 1964 | P.nigraArn. | P. nigrasubsppallasiana
al. P. nigrasubspdalmatica
P. nigrasubspsalzmannii
P. nigrasubsplaricio
P. nigrasubspnigra
Rohrig 1966 | P. nigraArn. var. pyrenaica (La Peyrouse
Goron
var. salzmani{Dunal) Asch. and
Graebner
var. poiretiana(Ant.) Schneider
var. calabrica(Loud.) Schneider
var. nigra(Hoess) Asch. and
Graebner
Debazak | 1977 | P. nigraArn. | P. n. subsp. clusiangClemente | var. mauretanicdMaire-
in Arias) Peyerynhof)
P. n. subsp. larici¢Poiret in var. salzmanni{Maire et
Lamk) Peyerinhof)
P. n. subsp. nigricandost. var. hispanica(Cook)
P. n. subsp. pallasianaambert. | var. corsicanaLoud)
var. calabrica(Delamare)
var. austriaca(HOss) Novak
var. illyrica (Vidakovic)
var. dalmatica(Visiani)
var. pindica(Formanek)
var. italica (Hosschstett.)
var. banatica(Georg. Et lon.)
var. tatarica

var.

var.

caramanivgLoud)
fenzlii (Ant. Et Kotschy)

Table 1.1. The classification made by various redeers in past.
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One of the classifications widely used was made Rmkarek (1958) who
distinguished one “big specie” with four “small sps” after which he described 14
subspecies (figure 1.6). Based on this classibod®. clusianaClem.with P. mauretanica
Mayre et Peyr P. salzmanni{Dunal) TanchandP. hispanicaCook., as subspecies, was
the first of the “small speciesR. laricio Poiret with P. corsicanad.oud. andP. calabrica
Delamare the secon®, nigricanswith P. austriaca(Hoss) NovakP. illyrica Vidak., P.
dalmaticaVisiani, P. pindicaFormanekand P. italica Hochst., as subspecies, the third
“small species’and the last one wda pallasianaLamb. with P. banaticaGeorg. Et lon.,
P. tatarica Fukarek P. caramanivaLoud. and P. fenzliiAnt. Et Kot., as subspecies
Debazac (1977) later put this classification onltwer level calling the “small species”

subspecies and Fukarek’s subspecies calling thetiems:

Pinus nigra
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Figure 1.6. Distribution of European Black Pine spbcies based on the
classification of Fukarek (1958) in which 14 sulsps are divided in four “small
specie” showed with different colours in the map ¢Risiana with green, P. laricio

with red, P. nigricans with blue and P. pallasianéh yellow).

The most accepted classification nowadays is thee foom the Gausseet al in
Flora Europaea (1964) who recognized five subspeaie Europe;P. nigra subsp.
pallasiang P. nigra subsp.dalmaticg P. nigra subsp.salzmannij P. nigra subsparicio
andP. nigra subsp.nigra to which it should be includeinus nigrasubsp.mauretanica

from Africa (figure 1.7).This division into six allopatric subspecies waseally
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followed in all the studies recently performed, asling morphology, anatomy and
phytogeography (Barbér@t al 1998). Breeding experiments have shown that all
geographic subdivisions d®. nigra were mutually crossable and gene flow was very
efficient (Vidakovt 1991).

Pinus nigrasubsp.mauretanica(Maire et Peyerimh.) Heywood covers only a few
hectares in the Rif Mountains of Morocco and tharBjura mountains of Algerid?inus
nigra subsp.salzmannii(Dunal) Franco (synP. n. clusiana P. n. pyrenaicia covers
extensive areas in Spain (over 350 000 ha from Wwedato Catalunia and on the southern
slopes of the Pyrenees) and is found in a few tedlpopulations in the Pyrenees and
Cévennes in France. It is sometimes referred tha$yrenean pine. These three groups
were previously united iRinus clusianaClem. containing®. mauretanicaP. salzmanni
and P. hispanica(Fukarek 1958)Pinus nigrasubsp.laricio (Poiret) is found in Corsica
(Corsican pine) spreading over 22 000 ha, in Calalwhere it is also recognized Bsn.
|. calabrica, the Calabrian pine) and in Siciinus nigrasubsp.nigra (syn:P.n. austriaca
Hoss, P.n. nigricansHost, the Austrian pine) is found from ltaly in tAgennines to
northern Greece through the Julian Alps and th&d@ualmountains, covering more than
800 000 haPinus nigrasubsp.dalmatica(Vis.) Franco, the Dalmatian pine, is found on a
few islands off the coast of Croatia and on thettsenm slopes of the Dinaric AlpRinus
nigra subsp.pallasiana(Lamb.) Holmboe covers extensive areas, mostllieece and
Turkey (2.5 million ha, 8% of total forest areajpgrossibly as far west as Bulgaria. It can
also be found in Cyprus and the Crimea. It is somex referred to as the Crimean pine.
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Figure 1.7. Distribution of European Black Pine spbcies based on the classification

of Gaussen et al. in Flora Europaea (1964).

On the molecular level fewer analyses have beeremidikoli¢c & Tuci¢ (1983)
examined isoenzyme patterns of esterase, acid patse and leucine aminopeptidase in
dormant seeds on the samples from the 13 formep¥agian and several Mediterranean
populations and, even though they did not find ¢éxpected pattern of differentiation,
marked a notable inter-population diversity. Reffial (1996) detected 39 different foliar
terpenoids in 41 various Mediterranean populatemms suggested three groups in western
Europe: an eastern Pyrenean and continental Frgmoeg (subspsalzmanij; Corsican
group showing affinities with Sicily and southerrpexnines (subsgaricio); and the
eastern group comprising Alps and Balkan (subggra anddalmaticg. Another terpene
study made by Gerbest al (1995) followed the classification of Réhrig (B)6with
following varieties: pyrenaica from Spanish populationssalzmanii from France,
poiretiana from Corsica, calabrica from Calabria andnigra from the Alps, central
Apenines and Balkans; but with an authors’ noté theher genetic analyses should be
made on the Eastern populations. Libeal (1999) detected genetic diversity in Croatian
populations of Black pine using the method of randamplified polymorphic DNA
(RAPD), but failed in finding differences analysingestriction fragment length
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polymorphisms (RFLP) of the evolutionary consematthloroplast DNA. Using the same
method (RAPD) big genetic diversity has been foalsd between the populations f
nigra subsp. nigran Serbia (Ludi et al 2010). Finally, Afzal-Rafii and Dodd (2007) used
chloroplast simple sequence repeat (cpSSR) to shelyest Mediterranean populations
and found strong barriers separating Alps from R#aand Corsica, southern Spain from
the Pyrenees and Corsica from Sicily and Calafriey recorded very high diversity
between the populations and concluded that it isrgrthe highest reported for pines,
close to the level for species differentiation be#wP. eldraicaandP. brutia (Bucciet al
1998). The authors also come to the conclusiontti@iexisting populations persisted in
situ at least during the last full glacial stager#iore are not the result of the recent
decolonisation. SSR methodology (in this case bp®SR and nuSSR markers) was also
used to estimate the genetic differences and oelstiips between the populations from
Sila, Aspromonte, Etna and Corsida qigra subsp. laricigpopulations) but the relatively
weak differentiation level was observed so the kmion of the study was that the high
level of seed and pollen flow was the probable eaofthe low diversity and mixed
populations (Bonavita 2012).

Between the mentioned subspecies it is often plessd find the intermediate
entities. These intermediate populations could lsgga of an ancient hybridisation. One
such a zone could have been the Apennines wherg m#hors expressed their doubts
and theories. Apparently populations in the cenlti@ly morphologically seem to be a
mixture between thB. nigra subsp. nigrandP. nigra subsp. laricio The first population
of the Apennines studied was the one of Villettar8a in Abruzzo. The first author
recording the Black Pine of Villetta Barrea as dipalar entity is Nageli already in 1929
when he noted that it was a native population @cBIPine in Abruzzi. The authors later
considered this pine asR nigra subsp. nigrdoften specifying it to be vartalica) are
Novak (1953), Rohrig (1957) and De Phillippis (1R58hile many more note its
similarity also to the Calabrian Pine samplBs ifigra subsp. laricipand therefore often
record the Pine of Villetta Barrea as an intermiedgpecies between tlie nigra subsp
nigra and P. nigra subsp. laricioPavari 1931, Fukarek 1958, Morandini 1966, Gellini
1968 and Paaet al 1988). Another interesting populationfihus nigrain Abruzzi is the
one on the Majella Mountain. Undoubtedly native ylapon can be found in the Cima

della Stretta over Fara San Martino (Chieti) whbeetrees are about 500 years old in the
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overhanging walls impossible for the human accessraforestation. This population was
less known than the ones in Villetta Barrea unthW®arz (1939) based on various
anatomic characteristics declared to see no drfte® from the Black Pine from Calabria,
therefore puts it in thiaricio subspecies. Tammaro and Ferri (1982) wrote a iggiser of
the population of Fara San Martino after which, reteough the description is more
similar to the Corsican Pine (Brusadti al. 2005), they conclude it is probably one of the
populations ofP. nigra subsp. italicgthe term taken from the classification of Fukarek
(1958) which now should be call&d nigra subsp. nigra var. italigaBruschiet al (2005)
preformed the detailed anatomical and genetic apalgomparing the samples from Fara
San Martino and Villetta Barrea and came to theckmmon that there is no notable
difference from one to another and that both ofitlehould be affiliated to thB. nigra

subsp. itali@a group.

1.2.2. Genu€eltis

Celtis commonly known as hackberries, is a genus of @b0species. Previously
it was included either in the elm family (Ulmaceae)a separate family, Celtidaceae, but
chloroplast DNA analyses put it in an expanded hdampily (Cannabaceae) (Wiegrefe
1998). The first fossil records of the genus comnfthe Oligocene and cover the large
territory from France, Germany, Czech RepublicaRd| Hungary, Austria, Bulgaria and
Moldavia to Kazakhstan. These fossils belong toaheestorCeltis lacunosagroup C.
lacunoseKirchh., C. japetii Uno., C. begonioidessoepp.,C. vulcanicaKov., C. cernua

Sap.) close to the presedt australis(Palmarev 1989).

Nowadays these deciduous trees are widespreadim teamperate regions of the Northern
Hemisphere, in southern Europe, southern and @aéi&n, southern and central North
America, south to central Africa, and northern aedtral South America. In Europe there
are present few specie€. australisL. growing in whole south Europé&;. caucasica
Willd. present in eastern Bulgaria and western AS€la glabrata Steven ex. Plachon
growing in Crimea and Russia af@d tournefortiiLam growing in Balkan Peninsula and
western Asia (Tutin 1964). Another two doubtful gjps sometimes considered subspecies
of C. tournefortiiare C. aspera(Ladeb.) Steven from Crimea ai@ aethnensisStrobl
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from Sicily. Even though it is contrasting the mmetsclassification in this study | will use

the termC. aethnensito facilitate the understanding of the Celtis cterp

In 2011 De Castro & Maugeri performed the detaitghetic analyses of the
MediterraneanCeltis species comparing the DNA sequences obtained by nuclear
(ITS1 and ITS2 and one chloroplast marketrr(L intron). They recorded very low
molecular diversity between the species (offerihg tecent origin as an explanation).
Chloroplast marker did not show any variability, ilwhITS sequences in Maximum
parsimony analysis demonstrat€d tournefortii as monophyletic with the Irania@.
australis entering in theC. tournefortii group; C. glabrataas a distinct species; arzl
asperaand C. australis weren’t recognized as a distinct species but wiwdustered
together withC. tournefortii Furthermore the parsimony network analysis of the
tournefortii group considered the sample from Crete differemfother three haplotypes;
one occurring in Crete, Cyprus and Turkey, anotimer on the Balkans and the third one in
Sicily (C. aethnensjs

1.2.2.1. European nettle tre@qtis australisl.)

European nettle tree, Mediterranean hackberry, tode, or honeyberry, is a
deciduous tree that can grow 20 or 25 meters ightteThe stem is straight and the crown
wide and rounded, often divided in several lobese bark is bluish-grey, very smooth
even in the old individuals. Young branches areyhaith big white lenticels. The gems
are small, conic. Leaves are simple, 5 -15 cm laitgrnate and held by a small leafstalk.
Notable characteristic of this elliptic leaves symmetry at the base. They are sharp-
toothed on top and furry underneath, dark greyfgteeoughout the year fading to a pale
yellow before falling in autumn. The flowers arermaphrodite (have both male and
female organs) small and green without petalseegingly or in small clusters. Fruits are
small, dark-purple berry-like drupes, 9-12 mm irardeter, hanging on a short stem
connected to the base of the leaf stem. Eatableedrare appreciated food for the forest
and city birds and in the past they were widelyduse human alimentation (Gellini &
Grossoni 1997). At the moment they are rarely aersid commercially eatable fruits
even there are some tentative to change this peaets there is no obvious region to

exclude this fruit from the commercial use (Boudeaal 2010, Kullajet al 2011).
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The plant prefers light soils, medium nutritive,ydand sub-acid. It is highly
tolerant to the rocky substrates thanks to itsngtnmot and adapted to drought periods. It

is a long-living species (can arrive to the agé@3-600 years) with a slow growing rate.

European nettle tree is a eurimediterranean spemiés the center of the
distribution in the oriental side spreading frone thorthern Africa, over Spain, France,
Italy and Balkan Peninsula through whole AnatoliaKkashmir. In Mediterranean it is
found in the broadleaf termophylic forests of Lauand Castneum (Gellini & Grossoni
1997). Recently Simchoni & Mordechai (2010) diseasgs native origin in the Levant.
Apparently recent archaeobotanical findings of Meftree from two Iron Age sites in
Israel indicate that it might be native to Israetelan, but it is still under the discussion and
anticipation of new evidence. The wide usage @rusind wood) and importance
(traditional beliefs considered it a tree whichtpots from the bad spirits) of this tree

makes it hard to assure that it wasn’t introducetthe present locations.

The importance of this tree continues till now wlitds a very common ornamental
tree in Mediterranean cities. It is slow-growingsistant and seems to be well resistant on
the pollution of the city (Whittenberglet al 2013).

1.2.2.2. Oriental Hackberrgltis tournefortiiLam.)

Oriental Hackberry is a small tree often growingairform of bush with heart-
shaped leaves much smaller than the ones of thepBan nettle tree (3-4.5 cm long).

Drupes are yellow even when mature.

The species is endemic to Eastern Europe: Ukrdmeatia, Greece (including
Crete), Sicily, Macedonia, Montenegro; Western A€igprus, northwestern Iran, northern
Iraq, Turkey; and the Caucasus region: Azerbaijan.

Of the particular interest, for conservation aslaslfor phylogeographical studies,
is Hackberry from EtnaQ. aethnensigTornabene) Strobl.); reportedly just a distant

population of Oriental HackberrZ( tournefortiiLam.) (Pignatfi 1982).
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1.2.3.Inula verbascifoliasubspyverbascifolia

Genuslnula consists of about 100 species dispersed on nertlisphere (Europa,
Asia and North Africa). In Europe have been recdrdi® species. They are all perennial
(rarely biennial) herbs or small shrubs. Leavessarple and alternate and capitula can be
solitary or in a corymbose or paniculate infloresxe Florets are yellow, tubular ones are
hermaphrodite and outer, ligulate are female. Pbjirs are simple and free (Ball & Tutin
1964).

Lot of attention has been paid toula species due to their diverse biological
activities, particularly in bactericidal, hepatoactive, and antitumor application (Jiangsu
New Medicine College 1977). This biological sigo#hce has prompted phytochemists to
investigate the chemical constituentlofila plants, which has led to the identification of
many bioactive compounds including monoterpencsgsquiterpenoids, flavonoids, and
glycosides (Zhaaet al 2006).Inula species have been used also as traditional herbal
medicines through the world: they have been redadepossess expectorant, antitussive,
diaphoretic, and bactericidal properties (EditoGalmmittee of the Administration Bureau
of Chinese Flora 1979) and are used in the tredtwfeinflammation, bacterial and viral

infections (including hepatitis), as well as casdgiangsu New Medicine College 1977).

Especially interesting group dhula is Inula candidagroup (figure 1.8), also
noticed for its medicinal properties. It is chaeadtic for its illiric (amphi-adriatic)
distribution. Plants are usually densely whiternémtose or white - lanate perennials living
in arid places on the limestone stones or cliffeerofclose to the sea. Three principal
species inside the group drecandida(L.) Cass, I. verbascifolia(Willd.) Hausskn. and.
subfloccosgRech.).l. subfloccosds endemic plants included in the IUCN catalogue fo
the rare and threatened species of Greece (IUCK)1&& its areal is not well known.

Other two species are common and consist of nureeslispecies.

Insidel. candida(sin. l. candidasubsp.limonifolia (Sibth.& SM.) Hayek) three taxa

are currently recognized:

e candidasubsp.candida(western Crete),
» candidasubspdecalvangHalacsy) P.W. Ball ex Tutin (eastern Crete) and

« candidasubsplimonella(Heldr.) Rech. (central, southern and eastern ¢&jee

30



Introduction

I. verbascifoliais a plant with slightly higher steam (around %0) énhabiting wider

territory thenl. candida Also here several taxa have been described.

I. verbascifoliasubsp.parnassica(Boiss. & Heldr.) Tutin (central and southern

Greece)

I. verbascifoliasubspmethangHausskn.) (central and southern Greece)

I. verbascifoliasubspheterolepigKarpathos, eastern Greece)

I. verbascifolia subsp. aschersoniana(Jank) Tutin (Greece, Bulgaria and

Macedonia)

I. verbascifoliasubspverbascifolia

I verbascifolia ssp. verbascifolia

L verbascifolia ssp.
aschersontiana

L verbascifelia ssp. parnassica
L verbascifolia ssp. metliaie

1. candida ssp. candida L candida ssp. decalvans <

2l

Figure 1.8. Distribution of Inula candida group &ax

I. verbascifolia subsp.verbascifoliais the most widely distributed subspecies,
inhabiting Peninsula Gargano (southern Adriaticstpanorthern Adriatic coast and north-
western Balkan Peninsula. It is 20-50 cm tall lanatant. Basal leaves are ovate-
lanceolate, shortly cuneate at base, 6-9 x 2,5-bigmwith veins prominent beneath. Stem
holding the flowers sometimes has few small sedsides. Inflorescence (capitulum)
consists of yellow ligulate and tubular flowersglies are 15 mm big, exceeding the
involucres by 2 mm or more. Plant grows on theickrsocks and flowers in July and

August.
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|. candidagroup has never been studied on the moleculal, Ispét is interesting
to see its genetic diversity, genetic distances/éen the particular taxa and to verify the
similarity of thel. verbascifolia subsp.verbascifolias populations which have such a
disjunct distribution.

1.3. Molecular analyses

1.3.1. Discovering the variability and evolutiop&istory of the species

Differences between the living organisms can beexesl in two different temporal
scales: macroevolution (phylogeny) that observedioaships between different species,
so it hypothesizes the past events between theergrespecies based on the current
characters (therefore there is no genetic flow betwthose species) and microevolution
(genetic population) that observes the events ooguinside one species (gene flow is the
main trait in these studies) trying to find striaation of individuals that are more related

then others.

Exploration of the evolutionary history of the sgsc(phylogeny) and their extant
distances can be performed using various methdusoldest method for was proposed by
Charles Darwin, father of genetics, who designedfifst phylogenetic tree and founded
the theory that species are result of the natwlakcion and change over the time. Based
on his theory the evolutionary traits of the speakould be discovered by comparing their
particular morphological characters (e.g. reprogectsystem in higher plants).
Morphology studies are still the basic method etleough, during the years, various
methods have been introduced in this field. Dutimg late 19th century, Ernst Haeckel
offered a new theory about evolution studies ggatthat "ontogeny recapitulates
phylogeny" meaning that the development of an dsgarsuccessively mirrors the adult
stages of successive ancestors of the speciesith wibelongs. This theory was rejected
after being proofed to be wrong and studies onwian of the species had to search for
new methodology once again. Cytogenetics, studgerming the structure and function of
the cell (especially the chromosomes), brought moose results. In the 1980s big
advances were made in molecular cytogenetics wiefitorescent labeled probes started
to be used in the method called fluorescence intsibridization (FISH). This technique is
nowadays still very useful for deducing evolutionaelationships between the species.
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Species distances can also be estimated with watiachemical markers; terpenoids
(Hanover 1992, Welteet al 2012), isozymes (allozymes) (Micales & Bonde 1995
Filppulaet al 1992, Chunxia@t al 1999) and proteins (Schiroeéal 1991). The branch

of phylogeny that analyses hereditary moleculdeddhces, mainly in DNA sequences, is

called _molecular phylogenetics and its main goatoisshow the probable evolution of

various organisms.

Turning to the microevolution, another type of $hsdoften use the similar
methods and technology to discover the currentrteposide the species. Population
genetics is the study of allele frequency distitrutand its change under the influence of
the main evolutionary processes (natural selectgemetic drift, non-random mating,
mutation and gene flow). It also takes into accdbatfactors of recombination, population
subdivision and population structure. Basicallypylation genetics attempts to explain

such phenomena as adaptation and speciation. Rogoaphy is a study which, by

considering historical geological, climatic and legical conditions, tries to explain
current distribution of species. Since 1987, whewis@ introduced the term
phylogeography (in the article: Intraspecific Plgdography: The Mitochondrial DNA
Bridge Between Population Genetics and Systematig)ther closely related field has

been developed called landscape genetics. Whildogbggraphy investigates the

historical processes generating patterns of genatiation (Aviseet al 1987), landscape
genetics examines the contemporary processes inffegenetic variation (Storfest al
2007). A clear partition between these two scientdbmains and the methods that should
be used are still a topic of discussion (Wang 2@dhonak & Vandergast 2011, Wang
2011).

The basis of all these studies is DNA sequence.skatying differences in the
DNA sequence various methods have been found. €hrybe divided in the methods
obtaining the variability by hybridization of theagicular DNA part (RFLP) or by
multiplying it in the PCR machine (RAPD, AFLP, nosatellite analysing or DNA

sequencing).

* RFLP (restriction fragment length polymorphism) dastechnique that exploits
variations in homologous DNA sequences using teiotion enzymes that cut the

DNA sample according to its DNA sequence. The pcedurestriction fragments
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are separated, according their lengths in gel relpbbresis. RFLP analyses were

the first DNA profiling technique inexpensive enbugo see widespread

application.

Development of the PCR, polymerase chain reactjon,1983 by Kary Mullis)

opened the new door to DNA-based analyses andgadays, an essential part of any

phylogenetic or biogeographical study. PCR is @liémical technology able to amplify a

single, or few copies, of the part of DNA genergtihousands to millions of copies of that

particular DNA sequence part.

RAPD (random amplification of polymorphic DNA) is tgpe of PCR reaction
where the segments of DNA are amplified randomllge primers used in this
reaction are short (8-12 nucleotides) and, theeeforanage to be amplified in
many positions and make various fragments of DNAesE fragments are later
observed in gel electrophoresis.

AFLP is another PCR method which uses restrictionymes to digest genomic
DNA, followed by ligation of adaptors to the stickgnds of the restriction
fragments. A subset of the restriction fragmentshien selected by the primers
complementary to the adaptor sequence, multiplretithese amplified fragments
are separated and visualized on denaturing pollauige gels.

Microsatellites (also known as Simple Sequence BRSpESSRS) or short tandem
repeats (STRS)) are repeating sequences of 2-6plaarseof DNA often presenting
high levels of inter- and intra-specific polymorgim, particularly when the number
of repetitions is 10 or greater. That is why they ideal for determining paternity,
population genetic studies and recombination mappliney can be amplified in
the PCR process producing enough DNA to be visible agarose or
polyacrylamide gels (in which, once again, difféareangths are visible due to the
different traveling speed). With the abundance GRPtechnology, primers that
flank microsatellite loci are simple and quick tgeubut the development of
correctly functioning ones is often a costly pracésince they are located in the
high variable region of DNA chances that one primverks in a broad spectrum of
species is low).

DNA sequencing is the process of determining tlexipe order of nucleotides in

the individual gene, larger genetic regions, filtfanosomes or entire genomes.

