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ABSTRACT

MOLECULAR GENETIC ANALYSIS INHAZELNUT (Corylus
avellang

European hazelnu€Cprylus avellanal.), cultivated in several areas of the world
including Europe, Anatolia, and the USA, is an economically important nut crop due to
its high mineral, oleic acid, amino acid, and phenolic compound content and pleasant
flavor. This study examineaholecular genetic diversity and population structurbath
Slovenian and Turkish hazelnuts. In the first part of the wgmRketic diversity 054 wild
accessions and 48 cultivars from the Slovenian national hazelnut collegtisn
determinediusing ampfiied fragment length polymorphism (AFLP) and simple sequence
repeat (SSR) markers. The accessions were also characterized for ten nut and seven kernel
traits and some wild accessions were shown to have breeding potential. An association
mapping panel comped of 64 hazelnut cultivars and wild accessions had considerable
variation for the nut and kernel quality traits. Morphological and molecular data were
associated to identify markers controlling the traits. In all, 49 SSR markers were
significantly assoeited with nut and kernel trait® k 0.0001 and LD valuef) = 0.15
0.50]. This work is the first use of association mapping in hazelnut and has identified
molecular markers associated with important quality parameters in this important nut
crop.In the £cond part of the worlkk02 Turkish hazelnut accessions were screened with
30 SSR markers. The data obtained from this sa#ewedselection of a national core
collection of hazelnut. This copmllectionrepreserga maximum of genetic diversity in
a mnimum number of individualsT ur ki sh cul ti var &é6Tombul 6 w
generation sequencing technology and new SSR markers were devéiapesi found
thatsevenSSR markersvere sufficientto discriminaé Turkish hazelnut cultivars from
each ¢her. This studyprovides molecular information for markassisted selection in

hazelnut andjives new insight to discover the genetic potential of hazelnut germplasm.
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CHAPTER 1

INTRODUCTION

1.1. European Hazelnut Corylus avellana

Hazelnut isone ofthe most important edible nut species in the woddrylus
avellanaL. (European hazelnut) is a diploid (2n=2&)pnoecious, dichogamous and
wind-pollinated species belonging to the Betulaceae family. This species is the source of
the commercially important hazelnut cultivars grown in Europe, Anatolia and thé.US

European hazelnu€prylus avellamal.) is aneconomically important nut crop due
to its content ofminerak, oleic acié, amino acid, phenolic compoundand its nice
flavour?#. In addition to high nutritional valuéhehazelnut kernel is befieial to health
due toits effect ondecreasing.DL (low density lipoprotein) levels in the bload
Hazelnut can be considered asatural functional food due to these benefits and is
consumed worldwide as a tabhndprocessedood in the chocolate and confectionery

industies®.

1.2. Hazelnut Production in Turkey and Slovenia

Turkey and Italy are major hazelnut producers with 77% of world produsiibn
the remainder grow by countries such as the ASGeorgia, Azerbaijan, Spain and
Slovenia’.Tur key i s t he wproducdrawih 460:000rtonshgeowredn n u
701,141 ha, accounting for 84 of world productiorf. Approximately 163,000 tons of
hazelnuts are exported from Turkesgch yeaf. The most suitable climatic conditions for
hazelnut production in Turkey are in the Black Sea region where Turkish cultivars such
aso Tombul 6, 6Pal azd, 6 Minc anladditionCthekaea d a k 0
contains many wild hazelnut trees and landraces.

orombubis a Turkish C. avellanacultivar which has good characteristics fbe
human diet such as high oil contegppodtasteand aromaln addition,this cultivarhas
skin thatis quickly removable dung roasting andts size is suitable for thehocolate

industry This cultivar is also partially sefompatible; thus it can be classified as a good

1



pollinator!®. Moreover, itis widely grown in Turkey, especially in Giresun proviramd
other Black Sea provincesSshus, 6 Tombul 6 has thhandisa ant e
good cultivar for future breeding of new cultivadse to its adaptatiom different
provinces

Although Slovenia is a minor hazelnut producing country with less than 1% of the
world total, the country has extensive hazelnut genetic resources including wild
accessions and sctulstkiav adrosl gsoupcl ho deedan Croatia k a 6 w
but was domesticated in Slovenia. Orchards with mean surface of 2.2 hectares are mainly
located in the Stajerska, Dolenjska and Celjska kotlinam regions, producing
approximately 200 tons of 4ishell nuts per yeat®. On the basis of a loAgrm
i nvestigation, some international cul tival
ltaly, OEnnisé from the US and and 6Pauet e
growth in contemporary orchards iSlovenia® 4 In addition, many local wild
populations are distributed throughout the country, representing diverse hazelnut genetic
resourcesThese populations are interesting for characterization and feetestion and

breeding.

1.3. Genome Sequencing in Plants

In 2000, the first sequencing of a plgenome usingargeinsert bacterial artificial
chromosomes (BACsyas completeih themodel organisnirabidopsis thalianaThis
was a key step forthe history of genome sequencing. The next genome sequencing
study inthe plant kingdom was fothe crop plant riceagainusinga BAC strategy*®.
Sequencing of poplar was anotheykstep for genome sequencing because in this study
awhole genome shotgun strategy (WGS) was tsethtain a tree genomeé IntheWGS
strategy,the genome is broken into small piecebich are sequenced and asthled.
Next generation sequencing (NGS) strategies hetpexipeditegenome sequencing and
reducedits cost. The NGS strategy was introduced by 454 technology. Then lllumina
technology was developed and was adoptedeuence theucumber genome with
Sanger sequencing stratetfyIn recent yeardllumina technology has been the dominant
sequencing strategy and was applied to many plant genomes such as Chinesétabbage
potato?’, banan&?, pigeonpe&? chickpea?®, orange?* and watermeloR®. Genotyping

by Sequencing (GBS) is another high resolutechnique for markeassisted selection



and provides good information about selected accessions after seqifénkiogever,
GBS does not provide sequence for the whole gen@eaome sequencing provile
many advantages in scientific siesl One of them is thdevelopment ohigh-density
molecular markers for mapping of intetiagttraits. Such markers can be used to find
candidate genes imgenome using QTL analysfé. Outcomes of QTL studies can be
used in developing new cultivars which have good charatits for interested traits.
Seqiencing studies in hazelnut focused on transcriptome, genome and comparative
genomics within species and accessions. In transcriptomic stutlieshazelnut
transcriptome s sequenced® and 119 polymorphic SSRdbwere developed from
contigs?®. In addition,20 polymorphic ESTSSR from Betulaceae EST sequentesd
111 polymorphic SSR from transcr3weteomic

developedMoreover divergerein transcriptomic sequences@fmandshuricandC.

N

avellanawere compared to find cold resistance geeRecentlythe6 J e f f er son o u
genome was sequenced by lllumina technaldgptal of8,708 trinucleotide SSRs were

identified and 150 polymorphic SSR markers were develoPedseven cultivars
(‘Barcebna’, 'Ratoli', 'Tonda Gentile delle Langhe’, 'Tonda di Giffoni’, 'Daviana’, 'Hall's

Giant' and 'Tombul') were sequenced at lower coveslaged al i gned®iho o0Jef

another study BAC libraries were sequenced by Illlumina todi8@R marker linked to

easern blight resistance geié

1.4. Genetic Analysis with Molecular Markers in Hazelnut

The genetic diversity of hazelnut cultivarsasvfirst assessed using random
amplified polymorphic DNA (RAPDY>3” and amplified fragment length polymorphism
(AFLP) markers®™38, AFLP was used to fingerprint 57 clon&s and, in combination
with other markers, to assess diversity in 18 Turkish hazelnut culffvansather work,

Martins et al3® used AFLP ad inter simple sequence repeat (ISSR) markers to measure
diversity in wild and cultivated hazelnuts from Portugal

AFLP is a DNAbased marker that does not require knowledge of the DNA
sequence of the genotypes of intef@dtlowever, this technique requires larger quantities
of purer genomic DNA than other methods. Sophisticated machinery and software are
also needed to generate and analyze AFLP data. Despite these limitations, AFLP provides



more polynorphic fragments than other techniques and has been frequently used for
genetic diversity analyses in trees such as i€ mulberry*® and black poplaf*.

1.4.1.Simple Sequence Repeats

SSRs are short nucleotide repeat§)that occur throughout the coding and-non
coding regions of the genone*. SSR markers are effective because they are -multi
allelic, easy to score, and reproducible. As a result, they are commonly used in plant
genetic diversity and breeding analy§é&nomic SSRs and genic SSRs are derived from
DNA (genomic libraries) and RNA (expressed sequence tags, transcriptomic libraries)
sequences, respectively. Length polymorphism in these coding amwbdimy sequences
can be easily detected by polymerasemhaaction. To date, 450 genomic SSRE®3;

20 polymorphic ESTSSRs from the Betulaceae famifyand 230 polymorphic SSR loci

from transcriptome analysis were deyedd and used in hazelnut genome anal§sés

These analyses included determination of genetic diveéréity*’, geographic origif

53,58 jdentification of synonymous tre&%°%% and construction of linkage majis>% ©°

21 n another study, 275 FI1L ahnygbhreidod sx od M eor Tvoer
Boll will er & haz e lgnaatitative trae lecas@ M eidemtificatisngdat f o r
traits such as vigor, sucker habit, and time of bud 5éiratl of these studies show that

SSR makers are effective for hazelnut genomic research and suggest that the

development of even more SSR markers will be useful for more comprehensive analyses.

1.4.2.Genetic Diversity of Hazelnut Germplasm

An important aspect of the conservation of genetsources (germplasm) is the
determination of theamount ofdiversity that characterizes the materig@his is an
important step in determining if and which germplasm can be beneficial in agriculture
Diversity can be assessed based on phenotype (ptaphological traits) and genotype
(traits determined by molecular marker§ood diversity alsgrevents catastrophic
losses due to biotic and abiotic stresses and is necessary for improvement of hazelnut to
meet future climate, stress, grower and consuraerathds.

Turkish hazelnut germplasm has been systematically collected and grown at the

Hazelnut Research Institute in Giresun since its establishment in 1936 with substantial

4



additions made to the collection from 1969 to 1972 (H. K. Bal i k per
communication). The collection currently <c
orchard and includes both selected and bred cultivars, landraces and wild accessions that
were found near commercial orchards. Wild accessiontaaddaces were established in
the research i nst it uisldsfronn matwrallgacudrindtrees.t r an s 1
Germplasm collections are valuable reservoirs of genetic diversity. In addition to
preserving germplasm, the institute has charasdrihe material, with special emphasis
on the cultivars, for morphological and phenological traité However, it has not yet
examined all of the accessions for their molecular genetic diversity. This is necessary to
understand the genetic relationships among individuals, information which is especially
valuable when selecting parents for hybrid breeding, a relatively recent area of interest to
the institute®>. Both molecular and morphological data are also useful in selecting a core
set of germplasm. A core ssta subset of germplasm that encompasses the maximum
genetic diversity in a minimum number of accessions from the entire coll&ttlocore
set selection can help to prioritize preservation and propagatibe abllection as well
as provide a reasonable number of diverse samples for the measurement of characters and
properties that are expensive, tie@nsuming and/or laborious. Moreover, core sets
provide ideal material for association mapping of traitsee species like hazelnut.