34



Introduction

The resulting sequences may be used by researgharslecular biology or
genetics or may be used by medical personnel terraktment decisions or aid in
genetic counseling. Sequencing can be performeahynpart of the DNA so the
sequencing position depends on the result one wantbtain. The part that is
about to be sequenced is multiplied with standa@R Pprocedure using the
specialized primers. In this case the primers atelly less taxa-specific so they
can be used for a wide range of organisms. TheDiA sequences were obtained
in the early 1970s using laborious methods based two-dimensional
chromatography, which was followed by numerous, apee and automated
methods. Sanger sequencing is a method based cseldaive incorporation of
chain-terminating dideoxynucleotides (ddNTP) by DNélymerase during in vitro
DNA replication. The ddNTPs may be radioactivelyflaorescently labeled so that
their incorporation becomes detected in automatmliencing machines which
record the correct sequence of DNA. It has beemtbst widely-used sequencing
method for approximately 25 years and still rematosnmon for smaller-scale
projects and for obtaining especially long contigei®NA sequence reads (>500
nucleotides). One of the most recent methods (fitdilished in 2009) is single
molecule real time sequencing (SMRT), being pertmmon a single molecule of
DNA as a template. In the contrast of the old m@shwhere chain-terminating
dideoxynucleotides were used to stop the DNA pohase in SMRT technique
each of the four DNA bases is attached to one wf didfferent fluorescent dyes. As
nucleotides are being incorporated by the DNA pagsase a detector keeps
recording the fluorescent signal of the nucleotideorporation, making the
sequencing process cheaper and faster.

The basic difference between the last two meth{odcrosatellite analyses and DNA

sequencing), nowadays also the most used ones) ithe level of polymorphism.

Microsatellites are more variable, as the polyma@phthat occurs has a very low impact

on the organism, which makes them perfect for pmpn genetic studies (Agarwall

2008). DNA sequencing is usually made in the leadable zones of DNA, whose

differences have higher significance for the evolut DNA sequencing is looking for

single-nucleotide polymorphisms (SNPs), DNA seqeevariations occurring on a single

nucleotide in the genome. The genomic distributtdrfSNPs is not homogenous; they
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usually occur in non-coding regions more frequetithn in coding regions of DNA. SNPs
frequency also differs between the species andliemmso there are more and less
conservative taxa. Due to their lower frequencyytlaee much more suitable for the
phylogeny and phylogeographic analyses and theiahitity can show the direction or the

pattern of the genotype evolution. Also the santplnodel is different. While for the

microsatellite analyses many samples are requé$680) due to the common diversity
inside the population, DNA sequencing can be peréal using one to three samples from

the population (as the possibility of the intra-plapion diversity is usually low).

1.3.2. Molecular markers used for DNA sequencing

There are three types of DNA genomes present ipldrg cells; plastidial (cpDNA),
mitochondrial (mtDNA) and nuclear one. Nuclear gaeeads diploid and its inheritance is
mendeliana (or biparental), inheriting the DNA frotmoth, mother and father;
mitochondrial genome is haploid, and its inherieans uniparental coming from the
mother; as well as the plastid one, coming mostiynfthe mother's DNA but, in rare

cases as Gymnosperms, from the father.

From the beginning of the phylogeny studies big interest has been put on the
plastid DNA. Animal systematics has always beenetasn the mitochondrial genome
which is relatively small (15-19 kb in most of theimals) and highly conserved making it
perfect for population genetics and taxonomy studide plant mitochondrial genome is
much different from the animal one. Plant genomzoissidered less informative as well as
highly variable in size, structure and gene ordRgcently more and more studies have
been conducted using the mitochondrial DNA sequerasel they have shown that the
high variability under some groups can be a usdfaracteristic for systematics analyses.
In 2010 Qiuet al carried out the angiosperm phylogeny study ieféfrom sequences of
four mitochondrial genes and in conclusion stateast tseveral potential problems of
mitochondrial genes such as heterogeneity ratézdraal DNA transfer and RNA editing
have been somewhat exaggerated and can be effectiealt with selective taxon
sampling and analysis of combined multigene dagaSétey also think that, in order to
understand angiosperm phylogeny (up till now ex&lgneoncentrated to chloroplast DNA

analyses), it is essential to develop its independpotheses using information from
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mitochondrial and nuclear genes. The proof of uses of mtDNA sequences can be
found in many specialized phylogenetic studieshasane of the Begoniaceae phylogeny
(Goodall-Copestaket al. 2010) where the number of parsimony informatiessin the

mitochondrial sequence was higher even though ¢geiesice was shorter and the total
number of variable cites was lower. The articleestahat there have been found the
conflicts between the chloroplast and mitochonddiatlograms but they only suggest that

additional evolutionary important processes mag hlve occurred.

In plant phylogeny ribosomal DNA (nrDNA) is the staised part of the nuclear
DNA. The major ribosomal RNA genes of plants arealzed in clusters of highly
repeated sequences, each repeat consisting of meguéor the 18S, 5.8S, and 28S
ribosomal subunits (figure 1.9). These genes shtle kequence divergence between
closely related species. Within each repeat, tleeseserved regions are separated by
internal transcribed spacei3 $), which show higher rates of divergence. The desdign
for the spacer between the 18S and 5.8S gend3 $’; the designation for the spacer
between the 5.8S and 28S geneslisS2. A third spacer, the large intergenic spacer
(IGS), is found between the 3’ end of the 28S d&dX beginning of the 18S genes. Both
internal transcribed spacer region$S1 andITS2 of 18S-28S nuclear ribosomal DNA
(nrDNA) were proved as a useful source of charadi@r phylogenetic studies at various
taxonomic levels in many angiosperm families (Baidet al. 1992).
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Figure 1.9. Nuclear ribosomal RNA gene cluster.

Chloroplast DNA sequences are the most studiedermmmended till now (figure
1.10). Early in the plant molecular systematicgdnis chloroplast DNA (cpDNA) was
surveyed through restriction site polymorphism gsdOIlmstead & Palmer 1994) and it
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continued to be the most used DNA in all the teghes that followed. The chloroplast
genome varies little in size (135-160 kb), struetand gene content among angiosperms.
The rbcL gene, which codes for the large subunit of rikeld,5-bisphosphate
carboxylase/oxygenase (RuBisCO or RuBPCase), appedre the first chloroplast gene
of choice for phylogenetic studies (Ritland & Cle@§87, Zurawski & Clegg 1987,
Doebleyet al. 1990, Kimet al. 1992, Rettiget al 1992, Chaset al. 1993). Other coding
regions that have been explored from that time aditF (Olmstead & Sweere 1994,
Olmstead & Reeves 1995, Clagkal 1995, Kim & Jansen 1995{pB (Hootet al 1995,
Jenseret al 1995, Wolf 1997)matK (Johnson & Soltis 1994, Gat al 2002) andpoC1l
(Downie et al. 2000, Samigulliret al. 1999). Since these regions are coding a particula
genes their variability cannot be especially hitjerefore they are often more informative
for the taxonomy at the family and higher levelfieTnoncoding regions started to be
studied for systematics of the lower taxonomic lev&he noncoding regions commonly
used in phylogeny areatpB-rbcL (Golenberget al 1993, Ehrendorfeet al 1994),
psbl-5'trnK (Downieet al 2008),rpS16(Oxelmanet al 1997, Andersson & Rova 1999,
Bakeret al 2000, Andersson & Chase 2001, Lee & Hymowitz 306416 (Kelchner &
Clark 1997, Butterworth 2002, Zhang 2000hH-psbA (Aldrich et al. 1988, Sangpt al
1997, Azumaet al 1999, Pancet al 2012), rpoB-trnC°“* (Ohsako & Ohnishi 2000),
trnS-trnG (Xu et al. 2000, Olson 2002, Gaskin & Schaal 20a8)P°VC-trnT°®Y (Friesen

et al 2000, Luet al 2001),trnT-trnL-trnL-trnF (trnL intron and intergenic spacersiT-
trnL andtrnL-trnF) (Taberletet al. 1991) trnC®““ycf6-psbM-trn¥“C (Lee & Wen 2004).

Black Pine ol Figure 1.10. Chloroplast DNA of the Black
(Pinus thunbergii)

Chloroplast DNA e - Pine. (the figure is taken from the online
119 707 bp R )
article Powell et al. 1995).
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Most of the analyses recently conducted tend ¢tude more markers possible in
order to get more confirmations on their assumptiime combinations are various and
there is no rule about better region. The informigtiof the markers varies from genus to
genus and it is often necessary to test numeroukensato find the most informative one.
Observing great number of phylogeny analyses thezestill some trends to notice about
the marker combinations researchers use. Kafital in 1998 analyzed phylogeny of
Dipterocarpaceae using the nucleotide sequencesatk trnL intron, andtrnL-trnF.
Asmussen & Chase in 2001 studied palm systemaitig tserpsl16 andtrnL-F segences.
In 2002 Bayeret al usedtrnL intron, trnL-trnF, matK and ETS for resolving the
phylogeny of Australian Gnaphalieae (Asteraceaegrudet al (2002) tried to resolve
the phylogeny of Caryophyllales with the nucleaBI®NA and plastidbcL, atpB, and
matK DNA sequences; while Mast & Guivnish (2002) stddl@ogeography under the
family Proteaceae usingnL intron, trnL-trnF, rp116 intron, psbA-trnH and trnT-trnL
spacers. In 2003 Samuet al analyzed phylogenetic relationships among specfes
Hypochaeris (Asteraceae, Cichorieae) usin@S trnL intron, trnL-trnF and matK
sequences; Vinnersten & Reeves studied the phyilogepports within Colchicaceae with
rpsl6, atpB-rbcL and trnL-F sequences; and Milleet al analyzed phylogeny of
Mimosoideae usingrnK, matK, psbA-trnH andtrnL-trnF sequences. More recently, in
2012, there is a great variety in markers beingl dse phylogenetic analyses; Chemisquy
& Morrone studied the molecular phylogeny of Gaxil€hloraeinae: Orchidaceae) using
therpoC1l, matK-trnK andatpB-rbcL plastid markers and the nuclear marké€g Chenet
al. analyzed phylogeny and biogeography of Alismaaceith nuclearlTS chloroplast:
psbA rbcL, matK rpoB, rpoCl, trnK 5' andtrnK 3', and mitochondriacob and atpl
markers; Wenget al studied the phylogeny, rate variation, and gensine evolution of
Pelargonium (Geraniaceae) with plasticbcl, matK ndhF, rpoCl, trnL-trnF) and
mitochondrial fad9 genes; Liet al analyzed molecular phylogeny fitus sectionFicus
obtaining the trnH-psbA, psbK-psbl andatpF-atpH sequences. Based on these studies

conclusions to be taken are:
- more markers are being used in a single study and

- mitochondrial sequences are being more often.used
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Despite the great variability of the regions usedtudies it is still possible to make
certain conclusions about the best regions to mgha study. Several noncoding cpDNA
regions, such as the commonly employed -trnL-trnF andtrnK-matK, are identified to
consistently provide greater levels of sequencétiran compared to other regions that
consistently yield low levels of variation (Shawal 2007) Heider & Wilkinson (2010)
generated 84 new universal primers in order to ttest variability and showed that the
most variable werapl23&rpl2.1, 16S, 23S, 4.5S&5%etB&D, rpl2, rpoC1 andtrnK. In
2012 Donget al scanned the entire chloroplast genomes of 12rgemee again searching
for highly variable regions. The order of the regidrom the most to the less variable was
following: ycfl-a trnK (including matk), rpl32-trnL, trnH-psbA trnS’®AtrnGYcC,
petApsbd rps16-trnQ ndhC-trnV, ycfl-h ndhF, rpoB-trnC, psbE-petlandrbcL-accD
Another consideration to take when choosing thengrs for a study is the number of
studies in which this region has been used tillvknRegularly analyzed regions are rich
with the sequences in the DNA banks, which givesdpportunity to confirm or test the
result obtained. Eventually the sequences fromON&A bank could be included in the
study in order to enrich the analysis and arrivestmnger supported result. DNA
barcoding is a molecular tool the most dependerthergood and reliable database. As the
number of DNA barcode sequences increases, datamege becomes more complicated
and the need of a comprehensive database riseslbsAw often this technique analyses
the same regions of chloroplast DNA, its banks @datdbases can be used as a complement
to biosystematics, biodiversity, phylogenetic andhylpgeography reconstructions
(Hajibabaeiet al. 2007). The global DNA database used mostly aintbenent is the one
located at the National Center for Biotechnology fotmation  site;

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

Chloroplast and nuclear DNA markers used in thiglgtare the most used and
recommended ones therefore it was expected that slequences will be also well

represented in the NCBI GenBank.

The trnH®Y®-psbA intergenic spacer region was first described bsirigh et al
(1988) who showed that indels were prevalent ia thgion, even between closely related
species from the Fabaceae and Solanaceae familgadAwy study that showed this region
to be of value to systematics is performed by Saingl (1997) who noted that it was

highly variable compared tmatK andtrnL-trnF. Many studies followed this example and

40



Introduction

used the region for studying closely related geremd species (Azumat al 1999,
Chandleret al. 2001, Fukudat al 2003, Milleret al. 2003, Tate & Simpson 2003), or also
for intra specific investigations (Holdregger & Altb2003). Although studies have shown
thattrnH-psbAcontains a very high percentage of variable chara¢Azumeaet al 2001,
Pireddaet al. 2011) this spacer is usually coupled with othegions because it is
comparatively short and may not yield enough characwith which to build a well-
resolved phylogeny. The average lengthiroH-psbAis 465 bp, and it ranges from 198 to
1077 bp (Shaw 2007). The region sometimes consawusral poly A/T structures that can
cause problems in sequencing. Among more distael#iyed taxa, this indel prone middle
region may generate a relatively high amount of dylasy due to apparent indel “hot

spots” with numerous, repeating, and overlappimdgis.

The matK gene region is located within an intron of theocbplasttrnK gene,
(psbA39%trnK"YY-[matK]-59trnK""Y). Several studies have used the eritit&-matK-trnK
region (Johnson & Soltis 1994, Hardigal 2000, Miller & Bayer 2001), while most have
carved out various portions of this 2600 bp longior. Only the matK region is
approximately 1500 bp long but the part that isngeiisually sequenced in the studies
varies due to big number of the primers used. Mia&K region is usually being used for
the studies below family level (Kiret al 2007, Kajitaet al 1998, Bayeret al. 2002,
Cuénoucet al 2002, Geet al 2002, Samuett al. 2003) but it has also been suggested as
an effective tool for higher levels (Hilu & Liang927, Hilu et al 2003). The biggest
problem with this region is the absence of the ersal primers, due to the variability of
the gene across broad phylogenetic lineages. Qftenific primers have to be made for
the studied group (Wangt al 1999, Hardiget al 2000, Miller & Bayer 2001, Moret al
2001, Pridgeoret al 2001, Bayeet al 2002, Hiluet al 2003), which make the usage of

this region relatively expensive.

The first study to use thenS*c“-trnG"Y“ region was the study of population
dynamics within tropical tree species in Corythaph@_ecythidaceae) and subsequently
published the primers along with the suggested iéicgilon protocol. Xuet al. (2000)
designed nearly the same primers for this spacarde in Glycine (Fabaceae). Subsequent
studies have shown this region to be highly vaegllu et al2000, Olson 2002, Sakat
al. 2003, Olson 2002, Perret al 2003). ThernS-trnG spacer is in average 763 bp long
and ranges from 619 to 1035 bp. Sometimes, agisabe in Taxodium, this poly-A/T run
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is over 30 bp and prohibits sequencing from thegation (Shawet al 2007). Because of
independent structural rearrangements in both naeo(Hiratsukaet al. 1989) and
Asteraceae, excluding Barnadesieae (Jansen & Pdlagf), thetrnS-trnG spacer does

not exist in these taxa.

ChloroplasttrnS—trnQintergenic spacer is located in the large singleycregion of
the plastid genome, between trnS and trnQ genesfirgh primers designed in this region
were the ones of Kanno (2004) made for analsyfewf Quercus species in Japan. In this
study trnQ-trnS was the only variable region between the followitignDT, trnTL,
rpsl4psaBtrnST-1landtrnST. The same primers have been later used in othdreston
the genera Quercus (Zemgal 2011, Liu & Harada unpublished). In 2010 Schirehal
designed the primers for the same region to be osexstudy of genuBaxus This region
was chosen because Habal (2008) found this fragment able to discriminatecag 14
Old World and New World Taxus species. The prinveese designed based on selecting

the most variable region in the spacer (located/éen 225 and 901 bp).

Thetrn T SU-trnLYAtrnL"*trnF* is set in a region comprising three tRNA genes
trnTY®Y, trnLY*, andtrnF®** The noncoding portions of the region include dntithat
interrupts the trnL gene, as well as the intergspiacers betwedmT-trnL andtrnL-trnF,
and these are the parts usually being sequencesl.oOthe first sets of universal PCR
primers for non-coding cpDNA was published by Téddest al (1991). The set consist of
three primer pairs even though sometimes sequewaindpe performed using just the first
and the ultimate of them. Because of the near-usédenature of the primers and their
early publication, these regions have become thst madely used noncoding cpDNA
sequences in plant systematics. Already in DeceribéB, Web of Science listed 579
citations of the Taberlett al. (1991) paper. Slight problems seemed to have shbe
trnT primer (Taberleet al 1991, primer “A”) so Cronret al. (2002) designed a new one
that has been in use since then. Usually thesemnregire employed in studies of closely
related species or genera, but a recent study bycBet al. (2003) used the entire region
to evaluate relationships among basal angiospefimsse three regions are sometimes
used all together (Bremet al 2002, Yanget al 2002, Downieet al. 2002, Bremeet al
2002, Demaicet al 2011) or just some parts. When used partiahy-trnL intergenic
spacer (Cronret al 2002, Applequist & Wallace 2002, Fehretr al. 2009) makes the
sequences from 400-1500 bp long and often incluldirge A/T rich regions; trnL intron
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(Gielly & Taberlet 1994, Goldbla#t al. 2002, Mast & Givnish 2002) makes the sequences
250-1400 bp long; anttnL-trnF spacer (Steckt al 2003, Bellstedet al.2001, Gielly &
Taberlet 1994, Sangt al 1997, Mortet al. 2001, Goldblatet al. 2002, Borsclet al 2003,
Fukudaet al 2003, Jobsoet al 2003, Milleret al. 2003, Salazaet al 2003, Simpsowet

al. 2003, Bellstedet al. 2001) produces the sequences 100-500 bp long.

When studying the nuclear genome, the internalstiabed spaced{S1andITS2
sequences of 18S5-28S nrDNA are the ones most colymmed to assess plant
phylogenetic relationships. For the first time thegion was used in a phylogenetic study
already in 1992 (Baldwin) and 1993 (Baldwin) andcsi then it has been in continuous
use. Alvarez & Wendel stated in 2003 that from p#glogenetic publications during the
last five years in several of the most prominentesyatics and evolution journals, two-
thirds (66%) involving comparisons at the genuslew below includedTS sequence
data. Another even more striking fact they discedds that more than one third (34%) of
all published phylogenetic hypothesis have beeedasclusively onTS sequences. This
region has been successfully used for obtainingdgasults at the intergeneric level
(Baldwin 1992, Sufet al 1993, Martinez-Azorin 2011, Indet al 2012, Wheeleet al
2013) as well as on the intrageneric level (Baldd893, Ritlandet al 1993, Kim &
Jansen 1994, Giellgt al 1996, Ocampo & Columbus 2012, 8ual 2012). The length of
the amplified fragment includinff S1, ITS2,and 5.8S rDNA, is typically less than 700
nucleotides (longer in gymnosperms). As being higlanservative region a set of primers
designed in 1990 by Whitt al was useful for amplifyindgTS sequences from most plant
and fungal phyla. Exactly this universality has rbesometimes recorded as a defect
because the high universality of the amplificatiormprs commonly used increase the
possibility of contamination of the reaction codkiaith tissue from diferent plants (or
even a fungus). Other problems occurringf&based phylogeny studies are caused by the
fact that 185-5.85-28S repeats exist in hundredsoiasands of copies at one or more
than one chromosomal location. Since the arrayssarenany and often evolutionarily
labile it is theoretically possible to find the éwed arrays inside the same organism. Some
of them could be so different that they are notnefumctional any more, but instead have
degenerate into pseudogenes. This could causes emdr misinterpretations of the results
so Alvarez & Wendel (2003) consider necessary th&tstops being routinely utilized
region, substituting it by several or more diffdresingle-copy nuclear loci. While in
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angiosperm$TS1andITS2are usually being used togethdrS1in gymnosperms is very
long (due to long repeating part) so it usuallydmes hard for sequencing. This is why
alternative primers should be used when studyingrmpsperms. In this study | used the
primer designed in my laboratory by Simeone (unighled) and it is covering last part of
the ITS1spacer (last cca 30 bp), spreads over the wh8 BNA and almost the whole
ITS2spacer.

1.3.3. Molecular phylogenetics

Computational phylogenetics is the application @hputational algorithms, methods
and programs on the phylogenetic analyses. Recmtisty the phylogeny from the DNA
sequences is not as straightforward as one migb¢,hend it is rarely possible to verify
that one has arrived at the “true” conclusion (Mamdce 2009). The goal of all the
phylogeny reconstructions is to assemble a phylegeriree or phylogenetic network
representing a hypothesis about the evolutionacesiry of a set of genes, species, or

other taxa.

Each phylogenetic analysis starts with sequenadgamént from homologus regions
(regions that come from a common ancestor). Theddithe multialignment is to find the
real positional homology of residues, thereforeatoange the sequences so that the
homologues bases are aligned together “as muchssibpe” (Higgis & Lemely 2009). In
this way we can infer evolutionary relationshipswesen the sequences. Very short or very
similar sequences can be aligned by hand but thiglgm occurs with the long sequences
with many differences. During evolution events ofeartions or deletions occur, in
different frequency, especially in non-coding regioThese gaps are highly problematic in
multialignment because they often make impossibleet sure of real positional homplogy
in columns. There are numerous software aides faltipte alignments which tend to
arrange the sequences in order to be as similppossble in a same time allowing fewer
gaps possible. Some of the most common algorithras perform a reliable multiple
alignment are MAFFT (Katobkt al 2002), MUSCLE (Edgar 2004), T-Coffee (Notredame
et al 2000), ClustalwW (Thompsaet al 1994) etc.

After multialignment, phylogenetic tree or netwodan be made using several
methods. The methods can be divided based on tiaetloey use (discrete character or
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distance matrix) or according to the algorithmigmach of the method, on clustering

algorithm methods and optimality criterion methods.

Distance matrix methods start by calculating theasnee of dissimilarity between the

sequences in order to produce a pairwise distartrixnalhese distances are then
reconciled to produce a tree (a phylogram, witlerimiative branch lengths). The simplest
way to measure the divergence between two stranttsdount the number of sites where
they differ. This method is called the p-distancal,aeven though, is a very intuitive,
suffers from a strong underestimation of the resalt the multiple substitutions on the
same site don’t get recorded B&G—>C = A>C), especially the ones that lead to the
original value (A>G—>A = A). Therefore distance-based methods tend tayageveral
evolutionary models which will try to estimate theal number of the substitutions that
occurred. A big number of evolutionary models haeen proposed differing in terms of
the parameters used to describe the rates at winiemucleotide replaces another during
evolution (De Peer 2009). The use of a particulasligionary model may change the
outcome of the phylogenetic analysis thereforassieal model selection has become an
essential step for the estimation of phylogeniesnfDNA sequence alignments (Posada
2008). One of the newest programs able to perftwnstatistical selection of models of
nucleotide substitution is jModelTest, suggestimg best model for a dataset. The simplest
model is JC69 model (Jukes & Cantor 1969) whiclumes the equal bases frequencies
and equal mutation rates. The only parameter «f thodel, therefore, is the overall
substitution rate. Calculating more parametersamsidering the differences between the
bases frequencies and occurrence are other, mongl@o models as: K80 model (Kimura
1980), F81 model (Felsenstein 1981), T92 model (iram992), TN93 model (Tamura &
Nei 1993) etc. After deciding the evolutionary mipdkere is still a method that can be
chosen based on the data that are being analyzed.

Clustering methods

UPGMA (Unweighted Pair Group Method with Arithmetioean) is the oldest and
simplest method in which clustering is done by deiag for the smallest value in the
pairwise distance matrix and the same processing lbepeated till all the characters in the
matrix are calculated. This way the process oftehirsy assumes that the evolution rate is
the same in all branches which does not have nagessbe the case. Minimum evolution

method is trying to construct the tree with therggsi sum of branch lengths (minimizes
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the length of the tree) and thus minimizes thd &r@ount of evolution assumed. Neighbor
Joining (NJ) method is often similar in a result the method is different. It is the most
commonly used method for constructing the distanees. This method constructs a tree
by sequentially finding pairs of the neighbors, ethiare the pairs of the sequences
connected by a single node. The NJ algorithm skgrisssuming a star-like tree that has no
internal branches; in the first round finds all #imilar to make the first node etc. Even
though it usually brings to very logical tree tleesiz critic of this method is the lack of any
sort of optimality criterion, and so there is narantee that the recovered tree is the one
that best fits the data. Fitch-Margoliash methodnsther distance-matrix method which,
contrary to all the others, produces more trees evaduates them to find the one that
minimizes the differences between the pairwise gendistances and the distances
represented by the sum of branch length for eactoptaxa in the tree.

In order to confirm the results from any of the huoets there is always bootstrap consensus
tree with thebootstrap valuesshowed on the tree. This means that the samesimlgs
been run many times, bringing big number of phytmiie trees. From these trees the one
(consensus tree) has been showed demonstratimgrimtany cases each bifurcation has
been supported (the value showed is the bootstitaig)a simple and efficient way to test
the relative stability of groups within a phylogéndree.

Character-state methods

Character-state methods can use any set of disahsgacters (morphological,
physiological, sequence data). After the sequein@® been aligned every sequence
position is considered the “character” and evergleuntide at that position is “state”.
Character-state methods are: Maximum parsimony (MWRximum likelihood (ML) and
Bayesian inference. All of these methods obtain rimilts optimizing search criterion,
therefore they all obtain many possible trees fawhich they choose the most probable

one.

* The basic idea of the maximum parsimony methodeskiag to minimize the
amount of evolutionary changes. The approach ofimiang the evolutionary
changes is often considered a right approach ewaugh it is not totally correct
regarding the evolution. MP is often characterizesd implicitly adopting the
philosophical position that evolutionary change rewe, or that homoplasy
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(convergence and reversal) is minimal in evolutrdmch is not always the case.
The problem from which this method is sufferingliso the so-called “long-branch

attraction” occurring as there is no way to correctmultiple hits (MP assumes

that a common character is inherited directly francommon ancestor and thus
underestimates the real divergence between digtegitited taxa). Trees obtained
in the analyses are scored (evaluated) by usingnples algorithm to determine

how many "steps" (evolutionary transitions) areuresfl to explain the distribution

of each character. A step is, in essence, a ch&aoge one character state to
another; although with ordered characters somesitrans require more than one
step. There are a number of methods for summarthi@gelationships within this

set, including consensus trees, which show comnetationships among all the

taxa, and pruned agreement subtrees, which shownoarstructure by temporarily

pruning "wildcard" taxa from every tree until thewll agree. Reduced

consensus tree takes this one step further, byisjail subtrees (and therefore all
relationships) supported by the input trees.

Maximum likelihood is similar to the MP in that #gxamines different tree

topologies and evaluates the relative support bynsumg over all sequence

positions. ML algorithm searches for the tree timgtximizes the probability of

observing the character states, given a tree tggadod a model of evolution. It is

a parametric statistical method, in that it emplaysexplicit model of character

evolution. Likelihood is generally regarded as arenaesirable method than
parsimony, in that it is statistically consistehis a better statistical foundation,
and it allows complex modeling of evolutionary pgeses. A major drawback is
that ML is still quite slow relative to parsimonyethods, sometimes requiring days
to run large datasets.

Bayesian inference is a method whose goal is tonatt the distribution of a

quantity called the posterior probability of a phygnetic tree. The posterior
probability of a result is the conditional probdlyilof the result being observed,
computed after seeing a given input dataset. Irerotd estimate the posterior
distribution probability (which would elsewhere imepossible to commute due to
the enormous number of the tree topologies) Madtwin Monte Carlo sampling,

MCMC, is being used. These algorithms have the gntgpthat they converge

towards an equilibrium state regardless the ing@ht. The algorithm used in for
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such analyses is Metropolis Coupling able to artovéhe stabile state in relatively
short time. The main attraction of Bayesian infeeeis that it produces distribution
of phylogenetic trees rather than a point estimatanany cases using less time
than a maximum likelihood analysis followed by atstrap analysis (Husaet al
2010).

Alternative to the phylogenetic trees provide plggoetic networks which may be
more suitable for datasets whose evolution invelgaificant amounts of reticulate events
caused by hybridization. A phylogenetic network aasy graph used to represents
evolutionary relationships between a set of taxa dbels some of its nodes. Between the
several types of networks (split network, reticubog, hybridization networks,
recombination networks, DLT networks) the most camms the haplotype network. It is
an unrooted phylogenetic network in which the na@gsesent different haplotypes within
a group of (usually very closely related) samplEse edges are usually labeled by the
position at which the joined haplotypes differ. Td@nstruction of the haplotype network
starts with the aligned sequences and is obtaiset unedian-joining or reduced median
algorithms. Median-joining algorithm constructs mfiormative subnetwork of the full
quasi-median network, guided by the minimum spampmatwork, thus overcoming the
drawbacks of both approaches. The median-joininthatkis best suited for very closely
sequences that have evolved without recombinatiohi@widely used in phylogeography
and population studies. In reduced median algoridime attempts to simplify the network
by postulating appropriate parallel mutation evéHiissonet al 2010).

As a conclusion it should be said that all the mmdghdemonstrated have their pros and
cons. All of them are valuable to consider and éyen though they sometimes lead to
slightly different results. While distance matrixethods have to convert the data to the
matrix, character-state methods use the sequeriae @aaracter-state methods therefore
deal with the original data without transformingetthh and, in that way, are conserving
more information about the sequences. Another rdiffee is between the parametric
(Maximum likelihood, Bayesian inference, Neighbooinjng) and non-parametric
(Maximum parsimony) statistical methods. It is gaflg considered that parametric
methods provide better results as they give widage of the possibilities to personalize
each dataset, but this is true only if the modetdusn analysis is a reasonable

approximation of the processes that produced tkee tany critics for example said that
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evolution is a process too complicated to be erplhiby a model. Other say that this
premise doesn’t necessary mean that a good modelotebe made. Using more

complicated methods requires more sophisticatethfoionatics means which becomes
more time consuming and that is another aspecthndonetimes needs to be considered.
Haplotype networks are able to demonstrate sméfiérdnces between the sequences
(which no phylogenetic tree is able to generatel) thars is why it is a priceless instrument

for low variable datasets.
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2. OBJECTIVES AND SCOPE OF THE STUDY

In this thesis, four Mediterranean species/spemesplexes (European Black Pine,
Aleppo Pine, European Nettle Tree dndla verbascifoliagroup) were selected to explore
their evolutionary relationships. Apart from beirmpdemic and subendemic in the
Mediterranean Basin, they are interesting due teir thlisjunct distribution in the
heterogeneous landscape of the Mediterranean pdasnsislands and mountains. In
addition, taxonomy of the selected taxa is stilfasolved and their systematic issues are
ongoing debate (their subspecies, closely relatgelcies or disjunct populations).
Systematics based on morphology has been widetijestitand generally resolved for all
the studied species. Various biochemical markeve ladso been applied to some of the
species (European Black Pine), as well as the satetlites analyses (European Black
Pine and Aleppo Pine). Regardless of the studiesedaout so far, a comprehensive
molecular systematics has not been achieved yses&sg coherent taxonomic rankings
and confirming current systematics with moleculdnylpgenetics is a necessary
prerequisite towards more advanced studies commgermphylogeography, species

conservation and activities aimed at habitat resimm.
The aim of this study was:

1. to provide new insights about systematics anglogieography of the

studied species

In order to assess the comparative genetic vaniaifothe selected taxa chloroplast and
nuclear sequences, from the various DNA regiongsgwsed. Combination of this two
kinds of genetic information (molecular and nuc)eiar especially informative for the
phylogeny studies. Studied regions, usually usedobath, phylogenetic and barcoding
studies, come from relatively conserved DNA regi¢imsth coding and non-coding ones
were used), but usually contain a satisfactory tjtyanf substituted sites and therefore

have a good capacity of underlining evolutionaritgras of investigated taxa.

2. to evaluate different types of DNA markers anffecent phylogenetic
methods for their applicability and usefulnessaxanomic research

Important side result in the most of the phylogenstudies is the evaluation of the studied

DNA regions (their applicability and informativity)'hereby, many DNA markers were
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tested to test their applicability on the reseastihese taxa and to provide an objective
judgment about the chosen DNA regions as suitalaldens. Computational analyses were
carried out with the same comparative approach.tMdsthe available methods for
obtaining phylogenetic trees (Neibourgh joining, Xitaum likelihood and Bayesian
inference) were tested, as well as use of the geyletic networks. All of these methods
were compared in order to present a comprehensig® wf the possibilities that

phylogenetic studies offer at the moment.

3. to assess the comparative genetic variationoaf Mediterranean taxa

differing in their ecology, biology, life-historydits and distribution

Mediterranean area is a place of great number adivgrsity hot-spots as well as, still

undiscovered, refugia. Any genetic variation indide species could be a sign of isolation
of a population and therefore can present a precsource of the genetic material of the
species. Finally, genetic variation pattern conaatdoetween different taxa can assess

valuable information about the past events occgiinrthe Mediterranean Basin.
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3. MATERIAL AND METHODS

3.1. Sampling

The samples for this study needed to be taken thematural populations around
whole distribution areal of the species. Aleppoepand European Nettle Tree samples
were taken randomly around its areal and no pdaticaubspecies or varieties were
searched. The European Black Pine samples were tlneen the previously selected
points where particular populations or subspeciesewegistered by other authohsula
verbascifoliagroup has the wide distribution with the centrehesd distribution in Greece.
In this study, for the distance and bad conversaridée territory, it wasn’t possible to
collect all the samples from the studied group Hredstudy was restricted on thaula
verbascifoliasubsp.verbascifoliagroup whose distribution is exclusively around iatic

and lonic Sea, and the samples were randomly tetleround the subspecies areal.

For this type of study it is important that eacimpée get collected in its natural
habitat and that the plant from which the sampléasg taken grows naturally on the
sampling site. Since some of the studied species been of the human interest during the
whole human history this is often a difficult pahh. order to be sure in origin of the
sampled plant often, apart from studying variotesditures, suggestions of the local people
are much appreciated.

Distribution and samples’ information of Aleppo Pispecimens are demostrated in
the figure 3.1 and table 3.1. Aleppo pine is a panfast growing species so finding the
natural growing samples wasn'’t particularly haidufe 3.1). The samples were taken in
the mixed forest formations such &xerco ilicisPinetum halepensisoisel 1971 (ltaly —
Umbria; Croatia — National Park (NP) Paklenica, &nGreece — Corfu, Crete; France —
Carcassonne) or on the rocky beaches, another ptdky used for plantation(Croatia —
Hvar; Greece — Itea; Italy — Taranto, Pestici, @aglisrael — Jerusalem). The particular
cases were the samples around Pescara which asel@@d a core-population for all the
central Italian populations. The samples were ctdl® under the advice of Professor
Giovanni Damiani, professor at University of Tusomginating from Pescara and a big
authority of the zone. The samples were takenenctty park “Riserva naturale regionale

pineta Dannunziana” were Aleppo pine samples haweenthan 500 years (Schirone,
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unpublished) and on the hills around Pescara weile kmown populations based on all

information should be natural.

Pinus halepensis
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Figure 3.1. Distribution of Aleppo Pine (in bluendcollected samples (red circles).
SAMPLE  CODE
SPECIES COUNTRY LOCATION COLLECTOR DATE AT *“Banca del
DNA Forestale”
P. halepensis Croatia NP Paklenica T. Kirin 5.6.2011. 125.01.(R/H
P. halepensis Croatia Lwisée (Hvar) T. Kirin 28.8.2011 125.01.02/HR
P. halepensis Croatia Omis§ T. Kirin 30.8.2011 125.01.03/HR
P. halepensis Greece Corfu L. Armenise 2010 125.01.04/GR
P. halepensis Greece Crete, Knossos archeologicL. Armenise 2010 125.01.03/GR
site
P. halepensis Greece Itea T. Kirin 13.5.2011. 125.01.06/GR
P. halepensis Greece Thessaloniki (NAGREF) F. Vassela 24.3.2011 | 125.01.01/GR.THE
P. halepensis Greece Agia Anna (Evia North) A. Laiou 16.8.2012 | 125.02.01/GR
P. halepensis Italy, Apulia Principessa (Castellaneta) L. Armenise 2010 125.01.01/IT.TA.00
Taranto 3
P. halepensis Italy, Sardegna| Cagliari, Monte Urpinu L. Armenise 2010 125.01.01/IT.CA.00
0
P. halepensis Italy, Umbria | Collestatte, Municipality Of| L. Armenise 2010 125.01.01/IT.TR.00
Terni 0
P. halepensis Italy, Umbria Pineta Di Arrone L. Armenise 2010 125.01.08/IT.TR.00
5
P. halepensis Italy, Umbria Monzano, Municipality Of| L. Armenise 2010 125.01.01/IT.TR.01
Montefranco 9
P. halepensis Italy, Apulia Pestici, by road T. Kirin 07.08.2011. | 125.01.09/IT.APU
P. halepensis Italy, Abruzzo | Pescara, Riserva Naturald. Kirin 28.5.2012. 125.01.10/IT.ABR.
Regionale Pineta Dannunziana PE.001
P. halepensis Italy, Abruzzo | Pescara, San Giovanni Teatind. Kirin 28.5.2012. 125.01.11/IT.ABR.
CH,Via Valle Lunga PE.001
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P. halepensis Italy, Abruzzo | Pescara, CONFINE  SanT. Kirin 28.5.201 2. 125.01.12/IT.ABR.
Giovanni Teatino CH H PE.O01
Pescara, Versante Sud Di San
Giovanni Teatino
P. halepensis Italy, Abruzzo | Pescara, Montesilvano PET. Kirin 28.5.2012. 125.01.13/IT.ABR.
Strada Provinciale Palmirp PE.O01
Togliatti
P. halepensis Spain, Ciutadella T. Kirin 27.4.2011. 125.01.01/SPAM
Minorca N
P. halepensis Israel Tabor, Nazareth M.C. Simeone 2010 125.01.02/IL
P. halepensis France Carcassonne A. Salis 15.7.2012 125.01.01/FRA.CA
R

Table 3.1. Samples of Aleppo Pine used in the study

European Black Pine is a species widely used wresfation so sampling the trees
from naturally growing populations was more difficand requested more information.
Samples distribution and additional information dmmonstrated in figure 3.2 and table
3.2. Naturally growing samples #finus nigrasubsp.nigra from the Alps (in Italy and
Slovenia) and from the Dinarides (in Croatia) weot hard to find as the plants are widely
distributed.Pinus nigrasubsp.dalmaticawas collected on the islands of Brand Hvar
(Croatia). This subspecies is well recognizablephologically and has never been planted
therefore there were no difficulties about collegtthe natural and correct samples. More
difficult were the Apennine populations were lotaafnfusion has been brought by long
reforestation periodPinus nigra subsp.laricio from the Apennines was taken in the
Majella Mountain inside the Parco Nazionale dellajéla, with help of Giampiero
Ciaschetti and Luciano Di Martino (Ufficio GestioeeMonitoraggio Biodiversita, Parco
nazionale della Majella), Mario Pellegrini (DirettoRiserva Naturale Regionale "Abetina
di Rosello"), Aurelio D'Urbano (Soccorso Alpino Estale), Tommaso De Arcangelis Del
Forno (Coordinamento Territoriale Ambiente del BaNazionale della Majella), Luciano
Schiazza (Ufficio Territoriale Biodiversita, CFS deara), Giuseppe D'Ascanio
(Coordinamento Territoriale Ambiente del Parco Naale della Majella) and Valerio
Frattura (student at University of Tuscia). Thelpem in finding the natural population in
this zone wasn’t only finding the naturally growred but, due to the many reforested
populations around, avoid the genetic pollutiors@as that the seed of the sampled tree
did not arrive from the artificially made populatio To assure the naturallity of the
samples the plants were collected in hardly asbesstiffs of Cima della stretta, where
the age of the samples was estimated for more 2@nyears, therefore before any
reforestation activity known. The similar strateggs used also for collecting the samples
from the Pinus nigra subsp.laricio in Calabria. Here the samples were taken on the
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Aspromonte, reportedly the least reforested moantaCalabria, close to the Cascate dell’

Amendolea, accompanied by doc. Francesco Scarfd fPforestry and good connoisseur

of the zonePinus nigrasubsplaricio in Corsica is more widely dispersed and reportedly

natural populations are not difficult to find thkme the samples were sent by Alain

Delage (Office de I'Environnement de la Corse)eftry specialistPinus nigrasubsp.

pallasianahas been sent from the samples of the botanicdegaof Bonn (Botanische

Garten der Universitat Bonn) from the tree whossdsavere growing in nature on Krimea
(C. Niehues, Turkey, 39°27'10", 29°41'32"”, 1100m)
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Figure 3.2. Distribution of European Black Pine (ue) and collected samples (red
circles).

SAMPLE
CODE AT
SPECIES| SUBSPECIES COUNTRY LOCATION COLLECTOR DATE “Banca  del
DNA
Forestale”
. . . Brac, Bol - Supetar . 129.01.01/HR
P. nigra dalmatica Croatia street B. Schirone 2009 ‘DAL
P. nigra dalmatica Croatia Hvar T. Kirin 20.08.2010 1§gl'_ol'OZIHR
P. nigra nigra Croatia Omis T. Kirin 30.8.2011. 1|\2“9601'01/HR
P. nigra nigra Croatia NP Paklenica T. Kirin 5.6.2011. 1§|9(‘J.01.02/HR
P. nigra nigra Croatia Ledenice T. Kirin 7.1.2012. 15%01'03/HR
P. nigra nigra Greece Vardousia A. Laiou 28.5.2011 éZ\S;.AOé..OllGR
. . Italy, - . 129.01.01/IT.
P. nigra nigra Abruzzo Civita Alfedena C. Gentile AQ.035
. . . 129.01.01/IT.
P. nigra nigra Italy, F.V.G. Lusevera (UD) G. Pupulin UD.051
. . . . . 129.01.01/SL
P. nigra nigra Slovenia Postojna T. Kirin 4.9.2011. 0.POS
P. nigra laricio Italy, Calabria| Aspromonte T. Kirin, F. Scrafo 03.2012. iz,fs(l):}(?]_l/(:A
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P. nigra laricio Italy, Calabria| Aspromonte T. Kirin, F. Scrafo 03.2012. izss?:,lgzl/CA
P niara laricio ltaly. Calabria Serra San bruno (Vibg Serre Natural Regional 129.01/IT.VVW
-9 Y, Valentia) Park .037
. . Italy, Majella, Fara San T.Kirin, 129.01.01/AB
P.nigra nigra Abruzzo Martino M. Pellegrini 23.11.2012. R.MAJ.01
Corsica, Vallée de la
P. nigra laricio France Restonica, Comune de A. Delage 18.06.2012 129.01.01/FR
Corte A.CORS
P niara allassiana Ukraine Crimea, 39°27'10", Botanical Garden o 129.01.01/UK
-9 P 29°41'32” Bonn R.PAL

Table 3.2. Samples of European Black Pine usedeirstudy.

European Nettle Tree has wider distribution theavimusly discussed species
therefore collection of the samples from the whereal became impossible. The samples
collected in this study are all surrounding AdidaBea (figure 3.3, table 3.3) but we
intentionally decided to remain in this area as & of the study was to discuss the
genetic differences between European nettle tr€eltis australis— and other two closely
related specie€eltis tourniforti from the Adriatic coast an@eltis aethnensi$rom the
Etna. All the European Nettle Tree samples werkeciad in their natural habitat except of
the Celtis tourniforti which is recorded only to live in several points the Balkan
peninsula but always close to the inhabited arehCaitis aethnesishat was requested
and sent from the the Botanical Garden Universit$twasbourg where it was cultivated
from the seeds harvested in the wild (ltaly, Sic{Batania, Andrano) and provide to the

botanical garden in 1993 by the Botanical Gardeivéfgity of Catania.

B Celtis australis

QO Ssamples
Celtis tournefortii @ Samples

W Celtis aethnensis Samples

Figure 3@istribution of Celtis species and collected saaspl
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SAMPLE
CODE AT
SPECIES COUNTRY LOCATION COLLECTOR DATE “Banca del
DNA
Forestale”
Celtis australis Croatia Oomis T. Kirin 30.8.2011. 373.01.01/HR
Celtis australis Croatia NP Paklenica T. Kirin 5.6.2011. 373.01.(R/H
. . Abruzzo - San Donato, Val di . 373.01.01/IT.
Celtis australis Italy ) T. Kirin 17.4.2011.
Comino ABR
. . . . . 373.01.02/IT.
Celtis australis Italy Apulia - Manfredonia T. Kirin 9.8.2011. APU
Bot.Gar.
) . o ) ) 373.01.03/IT.S
Celtis aethnensis Italy Sicily - Etna University of c
Strasbourg
Celtis tournifortii Croatia Oomis T. Kirin 30.8.2011. 373.02.01/HR

Table 3.3. Samples of genus Celtis used in the/stud

Samples ofnula verbascifoliasubspverbascifoliawere collected in Croatia, Italy
and Greece. In Croatia ten samples from threerdiftepopulations were taken, In Italy
three samples from one (unique) population andree€e just one sample was taken. One
sample oflnula verbascifoliasubsp.parnassicafrom Greece was taken as an out-group
(figure 3.4, table 3.4).

I.verh VIS

o| 1.verh GARGANO 1-3

o Inula verbascifolia subsp. verbascifolia

O Inula verbascifolia subsp. parnassica

. Samples

Figure 3.4. Natural distribution of I. verbascifalisubsp. verbascifolia and the sampling

strategy.
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No. of SAMPLE CODE
0.0
SPECIES SUBSP. COUNT.. LOCATION COLLECTOR individual DATE AT “Banca del
individuals
DNA Forestale”
Inula 3885.07.01/HR
| verbascifolia | Croazia Paklenica T. Kirin 2 05.06.201(L.
verbascifo-lia 3885.07.02/HR
3885.02.01/HR
3885.02.02/HR
nul 3885.02.03/HR
nula
verbascifolia | Croazia Hvar T. Kirin 7 11.08.201Q. 3885.03.01/HR
verbascifolia
3885.04.01/HR
3885.05.01/HR
3885.06.01/HR
Inula . . . -
| verbascifolia | Croazia Vis T. Kirin 1 18.08.2010. 3885.01.01/HR
verbascifo-lia
nul 3885.01.01/IT
nula
verbascifolia | Italy Gargano M. P. Tomasing 3 15.08.20103885.01.02/IT
verbascifo-lia
3885.02.01/IT
Inula o . August
verbascifolia | Greece Corfu B. Schirone 1 3885.01.01/GR
verbascifo-lia 2009
Inula . .
o parnassica Grecee Itea A. Laiou 1 12.05.2011  3885SP.01.01/GR
verbascifo-lia

Table 3.4. Samples of Inula verbascifolia usedegtudy.

3.2. Conserving the material

After harvesting (leaves, buds or green steamshfi@ant samples should be
conserved in adequate way in order to stop theggs®s of necrosis and degradation of its
structures. For temporary conservation the mateoald be kept in a cold and dry place

but long term conservation is obtained by the pgeaddehydrationor lyophilization.