In addition to its contribution to biodiversity, wild germplasm is widely
recognized as a potential resource of interesting traits for improved cuffivarse
material of the Slovenian national hazelnut collection represents both natgeliying
and introduced genetic diversityhus, the molecular and morphological variation of
Slovenian hazelnut genetic resources should be examined for valuatieededn
addition, these resources can be used to reveal the molecular bases of agronomic traits by

guantitative trait locus (QTL) mapping approaches such as association mapping.

1.4.2.1.Molecular Diversity

Much of the research assessing genetic diyarshazelnut has been done under
the auspices of the SAFENUT European Commission Action which focused on
characterization, conservation and use of European hazelnut gernfi@aigwed)*. As
part of this projet, analyses of SSR loci in hazelnut revealed high levels of genetic

diversity in accessions from Spdirf® %and Southern Europ®. In other work, Black



Sea region leelnuts from Turkey, Georgia, and Azerbaijan were also found to be highly
diverse®®. Most moleculargenetic diversity studies in hazelnut haweufsed on cultivars
>4 with only recent interest in wild individuals and landrat¢e8®’3. Another molecular
studyin hazelnutabout diversity was completed by Sotaal.”* and identified isozyme

polymorphism in leaf tissues using three enzyme systems

1.4.2.2 Morphological Diversity

Hazelnut descriptorsare usedto characterize accessions fororphological
diversity”>®. Until now several morphologicaiwirsity studies were performed and they
assayed kernel and nut parameters suchuasveight®® 7#79 kernel weighf® 7#’& nut
lengh " % kernel length’”- 8% kernel perentage’”: 82 number of nuts per clusté&t 77,
caliber?, width and thicknes&. In another studyl4 descriptorsvere used to analyze

involucres, nuts, and kernefs

1.4.3. Association Mapping

Association mapping (AM), also called linkage disequilibrium (LD) mapping,
was first developed for QTL identification in medical genomics studies and is now
frequently implemented iplant genomics studies. Association mapping is more practical
than QTL mapping performed in-parental mapping population because it does not
require the development of experimental populations such as F2 and BC (backcross). The
development of such poptilans is timeconsuming especially in tree species like
hazelnuf3, Instead, AM uses an association panel consisting of naturally occurring plant
germplasm/populations. AM also has higher resmtuthan biparental QTL mapping
because AM uses LD generated by historical recombination and can detect more alleles
than are found in Bparental populatiorf§®®, In arecent study, 2% Tonda Gent i | e
Lang h X® Mer vei | | e hdzelnuBFR hybrids wete @eiged QITL analysis,
which was performed for vigor, sucker hakiyd time of bud burst charactet$
However, to date no association mapping has bedorped with hazelnut.Nut and
kernel traits are iportant yield and quality parasters for hazelnut. Althoughése traits
have been characteed for a limited number of reference and local cultivars 69 8:8¢

to our knowledge, wild hazelnut accessions haw@ been examined in this way.

6



Morphological andnolecular characterization wfild accessions for nut and kel traits
is important to assess their breeding potentiakddition, identification oimolecular
markers linked to QTL$or quality traits is essential for the implementation of marker

assisted selection in hazelnut for targeted breeding of nikeaindl traits.

1.4.4. Discrimination Analysis for Hazelnut

Hazelnut is a tree so it is imgant to know what you are growingecause
hazelnut does not reach maturity for five to ten yetlwsrefore,nut and kernel traits
cannot be used to distinguish and verify cultivars when an orchard is estatllstiesh
hazelnut cultivars are classifieepending on their nut shape and kernel quality and
cultivar names refer to a group of tseghich have the same agmorphological traits’.

I n addition, as with other cul téLamsgusuch
d' EspaguweanadopD and 6 M¥, Turkesh Hazeleut ailgvar8oan | wi |
have many variants at the molecular level which resulpdhlems with certificatiof®

% This problem can be solved using genetic discrimination analysis.

Starting in the 1990s, molecular analyses were done to discriminate cultivars and
find truetype (clonal) accessns. For gample, Solar et df showed isozyme
polymorphism for three enzyme systems in 15 hazelnut cultiater research used
DNA-level polymorphis. In early work, five randomly amplified polymorphic DNA
(RAPD) markers were used to discriminate six cultivars and their variants from the
Campania region of Italy’®. In another study, 10 of 18 Turkish cultivars were
distinguished usingve random amplified polymorphic DNA (RAPD), four intsimple
squence repeat (ISSR), and eight amplified fragment length polymorphism (AFLP)
primers which yielded 34 cultivaspecific markers’. Chloroplast DNA was also used to
find the origins of 75 cultivars from Spain, Italy, Turkey (10 cultivars) laan using four
polymorphic simple sequence repeat (SSR)%bdh a more recent studg4 SSRs were
developed for fingerprinting 102 worldwide cultivdfs This was the first time that SSR
markers were used for discrimination in hazelnut despite the fact tlyahalve been
previously shown to be convenient for fingerprinting in many other tree species such as

apple®, apricot®, peach®, peaf® and olive®”.