The samples in this study were conserved in twierdint ways. Plant samples long
around 20 cm were taken for being conserved asaharb materials while a small amount
of the tissue (usually several younger and healthaves or needles) were taken for DNA
extraction. Herbarium samples collected in thelfigere spread flat on sheets of newsprint
and dried. Desiccation is being made by puttingstuples under a plant press between
absorbing sheets which had to be changed everyptwlree days for about ten days. The
specimens were later put on sheets of stiff whapep, labeled with all essential data

(species name, date and place found, collectorranserved in a dry place.
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The material predestined for a DNA extraction wasserved in the silica gel
already in the field. This is the most commonlydisend the most efficient method of
dehydrationof the plantsespecially for the fact that it is easily broughtthe field and
therefore thelehydrationof the tissue starts the moment sample is colledethydrated
silica-gel in being put in a ziplock style, plasbag and brought on the field. Collected
material is put in a bag and closed. After sevdegls the sample is dry and ready for the
DNA extraction. The used silica gel can be reusker alehydrating it in the oven by
heating it to 120°C for two hours. All the samplasrbarium and lyophilized ones, were

conserved in the Banca del DNA Forestale at thedisity of Tuscia.

3.3 DNA extraction

Lyophilized material was grinded to a powder witmartar and pestle in the presence
of a pinch of silica (silicon dioxide, SiO2). Thmdr the grind is the greater will be the
yield of DNA from a given amount of material, s@tprocess needs to be done patiently.
The process of extractions starts from the 20 mthefplant tissue and is being derived

with DNAeasy Plant Mini Kit (Quiagen). The extramtifazes are following six:

1. Celllysis and RNA elimination

PROCEDURE:

Q

Put Buffer AP1 (Lysis buffer, 40 ml) in bain-mafigater bath) at 65°C.

b. Take out RNase A (220) from the freezer

c. Prepare tubes (not supplied), write numbers/namekem

d. Put samples in tubes (around 30 mg)

e. Add few milligrams (2-3) of PVPP (polyvinyl polypyiidone, used for removing
polyphenols)

f. Add 600ul of warmed Buffer AP1 (Lysis buffer, 40 ml)

g. Add 4ul of RNase (used to avoid the RNA contaminatiothef sample)

h. Vortex

i. Putin bain-marie for 30 minutes, each 10 minutasex

2. Precipitation of the detergent, proteins, and pdgharides
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PROCEDURE:

[}

=

Add 200ul of Buffer AP2 (Precipitation buffer, 18 ml)

Vortex

c. Putin freezer for 5 minutes

o

. Centrifuge for 5 minutes at max (14 800 r.p.m.)

3. Filtration of the residual cell tissues

PROCEDURE:

a. Pipet hole liquid part from the old tubes into ek ones. Add also a little of solid

part.

b. Centrifuge for 2 minutes at max (14 800 r.p.m.)

4. Binding of the DNA to a molecular exchange column

PROCEDURE:

a.
b.

a0}

= «Q

Throw away the small tubes inside of the big ones.

Transfer liquid part from the pink tubes to the nawes (without the caps) - Do
not touch the solid part formed on the bottom

Add the quantity 1.5 of volume of Buffer AP3/E (Bing buffer, 3@l
concentrate; before use check if ethanol has beéeed®). e.g.: 50@! of sample
—->750 ul of AP3/E, 600ul of sample=>900 ul of AP3/E, 750ul of sample
>1125ul of AP3/E

Mix by pipetting 10 times, and leave the tips imsaf the tubes

Transfer 68Qul of sample in new white tubes

Centrifuge for 1 minute at 10 000 r.p.m.

Throw the flow-through

Transfer the remaining sample in white tubes

Centrifuge for 1 minute at 10 000 rpm

Throw the flow-through

5. Washing the DNA
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PROCEDURE:

a. Transfer little tubes in big ones in the Kit (Cali®n Tubes, 2 ml)

b. Add 500ul of Buffer AW (Wash buffer, 17 ml concentrate; bef use check if
ethanol has been added!)

c. Centrifuge for 1 minute at 8 000 r.p.m.

d. Throw the flow-through

e. Add 500ul of Buffer AW (Wash buffer, 17 ml concentrate; bef use check if
ethanol has been added!)

f. Centrifuge for 2 minutes at max (14 800 r.p.m.)

6. Eluting the DNA

PROCEDURE:

a. Transfer little tubes in new big ones (not suppliedt the caps

b. Add 75 ul of Buffer AE (Elution buffer, 12 ml) directly othe DNeasy
membrane

c. Incubate for 5 minutes at room temperature

d. Centrifuge for 1 minute at 10 000 r.p.m.

e. Add 75 ul of Buffer AE (Elution buffer, 12 ml) directly onhe DNeasy
membrane

f. Incubate for 5 minutes at room temperature

Centrifuge for 1 minute at 10 000 r.p.m.

Throw the little tubes

> o

Put caps with numbers/names on the tubes
j. Centrifuge for 1o seconds at max (14 800 r.p.m.)

k. Put at -20°C to conserve
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3.4. Amplification of the fragment using the PCRdmiae

The polymerase chain reaction (PCR) is a biochdnechnology used to amplify

a single or a few copies of a part (selected rgg@nDNA, generating thousands to

millions of copies of a particular DNA sequence.

A basic PCR requires following components and retge

DNA template that contains the DNA region (tajdetbe amplified.

Two complementary primers, which start and firtisé amplified region.
Taq polymerase, thermostable enzyme that symtb&sDNA molecules
from their nucleotide building blocks.

Deoxynucleoside triphosphates (ANTPs; nucleotodesaining triphosphate
groups), the building-blocks from which the DNA pwmlerase synthesizes a
new DNA strand.

Buffer solution, providing a suitable chemicalveanment for optimum
activity and stability of the DNA polymerase.

Divalent cations, magnesium or manganese iomergdy Md¢ " is used, but
Mn?* can be utilized for PCR-mediated DNA mutagenessshigher MA*
concentration increases the error rate during Dj#treesis.

Monovalent cation potassium ions.

In order to uniform the procedure, in this studyrRBliag Ready-to-go PCR beads

(Amersham) were used which represent the alreaddpaped mixture of dNTPs,

polymerase, buffer and ions ready to put insidestiraple and use.

PROCEDURE (PREPARATION OF THE SAMPLE):
In the PCR tubes mix:

1. Extra pure waterMilli-Q water), if needed to arrive at quantity qfl Snixture of
water and DNA

2. DNA

Make mix [2,5ul (primer f) *X (number of samples) + 2/8 (primer r) * X (number
of samples) + 1al (H20)* X (number of samples)] in another tube

3. 20ul of the mix
4. PuReTaq Ready-to-go PCR beads

Centrifuge for few seconds
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PCR consists of a series of 20-40 repeated temperathanges, called cycles.
Programs are showed in the tables 1.5 and 1.6h@nddescription is following:

. Initialization step consisting of heating the atan to a temperature of
94-96°C, required for DNA polymerases that needsd hetivation.

. Denaturation step consisting of heating the readio 94-98°C for 20-30
seconds which causes DNA melting of the DNA tengplat disrupting the
hydrogen bonds between complementary bases, \ielsimgle-stranded
DNA molecules.

. Annealing step where the temperature is lowere®0-65°C for 20-40
seconds allowing annealing of the primers to theglsistranded DNA
template.

. Extension/elongation step at which DNA polymerasmthesizes a new
DNA strand complementary to the DNA template stragdadding dNTPs
that are complementary to the template in 5' tdirf&ction, condensing the
5'-phosphate group of the dNTPs with the 3-hydraxgup at the end of
the nascent (extending) DNA strand.

. Final elongation occasionally performed at a terafure of 70—-74°C for 5—
15 minutes after the last PCR cycle made to enthat any remaining
single-stranded DNA is fully extended.

. Final hold at 4-15°C for an indefinite time mag &mployed for short-term

storage of the reaction.

FAZE | TEMPERTATURE| DURATION FAZE | TEMPERTATURE | DURATION
Step1l | 94° 3 min Step 1| 98° 3 min
Step2 | 94° 30 sec Step2 | 98° 40 sec
Step3 | 53° 30 sec Step 3| 62° 45 sec
Step4 | 72° 30 sec Step4 | 72° 1 min

Step 5 | Go back to Step 2 (35 X) Step 5| Go back to Step 2 (34 X)

Step6 | 72° 10 min Step6 | 72° 5 min
Step7 | 4° Forewer Step7 | 4° Forewer

Table 3.5. PCR program used for amplification allable 3.6. PCR program used for amplification ITS
the cp DNA primers (trnH-psbA, matK, trnS—trnGF,)rimers'

trnT(UGU)-trnL(UAA) 5’exon, trnL(UAA)5’exon—

trnL(UAA) 3’ exon, trnL(UAA) 3’ exon —trnF(GAA)).
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In this study seven different markers were testd; of them are part of the
chloroplast DNA {rnH-psbA matK trnS-trnG trnT(UGU)-trnL(UAA) 5’exon,
trnL(UAA)5’exon—rnL(UAA) 3’ exon, trnL(UAA) 3’ exon -trnF(GAA) and one comes
from nuclear DNA (ITS). All the primers were unigal for all the species except of the
matK for which different primers were used for gymnaspe (matK 1F-2R) and the
angiospermsniatk KIM). Table 3.7 shows all the primers used in $shedy.

Marker region Primer Coding Tested in Reference
region
f | 5-CGCGCATGGTGGATTCACAATCC-3’ Pinus, Celtis, | Tate & Simpson 2003,
trnH — psbA NO
r | 5-GTTATGCATGAACGTAATGCTC-3’ Inula Sanget al. 1997
f | 5-CGTACAGTACTTTTGTGTTTACGAG-3' ) ) )
matK KIM YES Celtis Kim unpublished
r | 5-ACCCAGTCCATCTAAATCTTGGTTC-3
f | 5-GAACTC GTC GGA TGG AGT G-3' )
matK 1F-2R YES Pinus Chenet al. 1999
r | 5-TAAACG ATC CTC TCATTC ACG A-3
f | 5-AGA TAG GGA TTC GAA CCC TCG GT-3 )
trnS-trnG2S NO Pinus Shawet al.2007
r | 5-TTT TAC CAC TAA ACT ATA CCC GC-3
SQ f | 5-GGAATAGATCATCAATCTTTGCAT-3’ ) )
NO Pinus Schironeet al. 2010
r | 5-TGCCAATTATACCTTTGTTCTTTTT-3
T —trnl f | 5-CAA ATG CGA TGC TCT AAC CT-3' O o Cronn 2002,
inus
r | 5-TCT ACC GAT TTC GCC ATATC-3’ Taberlet 1991
i f | 5-CGA AAT CGG TAG ACG CTA CG-3'
trnL intron NO Pinus Taberlet 1991
r | 5-GGG GAT AGA GGG ACT TGA AC-3’
f | 5-GGT TCA AGT CCC TCT ATC CC-3’
trl—AmF NO Celtis, Pinus | Taberlet 1991
r | 5-ATT TGA ACT GGT GAC ACG AG-3’
f | 5-CCT TCT CGATCG CTG TTC CA-3 ) ) )
ITS YES Pinus Simeone unpublished
r | 5-AAG TTG GAC CTA AAT CCG CC-3’

Table 3.7. Primers used in the study.

3.5. DNA purification

Process of purification is performed in order tionghate: primers, nucleotides not
used in the amplification, iones and enzymes reimgifrom the PCR that could disturb
the process of sequencing. Purification was madke Nustra GFX PCR DNA and Gel
Band Purification Kit (GE Healthcare). The sam@®& (i) is being washed with buffer
with a glass-fiber matrix supported in a spin catufor the purification able to denaturate
the proteins and other structures. In the next BXS\, at the moment blocked on the

membrane is beling deluited with the delution buéed put on cold.
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PROCEDURE:
1. Put numbers on tubes (Collection tubes, 50 pack)the caps and insert little tubes
inside (illustra GFX MicroSpin columns, 50 pack)
Add 500ul of Buffer (Capture Buffer Type 3, BLUE CAP)
Add hole DNA made by PCR (~30)
Mix by pipetting 10 times
Centrifuge for 35 seconds at max (14 800 r.p.m.)
Throw the flow-through in the big black jar for ligl waste
Add 500ul of Buffer (Capture Buffer Type 1, YELLOW CAP, 28l; before use

check if ethanol has been added!)

N o ok~ 0D

8. Centrifuge for 35 seconds at max (14 800 rpm)

9. Add 500ul of Buffer (Capture Buffer Type 1, YELLOW CAP)
10. Centrifuge for 35 seconds at max (14 800 r.p.m.)

11. Centrifuge for 2 minutes at max (14 800 r.p.m.)

12.Put numbers on new tubes (not supplied) and cutdps

13. Throw the old big tubes and the small ones pubénew big ones
14. Add 30ul of Buffer (Elution buffer type 6, PINK CAP)
15.Incubate for 2 minutes

16. Centrifuge for 1 minute at max (14 800 r.p.m.)

17.Throw the small tubes and put the caps on the &g 0
18.Keep them in at -20°C if they need to wait

3.6. DNA fragments verification — Gel electrophases

Gel electrophoresis is a method for separation amalysis of macromolecules
(DNA, RNA and proteins) and their fragments, basedheir size and charge. In this study
it was used three times; in order to verify thecprese and the quantity of the DNA after
the DNA extraction, after PCR to confirm the lengththe sequences obtained, after

purification in order to confirm the preveously ebged result.

Electrophoresis is performed using an electridfighder which molecules (such as
DNA) can move through a gel made of agar. The nubdscbeing sorted are dispensed into

a well of in the gel material. The gel is placedam electrophoresis chamber filled with
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buffer (usually Tris/Borate/EDTA (TBE)), which it©én connected to a power source.
When the electric current is applied, the largetetides move more slowly through the
gel while the smaller molecules move faster. THeeint sized molecules form distinct

bands on the gel.

After the electrophoresis is complete, the molexutethe gel can be stained to
make them visible. DNA was at the begining viswadiaising ethidium bromide which,

when intercalated into DNA, fluoresce under ultcdei light.

Bromophenol blue are common dyes found in loadiaffebs; they run about the
same speed as DNA fragments that are 5000 bp @hdB length respectively, but the

precise position varies with percentage of the gel.

After electrophoresis the gel is illuminated with altraviolet lamp (usually by
placing it on a light box, while using protectiveay to limit exposure to ultraviolet
radiation). The illuminator apparatus mostly alemtains imaging apparatus that takes an

image of the gel, after illumination with UV radia.

3.7. DNA sequencing

Purificated sequences have initially been sentemuancing in the laboratory of
Eurofins MWG Operon and later, due to the lowelt adsequencing, to the laboratory of
Macrogen Inc. (Europe). Both laboratories use thmes methods with similar type of
sequencer therefore the quality of results was#mee. Sequencing method was always the
same, most commonly used, Sanger sequencing, plesathined in the introduction. The
results are depicted in the form of a chromatognahich is a diagram of coloured peaks

that correspond to the nucleotide in that locatiothe sequence.

3.8. Bioinformatics

3.8.1. Chromatogram visualization

Chromatogran{sometimes also called electropherogravhjch arrives as a result

of the sequencing igroduced by a sequencing machine aadld be of different quality.
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Sometimes it can contain some reading errors dtteetalgorithm used for reading it. The
errors are especially often at the beginning aoohedimes, also at the end of the sequence
so these are the parts that need to be correctéduterly cautiously. Some markers are
more characteristic for producing low quality chadograms usually due to their poly-
repeating regions. Visual correction of the chraygeam is the first step that needs to be
made in a process of sequences operating. The gonsgused for visualizing the
chromatograms are Chromas, BioEdit, DNAMann. Iis s$tudy BioEdit (Hall 1999) was
used for visualization as it has a clear and simpierface. Another attractive
characteristic of the program is the configuratiwhich automatically saves the edited

sequence in a new file which guaranties the coasierv of the original chromatogram.
3.8.2. Multiple sequence alignment

As already mentioned in the introduction multiplgy@ment is very sensitive and
important part of any genetic analysis. In thisdgtihe alignments were made in the
Seaview 4.2. (Galtieet al 1996) program which uses the MUSCLE (Multi-Aligant
Fast Fourier Trasformation) algorithm (Edgar 20@4th its standard settings. In this case
sequences were not very variable and the numbsegiiences was relatively small so
alignment was performed almost instantly in Seaviéw®.. More complex multiple
alignment can take lot of time and require moredivare resources then normally
available on a personal computer so it is advisablgbtain the alignment using an online
service. One of such services (also using the MAF§t&ndard algorithm) is
“Bioinformatics toolkit” managed by Max-Planck Iitste
(http://toolkit.tuebingen.mpg.de/mafft

3.8.3. Mesquite 2.75

Mesquite (Madison & Madison 2011) is software deeiy to help perform
phylogenetic analysis. Since it is modular, thelys®s available depend on the modules
installed. Analyses include: reconstruction of ate states (parsimony, likelihood); tests
of process of character evolution, including catieh; analysis of speciation and
extinction rates; simulation of character evolutigoategorical, DNA, continuous);
parametric bootstrapping; morphometrics; coaleseetmee comparisons and simulations.
In this study it was sometimes used for observindtipie alignment, to extraction of the
variable sites and parsimony informative sites &ordvisualization of the phylogenetic

trees obtained with other programs.
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3.8.4. DnaSP 5.10

DnaSP, DNA Sequence Polymorphism, is a softwar&ggee for the analysis of
nucleotide polymorphism from the aligned DNA seqeedata (Librado & Rozas 2009).
DnaSP can estimate several measures of DNA sequemiion within and between
populations (in noncoding, synonymous or nonsynamysnsites, or in various sorts of
codon positions), as well as linkage disequilibrjuecombination, gene flow and gene
conversion parameters. DnaSP can also carry owdraetests of neutrality and can
estimate the confidence intervals of some tesissitz#t by the coalescent. The results of the
analyses are displayed on tabular and graphic foriiis study DnaSP software was used
to calculate the In/Del, variable, polymorphic apdrsimony sites. Furthermore the
program was used for visualization of haplotypesl &or calculating the haplotype

diversity.
3.8.5. Mega 5.0.

MEGA is an integrated tool for conducting sequerseggnment, inferring
phylogenetic trees, mining web-based databasamatstg rates of molecular evolution,
inferring ancestral sequences, and testing evolatio hypotheses. The objective of the
MEGA software is to provide tools for exploringsdovering, and analyzing DNA and
protein sequences from an evolutionary perspedihNi&GA software obtains phylogenetic
trees from molecular data with Distance methodssiP@ny methods, and Likelihood
methods. In this study MEGA was used to perform dlsance matrix phylogeny with
Neighbor-Joining method which can be made changegral settings and evolutionary
models. In order to choose the best model | decidadse jModelTest2 (Posada 2003), a
tool which carries out statistical selection of toi@smodels of nucleotide substitution.
Model selection strategy inside the jModelTest2duseas Akaike information criteria
(AIC), which would calculate the most recommendeddel. Model suggested in
jModelTest | would choose when setting up the pggleetic tree in MEGA. The
evolutionary models used in this study were difiérand are mentioned under each
phylogenetic tree in the results. Other settingsdd when programming the phylogenetic
tree were the same for each analysis (No. of h@apiseplications was 1000; substitutions
included transitions and transversions; rates ansi@$ were uniform; patterns among
lineages were homogeneous; for Gaps/Missing dasad the option called the Complete-

Deletion meaning that such places were eliminatech fthe analyses). Even though my
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dataset was destitute with variable sites so Caeyideletion function caused even less
informative trees | decided to use it as it is thest recommended approach in distance
matrix phylogeny and since it was not the only rodth used in the study | wasn't afraid

of totally loosing an important information.
3.8.6. RAXML

For many datasets, a full maximum likelihood analyss extremely
computationally expensive. Software packages deeeloto conduct rapid maximum
likelihood analyses are GARLI, IQPNNI, PHYML, andARML. In this study | used
RAXML (Randomized Axelerated Maximum Likelihood)fsware which was developed
by Alexandros Stamatakis (Stamatakis 2006). Thencand line used to obtain the

analyses was:

raxmIHPC —f a —x 12345 -p 1234 -# 1000 —q “parititit file name” -s “name file input” —
m GTRGAMMA -n “name file output”

in which:
-x 12345denotes a random number permitting the use ofshaptalgorithm
-p 12345denotes an internal random number to perform éisimony inferences

-# denotes a number of the runs in which the softveateulates ML (Maximum
Likelihood) using—f and —x to call a fast bootstrapd ML analysis of the

alignment

-s denotes an input file (necessary in PHYLIP forrbat,important not to write the
extension behind the file name)

-m denotes sequences substitution model used toastiML. In this study the
model used was GTR*

-n denotes the output file

After finishing the analysis the consensus treefasnd in a file called
»RaxMI_bipartition§ and it was viewed in a graphical viewer of phytogtic trees

FigTree Gttp://tree.bio.ed.ac.uk/software/figtree/
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3.8.7. MrBayes

MrBayes 3.2 (Ronquistt al 2011) is a program for Bayesian inference andehod

choice across a wide range of phylogenetic anduéeolary models. MrBayes uses

Markov chain Monte Carlo (MCMC) methods to estim#te posterior distribution of

model parameters. This program offers particultge spectrum of settings from which

only the ones changed from the default are reported

First the information about the partitition waseared in order to separate each

marker from another. As the sequences from all ghdititions originated from the

chloroplast DNA with generally same characteristéitghe settings were kept equal for all

the partititions.

Basic model settings offered by the program alteviang:

Nucmodel —offers to choose the general type of DNA mod#by4, standard
nucleotide substitution model was chosen in thigdyst

Nst — representing the structure of the substitutioodeh was changed from
standard 1 (JC model) to 6 (GTR model)

Code— was set to be Universal as it is a setting irigmronly when dealing with a
Codon model

Ploidy — was changed from diploid to haploid as al thgpusaces were made from
CpDNA

Rates— were changed from Equal (no rate variation aciges) to Invgamma
(gamma-shaped rate variation with a proportiomwoériable sites).

Ngammacat- denoting the number of discrete categories tsegpproximate the
gamma distribution, was left 4 as a default

Usegibbs(No), Gibbsfreq(100), Nbetacat(5), Omegavar(Equal), Coding (All) —
are all the settings advised to leave since defmilthey are used only in some
specific cases not for single nucleotide models

Covarion (No), Parsmodel (No) — denotes the specific calculation models

(covarion and parsimony) that could be used; ig $hudy were not used

The priors set were left as it is default (figurg)3
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Parameter

Current Setting

Tratiopr
Revmatpr
Aamodelpr
Aarevmatpr
Omegapr
Ny98omegalpr
Ny98omega3pr
M3omegapr
Codoncatfreqs
Statefreqpr
Shapepr
Ratecorrpr
Pinvarpr
Covswitchpr
Symdirihyperpr
Topologypr
Brlenspr
Treeagepr
Speciationpr
Extinctionpr
SampleStrat
Sampleprob
Popsizepr

Popvarpr
Nodeagepr
Clockratepr

Clockvarpr
Cppratepr
Cppmultdevpr
TKO2varpr
Ratepr

Beta/Fixed
Dirichlet/Fixed
Fixed/Mixed
Dirichlet/Fixed
Dirichlet/Fixed
Beta/Fixed
Uniform/Exponential/Fixed
Exponential/Fixed
Dirichlet/Fixed
Dirichlet/Fixed
Uniform/Exponential/Fixed
Uniform/Fixed
Uniform/Fixed
Uniform/Exponential/Fixed
Uniform/Exponential/Fixed
Uniform/Constraints/Fixed
Unconstrained/Clock/Fixed
Exponential/Gamma/Fixed
Uniform/Exponential /Fixed
Beta/Fixed
Random/Diversity/Cluster
<number>

Lognormal /Gamma/Uniform/
Normal/Fixed
Equal/Variable
Unconstrained/Calibrated
Fixed/Normal/Lognormal/
Exponential/Gamma
Strict/Cpp/TK02/Igr
Fixed/Exponential

Fixed
Fixed/Exponential/Uniform
Fixed/Variable=Dirichlet

Beta(1.0,1.0)
Dirichlet(1.0,1.0,...
Fixed(Poisson)
Dirichlet(1.0,1.0,...)
Dirichlet(1.0,1.0)
Beta(1.0,1.0)
Exponential (1.0)
Exponential
Dirichlet(1.0,1.0,1.0)
Dirichlet(1.0,1.0,...
Uniform(0.0,200.0)
Uniform(-1.0,1.0)
Uniform(0.0,1.0)
Uniform(0.0,100.0)
Fixed(Infinity)
Uniform
Unconstrained:Exp(10.0)
Exponential (1.0)
Exponential (1.0)

Beta(1.0,1.0)
Random

1.00

Lognormal (4.6,2.3)

Equal
Unconstrained

Fixed

Strict
Exponential(0.10)
Fixed(0.40)
Exponential(10.00)
Fixed

Figure 3.5. Priors configuration settings.

Ngen
Nruns
Nchains
Temp
Reweight
Swapfreq
Nswaps
Samplefreq
Printfreq
Printall
Printmax
Mcmcdiagn
Diagnfreq
Diagnstat
Minpartfreq
Allchains
Allcomps
Relburnin
Burnin
Burninfrac
Stoprule
Stopval
Savetrees

<number> 1000000
<number> 2
<number> 4
<number> 0.100000
<number>,<number> 0.00 v 0.00 ~
<number> &
<number> 1
<number> 500
<number> 500
Yes/No Yes
<number> 8
Yes/No Yes
<number> 5000
Avgstddev/Maxstddev Avgstddev
<number> G.10
Yes/No No
Yes/No No
Yes/No Yes
<number> 0
<number> 0.25
Yes/No No
<number> 0.05

No

Yes/No
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3.Material and Methods

Checkpoint Yes/No Yes
Checkfreq <number> 100000
Filename <name> primates.nex.<p/t>
Startparams Current/Reset Current
Starttree Current/Random/ Current
Parsimony
Nperts <number> 0
Data Yes/No Yes
Ordertaxa Yes/No No
Append Yes/No No
Autotune Yes/No Yes
Tunefreq <number> 100

Figure 3.6. Standardonfiguration run settings

From the standard settings the following statesevebanged:

» Diagnfreq was changed from the default 5000 (more apprapriat a larger
analysis) to 1000 meaning that the diagnosticshelcomputed more often

* Another setting good to change on a smaller datas®amplefreq stating how
often the chain is sampled. From the default 5Qfegsions it was turned to 100
since in the small datasets it is recommended mapka more often so that the

analysis don’t converge too rapidly.

At the end of the run, program asks whether orwetwant to continue with the
analysis. To answer that question it is necessagxamine the average standard deviation
of split frequencies. A rough guide is that an agerstandard deviation below 0.01 is very
good indication of convergence, while values betw8é)1l and 0.05 may be adequate
depending on the purpose of your analysis. Altéreainethod to test if the values have
converged enough to stop the analysis is to opedtput program in the program called
Tracer. This program offers the graphic visualmatof the Bayesian runs which can give
us a clearer vision of how close the results gettoreach other.

3.8.8. Network 4.6.1.1.

Network is a program which generates evolutionagtworks from genetic,
linguistic, and other data. Its input data werevimesly revised and adjusted in Mesquite
and in Microsoft Excel. The procedure of adjustmemnsisted of opening the multiple
alignment in the Mesquite, choosing the option tarknthe parsimony informative sites
and copying them in the Excel. Inside spreadsheetsélected sites would be eliminated
based on two assumptions (first is that multi-iieas/deletions were evolutionary one

event and the second is the same statement cangidieversions). In these cases | used to
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eliminate all the sites except from the one in otdeavoid long branches in the network
which make the impression of numerous evolutionaments while in reality were
presenting one insertion of several bases (howawerevent). Such adjusted data had to be
transformed, using clean text editor like Notepath .fasta configuration, readable by the

Network.

The program offers two types of network construtijosing the Median Joining or
Reduced Median algorithm) and directly makes thaditgpe network. The networks can
later be adjusted in the same program or can bertegh to a graphic programs to obtain

the better presentation of the data obtained.

73



4 Results

4. RESULTS

4.1. Markers applicability

4.1.1. Aleppo Pine

DNA markers tested on Aleppo Pine samples vierd-psbA matK andITS. The

highest amplification rate showerhH-psbA (87.5%) whilematK andITS demonstrated

much lower amplification ability (69,8% and 50% pestively). Some sequencing

problems occurred in the case wfatk while the other two markers did not show

difficulties in sequencing. However, the sequenagletined bylTS marker were highly

disturbed which made the subsequent traces hagdlyable. Assuming the amplification

difficulties and the sequences quality the uséhisf tnarker was interrupted. The length of

the sequences was constant in the caseatk (986 bp) andTS (182 bp) whilernH-psbA

sequences ranged from 615-620 bp due to the peesdrie In/Del sites in four samples.

The biggest number of the variable sites was founthe trnH-psbA sequences (6 S),

while matK nevertheless its superior sequence length, hssl \ariability (2 S).ITS

sequences did not show any variability and that avether reason to exclude this marker

from further analysis. All these results are showedhe table 4.1. Sequences were

classified into three haplotypes in the case ofi batriable markerdrhiH-psbAandmatK)

(tables 4.2 and 4.3).

trnH-psbA matK ITS
PCR success 87,5 % (21/24) 69,8 % (30/48) 50 % (3/6
sequencing success 100 % (21/21) 70 % (21/30 108'3p
SUM (samples/seq. obtained) 87,5 % (21/24) 48,2 443) 50 % (3/6)
No. sequences obtained 21 21 3
Sequences length (range) 615-620 985 182
In/Del sites 5 0 0
Invariable sites 609 983 182
Polymorphic sites 6 2 0
No. Parsimony informative sites| 0 2 0
No. haplotypes 3 3 1
Haplotype diversity (Hd) 0.3381 0.4095

Table 4.1. DNA markers tested on Aleppo Pine sanple
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Haplotypes | No. Samples
trnH-psbA samples
H1 17 P. hal CRO (Paklenica)p. hal CRO (Omi8) P. hal FRA (Carcassonel. hal
GRE (Corfu),P. hal GRE (ltea)P. hal ITA (Apulia) 2X, P. halITA
(Sardinia),P. hal ITA (Umbria) 3X,P. halITA (Abruzzo) 4X P. halSPA
(Minorca),P. halISR (Nazareth)

H2 3 P. halCRO (Hvar),P. hal GRE (Crete)P. hal GRE (Thessaloniki)

H3 1 P. hal GRE (Evia)

Table 4.2. Haplotypes obtained in the dnaSP prodiram the trnH-psbA sequences on Aleppo Pine

samples.

Haplotypes | No. Samples

matK samples

H1 16 P. hal CRO (Paklenica)p. hal CRO (Omis)P. halFRA (Carcassonel. hal
GRE (Corfu),P. hal GRE (ltea)P. hal ITA (Apulia) 2X, P. halITA
(Sardinia),P. hal ITA (Umbria) 2X,P. halITA (Abruzzo) 4X,P. hal SPA
(Minorca),P. halISR (Nazareth)

H2 2 P. hal CRO (Hvar),P. hal GRE (Thessaloniki)

H3 3 P. hal GRE (Evia) P. hal GRE (Crete)P. hallTA (Umbria)

Table 4.3. Haplotypes obtained in the dnaSP progdiram the matK sequences on Aleppo Pine samples.

4.1.2. European Black Pine

DNA markers tested on European Black Pine sampérstwH-psbA matK ITS
trnT-trnL, trnL-trnL, trnL-trnF and SQ Only matK (84% of PCR success) afd) (50% of
PCR success) showed difficulties in amplificatiohiles all the other markers recorded
100% of amplification success. Difficulties duritltge sequencing once again occurred in
analyzing thematK sequences (71.4% of sequencing success) as wok amses ofrnL-
trnF (75% of sequencing success) marker. Summing upntr&er applicability it can be
concluded thatrnH-psbA ITS trnT-trnL andtrnL-trnL were 100% successful in obtaining
the sequences, whilenL-trnF (75%), matK (60%) andSQ (50%) demonstrated some
technical difficulties. The length of the sequene&s constant for all the markers except
for the matK which varied from 979 to 973 bp. Variability wascorded between
trnH-psbAsequences (2 variable sites) andtK sequences (1 variable site) while all the
other markers did nalemonstrate any variability. Regarding the hapletgpversity the

most variable marker wasatK (4 haplotypes obtained) due to the presence ofnitiel
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site as well as the polymorphic site inside theuseges. Another variable marker was
trnH-psbA and obtained 2 haplotypes. All the other markeb bt demonstrate any
variability between the few distant samples andetoee were eliminated from the further

analysis. All the results are shown in the tablds 4.5 and 4.6.

trnH-psbA | matK ITS trnT-trnL trnL-trnL | trnL-trnF SQ
PCR success 100 % 84 % 100 % | 100 % 100 % 100 % 50%
(15/15) (21/25) | (3/3) (4/4) (4/4) (4/4) (3/6)
sequencing 100 % 71,4 % 100% | 100 % 100 % 75 9% (3/4) | 100 %
success (15/15) (15/21) | (3/3) (4/4) (4/4) (3/3)
SUM 100 % 60 % 100 % | 100 % 100 % 75 % (3/4) | 50%
(samples/seq. | (15/15) (15/25) (3/3) (4/4) (4/4) (3/6)
obtained)
No. sequences | 15 15 3 4 4 3 3
obtained
Sequences 637 973-979 | 182 461 416 505 486
length (range)
In/Del sites 0 6 0 0 0 0 0
Invariable sites | 635 972 182 461 416 505 486
Polymorphic 2 1 0 0 0 0 0
sites
No. Parsimony | O 1 0 0 0 0 0
informative sites
No. haplotypes | 2 4 1 1 1 1 1
Haplotype 0,1333 0.4667
diversity (Hd)
Table 4.4. DNA markers tested on European Black Bamples.
Haplotypes | No. samples| Samples
trnH-psbA
H1 14 P. nigCRO (Br&), P. nigCRO (Hvar),P. nigCRO (Omis),P. nigCRO
(Ledenice)P. nigFRA (Corsica)P. nig GRE (Vardousia)P. nigITA
(Calabria-PN SerreR. nigITA (FVG), P. nigSLO (Postojna)p. nig
UKR (Crimea),P. nigITA (Calabria-Aspromonte) 2X®. nigITA
(Abruzzo-C. Alfedena)P. nig CRO (Paklenica)
H2 1 P. nigITA (Majella)

Table 4.5. Haplotypes obtained in the dnaSP progfram the trnH-psbA sequences on European Black

Pine.
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Haplotypes | No. Samples

matK samples

H1 1 P. nigITA (Calabria-Aspromonte)

H2 1 P. nigITA (Calabria-Aspromonte)

H3 11 P. nig CRO (Br&), P. nigCRO (Hvar),P. nigCRO (Omis)P. nigCRO
(Ledenice)P. nigFRA (Corsica)P. nig GRE (Vardousia)P. nigITA
(Calabria — PN Serrelp. nigITA (FVG), P. nigITA (Majella), P. nigSLO
(Postojna)P. nigUKR (Crimea)

H4 2 P. nigITA (Abruzzo — C. Alfedena)p. nig CRO (Paklenica)

Table 4.6. Haplotypes obtained in the dnaSP progiram the matK sequences on European Black Pine.

4.1.3. European Nettle Tree

DNA markers tested on European Nettle Tree sample® trnH-psbA matK
trnS-trnG2S, trnT-trnlandtrnL-trnF. Amplification of the marker turned out to be firet
complication in analyzing these samples. The onlgrkex demonstrating the easy
amplification wastrnL-trnF (100% of amplification and sequencing success),lewhi
trnH-psbA and matK were much less successful (battanaged to obtain 54.5% of the
samples due to amplification and sequencing dities). TrnS-trnG2Smarker was
amplified in 60% of the samples and 33% of theseewsiccessfully sequenced. As a
result only one sequence was obtained; not enoaighen to test its variability. However,
the marker was expeld from further analyses. Angglifon oftrnT-trnL was tested on four
samples but since none of the temptations was ssitdgtwo were tried on 54° and two
on 50°C) it was eliminated from the further anadystequences obtained matK and
trnL-trnF were constant in their length (835 bp and 326rbgpectively) while the ones
obtained bytrnH-psbAranged from 394 to 399 bp. Polymorphic sites weesgnt in the
sequences omatK while trnH-psbAand trnL-trnF sequences have no variability in the
nucleotide bases (table 4.7). BathH-psbAand matK managed to obtain 2 haplotypes
while thetrnL-trnF sequences turned out to be totally identical (&28l8 and 4.9).

trnH-psbA matK trnS-trnG2S | trnT-trnL trnL-trnF
PCR success 54.5 % (6/11 63.6 % (7/11) 60 % (3/5)0/4 100 % (6/6)
Sequencing success 100 % (6/6) 85.7 % (6/7) 33% (1/ 100 % (6/6)

obtained)

SUM (samples/seq.

54.5 % (6/11)

54.5 % (6/11)

20 % (1/5)

100 % (6/
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No. sequences obtained 6 6 1 6
Sequences length 394-399 835 376 326
(range)

In/Del sites 17 0 0
Invariable sites 388 834 326
Polymorphic sites 0 1 0
No. Parsimony 0 0 0
informative sites

No. haplotypes 2 2 1
Haplotype diversity 0.3333 0.3333

(Hd)

Table 4.7. DNA markers tested on European Nettée Famples.

HaplotypedrnH-psbA No. samples Samples

H1 5 C. austrCRO (Paklenica);. austrCRO (Omis),C. austr
ITA (Apulia), C. austrITA (Abruzzo),C. tour CRO (Omis)

H2 1 C. aethlTA (Sicily)

Table 4.8. Haplotypes obtained in the dnaSP progiram the trnH-psbA sequences on genus Celtis.

HaplotypeamatK No. samples Samples

H1 5 C. austrCRO (Paklenica)c. austrCRO (Omis),C. austr
ITA (Apulia), C. austrITA (Abruzzo),C. tour CRO (Omis)

H2 1 C. aethITA (Sicily)

Table 4.9. Haplotypes obtained in the dnaSP progdiram the matK sequences on genus Celtis.

4.1.4.Inula verbascifoliagroup

The only DNA marker tested oimula verbascifoliagroup wastrnH-psbA. The
amplification and sequencingf all the samples was successful. All 15 sequemss®
obtained without any difficulty and were very clgarread and correct. The sequences
length varied from 465 to 475 bp (table 4.10). Vaeability was low. No polymorphic
sites were present but, due to the presents oklréizents inside some of the sequences,
three haplotypes were obtained (table 4.11).
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trnH-psbA
PCR success 100 % (15/15)
Sequencing success 100 % (15/15)
SUM (samples/seq. obtained) 100 % (15/15)
No. sequences obtained 15
Sequences length (range) 465-475
In/Del sites 10
Invariable sites 465
Polymorphic sites 0
No. Parsimony informative sites 0
No. haplotypes 3
Haplotype diversity (Hd) 0.5905

Table 4.10. DNA markers tested on Inula verbageifploup samples.

Haplotypes | No. samples Samples

trnH-psbA

H1 8 I. parn ITEA, |. verb PAKLENICA 1&2, I. verbHVAR 4, 5,6 & 7,1.
verbVIS

H2 6 I. verbo GARGANO 1, 2 & 3. verbHVAR 1,2 & 3

H3 1 I. verb CORFU

Table 4.11. Haplotypes obtained in the dnaSP pnaogi@m the trnH-psbA sequences on Inula
verbascifolia.

4.1.5. Markers combination

Analyzing together all the markers used in the wtcah enrich the results and is
possible to do since they all originate from chpdast DNA. Table 4.12 shows the
characteristics of the combined sequences obtaumbdthe various markers. Haplotypes
obtained with combined markers for each specieslangonstrated in the tables 4.13, 4.14
and 4.15.

Aleppo Pine European Black Pine European NetteTr
No. sequences obtained 21 15 6
Sequences length (range 1605 1616 1566
Markers 1-62QrnH-psbA 1-637trnH-psbA 1-405trnH-psbA
621-1605matK 638-1616matK 406-1240matK
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1241-1568@rnL-trnF
In/Del sites 5 6 17
Invariable sites 1592 1607 1548
Polymorphic sites 8 3 1
Parsimony informative 2 1 0
sites
No. haplotypes 5 5 2
Haplotype diversity (Hd) 0,4238 0,5619 0,3333

Table 4.12. Total sequences obtained for eachetiusihecies.

Haplotypes
Aleppo Pine

No. samples

Samples

1

16

P. halCRO (Paklenica)P. hal CRO (Omi8) P. halFRA (Carcassone),
P. hal GRE (Corfu),P. hal GRE (Itea)P. halITA (Apulia) 2X, P. hal
ITA (Sardinia),P. halITA (Umbria) 2X,P. halITA (Abruzzo) 4X,P.
hal SPA (Minorca) P. hal ISR (Nazareth)

P. hal CRO (Hvar),P. hal GRE (Thessaloniki)

P. hal GRE (Crete)

P. hal GRE (Evia)

g b W N

R R RN

P. halITA (Umbria)

Table 4.13. Aleppo Pine haplotypes obtained inditeSP program.

Haplotypes | No. samples| Samples

European

Black Pine

1 1 P. nigralTA (Calabria-Aspromonte)

2 1 P. nigralTA (Calabria-Aspromonte)

3 10 P. nig CRO (Br&), P. nig CRO (Hvar),P. nigCRO (OmiS)P. nigCRO
(Ledenice)P. nig FRA (Corsica)P. nigGRE (Vardousia)P. nigITA
(Calabria-PN SerreR. nigITA (FVG), P. nigSLO (Postojna)P. nig
UKR (Crimea)

4 2 P. nigITA (Abruzzo-C.Alfedena)P. nigCRO (Paklenica)

1 P. nigITA (Abruzzo-Majella)

Table 4.14. European Black Pine haplotypes obtaingtle dnaSP program.
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Haplotypes European No. samples Samples

Nettle tree

1 5 C. austrCRO (Paklenica)¢. austrCRO (Omis),C. austr
ITA (Apulia), C. austrITA (Abruzzo),C. tour CRO (Omis)

2 1 C. aethITA (Sicily)

Table 4.15. European Nettle Tree haplotypes obthinghe dnaSP program.

4.2. Genetic variation between the samples

Genetic diversity inside the studied groups was (asvit has been showed above)
therefore the information about the evolutionariatienships are also limited. Genetic
variations inside each group have been demonstnatpdylogenetic trees (obtained with
Neighbor joining, Maximum likelihood and Bayesiariedrence methods) and phylogenetic
network (calculated with Median Joining method).

4.2.1. Aleppo Pine

Neighbor joining phylogenetic tree was obtainechwiamura 3-parameter model.
It separated the sequences in four distinct gromppls relatively low bootstrap values
(figure 4.1). Very similar tree was obtained alsthwaximum likelihood method while
Bayesian inference showed slightly lower discrirtimg ability (figures 4.2 and 4.3).
Moreover all tree showed high level of politomidsatt highlight that there are not

sufficient information to determine relationships.

81



4.Results

. hal FRA (Carcassone)

. hal GRE (Corfu)

. hal GRE (ltea)

. hal ITA (Apulia - Pescara)

. hal ITA (Apulia - Taranto)

. hal ITA (Abruzzo - Pescara 1)
. hal ITA (Abruzzo - Pescara 2)
_hal ITA {Abruzzo - Pescara 3)
_hal ITA {Abruzzo - Pescara 4)
_hal ITA (Umbria - Temi 1)
_hal ITA (Umbria - Temi 2)

_ hal ITA (Sardinia)

_hal ISR (Mazareth)

_hal SPA (Minorca)

. hal CRO (Paklenica)

. hal CRO (Omig)

. hal CRO (Hvar)

. hal GRE (Thessaloniki)

. hal ITA (Umbria - Temi 3)

. hal GRE (Crete)

. hal GRE (Ewia)

E3

|

23

L v e o e o e v e v T e v v e v e v e v

I

Figure 4.1. Neighbor Joining phylogenetic tree ¢épPpo Pine obtained from the trnH-
psbA and matK sequences, applying Tamura 3-paraneidel

P. hal CRO (Paklenica)
P. hal CRO (Omi$)

P. hal ISR (Nazareth)
26 | P-hal GRE (Crete)

P. hal GRE (Evia)

18
100 100 | P-hal CRO (Hvar)

P. hal ITA P. hal GRE (Thessaloniki)
(Umbria - Terni3)
P. hal FRA (Carcassone)

P. hal GRE (Corfu)

P. hal GRE (itea)

P. hal ITA (Apulia - Taranto)

P. hal ITA (Apulia - Pestici)

P. hal ITA (Sardinia)

P. hal ITA (Umbria - Terni1)

P. hal ITA (Umbria - Terni2)

P. hal ITA (Abruzzo - Pescaral)
P. hal ITA (Abruzzo - Pescara2)
P. hal ITA (Abruzzo - Pescara3)
P. hal ITA (Abruzzo - Pescara4)

P. hal SPA (Minorca)

Figure 4.2. Maximum likelihood phylogenetic treeAdéppo Pine samples obtained from the trnH-psbA

and matK sequences with RAXML program.
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P. halep CRO Paklenica
P. halep CRO Omi§

P. halep FRA Carcassonne
P. halep GRE Corfu
P. halep GRE Crete

P. halep GRE Itea
P. halep GRE Evia

P. halep IT Puglia Taranto

P. halep IT Sardegna Cagliari
P. halep IT Umbria Terni 1
P. halep IT Umbria Terni 2

P. halep IT Umbria Terni 3

P. halep IT Puglia Pestici

P. halep IT Abruzzo Pescara 1
P. halep IT Abruzzo Pescara 2
P. halep IT Abruzzo Pescara 3

P. halep IT Abruzzo Pescara 4
P. halep SPA Minorca

P. halep ISR Nazareth

W P. halep CRO Hvar
—_ P. halep GRE Thessaloniki

Figure 4.3. Bayesian inference phylogenetic tredleppo Pine samples obtained from the trnH-psbé an
matK sequences.

Using the haplotype networks approacit-psbAandmatK manage to distinguish
three haplotype groups each (figures 4.4 and ¥When analyzed together, these markers
demonstrated more variable network with severaldtgpes (figures 4.6).

P.hal CRO (Paklenica), P. hal CRO (Omig),
P.hal FRA (Carcassone), P. hal GRE (Corfu),
P. hal GRE (Itea), P. hal ITA {Apulia) 2X,
P. hal ITA (Sardinia), P. hal ITA (Umbria) 3X,
P. hal ITA (Abruzzo) 4X, P. hal SPA (Minorca),
P.hal ISR (Nazareth)
H1

*O-

P.halCRO (Hvar) e i

P.hal GRE (Crete)

P.hal GRE [Thessaloniki) . E

H3

P. hal GRE (Evia)

Figure 4.4. Aleppo Pine haplotype network obtaifredh the trnH-psbA sequences.
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P.hal CRO (Paklenica), P. hal CRO (Omis),
P.hal FRA (Carcassone), P. hal GRE (Corfu),
P. hal GRE (Itea), P. hal ITA [Apulia) 2X,
P. hal ITA (Sardinia), P. hal ITA (Umbria) 2X,
P. hal ITA (Abruzzo) 4X, P. hal SPA (Minorca),
P.hal ISR (Nazareth)

H1

P.hal GRE (Evia)

P. hal GRE (Crete} —_—
) H3 e
P.hal ITA (Umbria) O —

N H2 P.hal CRO (Hvar)

P. hal GRE (Thessaloniki)

Figure 4.5. Aleppo Pine haplotype network obtaifrech the matK sequences.

P. hal CRO (Paklenica), P. hal CRO (Omis), P.
hal FRA (Carcassone), P. hal GRE (Corfu), P.
hal GRE (Itea), P. hal ITA (Apulia) 2, P. hal
ITA (Sardinia), P. hal ITA {Umbria) 2%, P. hal
ITA (Abruzzo) 4X, P. hal SPA (Minorca), P.
hal ISR (Nazareth)

H1

P.hal ITA (Umbria)
Dy 1 -

P.hal CRO (Hvar),
P.hal GRE (Cret
3 [Crete) P. hal GRE (Thessaloniki)

H3O=" i (1] : —O w

P.hal GRE (Evia)
0 ua
Figure 4.6. Aleppo Pine haplotype network obtaifredh the trnH-psbA and matK sequences.

Haplotype network has been combined with the gewgcamap in order to
visualize the distribution of the samples and hiyples they possess (figure 4.7). Putting

the haplotypes on the geographic map shows cleéhdygenetic variability inside the
eastern populations.