1.5. Goals

The present thesis is composed of several goals to develop molecular breeding
methods in hazelnuThe first aim of this study was to analyze tpenetic diversity and
population structure of 102 wild and cultivated hazelnut accessions grown in Slovenia.
The clonal accessions included 54 wild accessions collected in five regions in Slovenia
and 48 cultivars originating from Europe and the USA.sEhaccessions were evaluated
with molecular marker data from 11 AFLP primer combinations and 49 SSR markers.
The germplasm was also evaluated for nut and kernel traits and these data were used to
identify QTLs for these parameters via association mappimgs, this study is the first
AM QTL report for nut and kernel quality traits in hazelnut.

The other aim of the researatas to analyze the molecular genetic diversity and
population structure of 402 hazelnut accessions (143 wild accessions, 239 laaddaces
20 cultivars) in the Turkish national collection using SSR markers. We also selected a
core set of the most diverse materialfitother morphological and biochemical profiling
and association mapping analyses. The core collection will be an eféindetonomical
resource for future hazelnut preservation, characterization and improvement.

The last aim of the research wasdentify hazelnut specific SSR markers using
next generation sequencing technologies. To achieve this aim, genomic DNA afa pop
Turkish hazelnut cultivar@. avellanacv. 6Tombulj was sequenced by Illlumina Next
Generation Sequencing (NGS) technology for identification of SSRs. Finally, a set of 50
SSR markersvere validated in 47 hazelnut accessions to demonstrate theinessftor
examination of genetic diversity and population structB8esenof the 50SSR markes

were chosen to discriminate Tarkish cultivars from each other.



CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1.Slovenian Hazelnut GermplasnPlant Material s

For genetic diversity analysis, 48 individuals@favellanawere sampled from
the national hazelnut collection in Maribor, NE, Slovenia. These accessions represent
cultivars that have been introduced into Slovérien other countries includinigaly (12
genotypes), the USA (11 genotypes), France (5 genotypes), Spain, the UK and Germany
(4 genotypes each) with one or two cultivars of Croatian, Hungarian, Romanian and
unknown origin Leaves and catkins were taken from one singlesttrtigpe plant of he
three replicates that were planted per cultivar. An additional 54 samples were obtained
by in situ collection of wild accessions from five hazelnutwgng regions in Slovenia
(Figure 2.1, Table 2.). The Koroska region is characterized by a humid oental
climate (Dwb) and is one of the coldeseas in Slovenia beside the Alps. Maribor and
Dolenjska, two regions with extensive vineyard production, have temperate climate with
dry winters (Cwb). Thé&/ipavaRazdrto and Bovec regions have a similar alenbut
without a dry season (Cfwb) and are areas where a Mediterranean influence can be felt.

A panel composed of 24 cultivars and 40 wild accessions was randomly chosen
from the germplasm described above for morphological characterization and associatio

mapping of nut and kernel traits.
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Figure 2.1 Map of Slovenia showing the regions where hazelnut genotypes were
collected. Red cross marks Bovec Region black marks Maribor Region,
purple marks Koroska Rem, green marks VipavRazdrto Region and
orange marks Dolenjska Region.

Table2.1. Slovenian hazelnut germplasm and origins.

Name (Genotype) Type of  Origin Genetic
Material Background

101 (s1) Cultivar ltaly s54 x s13

119 (s2) Cultivar ltaly s54 x s13

Apolda (s4) Cultivar ltaly

Arutela (s5) Cultivar Romania Merveille de Bollwiller x s54

Bandnuss (s6) Cultivar  United Kingdom

Bearn (s7) Cultivar  France

Brixnut (s8) Cultivar USA

Corabel = N473(s12) Cultivar  France s21 seedling

Cosford (s13) Cultivar  United Kingdom

Daviana (s15) Cultivar  United Kingdom

E-104 = Daria (s16) Cultivar ltaly s54 x s13

Ennis (s17) Cultivar USA

F-104 (s18) Cultivar ltaly s54 x s13

Feriale (s20) Cultivar  Frane s28 x Butler

Fertile de Coutard = Barcelona (s2? Cultivar USA

(Cont. on the next page
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Table 2.1. (cont.)

Ferwiller (s22)

Frutto Grosso (s23)

G1 (s24)

Gem (s25)

Gunslebert (s26)

Heynich's Zellernuss (s27)
Imperiale de Trebizonde (s28)
Istrska dolgoplodna leska (s29)
Istrska okrogloplodna $&ka (s30)
Lambertskibeli (s31)
Landsberg (s32)

Lansing (s33)

Lewis = OSU 243.002 (s34)
Mogul (s37)

Morell (s38)

Mortarella (s39)

N-650 = H36822 (s40)

Negret (s41)

Nocchione = Montebello (s42)
OSU 166.034 (s43)

OSU 167.002 (s44)

OSU 238.125 (s45)

OSU 244.001 (s46)

Pauetet (s47)

Riccia di Talanico (s48)
Romische Zellernuss (s49)
Romai (s50)

Segorbe (s51)

Sodlinger (s52)

Tonda di Giffoni (s53)

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

France

Italy

Italy

USA

Germany
Germany
Turkey

Croatia

Croatia
Germany
Germany

USA

USA

United Kingdom
Spain

Italy

France

Spain

Italy

USA

USA

USA

USA

Spain

Italy

unknown (Germany?)
Hungary

Spain

unknown (Germany?)

Italy

Merveille de Bollwiller x Tonda G.