84



4 Results

% - o = T i o W :
-‘;-;.'r ﬁ- Haplotype network of trnH-psb4 and matK sequences
! ‘ s of Aleppo Pine

Figure 4.7. Distribution of the samples possesdiiferent haplotypes obtained in Network using the
Median Joining method. Each haplotype has been adavkith different colours responding to the colours
in the map. The haplotypes’ tags (H1, H2, H3, Hd &%) are responding the ones in the figure 4.6.

4.2.2. European Black Pine

Neighbor joining phylogenetic tree was obtainedhviiimura 2-parameter model
and other two trees with standard algorithms arttihgs. The most informative tree was
the one obtained with Maximum likelihood methody(fies 4.8, 4.9 and 4.10). However

all the topologies are congruent.

- nig CRO (Paklenica)

. nig ITA (Abruzzo-C. Alfedena)
. nig ITA (Calabria-Aspromonte)
- nig FRA (Corsica)

- nig CRO (Brac)

- nig CRO (Hvar)

. nig CRO (Omis)

- nig CRO (Ledenice)

- nig GRE (Vardousia)

- nig UKR (Crimea)

- nig SLO (Postojna)

. nig ITA (Calabria-Aspromonte)
- nig ITA (FVG)

- nig ITA (Calabria-PN Serre)

- nig ITA (Majella)

23[

T U U U U U U U D D D D U DO

o

Figure 4.8. Neighbor Joining phylogenetic tree aff@&ean Black Pine obtained from the trnH-psbA and

matK sequences, applying Kimura 2-parameter model
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P. nig CRO (Brac)

P. nig CRO (Hvar)

P. nig CRO (Omi&)

P. nig CRO (Ledenice)

P. nig FRA (Corsica)

P. nig GRE (Vardousia)

P. nig ITA (Calabria— PN Serre)

P. nig ITA (FVG)

P. nig ITA [Abruzzo — Majellal)

I P. nigra [TA [ Calsbris — fspromaontz2)

e P nigra ITA [Abruzzo — C. Affedena)
P nigra CRO! {Pakle nical

P. nig ITA (Abruzzo — Majella2)

Figure 4.9. Maximum likelihood phylogenetic treekafropean Black Pine samples obtained from the

trnH-psbA and matK sequences with RAXML program.

P_nigra [T Calabria Aspromante 1
P.nigra CRO Paklenica

P_nigra T Abruzzo C_Alfedena

- 100 ———————— P.nigra [T Calabria Aspromonte 2
P_nigra CRO Brat

P.nigra CRO Hwar

P.nigra CRO Omis
P.nigra CRO Ledenice

P.nigra FRA Carcassonne

58,37

P.nigra GRE Evia

P.nigralT Calabria NP Serre

P.nigralT FWG Paluzza

P.nigra 5LO Postojna

P.nigra UKR Crimea

P.nigralT Abruzzo Majella

Figure 4.10. Bayesian inference phylogenetic tfeEwopean Black Pine samples obtained from theltrn

psbA and matK sequences.

Haplotype network approach managed to obtain a orktwrom the matK

sequences but not from thenH-psbA sequences as there were only two haplotypes
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present. Combined network is more informative sihebows also the variability recorded
in trnH-psbAsequences (figures 4.11 and 4.12).

P. nigra ITA (Calabria) H4

H2
"0 =0
,- - | o — P. nigra ITA (Abruzzo — C. Alfedena)

P. nigra ITA (Calabria) e o o - P. nigra CRO (Paklenica)
H3

P. nig CRO (Brac), P. nig CRO (Hvar),

P. nig CRO (Omi8), P. nig CRO (Ledenice),

P. nig FRA (Corsica), P. nig GRE (Vardousia),

P. nig ITA (Calabria — PN Serre), P. nig ITA (FVG),
P. nig ITA (Majella), P. nig SLO (Postojna),

P. nig UKR (Crimea)

Figure 4.11. European Black Pine haplotype netwabtained from the matK sequences.

P.nigra ITA (Abruzzo-C. Alfedena),

P_nigra ITA (Calabria-Aspromonte) P.nigra CRO (Paklenica)

H2
o O
H4
1
(]
H3
O
P_nig CRO (Brac), P_ nig CRO [Hvar),
P.nigra ITA (Calabria-Aspromonte) H1 P.nig CRO (Omi$), P. nig CRO (Ledenice],

P.nig FRA (Corsica), P. nig GRE (Vardousia),
P.nig ITA [Calabria-PN Serre), P. nig TA (FVG),
P.nig 5LO (Postojna), P. nig UKR (Crimea)

HS O P.nigra ITA (Abruzzo-Majella)

Figure 4.12. European Black Pine haplotype netwabtained from the trnH-psbA and matK sequences.

Haplotype network has been combined with the geatgcanap in order to visualize

the distribution of the samples, their appurtenanamne of the subspeciesipsp.

nigra, subsp pallasiana, subsp. dalmatica, subsgi® and haplotypes they possess
(figure 4.13). In this figure the colours do noégent the haplotypes, as in the previous
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one (figure 4.7), but subspecies. This is how itagable that the genetically variable
samples belong mainly to tlhericio subspecies and timegra subspecies (but with the
stress on the populations inhabiting central Apeas). Also it is notable that
Apennine peninsula represents the centre of véitiabi

S ! : Haplotype network of enH-psbA and
S Ly e 3 matK sequences of European Black Pine. .

o5 v, ¥ ' _ i S &
Figure 4.13. Presence of the haplotypes in parsicslibspecies (P. nigra subsp. nigra — RED, P.ranig

subsp. pallasiana — LIGHT BLUE, P. nigra subsp daioa — YELLOW, P. nigra subsp. laricio —
GREEN, central ltalian samples (also subsp. nigra Histant populations) — BROWN). Circling

coloured dots (pink, yellow and brown) show theitpms of the haplotypes different from the most
common haplotype one together with the tags (H1, H2 H4, H5) which are corresponding to the
figure 4.12.

4.2.3. European Nettle Tree

Neighbor joining phylogenetic tree wabtaned with Kimura 2-
parameter model (figure 4.14). European Nettle Temguences were
extremely low variable between them so the notrimétive phylogenetic
trees were expected (figures 4.15 and 4.16). It nedpossible to obtain the
haplotype network since only two haplotypes wenentb (only one sample
was different).

88



4 Results

. austr CRO (Paklenica)
. aeth ITA (Sicily)

13] C. tour CRO (Omis)
17 ' C. austr ITA (Apulia)
| C. austr CRO (Omis)
151 C. austr ITA (Abruzzo)
C
c

Figure 4.14. Neighbor Joining phylogenetic treeEnfropean Nettle Tree obtained from the

trnH-psbA, matK and trnL-trnF sequences, applyinignlta 2-parameter model

C. austr CRO (Paklenica)

16

C. austr CRO (Omis)

C. austr ITA {(Apulia)

12

C. austr ITA {Abruzzo)

21

C. tour CRO (Omis)

C. aeth ITA (Sicily)

TIES

Figure 4.15. Maximum likelihood phylogenetic tréeEaropean Nettle Tree samples obtained from the
trnH-psbA, matK and trnL-trnF sequences with RAxNbgram.
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C. austr CRO (Paklenica)

C. austr CRO (Omis)

C. austr ITA (Apulia)

C. austr ITA (Abruzzo)

C. tour CRO (Omis)

C. acth ITA (Sicily)

Figure 4.16. Bayesian inference phylogenetic tréeEoropean Nettle Tree

samples obtained from the trnH-psbA, matK and tmiE- sequences.

4.2.4.Inula verbascifoliagroup

Neighbor joining phylogenetic tree was obtainechwitikes-Cantor model. None of
the phylogenetic methods managed to record sigmifidifference between the samples as
all the differences were in form of the In/Del etger{figures 4.17, 4.18 and 4.19).
Haplotype network fortunately calculates In/Del mgeas a valuable site and therefore

managed to obtain an informative network (figur204..

. pamn ITEA

_verb VIS

. verb PAKLENICA 1
. verb HVAR 4

. verb PAKLENICA |
. verb HVAR 3

. verb GARGANO 1
.verb HVAR 7

. verb CORFU

. verb HVAR 6

. verb GARGANO 3
. verb HVAR 2

.verb HVAR &5

. verb GARGANO 2
. verb HVAR 1

e

Figure 4.17. Neighbor Joining phylogenetic tree lofila verbascifolia

group samples obtained from the trnH-psbA sequeragslying Jukes-

Cantor model
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I parn ITEA

I.verb VIS

I. verb HVAR 3

I. verb HVAR 2

I.verb HVAR 4

I.verb HVAR 1

_: I. verb GARGANO 2
|
I.verb GARGANO 3

I verb GARGANO 1

I verb HVAR 7

I. verb CORFU

I.verb HVAR 6
_E
I.verb HVAR 5

I. verb PAKLENICA 1

1. verb PAKLENICA 2

Figure 4.18. Maximum likelihood phylogenetic tréérula verbascifolia

group samples obtained from the trnH-psbA sequenwtbsRAXML

program.

I pam ITEA

1. verb PAKLENICA 1

L verb PAKLENICA 2

1. verb HVAR 4

I verb HVAR 5

1. verb HVAR 6

I verb HVAR 7

1. verb VIS

L. verb GARGANO 1

L. verb GARGANO 2

1. verb GARGANO 3

I verb HVAR 1

1L verb HVAR 2

I verb HVAR 3

1L verb CORFU

Figure 4.19. Bayesian inference phylogenetic triemola verbascifolia group samples obtained frdva t

trnH-psbA sequences.

|. parn ITEA,
I.verb PAKLENICA 1&2, H1
l.verb HVAR 4, 5,6 & 7,

I.verb VIS

H3

i O I.verb CORFU

H2

B O I.verb GARGANO 1, 2 &3,
Lverb HVAR 1, 2 & 3

Figure 4.20. Inula verbascifolia haplotype netweiiained from the trnH-psbA sequences.
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Haplotype data were combined with the geographip steowing the position of
the samples (figure 4.21). Different populationsehdeen signed with different colours
and these colours were later put in the haplotypevark in order to show which
populations share the same haplotype. On the islaRdar there have been sampled more
than one small populations and one of them (thevatiethe samples: I. verb HVAR 1, I.
verb HVAR 2 and I. verb HVAR 3) turned out to possehe different haplotype. The
enlarged window shows at precise position (orarigded where these three samples,
possessing the H2 haplotype, grew (data not shaviine introduction but recorded in the
study).

Figure 4.21. Geographic distribution of the popidat of Inula verbascifolia group. Each populatiisn
signed with different colour, which are respondittgthe ones in the haplotype network. The precise
position of the samples possessing particular higp (H2) are shown in the enlarged map and signed
with the orange circle.

4.3. Genetic position of the studied species

In order to enrich and confirm obtained resultsitoithl sequences were taken
from the NCBI GenBank. From this part of studystpossible to see how common is
particular genera and particular marker inside @@mBank and it is possible to obtain a

wider phylogenetic vision of the studied species.
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4.3.1. Pines

Besides the samples previously showed in the dtndynew samples were added
in this part of analyse®inus brutiaT. collected in Greece (ltea) afmihus heldeichiiC.
Christ. (obtained in Calabria on the Mountain Pal)i Other samples were obtained from
the NCBI GenBank, in which pines are very well egamted. Since they are such a big
and complex genus in this phylogenetic overviewyarbsely related species from the
sectionPinus were comparedlrnH-psbAsequences from the secti®mus are listed in
the table 4.16. These samples belong to 14 taxacanfirmed the clusters previously
showed in this study. The Maximum likelihood phydogtic tree obtained with additional
data showed the separation of the samples fronsthdy and the ones obtained from the
GenBank. However, the samples obtained from theB@ek belong in two different
subsectionsHinusandPinaste). Their differentiation wasn’t obtained in thisybbgenetic
tree, neither they showed some clear pattern basedhe geography distribution

(geographic distribution is listed in the figurd. 9).

Subsection Species Accession No. Distribution
Pinus P. densata JNO046343.1 China
Pinus P. massoniana JN046359.1 Eastern Asia
Pinus P. mugo FR832535.2 Europe
Pinus P. nigra subsp. laricio | FR832547.1 | southern Italy and Corsica
FR832547.1
Pinus P. resinosa HQ596790.1 North America
Pinus P. sylvestris FJ493296.1 northern Europe and Asia (arrivingountls to
Turkey, Italy, Pyrenees)
Pinus P. tabuliformis JNO046363.1 | Northern China, Korea
JN046349.1
Pinus P. taiwanensis JN046366.1 Taiwan
Pinus P. thunbergii JQ512350.1 Japan, South Korea
Pinus P. yunnanensis HQ849865.1 | China
JN046381.1
Pinaster P. brutia FR832537.2 Southern Europe, Middle east, Levant
Pinaster P. heldreichii FR832545.2 Southern Italy, Balkan Peninsula
Pinaster P. pinaster FR832527.2 Mediterranean Basin
Pinaster P. pinea FR832539.2 Mediterranean Basin

Table 4.16. Additional sequences of trnH-psbA aletdifrom the NCBI GenBank.
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Pinus sylvestris
Pinus mugo

Pinus

Pinus densata

Pinus resinosa

Pinus pinea

100 Pinus

......

90 Pinus nigra subsp. laricio

L Pinus nigra subsp. laricio

Pinus nigra IT Abruzzo Majella

100

38 Pinus heldreichii
88 Pinus nigra UKR Crimea

Pinus nigra SLO Postojna
Pinus nigra IT Calabria Aspromonte 2

Pinus nigra CRO Hvar

Pinus nigra IT Calabria Aspromonte 1
Pinus nigra CRO Brac

Pinus nigra IT Abruzzo C. Civitella
57

Pinus nigra IT Calabria NPSerre

Pinus nigra IT FVG Paluzza
Pinus nigra FRA Corsica
Pinus nigra CRO Paklenica

Pinus nigra GRE Vardousia

Pinus nigra CRO Omi3

Pinus nigra CRO Ledenica
Pinus brutia
Pinus halep IT Puglia Taranto

Pinus halep GRE Itea

Pinus halep IT Abruzzo Pescara2

Pinus halep IT Umbria Terni2

49
Pinus halep ISR Nazareth

Pinus halep CRO Omi§
Pinus halep FRA Carcassonne

Pinus halep IT Abruzzo Pescara 4

Pinus halep IT Abruzzo Pescara 1
Pinus halep GRE Corfu
Pinus halep CRO Paklenica

56

Pinus halep IT Abruzzo Pescara 3

Pinus halep IT Umbria Terni 2

Pinus halep SPA Minorca

Pinus halep IT Umbria Terni 3

Pinus halep IT Apulia Pestici
Pinus halep IT Sardenia Cagliari
74 Pinus halep GRE Evia

Pinus pinaster

Pinus halep GRE Thessaloniki

83 |

Pinus halep CRO Hvar

Pinus halep GRE Crete

Figure 4.19. Maximum Likelihood phylogenetic trelstained with trnH-psbA sequences in RAXML
program. Sequences in red are the ones produc#udrstudy and the black ones were obtained fran th

NCBI GenBank.

MatK sequences of genus pine are more representedniBa@k than the ones of
trnH-psbA so it was possible to perform a more detailed yamal Once again the
phylogenetic study was restricted to fi@us section, but this time with more sequences
included (table 4.17). Maximum likelihood phylogéndree resolved more branches than

the previous one (obtained wittmH-psbAsequences) and this time distinguished well the
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two subsectionsRinus and Pinaste). Once again the samples from this study got well

clustered in aspect the ones obtained from the @ekHigure 4.20).

=]

Subsection| Species Accession No. Distribution

Pinus P. densata JF955508.1 China

Pinus P. densiflora JF955542.1 Eastern Asia

Pinus P. hwangshanensis | AB161007.1 China

Pinus P. kesiya AB161008.1 Eastern Asia

Pinus P. massoniana JF955528.1 Eastern Asia

Pinus P. merkusii AB019848.1 southeast Asia

Pinus P. nigra AB084495.1 DQ3s3717.1 Mediterranean Basin
AB019854.1

Pinus P. resinosa AY497288.1 North America

Pinus P. sylvestris JFO55488.1 northern Europe and Asia (arriving i

south to Turkey, Italy, Pyrenees)

Pinus P. tabuliformis JF955518.1 Northern China, Korea

Pinus P. taiwanensis JF955536.1 Taiwan

Pinus P. thunbergii JF955548.1 JQ512470.1 Japan, South Korea

Pinus P. tropicalis AB080920.1 Cuba

Pinus P. yunnanensis JF955554.1 China

Pinaster P. brutia AB161018.1 AB019857.1| Southern Europe, Middle dastant

Pinaster P. canariensis AB084494.1 Canary Islands

Pinaster P. halepensis AB019856.1 Mediterranean Basin

Pinaster P. heldreichii AB161006.1 Southern Italy, Balkan Peninsula

Pinaster P. pinaster AB084493.1 Mediterranean Basin

Pinaster P. pinea AB084496.1 Mediterranean Basin

Pinaster P. roxburghii AB019861.1 Himalayas

Table 4.17. Additional matK sequences obtained fteerNCBI GenBank.
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Figure 4.19. Maximum Likelihood phylogenetic trétained with matK sequences in RAXML program.
Sequences in red are the ones produced in thiy stnd the black ones were obtained from the NCBI
GenBank.

4.3.2. GenugLeltis

GenusCeltis (consisting of around 70 species) has been ratlglied on the
genetic level, therefore only 324 sequences fronolevilyenus could be found in the

GenBank. TrnH-psbA sequences of only three different species weresepte More
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supported were the sequences of other two marleght(matK and ninetrnL-trnF
sequences) (tables 4.18 and 4.19). Phylogenets wbtained from these two markers
were very different. While the one based matK (figure 4.20) resolved all the inter-

specific variations with the bootstrap value of #)QrnL-trnF tree (figure 4.21) just

managed to distinguish South American species albtie others.

Species Accession No. Distribution

Celtis occidentalid.. AY257535.1 North America

Celtis iguanaedJacq.) Sarg JQ589366.1 Central and south America

Celtis africanaN.L.Burm. JF270686.1 Southern Africa

Celtis sinensi®ers. HQ427397.1 Eastern Asia

Celtis australis subsp. australis | HE967374.1 Europe, Asia

Celtis tetrandraRoxburgh JF317420.1 Asia

Celtis schippilL. GQ981961.1 South America

Celtis philippensi®l. AY263925.1 Southern Africa, India, Indonesiajsiralia

Table 4.18. Additional matK samples taken fromNKBI GenBank.

Species Accession No. Distribution
Celtis sellowianaMig. JN040365.1 Central and south America
Celtis iguanaedJacq.) Sarg AY488673.1 Central and south America
JN040361.1
Celtis sinensi®ers. JN040366.1 Eastern Asia
Celtis tournefortii var. aetnensis | HE967374.1 Sicily, Europe
Celtis talaGillet ex Planch. JN040367.1 South America
Celtis biondiiPamp. JN040363.1 China
Celtis philippensi®l. AY147093.1 Southern Africa, India, Indonesia, Aab&
Celtis madagascariensattarian | JN040364.1 Madagascar

Table 4.19. Additional trnL-trnF samples taken frdra NCBI GenBank.
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Figure 4.20. Maximum likelihood phylogenetic trelegenus Celtis samples obtained from the matK

sequences with RAXML program. Samples from thitysite written in red and all the others in black.
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Figure 4.21. Maximum likelihood phylogenetic trdegenus Celtis samples obtained from the trnL-

trnF sequences with RAXML program. Samples fromghidy are written in red and all the others in

black.

4.3.3. Genusnula

In order to enrich the study about timeila genus 17 sequences from 15 different

taxa were otained from the NCBI GenBank (table ¥.ZDhe most of the phylogeny was

not resolved with Maximum likelihood tree producsdh the additional sequences. The

only well separated species were the samples frdncal eastern Asia and Australia

(figure 4.22).

Species Accession No. Distribution

Inula conyzeDC. EF211000.1 FM998670.1 Europe, North Africa
Inula heleniund. HQ596734.1 FM998672.1 Europe

Inula britannicalL. GU724259.1 Europe

Dittrichia viscosa(L.) Greuter | GU818394.1 Europe

Inula hirta L. FR865069.1 Europe

Inula salicinaL. FR865070.1 Europe
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Inula montand.. HE659560.1 Europe
Inula japonicaThunb. GU724262.1 Eastern Asia
Inula shirensiliv. FM998676.1 Africa
Inula peacockiangAitch. & )
_ FM998674.1 Australia
Hemsl.) Korovin
Inula bifrons(L.)L. FM998668.1 Europe
Inula paniculata(Klatt) Burtt )
FM998673.1 South Africa
Davy
Inula germanicd.. FM998671.1 Europe
Inula confertifloraA. Rich FM998669.1 Africa
Inula aschersoniandka FM998667.1 Europe
Table 4.20. Additional samples taken from the NGBhBank.
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Figure 4.22. Maximum likelihood phylogenetic tré¢h@ genus Inula obtained from the trnH-psbA

sequences with RAXML program. Samples from thity site written in red and all the others in black.
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5. DISCUSSION

5.1. Choosing a perfect DNA marker

For resolving phylogenetic problems at the speardswer levels it is necessary to
find regions of the genome with very high evolution rates. Utilization of a larger
number of DNA regions gives further information amihimizes the possible errors in
data interpretation. Therefore, seeking for addélaegions with high evolutionary rates is
always very important for phylogenetic analyses.

One of the aims of the study was to find the mastable sites. Another way to
evaluate the marker regards its amplification tlas can vary depending on the variability
of the primer region.

1. TrnH-psbAis a highly universal marker used for standardipdaht barcoding
protocols, able to amplify and sequence easilysscall the lineages (Shast al
2007, Panget al. 2011, De Mattiaet al. 2012). Therefore it is slightly surprising that
in this study it did not obtain 100% of sequencsuccess for all the species.
However, failures in pine species could be a comsece of technical issues in the
procedure (as it was the first species studied) Bmapean Nettle Tree samples,
even though all DNA was extracted from the freshi-state material, demonstrated
difficulties in amplifications with all the marker§he only problem reported for this
marker in literature (Donget al 2012, Shawet al 2007) is the presence of
mononucleotide repeats (poly-structures or singlelaotide microsatellites) which
can cause sequencing problems. In actual studyptbidem did not occur.

2. For matK it has been recorded that it is not a universalkeraand exactly that is
usually the only drawback about this locus (Dunnghavolainen 2010, Yet al
2011, Donget al 2012). Till now, there has been described anreoos number of
primers but the general experience says: if thdiestugroup has never been studied
before it is a big possibility that the chosen mimwill not work perfectly. During
the years of the research a huge number of segubage been tested (de Veteal
2011, Fordet al 2009, Kochet al. 2001). Sometimes large numbers of primers get
tested in the same study of a simple genus (8aaf 1997, Kochet al 2001, Conti
et al 1999). The most universal primers now are desdrity Kim (unpublished).
These are probably also the most widely used ceg®cially due to the fact that
they have been recommended for DNA barcoding (Rigdworthet al. 2011). For
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European Nettle Tree theatk KIM primers were used and despite some difficaltie
managed to amplify all the samples. The sequerdde pines were obtained with a
primer described especially for the gymnospermdManget al (1999). The same
primer later got used for DNA barcoding by ChinarRIBOL Group (2011) but
there is also a large number of new primers that lm@ing developed just for
gymnosperms (Let al 2011). To sum up, in this case the amplificatsutcess
wasn't high (48,8% for Aleppo Pine, 60% for Eurapdalack Pine, 54,5% for
European Nettle Tree), but all the sample were tenadliy sequenced.

. trnT-trnL intergenic spacertrnL introne and trnL-trnF intergenic spaceperformed
perfectly (100% amplification success) when dealinity pines, butrnT-trnL failed

in amplifying European Nettle Tree sequences despie adjustment of the
temperature of the PCR and repeating the analy$i$-trnL is in fact the less
commonly used region from thenL complex due to its low amplification raf€his
difficulty apparently seems to be caused by timd primer, which Taberleet al
(1991), when desining the primers for whole regioalled primer “A”. A new
PCR-amplification primer designed by Croanal (2002) (used also in this study)
seemed to work good in wide spectrum of speciesaS#t al 2007) and helped
wider usage of the region. It would have been &résting experiment to apply the
old primer designed by Taberlet on the Europeantl&efree samples, but
unfortunately we did not used it in our study.