Romana

Payrore x Tonda Gentile Romana

(s21 x Tombul Ghiaghli) x s58

Tonda Gentile Romana x s54

Casina x Butler

(s21 x Tombul Ghiaghli) x s58

(Cont. on the next page
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Table 2.1. (cont.)

Tonda Gentile delle Langhe (s54)
Valcea (s57)
Willamette (s58)
di

d2

d4

ds

dé

d7

ds

d9

dio

di1

di2

korl

kor2

kor4

kor5

kor6

kor7

kor8

kor9

kor10

korll

korl2

mb1l

mb2

mb4

mb5

mb6

mb7

Cultivar

Cultivar

Cultivar

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

Italy
Romana
USA
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Maribor
Maribor
Maribor
Maribor
Maribor

Maribor

clonal selection of Furfulak

s42 x Compton

(Cont. on the next page
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Table 2.1. (cont.)

mb8

mb9

mb10

vl

v2

v3

v4

v5

v6

v7

v8

v9

v10

vlil

v12

bl

b2

b4

b5

b6

b7

b8

b9

b10

b1l

b12

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

Wwild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

wild

Maribor
Maribor
Maribor
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
Bovec

Bovec

Bovec

Bovec

Bovec

Bovec

Bovec

Bovec

Bovec

Bovec

Bovec
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2.1.2.Turkish Hazelnut Germplasm Plant Materials

A total of 402 hazelnut accessions which represent the diversity of material
present in Turkeyb6s Black Sea region was
Giresun. This collection contains all 20 Turkish cultiviras well as landraces and wild
accessions collected by the research institute from Giresun (240 accessions), Ordu (49
accessions), Trabzon (49 accessions), Sarf@accessions), Rize (3 accessions), Sinop
(2 accessions), Artvin, Duzce, Kastamonu and Erzurum (1 accession leigcing 2.2,

Table2.2) %4 The remaining 31 accessions were of unknown origin but collected from

the Black Sea region.

Blﬂln /‘j‘“f“ B3 d.mnop —~
>, BLACK SEA -
Zonguldak . ® S >4 (
« /" Kambik AKastamonu Mo~ Nz At/
: ¢ Samsu/n//‘- o S e, *
SRz Ak o onu A Tabaon
Bolu |, Gorum . . :
[ / ) e Amasya -To.k,'\‘ Gumiighane . burt
\ «_/-vr_\ ). 7 Y o~

Figure22Map of Tur keyds Bl ack Sea region wher
Light blue star: Duzce; dark green star: Kastamonu; yellow star: Sinop; green
star: Samsun; blue star: Ordu; black star: Giresun; red star: cultivars; fuchsia
star: Trabzon; brown star: Rize and gray star: Artvin. Erzurum (not shown) is
located in eastern Anatalregion and south of Rize and Artvin. Red arrows
show the area expanded in the lower map with yellow stars indicating original
collection locations of accessions.
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Table2.2. Turkish hazelnut accessioasd origins.

Accession Name Type of Material Province District
Aci Cultivar Giresun Hazelnut Research Institute
Allahverdi Cultivar Giresun Hazelnut Research Institute
Cakildak Cultivar Giresun Hazelnut Research Institute
Cavcava Cultivar Giresun Hazehut Research Institute
Fosa Cultivar Giresun Hazelnut Research Institute
Giresun Melezi Cultivar Giresun Hazelnut Research Institute
Incekara Cultivar Giresun Hazelnut Research Institute
Kalinkara Cultivar Giresun Hazelnut Research Institute
Kan Cultivar Giresun Hazelnut Research Institute
Kara Cultivar Giresun Hazelnut Research Institute
Kargalak Cultivar Giresun Hazelnut Research Institute
Kus Cultivar Giresun Hazelnut Research Institute
Mincane Cultivar Giresun Hazelnut Research Institute
OkayZB Cultivar Giresun Hazelnut Research Institute
Palaz Cultivar Giresun Hazelnut Research Institute
Sivri Cultivar Giresun Hazelnut Research Institute
Tombul Cultivar Giresun Hazelnut Research Institute
Uzun Musa Cultivar Giresun Hazelnut Research Insiie
Yassibadem Cultivar Giresun Hazelnut Research Institute
Yuvarlakbadem Cultivar Giresun Hazelnut Research Institute
FAIOO01 wild ?
FAI002 Wild Giresun Bulancak; Bostanli
FAIOO3 Landraces Giresun Bulancakicilli
FAIO04 Landraces Giresun Tekke
FAIO05 Landraces Giresun Darikoy
FAIO06 wild Giresun Dereli;Kuknarli
FAIO08 Landraces Giresun Konacik

(Cont. on the next page
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Table 2.2 (cont.)

FAIO09
FAIO10
FAIO11
FAIO12
FAIO13
FAIO15
FAIO16
FAIOL17
FAIO18
FAIO19
FAI020
FAIO21
FAIO22
FAIO23
FAIO24
FAIO025
FAIO27
FAI029
FAIO31
FAIO32
FAIO33
FAIO34
FAIO35
FAIO39
FAIO41
FAIO42
FAIO43
FAIO44

Landraces
Landraces
Wwild
Landraces
Wwild
wild
Landraces
Wwild
Landraces
wild
Landraces
Landraces
wild
wild
Landraces
wild
Landraces
Landraces
wild
Landraces
wild
Landraces
wild
Landraces
wild
Landraces
Landraces

Wwild

Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
?
Giresun
Giresun
Giresun
Giresun
Ordu
Giresun
Giresun

Giresun

Gurkoy
Dereli; Calca
Kesap; Karabuldki
Incegeris
Dereli; IKlikci
Mesudiye
Gurkoy
Yagmurca
Ulper
Ulper
Piraziz; Gokceali
Akcali
Mesudiye
Konacik
Piraziz; Bulbullu
Piraziz; Kilicli

Akcali

Akcali

Darikoy
Boztekke
Darikoy
Piraziz; Kilicli
Eyuplu
Espiye; Orman Kirani
Erikliman

Alinca

(Cont. on the next page
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Table 22. (cont.)