. trnS-trnGintergenic spacer was tested only on the samplé&siaipean Nettle Tree.
The primer used in this study (G toward S) was @nadditional primers sometimes
used to amplify only thérnG intron, and for sequencing longer fragments and
templates with a difficult poly-A repeat. Howevérseems that this primer is not so
universal and amplification did not have high swsc”CR success 60%, sequencing
33%). After five attempts with just one satisfagt@equence, this marker was
discarded from further analysis.

. trnS—trnQ intergenic spacer was tested on the samples adpEan Black Pine.
These primers were designed in 2010 by Schireheal in order to study
phylogeography of the gentisxus Due to the evolutionary closeness of the species
the primers were successfully amplified on the mamples (50% of the sequences
were obtained). However, three sequences obtairtechat show any variability,

therefore also this marker got excluded from thiéhir studies.
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6. The biggest problem wda3'S region. Use of théTS region was interesting in this
study as it is the only non-chloroplast regionha study but unfortunately it did not
function well. ForlTS region there is a great variety of applicable grsn(Songet
al. 2012). Many researchers tend to design new psim@vering only some parts of
the region, because the whdleS region is long. The gymnosperms turned out to
have problems in amplification of classical markamnsl usage of the whole regain is
hard because of particularly long ITS1 region ims tgroup (Gernandt & Liston
1999). In this study the primers were designed igfgcfor the pines (Simeone
unpublished). The region which they are coveriragtstfrom the end of thE'S1
spacer, spreads over the whole 5.8S RNA and althesivholelTS2 spacer. Apart
from some difficulties in amplification of the Alpp Pine sequences (50% of the
PCR success) the problem was that the sequences difécult to read so any
eventual variability was hard to take with certginthe last reason why ITS was
eliminated from the study was the result obtainesinf the first six samples;
comparing these sequences there was not any \dyiatibserved between the
Aleppo Pine and European Black Pine samples. Sime@tention of the study was
to find any intraspecific variability, this low vation was unacceptable for the
further analysis.

Regions used the most in this studyatK andtrnH-psbA seemed to be equally
variable within the studied groups of plants andhbmarkers delivered generally
satisfactory results. Both regions recorded soniBehevents tfnH-psbA five between
Aleppo Pine and 17 betwedPeltis sequencesmatK six between European Black Pine
sequences) as well as some SNRsH-psbAsix between Aleppo Pine and two between
European Black Pine sequencesatK two between the sequences of Aleppo Pine, one
between the European Black Pine sequences andeatwednCeltis genera sequences).
These differences, even though few, are signifib@aause they are intraspecific (only in
the case of Celtis genus we were dealing with tjastated species).

trnH-psbA has predominantly been used for the studies inwudlosely related
genera but several intraspecific studies have gilgen good result and have shown even
the higher variability then the one expressed is $tudy. Caverst al (2013) studied the
cryptic species of the tré@edrela odoratd.. and found 17 SNPs and 6 indels, resulting in
the characterization of 17 haplotypes. Ruiz-SancBezSpecht (2013) studied the

diversification of an endemic specidgolina parviflora and managed to obtain 24
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chloroplast marker haplotypes. Yuanal (2011) studied the phylogeographic structure of
the endangered tree peony and found 4 substitdit@s and 2 indels. These results
generally accord with the ones from this study,gesting that the variability of the
individuals of the complex species can be foundeeiglly for the long distant groups.
matKis one of the most rapidly evolving plastid codimegions and it consistently
shows high levels of discrimination among angiospspecies (CBOL 2009). Still, being
a coding region, its variability is limited and semesearchers think it can rarely be helpful
in separating species (Domg al. 2012) or lower taxonomic levels. This is a reasdny
not so many studies can be found in whicatK region is used for studying intraspecific
variation. Patreze & Tsai (2010) have used thigioeafor studying intrapopulational
genetic diversity oAraucariaangustifoliaand stated that the nucleotide diversity assessed
from matK sequences was low (pi = 0.001), but it indicatesl potential of this gene for
evaluating divergence among widespread populati@nsnsfeld et al. (2007) studied
phylogeography ofSalix melanopsisand analyzing the sequences &tk and rpll6
managed to demonstrate the existence of threeigeaees. Houliston & Olson (2006)
studied evolution of organelle genesSitenevulgaris and found 9 variable sites matK
sequence. Also in this study the variability wassiderable and it can be said that is was
as high as the one thH-psbAspacer. This is not surprising for the geRususbecause
Wanget al (1999) already used thmeatK region to study the evolution of Eurasian pines
and found out thaihatK sequences suggested a distinctly higher rate @tigon and that
the variation was even higher than the one of thecading regions. From this point of
view there is no evidence to prefienH-psbAover matK for future similar intraspecific
studies. The only possible problem one must alvkagp in mind when choosing between

these two regions is, already discussed, low aioalibn rate of thenatK primers.

5.2. Application of the molecular methods for nestoucting of phylogenetic trees

Phylogenetic trees for each species were obtairnibdtlree different phylogenetic
methods; Neighbor Joining, Maximum likelihood andayBsian inference. Genetic
variability among the sequences of the studiedispeatas low, so the differences between
the phylogenetic trees based on different methogl® iew. One of the classifications of
the mentioned methods is usually the time and ressuthey require. In this case
requirements were not measurable due to the siitypt€ the tasks; all the computations

were almost instantly done. However, it seemed tti@biggest number of the clades was
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produced using the Maximum likelihood method, ulsualso supported with the highest
bootstrap values. They were followed by the Bayesiéerence phylogenetic trees which
produced all the same clades but with lower boapstralues. Neighbor Joining method
turned out to be the less informative in all thesesaand with lower bootstrap values.
However the topologies are the same for all phytetje inferences.

Phylogenetic networks approach can be more infovdbr such a study. The number of
differentiations that were shown was higher thandhe obtained with phylogenetic trees.
Furthermore, haplotype network in some cases (Algppe network produced from the
marker combination) offered more evolutionary imi@tion than the phylogenetic trees
and suggested the ancestral haplotype.

5.3. Phylogenetic results obtained

Many plant species evolved via adaptive radiatiensexplosive patterns of
speciation, have evolutionary histories of only eavfmillion years. The very short
evolutionary histories result in low sequence dpeeice (Donget al 2012). In fact all the
samples analyzed in this study are probably regemviblved taxa. This could be assumed
by their disjuct distribution which usually sigrnadi that they live in an old glacial
refugium. They have probably arrived in that areard) the last glatiations, and being in a
restricted small area isolated from the other pagns, they started to accumulate
mutations which brought them to become differertities. In this case their evolution is
just about 10 000 years old, and, as Dengl. 2012 supposed they could be taxa with low
sequences divergence.

The results obtained in this study were congrudmwing vague variation of
sequences, SO it is necessary to be cautious wisensding the phylogenetic patterns

based on such a recent and modest variability.

5.3.1. Aleppo Pine

Aleppo Pine sequences managed to distinguish deweliaiduals pointing out
some interesting assumptions. The strongest swggpanternal clade, receiving a strong
bootstrap support (figures 4.1, 4.2 and 4.3), \lasane grouping the individual from the
island of Hvar (souther Croatian coast) with the mom Thessaloniki (northern Greece).

Nowadays Aleppo Pine inhabits almost whole Croatiaast but it is considered natural
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only in several southern points (among which is @& Island of Hvar) (Vidako#i1982).
Genetic similarity of the Greek Pine from the Tladssiki with the one from the island of
Hvar could support this theory, suggesting thatahky original sample from the Croatian
coast in this study is genetically close to thedBrene. This is understandable since the
Adriatic and lonic Sea separated them from the ApenPeninsula (important is to notice
that most of the Adriatic Sea dried out during it Pleistocene but not the southern part
where the Aleppo Pine population used to grow).e®O#kleppo Pine samples from Croatia,
based on this assumption, were planted and inteztlircthe past and it is highly possible

that they were also introduced from the Italianydapons.

In Bayesian inference only previously discussede&laas supported with bootstrap
value but other two methods managed to separaigtre@sndividual from the Greek Island
Evia as well as the samples from Crete and one Warbria (Italy). The branches between
these samples are not strongly supported but Nerghtining phylogenetic tree seem to

group the Greek samples (Evia and Crete) togebuatgtrap value is however just 30%).

All of these results can be seen also in the pleyiegc network obtained with both
markers {rnH-psbAandmatK) (figures 4.6 and 4.7). Network result could bteipreted
saying that the sample from the Crete (haplotypedd8ld have been a part of an ancestor
population of the Aleppo Pines. Similar assumptmoposed also Grivedt al. (2009)
who, using chloroplast SSR markers came to thelgtoo that the eastern populations
should be the origin of the species from which tsérted colonisation towards west.
Furthermore, phylogenetic network once again cordd the samples from the island of
Hvar and Thessaloniki to be identical (haplotype H2d close to the sample from Crete,

but more distant from another Greek sample (Eviaplotype H4).

The sample from Umbria (haplotype H5) is groupeaselto all non-classified
samples (haplotype H1), not showing the closerefiset eastern haplotypes. This result is
interesting regarding the curiosity mentioned ia #ftroduction in which it was explained
that two current theories about the origin of thesebrian populations are: a) the natural
relict population and b) the result of the ancieforestation probably with the samples
from Middle East (Schiller & Brunori 1992). The ws from this study are inclined to the
first theory. Closeness of the different haplotypi®) to the most common one (H1) and
the result which shows that other three Umbria sampossess the common H1 haplotype

(while only one sample possesses the H5) could rtiesnthe Umbrian population is a
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relict, well isolated population in which some geneariations are starting to be evident

but still aren’t stabilized in the population.

5.3.2. European Black Pine

European Black Pine samples were less variablettteaones of Aleppo Pine. The
reasons for this difference probably lie in thelegy of these two species. Aleppo Pine
inhabits the disturbed habitats and often represat pioneer species element in the flora
of a specific region. Such species should havehifle mutation rate in order to adapt to
new habitats. European Black Pine inhabits moréotmi sites. Even though Black Pine
deals with a big quantity of environmental stressisually inhabits places with relatively
homogeneous environmental conditions. Also AfzaliliRea Dodd (2007) dicussed these
species in a similar way stating that the AleppoePprobably survieved the glatiation
period in few restricted coastal sites from whdrdispersed around the Mediterranean,
while for the European Black Pine they have demrated that the populations in
Apennine Peninsula, Sicily, Corsica, France, Spawd Djurdja Mountains in Africa
inhabited the present regions before the glaciatioBased on this, the present
Mediterranean distribution is not the result of thestglacial recolonization, so their
isolation could have been much longer. This wowdfiem that evolutionary strategy of
European Black Pine is not in fast adaptationt asauld be in a pioneer species.

Neighbor Joining phylogenetic tree (figure 4.8) tioe Black Pine samples obtained
low bootstrap support. Maximum likelihood and Bagasinference phylogenetic trees
(figures 4.9 and 4.10) gave more information andewadso better bootstrap supported.
Both methods distinguished three particular sampia® all the remaining ones (100%
bootstrap support in both phylogenetic trees); daniiom the Mountain Aspromonte
(Calabria, Italy), Civitella Alfedena (Abruzzi, It§ and the one from the NP Paklenica
(Croatia). Maximum likelihood tree also delineatbd Croatian sample from the other two
Italian samples, while the Bayesian inference thelenot record this divergence. Another
interesting case was the sample from Abruzzi, abthifrom NP Majella. Its variability
has been recorded with both, Maximum likelihood &&yesian inference phylogenetic
trees; however the branch did not obtain bootstggport in neither method.

Combined phylogenetic haplotype network (figureld.gdhowed the most frequent

haplotype (H1) to beredominant in the majority of the samples (frono&ia, Slovenia,
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France, Greece, Ukraine and in two samples frory)Jtauggesting that this is the
ancestral haplotype. Other haplotypes (H2, H3, Kd ld5), basically from the Apennine
Peninsula (with the exception of one sample fromRdRlenica) are dispersed around the
H1 haplotype in the network. This haplotype patteuggests that the highest haplotype
diversity is concentrated on the Apennine Peningdiieh has confirmed to be the core of
the genetic diversity for the European Black Piomss its distribution range.

In the figure 4.12, showing the geographic distiiiu of the Black Pine subspecies
and the plastid haplotypes, it is possible to sa¢ samples from the two of four studied
subspeciesH. nigra subsp. dalmaticandP. nigra subsp. pallasianadid not shown any
variability from the rest of the samples (possdss H1 haplotype). In the other two
analysed subspecieB.(nigra subsp. nigrandP. nigra subsp. lariciphaplotype variation
was detected, but showed punctual genetic varwaldéspite of grouping the samples
appertaining from the same subspecies in the samietiipes. Result showed in the figure
4.12 points out that the most haplotype diversgybeing present on the Apennine
Peninsula. When comparing the geography of the Aipenpeninsula with the ecology of
the Black Pine it could be possible to assume thatPo Valley represented and still
represent a large barrier for the migration angelision of pines inhabiting the Peninsula.
Therefore it is possible that the sampled EuropB#ack Pine trees inhabiting the
Peninsula are much more isolated than all the dthweppean Black Pines in Europe,
which could lead to genetic variability divergerafethese populations and diversification
of unique haplotypes.

In the introduction we discussed the doubts ableaitarigin of the central Italian
populations (in this study samples from the moumddajella (H5) and from C. Alfedena
(H4)), which were finally contributed to the northgopulations oP. nigra subsp. nigra
(confirmed ultimately also in microsatellite anagsby Bruschat al. (2005).. Also this
study may confirm affilation of these samples terfgra subspecies, especially due to the
genetic similarity of Croatian sample from NP Paikta (H4) to the one from the C.
Alfedena. However, the variability of these popigias could be suggesting that the
species, once they arrived in the current regiortesftral Apennines, lost most of the
contact with the original population and they stdrtheir own evolution. They could have
arrived in that region even before the Pleistocama could have started their
differentiation early. This is also the assumptioh Afzal-Rafii & Dodd (2007) who
analyzed the chloroplast SSR markers and came docdimclusion that the Apenine

populations inhabited that region before the glamnes.
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5.3.3. European Nettle Tree

Samples of the genuBeltis did not show any sequence variation, except fer th
sample ofCeltis aethnensigrom the Sicily. Low variability was also recordéy De
Castro & Maugeri (2006) who were studying the molac variation of several
MediterranearCeltis species. They recorded no variability insidettiné intron but found
some differences in théTS1 and ITS2 sequencesITS sequences from their study
demostratedC. tournefortiias a monophyletic group (with the exception of lfa@ianC.
australis entering in theC. tournefortiigroup); C. glabrataas a distinct species; aiti
asperaand C. aethnensisvere not recognized as a distinct species but evbkrstered
together withC. tournefortii In this study variability was observedtmnH-psbAandmatK
sequences. All together, the sequence variabilitg was extremely low, since in the
sequence 1566 bp long there were recorded onlyn/¥el sites and one mutation. No
computation method managed to obtain a well supdgrhylogenetic tree using these data
and phylogenetic network was impossible to obtaim@ly two haplotypes were detected.
Nevertheless, the result obtained in this studyt (nfortunately visible only when
observing directly the sequence alignment) distsiguhe sample oCeltis aethnensis
while the C. tournefortii possessed the same haplotype Casaustralis. This is an
interesting result since De Castro & Maugeri (200@gd difficulties in separating.
aethnensisut notC. tournifortii. These studies when compared could mean thatrak t
taxa C. australis C. tournifortii and C. aethnensjspresent a weekly resolve clade and
their separation is not evident in many DNA regidhshould be noticed that both studies
did not obtain whole range of the species so tladyaas should be performed with more

detailed sampling and including more DNA regions.

5.3.4.Inula verbascifoliagroup

None of the phylogenetic methods (Neighbor joiniMaximum likelihood and
Bayesian inference) managed to obtain a well suppgohylogenetic tree of thiaula
verbascifoliasamples (figures 4.17, 4.18 and 4.19). Still, gighve phylogenetic network it
was possible to obtain three interesting haplotypgare 4.20 and 4.21). The first, clearly
separated, haplotype is obtained from the samplelnofa verbascifolia subsp.
verbascifoliacollected in Corfu (Greece) while the other twegant the mixture of the

various populations and taxa. One is formed froenséimples from the Peninsula Gargano
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(Italy) and three samples from the Island of Hv@ro@tia) and the other one of all the
other samples (including the sampledrafla verbascifolia subsp. verbascifolieom the
Island of Hvar, the Island of Vis and the sampld. oferbascifoliassp.parnassicafrom
Itea (Greece)). These two groups therefore did deshonstrate a clear diversification
between the distant populations, neither between stibspecies. They still showed a
genetic variability of the samples.

Before making any further assumptions, it is imaottto exclude the possibility
that the analysed samples from distant localitiess @urrently exchanging the genetic
material. Inula verbascifoliais a small herbaceous plant, pollinated by thedtss and
forming small dry seeds (typical for the family Asiceae) dispersed by the wind. The
seeds do not have any adaptation on the dispeysabhter and the possibility to disperse
over the Adriatic Sea seems to be impossible. Tssipility that the insects make bridge
this distance across the Sea and bring the pottem bne population to the other also
seems very unlikely. Contrary to the expectatiting,Croatian samples from the island of
Hvar share the same haplotype with the Italian $asnpCroatian samples with this
particular haplotype all originate from the samié ¢lhis data are not shown in this study
but was recorded). The island of Hvar is not seelto the Apennine peninsula as the
island of Vis and the cliff with the samples posseg specific haplotype is not the locality
oriented towards ltaly (figure 4.21, enlarged pafrthe map). Therefore, the haplotype
shared between the samples from Gargano and ttar@eHvar, should be the result of an
ancient, and not present, relationship betweerethepulations. It is likely that during the
Pleistocene there were more suitable habitatshierglants around the dry Adriatic Sea
and as a result its distribution was probably muatier than today. Consequently, this
allowed the exchange of genetic material acrossewgkographic area and possibly
included some rare long-distance dispersion ev&#aetic variation previously dispersed
on the wider territory is nowadays restricted t@Bmpopulations.

These small populations probably occasionally emghatheir material but based
on the occurrence of the particular haplotype & samples growing on the same cliff
(while the other three samples from the same islantd about 50 km further located did
not possess this haplotype) suggests that the egehis not often between these near
growing populations. However, in order to underdtdrese movements better, it would be

necessary to perform the microsatellite analyses.
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5.4. Additional DNA seguences

Consulting the genetic results obtained from otsteidies is always useful and
recommended as it gives additional confirmationtted obtained results. The limiting
factor is always the richness of the database wisidieing used (NCBI GenBank used in
this study is the most recommended and cited @exjuences of species used in this study
were variously represented in the database. Walesented were the pines, while the data
for the other two gener&g€ltisandinula) were poor.

Additional data can be used for two different s®p@ne is confirmation of
personal results and the other is to obtain furtivetutionary information. In this study all
the previously analysed species were successfdéytified and classified as expected
according to existing systematic. In addition lditextra information was obtained when
using additional samples from the database.

Pine sequences obtained in this study (using DNAkenatrnH-psbA and matK)
separated the Aleppo Pine and European Black Rmelss into two distinguished clades.
The correct indentification of the studied speciess confirmed also by the additional
samples of the same species from the database wiaitdined well in the phylogenetic tree
with the ones from this study. Maximum likelihooakd obtained from th&nH-psbA
sequences was not strongly supported by the baptstlues and left more unresolved
clades. Within the phylogenetic tree there are somensistencies when compared with
the recent systematics (Kaundun & Lebreton 2010n&weltat al. 2005). Position of the
Pinus heldereichiisamples was within the Black Pine clade, whilereality (based on
matK marker and molecular systematics obtained egnéhdtat al. (2005) it should be
much closely related to the Aleppo Pine. Howevhrs ttlassification is not strongly
supported with bootstrap values (57% and 49% réisiedg. MatK was more informative
marker (comparing these two phylogenetic treesg ffbe based on this marker grouped
the Aleppo Pine clade and the Black Pine clade mitich stronger bootstrap confirmation
and attributing them in accordance with system@itiGernandat al. (2005). In tree based
on matK subsection Pinaster was clearly separated fronselsgonPinus with the high
bootstrap value of 98%.

Samples of the genuGeltis obtained from the GenBank confirmed that tire-
trnF region has a very low variation in this genusfdct, in this study this region showed

no variability whatsoever, and the comparison witle other samples confirmed its
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conserved character. The phylogenetic tree obtdnoad thematK sequences resolved all
the inter-specific clades with the bootstrap vadfid 00%.Celtis aethnensisemained the
only undistinguished sample, confirming that ttpeces evolved recently.

Phylogenetic tree dhula genus showed low variability of samples, excepinfithe most
distant ones originated from South America, Afrie@stern Asia and Australia. This
confirms the assumptions that it is a relativelynyg clade with several closely related
species (at least in the European clade). It isevew important to remember that the

studied sequence was very short and obtained withame marker.
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6. HIGH RESOLUTION MELTING (HRM) ANALYSES

6.1. Introduction

As it has been shown molecular analyses performelis study are relatively long
and expensive. This type of analyses requires anlongber of samples and this comes to
be the first expense in the study. The next bigeagp turns out to be the temptations to
sequence as much DNA regions as possible. Utitimaif a larger number of DNA regions
can minimize the noise of the evolutionary hetenaity of genes or parts of a gene. It also
minimizes the possibility of misunderstanding résutaused by the factors such are
homoplasy and reticulation events. Another probteeurring is plastid capture for which
it is always recommended to combine different DNAudlear, mitochondrial or
chloroplast DNA). The trend of using more and moegions is well notable in the
phylogenetic studies in ultimate years (alreadyuwlsed in the introduction). However,
this study, as well as the most of them, has shaowabalance between the DNA regions.
This misbalance is present in amplification raggjuencing success and genetic variability
of the regions applied on different species. They the cause of the big looses for the
researcher who is starting a new phylogenetic cerapl

The biggest cost and also the most time-consumangimp this study was the DNA
sequencing as our laboratory didn’t posses thepeagnt to perform it. Therefore it was
neccessary to send purified DNA material in sequgntaboratories (Eurofins MWG
Operon and Macrogen Inc. (Europe)). This made #agiencing relatively costly process,
and forced us to revaluate thoroughly each testacken based on few trial samples,
before submitting the rest of specimens to sequgnédf course this exclusion-method

that was used may have caused the loss of potgnitigdresting information

An effective way to reduce the sequencing costsffered with a method called
High Resolution Melting (HRM). Using this technique researcher is able to find
unknown mutations or modifications, during a pasipéfication melting curve
experiment. The methodology was first introducedRiye et al. (1997) and turned out to
be particularly precise in spotting the small sewqae differences. Classic PCR
amplification is being enriched by adding the fioent dyes (SYBR Green I). After the
amplification, the melting process involves the ggeanmed increase of temperature to
dissociate the amplified double-strand DNA ampledhthe fluorescence of SYBR Green
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| is monitored continuously throughout a tempemtaycle, product denaturation can be
observed as a rapid loss of fluorescence neardhatdration temperature. The decline of
fluorescence against real-time increase in tempexatan be shown in the melting curve.
Since the melting curve of a product is dependenitoGC content, length and sequence
melting curves can point out samples which difiemf the others. So, this instrument
doesn’t show the entire sequence of the sampleshbatble to point out the samples with

particular genotype (even when the difference & jm one DNA base). The things

required are PCR reagents, a simple primer pairafoplifying the gene of interest, a

saturating DNA-binding dye, and an instrument wtiecise temperature control (in this

study Roche The LightCycler® 480 was used).

This is a new methodology. Most of the studies yppl HRM are under the
domain of biomedicine (where special interest isxdgpgout on HRM use in diagnostics)
and, more recently, it is starting to be used afs@gronomy. Its great and growing
application was found in detecting species andetiag of species (Hwang et al. 2011) but
also in authentication of the alimentary (Faet al. 2013, Ganopoulo®t al. 2012,
Ganopoulos et al. 2013, Klugaet al. 2013), or other commercial products (wood
authentication tested by Ganopodles al. in 2013). Recently the combination of plant
DNA barcoding with high resolution melting analy§igar-HRM) was introduced as a new
field. Since now it has been tested on the autbatidin of berry species by Jaakefaal.
(2010), bean crops by Madesisal. (2012) and lentils by Bosmadt al. (2012).