FAIO46
FAIO47
FAI049
FAIO52
FAIOS3
FAIOS5
FAIO56
FAIOS7
FAIOS8
FAIOS9
FAIOG1
FAIO63
FAIOG64
FAIO65
FAIO66
FAIOG7
FAIO68
FAIO70
FAIO72
FAIO73
FAIO74
FAIO76
FAIO77
FAIO78
FAIO79
FAIO80
FAIO81
FAIO82

Wild
Wild
Wild
Landraces
Wild
Landraces
Wild
Wild
Landraces
Wild
Wild
Wild
Wild
Wild
Wild
Landraces
Landraces
Wild
Wild
Landraces
Wild
Wild
Wild
Wild
Landraces
Wild
Wild

Landraces

Giresun
2
Giresun
Ordu
Ordu
Giresun
Sinop
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Ordu
Giresun
Giresun
Ordu
Giresun
Giresun
Giresun
Giresun
Giresun
Bolu
Giresun
?

Giresun

Darikoy

Hisargeris
Eyuplu
Aydinlar
Kesap; Karabulduk
Ayancik; Agacli
Piraziz; Bulbullu
Piraziz; Bulbullu
Piraziz; Bulbullu
Bul ancak; ke
Piraziz; Bubullu
Piraziz; Bulbullu
Piraziz; Bulbullu
Akkoy; Madenyani
Eyuplu

Bul ancak; ke

Persembe
Bulancak
Bulancak; Pazarsuyu
Ortakoy
Yazlik
Candir
Akcakoca

Yazlik

Pinarcukuru

(Cont. on the next page
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Table 2.2. (cont.)

FAIO84
FAIO86
FAIO88
FAIO89
FAIO91
FAI092
FAIO93
FAI094
FAIO95
FAIO96
FAIO97
FAIO98
FAIO099
FAI101
FAI103
FAI104
FAI105
FAI106
FAI107
FAI108
FAI109
FAI112
FAI114
FAI116
FAI117
FAI118
FAI119
FAI120

wild
Landraces
Landraces
Landraces
Landraces
Landraces
wild
Landraces
wild
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
wild
Landraces
wild
Landraces
wild
wild
Landraces

Landraces

Giresun
Giresun
Giresun
Giresun
Giresun
Ordu
?
Kastamonu
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Ordu
Giresun
Ordu
Giresun
Ordu
Ordu
Ordu

Hazelnut Research Institute
Bulancak

Bulancak

Bayad

Inebolu; Culurye
Konacik
Konacik
Sarvan
Darikoy
Barca
Burhaniye
Barca
Guveckoy
Hazelnut Research Institute
Sarvan
Barca
Piraziz; Kilicli
Bulancak; Bozat
Uzunisa
Bulancak; Yalikoy
Aydinlar
Hazelnut Research Institute
Persembe; Yumrutas
Persembe; Yumrutas

Persembe; Dogankoy

(Cont. on the next page
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Table 2.2. (cont.)

FAI121
FAI122
FAI123
FAI125
FAI126
FAI128
FAI129
FAI130
FAI131
FAI133
FAI135
FAI136
FAI137
FAI138
FAI140
FAI141
FAI142
FAI143
FAI144
FAI145

FAI147
FAI148
FAI149
FAI150
FAI152
FAI154
FAI155

wild
Landraces
Landraces
Landraces
Landraces
wild
Landraces
Wwild
Landraces
wild
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces

Landraces

Landraces
Landraces
Landraces
Landraces
wild
Landraces
Landraces

Landraces

Ordu
Ordu
Ordu
Giresun
Ordu
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Ordu
Ordu
Ordu
Giresun
Giresun
Ordu
Giresun
Ordu

Trabzon

Trabzon
Ordu
Trabzon
Giresun
Giresun

Giresun

?

Ulubey; Kirazli
Ulubey; Findikli
Ulubey; Akpinar
Kesap; Yolagzi
Ulubey; Karakoca
Guneykoy
Guneykoy
Guneykoy
Guneykoy
Kesap; Gurpinar
Kesap; Saraycik
Unye; Kdekoy
Unye; Kurna Mengen
Caybasi; Haciali
Kesap; Saraycik
Kesap; Saraycik
Unye; Kalekoy
Hazelnut Research ltitute
Unye; Cinarcik

Vakfikebir; Cumhuriyet
mahallesi

Besikduzu; Korkuthan
Unye
Besikduzu; Turkelli
Kesap; Kaabedir
Kesap; Guneykoy

Ergence

(Cont. on the next page



Table 2.2. (cont.)

FAI157 Landraces Giresun Bulancak; Pazarsuyu
FAI158 Landraces Giresun Seyitkoy
FAI161 Landraces Giresun Yukarialinli
FAI163 Landraces Giresun Kemaliye
FAI164 Landraces Giresun Bulancak; Erdogan
FAIL165 Wild Giresun Kesap; Surmenli
FAIL66 Wild Giresun Kesap; Surmenli
FAIL67 Landraces Giresun Sivaci
FAI168 Landraces Ordu Unye; Baskoy
FAI169 Landraces Giresun Camili
FAI170 Landraces Giresun Hazelnut Research Institute
FAI171 Landraces Giresun Kemaliye
FAI172 Landraces Giresun Kemaliye
FAIL173 Landraces Giresun Seyitkoy
FAIL74 Landraces Ordu Caybasi; Egribucak
FAIL75 Landraces Giresun Kayadibi
FAIL76 Landraces Ordu Caybasi; Saricaerik
FAIL77 Landraces Ordu Caybasi; Saricaerik
FAIL78 Landraces Ordu Caybasi
FAIL79 wild Giresun Kesap; Karadere
FAI180 Landraces Ordu Caybasi
FAI181 Wild Giresun Kesap; Cakirli
FAI182 Landraces Giresun Kayadibi
FAI183 Wild Ordu Unye;Kalekoyu
FAI184 Landraces Giresun Bulancak; Ahmetli
FAI185 Landraces Giresun Bulancak; Kayhan
FAI186 Wild Giresun Bulancak; Ahmetli
FAI187 Landraces Giresun Bulancak;Saracli

(Cont. on the next page
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Table 2.2. (cont.)

FAI188 Landraces Giresun Bulancak; Kayhan
FAI189 Landraces Ordu Kizilhisar
FAI190 Wild Giresun Bulancak; Tepecik
FAI191 Landraces Giresun Bulancak; Erdogan
FAI192 Landraces Giresun Bulancak; Seyhmusa
FAI194 Wild Giresun Bulancak;lcilli
FAI195 Landraces Giresun Bulancak; Hacet
FAI196 Landraces Giresun Bulancak; Tepecik
FAIL197 Landraces Giresun Bulancak; Erdogan
FAI198 Landraces Giresun Bulancak; Kuzkoy
FAI199 Wwild Giresun Bulancak; Ahmetli
FAI200 Landraces Giresun Bulancak; Kuzkoy
FAI202 Landraces Ordu Unye; Kalekoyu
FAI203 wild ?

FAI204 Landraces Ordu Fatsa; Oluklu
FAI205 Landraces Samsun Terme; Bazlamac
FAI206 Landraces Ordu Fatsa; Korucuk
FAI207 Wwild Ordu Fatsa; Evkaf
FAI209 wild Samsun Terme; Bazlamac
FAI210 Landraces Samsun Carsamba; Kocalar
FAI211 wild Ordu Fatsa; Oluklu
FAI212 Wwild Samsun Terme; Kocamanbasi
FAI213 Landraces Ordu Akcatepe
FAI215 Wild Ordu Boztepe
FAI216 Landraces Giresun Bulancak; Pazarsuyu
FAI217 Landraces Ordu Boztepe
FAI218 Landraces Giresun Bulancak; Pazarsuyu
FAI219 Landraces Giresun Bulancak;lnece

(Cont. on the next page
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Table 2.2. (cont.)

FAI220
FAI221
FAI222
FAI224
FAI225
FAI226
FAI227
FAI228
FAI230
FAI231
FAI232
FAI233
FAI234
FAI235
FAI236
FAI237
FAI238
FAI239
FAI240
FAI241
FAI243
FAI244
FAI245
FAI246
FAI247
FAI248
FAI249
FAI250

Landraces
Wwild
Landraces
wild
Landraces
Landraces
Landraces
Landraces
wild
wild
Landraces
wild
Landraces
Landraces
Landraces
Landraces
wild
Landraces
Landraces
Landraces
wild
Landraces
Landraces
Landraces
Landraces
Landraces
wild
wild

Giresun
Giresun
Trabzon
Trabzon
Trabzon
Trabzon
Giresun
Trabzon
Trabzon
Trabzon

?
Trabzm
Trabzon
Trabzon
Trabzon
Trabzon

?

?

?

?

?
Trabzon
Trabzon
Trabzon
Trabzon
Trabzon
Giresun

Giresun

Bulancak; Eriklik
Bahcekaya
Macka; Yukarikoy
Macka; Yularikoy
Carsibasi;Kavakli
Hazelnut Research Institute
Macka; Kaynarca
Ortahisar; Caglayan

Kavala

Cilekli
Kavala
Yomra; Komurcu
Yomra; Komurcu

Ortahisar; Cukurcayir

Macka; Catak
Kisarna
Arsin; Ozlu
Surmene; Konak
Arsin; Ozlu
Tirebolu; Karademir

Tirebolu; Seku

(Cont. on the next page
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Table 2.2. (cont.)

FAI251 wild ?

FAI252 Landraces Giresun Bulancak; Hacet
FAI253 Landraces Giresun Hazelnut Research Institute
FAI255 Landraces Trabzon Arakli; Tasonu
FAI256 Landraces Trabzon Yenikoy
FAI257 Landraces ?

FAI258 Wild Trabzon Arakli; Ayvadere
FAI259 Landraces ?