For the first time HRM analysis has been perfornasda method for one-step
haplotype identification in phylogeographic anatyéddanget al. 2012). In their study they
combined three methods: in-vitro HRM, in-silico HRlEind RFLP. In-vitto HRM
successfully discriminated between all amplicongletes. Only one pairwise comparison
yielded no discernable HRM curve difference betwéaplotypes, and these samples
differed by one transversionA© SNP. In-silico HRM analysis showed the results similar
to the ones obtained in-vitro while RFLP managedigiinguish much less variables.
Based on this, authors conclude that HRM represemts untapped resource in
phylogeographic analysis, and with appropriate primiesign any polymorphic locus is
potentially agreeable to this single-reaction mdtfay haplotype identification.
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6.2. Material and methods

Real-time PCR protocols were conducted in RochehtOgcler 480 (LC480)
Multiwell plates (96-well white) on the The Light€lgr® 480 Instrument using the LC480
HRM Master Mix reagent kit (Roche).

Requirements for the reaction are DNA samples, P&fRgents, a simple primer
pair for amplifying the gene of interest and sainga DNA-binding dye. Same as in a
classical PCR procedure HRM preparation consispsegaring the mixture and dividing it
in on all of the samples. The difference is thas thnalysis is being made on bigger

number of samples and therefore is being preparadiate and not in individual tubes.

The methodology was tested on the pine samples finenprevious study. In this
case there were analyzed Aleppo and European Blak samples together. Furthermore
there were added a DNA samplesRifius brutiaT. andPinus heldeichiiC. Christ., to

serve as an outgroup (table 6.1).

SAMPLE CODE
SPECIES COUNTRY LOCATION AT “Banca del
DNA Forestale”
P. halepensis Croatia Paklenica 125.01.01/HR
P. halepensis Croatia LuiS¢e (Hvar) 125.01.02/HR
P. halepensis Croatia Omis 125.01.03/HR
P. halepensis Greece Corfu 125.01.04/GR
P. halepensis Greece Crete, Knossos archeologic site 125.01.03/GR
P. halepensis Greece Itea 125.01.06/GR
P. halepensis Greece Thessaloniki (NAGREF) é25'01'01/GR'TH
P. halepensis Greece Agia Anna (Evia North) 125.02.01/GR
P. halepensis Italy, Apulia Principessa (Castellaneta), Tarantg 325'01'01/|T'TA'0
P. halepensis Italy, Sardegna | Cagliari, Monte Urpinu 335'01'01/|T'CA'0
P. halepensis Italy, Umbria Collestatte, Municipality Of Terni 335'01'01/|T'TR'0
P. halepensis Italy, Umbria Pineta Di Arrone 325'01'08/|T'TR'0
P. halepensis Italy, Umbria Monzano, Municipality Of 125.01.01/IT.TR.O
Montefranco 19
P. halepensis Italy, Apulia Pestici, by road 125.01.09/IT.APYU
P halepensis ltalv. Abruzzo Pescara, Riserva Naturale Regionalel25.01.10/IT.ABR
) P Y Pineta Dannunziana .PE.001
P halepensis ltalv. Abruzzo Pescara, San Giovanni Teatino 125.01.11/1IT.ABR
- halep Y CH,Via Valle Lunga .PE.001
P halepensis ltalv. Abruzzo Pescara, CONFINE San Giovanni | 125.01.12/IT.ABR
' P Y Teatino CH E Pescara, Versante SUdPE.001
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Di S. G. Teatino

P. halepensis

Italy, Abruzzo

Pescara, Montesilvano PE, Strada

Provinciale Palmiro Togliatti

125.01.13/IT.ABR
.PE.O01

P. halepensis

Spain, Minorca

Ciutadella

125.01.01/SPA.MI
N

G

P. halepensis Israel Tabor, Nazareth 125.01.02/I1L

P. halepensis France Carcassonne iéS.Ol.Ol/FRA.C
P. nigra subsp. Croatia Brac, Bol - Supetar street 129.01.01/HR.DA
dalmatica L

P. nigra subsp. Croatia Hvar 129.01.02/HR.DA
dalmatica L

P. nigra subsp. nigra | Croatia Omis 129.01.01/HR.NIG
P. nigra subsp. nigra | Croatia Paklenica 129.01.02/HR.NIG
P. nigra subsp nigra. | Croatia Ledenice 129.01.03/HR.NI
P. nigra subsp. nigra | Greece Vardousia 129.01.01/GRE.V

AR

P. nigra subsp. nigra

Italy, Abruzzo

Civitella Alfedena

129.01.01/1IT.AQ.0
35

129.01.01/1IT.UD.O

P. nigra subsp. nigra | Italy, F.V.G. Lusevera (UD) 51

P. nigra subsp. nigra | Slovenia Postojna é29'01'01/SLO'PC
P. nigra subsp. laricio | Italy, Calabria Aspromonte ;239.(.)011.01/CAL.A
P. nigra subsp. laricio | Italy, Calabria Aspromonte 129.01.01/CAL.A

SP.02

P. nigra subsp. laricio

Italy, Calabria

Serra San bruno (Vibo Valentia)

129.01/IT.VV.037

P. nigra subsp. nigra

Italy, Abruzzo

Majella, Fara San Martino

129.01.01/ABR.M
AJ.01

Corsica, Vallée de la Restonica,

129.01.01/FRA.C

P. nigra subsp. laricio | France Comune de Corte ORS
Eél?;gsrs?ail;bsp. Ukraine Crimea, 39°27'10", 29°41'32" /ing'Ol'Oll UKR.P
P. brutia Greece Itea |1_|_258.01.01./GRE.
P. heldreichii Italy, Calabria PN Pollino 120LEU.01.01

Table 6.1. List of the samples.

The amplified sequences for this machine are recemded to be less than 300 bp
long, since it becomes less reliable between 4@D 18900 bp (Reed & Wittwer 2004).
Most of the analyses till now have been perform&dgithe classical DNA markersrt,
trnL-F, ITS, rpsléetc.), sometimes entire and sometimes particutarnal parts (in order
to obtain the shorter sequence). MicrosatelliteSRS are less used since it has been
recorded that they can obtain some inaccuracyl. &tihetimes they are being use and
brought satisfactory results (Bosmati al. 2012, Mackayet al. 2008). In this case there

were amplified two pine-specific microsatelliteaca they were of the right length and we
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hoped to find higher variability than the one foutilti now (in the study). One of the
markers was taken from Gonzéalez-Martinez al. (2004) who tested the nuclear
microsatellite transfer across Eurasian pines (betwwhich there were Aleppo Pine and
European Black Pine). From many tested microstsllPtTX3107 was chosen. It was
designed by Aucklandt al in 2002 and was labeled as polymorphic for bgicges and
was about 182 bp long. Another microsatellite saqaewas taken from the study of
Vendraminet al. (1996) in which he designed 20 chloroplast micelstes for Pinaceae.
The chosen one, Pt15169, is locatedps? region and is 115-118 bp long. It was chosen
because it was used in considerable number ofesty@uropean Black Pine studies by
Afzal-Rafii & Dodd 2007 and Jiménez et al 2005; gye Pine studies by Bucci et al. 1998

and Grivet et al. 2009). Primers sequences ar¢ewriih a table 6.2.

Marker ) Type of Number of repeat | Expected
) Primer ) ) Reference

region DNA units size (bp)

f | 5- AAACAAGCCCACATCGTCAATC-3 Auckland et
PtTX3107 nDNA (CAT)4 182 .

r | 5- TCCCCTGGATCTGAGGA-3’ al. in 2002

F | 5-CTTGGATGGAATAGCAGCC-3’ (Cl(T)eA(T) Vendramin et
Pt15169 cpDNA 115-118

r | 5-GGAAGGGCATTAAGGTCATTA-3’ (C)a(M)1a al. (1996)

Table 6.2. Primers of the selected microsatelites.

The volume of the reagents in each well of theepiatlOul and it contains: DNA,
primers and reagents offered in the reaction k€480 HRM Master Mix reagent kit
(Roche)) (table 6.3). Reagent kit contained thubes:

1. Master Mix, 2x concentrated (including FastSTat) DNA Polymerase, reaction buffer,
dNTP mix (with dUTP instead of dTTP) and ResoLigigh-resolution melting dye)

2. MgCk Stock Solution, 25 mM (to adjust Mgloncentration)

3. O, PCR-grade (to adjust the final reaction volume)

REAGENTS QUANTITY PER WELL (ul)
DNA 1,5 (20 ngl)

Fwd primer 0,6

Rev primer 0,6

Master Mix (green cap) 5
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MgCIl, Stock Solution (blue cap) 1,3
H,0, PCR-grade (white cap) 1
SUM 10

Table 6.3.Quantity of the requested reagents.

The PCR procedure can be adjusted depending opritimers characteristics and
when all the settings are put the procedure isyréadtart. The PCR protocol used in this

study is written in the table 6.4.
Run Protocol

Detection Format: SYBR Green 1

Pre-incubation | 1 Cycle Analysis mode: None

Temperature Targets

Target | Acquisition Hold (hh:mm:ss) | Ramp | Acquisitions Sec Step Step

(°C) Mode Rate (per °C) Target | Size Delay
(°Cls) (°C) (°C) (cycles)

95 None 00:10:00 4.4 0 0 0

Amplification 52 Cycles Analysis mode : Quantification

Temperature Targets

Target | Acquisition Hold (hh:mm:ss) | Ramp | Acquisitions Sec Step | Step

(°C) Mode Rate (per °C) Target | Size Delay
(°Cls) (°C) (°C) (cycles)

95 None 00:00:20 4.4 0 0 0

63 None 00:00:30 2.2 0 0 0

72 Single 00:00:30 4.4 0 0 0

Melting (HRM) | 1 Cycle Analysis mode: Melting Curves

Temperature Targets

Target | Acquisition Hold (hh:mm:ss) | Ramp | Acquisitions Sec Step Step

(°C) Mode Rate (per °C) Target | Size Delay
(°Cls) (°C) (°C) (cycles)

95 None 00:01:00 4.4

63 None 00:01:00 2.2

95 Continuous 0.06 10

Cooling 1 Cycle Analysis mode: None

Temperature Targets

Target | Acquisition Hold (hh:mm:ss) Ramp Acquision | Sec Step Step
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(°C) Mode Rate (per °C) Target | Size Delay
(°Cls) (°C) (°C) (cycles)
40 None 00:00:30 2.2 0 0 0

Table 6.4. The PCR program.

The analyses are being run in the machine whiahsisintly recording the data on
computer. After the run, the amplicots were vieviedjel electrophoresis, tested for the

signs of dirt or double strands that could causmappropriate melting curve.

The LightCycler® 480 InstrumentyIcalling analysis software module calculates
for each sample the melting temperature, the ngelpeak, height, width and the area
under each melting peak. Thg €alling analysis is used to identify charactecistielting
profiles of DNA products and can be performed oy experiment that includes a melting
program. The melting temperature, g, s defined as the point at which half of the DNA
is double-stranded and single-stranded. After ofisgrthe melting curves it is necessary
to compare them. Two analysis methods for highluéism melting used in this study were
temperature-shifted melting curves and differendetsp which serve to highlight
differences between individual curves relative ne @f the sample melting curves plotted
as a baseline. Difference plots are useful fortehirsg larger numbers of samples and
allowing more distinct separation of varieties Hirtal results were made with the

temperature-shifted melting curves.

6.3. Results and discussion

Before performing the HRM analyses four samplesewsequenced with classical
sequencing method to assure that the primers fimatiell and produce the desired
fragment. For this experiment two Aleppo Pife falepensi€RO (Lwis¢e (Hvar)) and
P. halepensiSPA (Minorca)), and two Black Pin® (nigra subsp. laricidT (Calabria —
Aspromonte) andP. nigra subsp. dalmatic’RO (Hvar)) samples were tested. Both

primers produced good sequences and distinguisieeivb species (figure 6.5).
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Figure 6.5. The sequences of the analyzed micitisege The upper sequence is produced with Pt15i&9
following one by PtTX3107 microsatellite.

HRM analyses were differently successful and in tase of the chloroplast
microsatellite,Pt15169 the amplification didn’t work well. Melting curgewhich were
obtained were not usable. Regarding the fact tietsame primer functioned well at the
classical PCR sequencing, the failure should coore badly set up settings. The probable
explanation is that the HRM machine is slightly m@ensitive than the classical PCR

machine on which we were not costumed.

The analyses with nuclear microsatellite, PtTX31@&re more satisfactory.
Clustering of the samples was first performed wdifference plot method in which

software automatically showed five distinct groupsde of the samples (figure 6.6).
Based on difference plot method following groupsevgroduced:

RED LINES: P. halepensiCRO (Paklenica)P. halepensiCRO (Lwis¢e (Hvar)),P. halepensisGRE

(Thessaloniki),P. halepensiGRE (Evia),P. halepensisT (Apulia — Taranto)P. halepensis$T (Sardnia —
Cagliari),P. halepensi$T (Umbria — Terni)1P. halepensi$T (Umbria — Terni)2P. halepensisT (Umbria
— Terni)3,P. halepensidT (Apulia — Pestici),P. halepensidT (Abruzzo — Pescara)B. halepensidT

(Abruzzo — Pescara)®. halepensidT (Abruzzo — Pescara)®. halepensidT (Abruzzo — Pescara)®.

halepensisSPA (Minorca),P. halepensi$SR (Nazareth)P. halepensi$RA (Carcassonnel. nigra subsp.
dalmaticaCRO (Bra&)
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BROWN LINES: P. nigra subsp. nigraCRO (Paklenica)P. nigra subsp nigraCRO (Ledenice)P.
nigra subsp. nigraGRE (Vardousia)P. nigra subsp. laricidT (Calabria — Serra San brundp. halepensis
GRE (Itea)

GREY LINES:P. brutia GRE (Itea),P. nigra subsp. pallassiandKR (Crimea),P. nigra subsp. nigra
CRO (Omig)

VIOLET LINES: P. halepensi€RO (Omis),P. halepensiSRE (Corfu),P. halepensisGRE (Crete)P.
nigra subsp. dalmatic&€RO (Hvar)

YELLOW LINE: P. nigra subsp. nigrdT (Abruzzo — Majella)

Normalized and Temp-Shifted Difference Plot

32.832

27.832

22,832

17.832

12.832

7.832

2.832

-2.168

Relative Signal Difference

-7.1681

-12.168

-17.168

-22.1681

72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87
Temperature (*C)

Figure 6.6.Normalized Difference Plot obtained witfTX3107 microsatellite.

These results were used as a framework for thedugrouping of the samples that
was performed manually using temperature-shiftetfimgecurves (figure 6.7). Observing
melting peaks eight groups were distinguished, franich two contained big number of

the samples and the other were smaller, contammegor few species.

GROUP 1

P. halepensiRO (Paklenica)P. halepensi<CRO (Lwisée (Hvar)),P. halepensisSRE (Thessaloniki)P.
halepensisGRE (Evia), P. halepensidT (Apulia — Taranto),P. halepensidT (Sardnia — Cagliari)P.
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halepensidT (Umbria — Terni)2P. halepensi$T (Umbria — Terni)3P. halepensisT (Apulia — Pestici)P.
halepensisSPA (Minorca), P. halepensisISR (Nazareth),P. halepensisIT (Abruzzo — Pescara)lp.
halepensidT (Abruzzo — Pescara)®. halepensidT (Abruzzo — Pescara)®. halepensidT (Abruzzo —
Pescara)4R. halepensi$RA (Carcassonnelp. brutiaGRE (Itea)

GROUP 2

P. halepensisCRO (Omi8), P. halepensisGRE (Corfu), P. halepensisGRE (Crete),P. nigra subsp.
dalmaticaCRO (Hvar),P. nigra subsp. dalmatic€RO (Br&), P. nigra subsp. nigra&éfRO (Paklenica)P.
nigra subsp nigraCRO (Ledenice)P. nigra subsp. laricidT (Calabria — Serra San brun®), nigra subsp.

nigralT (FVG — Lusevera)

GROUP 3

P. halepensidT (Umbria — Terni)1,P. nigra subsp. nigrdT (Abruzzo — C.Alfedana)P. heldreichii

(Calabria — Pollino)

GROUP 4

P. nigra subsp. nigra&SLO (Postojna)P. nigra subsp. laricidFRA (Corsica),P. nigra subsp. laricidT

(Calabria — Aspromonte)

GROUP 5

P. halepensi&RE (Itea)

GROUP 6

P. nigra subsp. nigr&RE (Vardousia)

GROUP 7

P. nigra subsp. nigr&RO (Omis)

GROUP 8

P. nigra subsp. nigrdT (Abruzzo — Majella)P. nigra subsp. pallassiandKR (Crimea),
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Figure 6.7. Representative samples from the eightigs obtained from the melting

curves produced with PtTX3107 microsatellite.

Two curves (from the groups 7 and 8) showed thegmee of the heterozygous
samples. Dealing with heterozygous samples is thfigliomplicated. The HRM curves of
heterozygous samples do not allow an immediatgg@assnt of the alleles present, but
their classification is possible based on the theit artificial sample mixtures of two
different homozygous samples will result in exacthe same curve shape like the
heterozygous samples of those two alleles (Mastenl 2008). In this analysis the
argument was not prefunded, so based on the cofwé® groups 7 and 8 it can only be
hypothesized that the samples are heterozygous€fig.8), but unfortunately any kind of
clustering becomes difficult.
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Figure 6.8. Curves from the groups seven and eight.

After clustering, all the samples were put in thapnin order to get better view of
the results. Map in the figure 6.9 shows all thexgla@s analyzed. The first thing to notice
is that there is no clear distinction between tiheppo and European Black Pine samples.
This phenomenon, in fact, can occur in some omti@osatellites. As already said in the
introduction of the thesis microsatellites are itdhesal markers for studying the differences
between the populations of the same species butodgeeat variability sometime overlap
in different species.
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Pinus brutia, P. heldreichii
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Figure 6.9. Distribution of the samples from eighbups obtained by PtTX3107 microsatellite.
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Clearer distribution of the groups can be seen whegarding the species
separately. Aleppo Pine samples got classifiecdbur §roups (figure 6.10). Interestingly
the sample from Terni (which was clustered as dffein previous analyses) turned out to
be different once again. Also, in accordance topiteious analyses the eastern samples
result to be more variable then the western onbes fime the sample from Crete groups
with different species comparing the previous stuahd it shows similarities to the
samples from OmiS and Corfu. The sample from ligaedd out to have a sequence
different from all the others. It is interestingriotice that the Turkish Pin®ifus brutig
sample got clustered together with the biggest mroiAleppo Pine (confirming their
close relation).

Figure 6.10. Distribution of Aleppo Pine samplesstéred in four different groups obtained by PtTXB1
microsatellite.

European Black Pine samples were clustered in iffierent groups (figure 6.11).
The groups in this case are in strong incongruemdte classical systematics (Fukarek
1958, Gaussent al. 1964) and sequencing results. The explanatiomisfihcongruence
probably lies in the marker that was used. Gonzisla#inezet al. (2004), when testing
the cross-amplification of the PtTX3107 microsatielin different pine species reported
also two values regarding its intra-specific vaitigb Allelic richness, Ay, of a locus was
measured as the number of different alleles obdemwea sample of 10 to 20 diploid

individuals and expected heterozygosity, hlculated following Nei (1973). Both values
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showed higher variability of Black Pine {#= 3,86; H = 0,59) samples then the ones of
Aleppo Pine (Ao = 2; H. = 0,40). It results that Black Pine, as being veayiable in

analyzed region, could not have been studied takisgone sample for the population.
The incongruence would probably disappear in gresdenpling model, as the average

occurrence of particular samples would be different

Ny ‘.'
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» 'L i'-.'_l ¥
O #

Figure 6.11. Distribution of Black Pine samplesstired in four different groups obtained by PtTX310

microsatellite.

6.4. Conclusions

The problems that occur are all explainable by $lkeéection of the markers.
Microsatellites are less recommended for HRM amayand were not ideal for this
sampling model on such a wide area. Melting curebtained from thePtTX3107
microsatellite region were precise, clear and sintplanalyze. Unfortunately the result did
not accord with the excepted ones in the case adgean Black Pine (which should, till
some point, be respected as the classical systatas been done in high details and it
was confirmed with numerous molecular analysesppbd Pine samples on the other hand
gave satisfactory results that should be evalubtethe sequencing in order to confirm

genetic variability which was supposed.

The right step to do after these analyses is tahesHRM on one of the markers

already used in this study (sequenced ones). Tohakdvwserve as an objective criterion to
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test the accuracy of this method. Since the se@senicthese microsatellites were not
sequenced it is not possible to make a conclusionteether the incongruence that
occurred for European Black Pine samples camelsgumaccuracy of the HRM method or
due to the marker selection. Testing the applidgiof the HRM, at this moment should
be the first scope in this type of analyses.
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7. CONCLUSION

Clarifying the genetic systematics and geneticakality of a species is a necessary
pre-requisite towards more advanced studies comgeatology, phylogeography, species
conservation and propagation aimed at habitat nesbo. In an area so rich in species and
habitats as Mediterranean Basin all of these studie important in order to understand,
explain and protect the present biodiversity. Corieg particular habitats and species in
the Mediterranean is especially important in thespnt time, considering that ongoing
climate warming might cause local extinctions, aunlviving populations could be the
precious source of the genetic material. Four ggesiudied in this thesis are just few of

many more that should be studied and appreciatacsame way.

This study has demonstrated big genetic variabdityong the species inhabiting
the Mediterranean Basin. This variability shouldtéleen in consideration in wide number

of future, specialised, studies.

The great genetic variability inside the Aleppodhras been found in the eastern
populations, especially on the Balkan Peninsulachvshould be considered the core of
this species diversity. Confirming the study fromv@t et al. (2009) analyses suggested
the Eastern Mediterranean populations as anceses. o

European Black Pine seems to be a species whitdredfof the biggest population
loss during the last glaciations and thereforesiinathern populations, which remained in
their isolated refugia, are genetically pure are riost diverse. Apennine Peninsula, rich
of refugia, is an area where each population shbelce-analyzed in detail, conserved and

protected from the artificial importation of thaéogn genetic material.

Further on south, on the Sicily Island, there hasnbfound particular identity of
Celtis tourniforti (informally called C. aethnens)s which demonstrated its genetic
variability comparing to the otheCeltis species from the studyC( australisand C.

tournifortii).

Another area of great genetic variability is prowedbe Adriatic Sea, especially
northern Adriatic coast which, on its numerousnidgand islets, offers the vast number of
genetically unique populations. Opposite coastthefAdriatic Sea showed some ancient
relationships due to which they should be alwayslied and compared togethémula
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7.Conclusion

verbascifolia subsp. verbascifolia just one of over hundred trans-Adriatic anagréonic
taxa recorded till now. As it has been seen in shigly the connections are complex and
require further analyses. Understanding their pask present relationships could clarify

many questions about the Pleistocene period.

The methodology used in this study was informatared offered some new
explanations and information. Testing of such a tgnber of DNA regions should be
helpful in the further analyses of the same spedesit has been seen in this study
(especially in the last tested method of high nesmh melting) any new technique, DNA
region and method gives additional information amtiches the infinite process of

understanding the biodiversity and evolution onganet.
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ADDITIONAL FIGURES
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This photograph, taken in the Canon of Cetina imdfia shows the Aleppo
Pine and European Black Pine growing one to eadtemntlt shows well how

these two species are easy to distinguish even ftmndistance due to
particular colour of needles.

Seen close-up the differences become even morergvathd unmistakable.

epo Pine Euroan Black Pine
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Habitats
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European Black Pine, P. nigra subsp. nigra (NP Balda — Croatia)

European Black Pine, P. nigra subsp. laricio (NPjdlia — Italy)
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European Black Pine, P. nigra subsp. dalatica ({Hv&roatia)
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European Nettle Tree

European Nettle Tree — in a public park
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Inula verbascifolia subsp. verbascifolia

o

N "

Inula verbascifolia subsp. verbascifolia — tipical habita