FAI260 Wild Trabzon Arakli; Tasonu
FAI262 Wwild Trabzon Of; Dumlusu
FAI263 Wwild Trabzon Bolumlu
FAI264 Landraces Trabzon Bolumlu
FAI265 Landraces Trabzon Hopa; Sugoren
FAI267 Landraces Trabzon Of; Dumlusu
FAI268 Landraces Trabzon Hopa; Saricayir
FAI269 Wwild Trabzon Bolumlu
FAI270 Landraces Rize Findikli; Kiyicik
FAI271 Landraces Rize Findikli; Caglayan
FAI272 Wild Trabzon Hopa; Camli
FAI273 Landraces Trabzon Hopa; Canli
FAI274 Landraces Trabzon Hopa; Camli
FAI275 Landraces Rize Findikli; Kiyicik
FAI276 Landraces Trabzon Hopa; Sundura
FAI278 Landraces Giresun Espiye; Cibril
FAI279 Landraces Giresun Bulancak; Semsettin
FAI280 Landraces Giresun Yaglidere; Palakli
FAI283 Wild Giresun Espiye; Demircili
FAI284 wild Giresun Tirebolu; Cegel

(Cont. on the next page
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Table 2.2. (cont.)

FAI285
FAI286
FAI287
FAI288
FAI289
FAI290
FAI291
FAI292
FAI293
FAI294
FAI296
FAI297
FAI298
FAI299
FAI300
FAI301
FAI302
FAI303
FAI304
FAI305
FAI306
FAI307
FAI308
FAI309
FAI310
FAI311
FAI312
FAI313

wild
Landraces
Landraces
wild
Wwild
Landraces
Landraces
Landraces
Landraces
Landraces
wild
wild
wild
wild
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
wild
wild
wild
Landraces
Landraces

Landraces

Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
?
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
2
Giresun
Giresun
2
Giresun
2
2
Giresun
Giresun
Giresun

Sinop

Tirebolu; Aslancik

Guce

Tirebolu; Isikli

Eynesil; Kemaliye

Tirebolu; Belen

Tirebolu; Ortacami

Bulancak; Cindi

Kesap; Bayramsah
Tirebolu; Harkkoy
Bulancak; Kusluhan

Bulancak; Torcan

Bulancak;Inece

Bulancak; Kusluhan

Bulancak; Eriklik

Tirebolu

Bulancak; hece

Piraziz; Balcikli

Bul

Bulancak; Semsettin

ancak:;

Tirebolu;Avcili

Tirebolu; Aslancik

Tirebolu; Balcikbeleni

Ayancik; Hatip

K ¢

(Cont. on the next page
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Table 2.2. (cont.)

FAI314
FAI315
FAI316
FAI317
FAI318
FAI320
FAI321
FAI322
FAI323
FAI324
FAI325
FAI327
FAI328
FAI329
FAI330
FAI332
FAI333
FAI335
FAI336
FAI338
FAI339
FAI340
FAI341
FAI343
FAI344
FAI345
FAI346
FAI347

Landraces
Wwild
Wwild

Landraces

Landraces
wild

Landaces

Landraces

Landraces

Landraces

Landraces

Landraces
wild
wild
wild

Landraces
wild
wild

Landraces

Landracs

Landraces

Landraces

Landraces
wild
wild
wild
wild

Landraces

Giresun
Giresun
?

?

?
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun
Giresun

Giresun

Bulancak:Inece

Bulancak; Kucuklu

Ulper
Bulancak; Seyhmusa
Piraziz; Bulbullu
Piraziz; Hasanseyh
Piraziz; Bulbullu
Piraziz; Hasanseyh
Piraziz; Bulbullu
Bulancak; Salman
Bulancak;Cindi
Bulancak; Demircili
Yazlik
Caykara
Ulper
Kemaliye
Yazlik
Sarvan
Konacik
Konacik
Bulancak; Bozat
Piraziz; Balcikli
Kemaliye
Piraziz; Malen

Guneykoy

(Cont. on the next page
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Table 2.2. (cont.)

FAI348 Wild Giresun Guneykoy
FAI349 Landraces Giresun Piraziz; Maden
FAI350 Landraces Giresun Bulancak
FAI351 wild Giresun Bulancak; Seyhmusa
FAI352 Wwild Giresun Bulancak; Ahmetli
FAI355 Landraces Giresun Hamidiyekoy
FAI356 Landraces ?

FAI357 Wild Giresun Boztekke
FAI359 Wild Giresun Darikoy
FAI360 Wild Giresun Hamidiyekoy
FAI361 Wwild Giresun Calis

FAI362 Landraces Giresun Piraziz; Kk
FAI363 Landraces Giresun Boztekke
FAI364 Wild Giresun Samanlik Kirani
FAI365 Wild Giresun Kayadibi
FAI366 Landraces Giresun Darikoy
FAI369 Landraces Giresun Bulancak; Ucarli
FAI370 Wwild Giresun Alinca

FAI372 Landraces Giresun Dogankat; Catalagac
FAI375 Landraces Giresun Bulancak; Hisarkaya
FAI376 Wild Giresun Duroglu
FAI377 Wild Giresun Duroglu
FAI378 Landraces Giresun Bulancak; Tepecik
FAI380 wild Giresun Bulancak; tilli
FAI381 Landraces Giresun Bulancak; Burunucu
FAI383 wild ?

FAI384 Wwild Giresun Bulancak; Kizilot
FAI385 Wwild Giresun Bulancak; Kizilot

(Cont. on the next page
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Table 2.2. (cont.)

FAI387 Wild Giresun Piraziz; Kilicli

FAI388 Landraces Giresun Bulancak; Semsettin
FAI390 Landraces Giresun Bulancak; Semsaett
FAI391 Landraces Giresun Bulancak; Semsettin
FAI392 Wwild Giresun Bulancak; Kusluhan
FAI393 Landraces Giresun Bulancak; Kusluhan
FAI394 Landraces Giresun Canakci; Saraykoy
FAI397 Wild Giresun Bulancak; Semsettin
FAI398 Landraces Giresun Bulancak; Kusluhan
FAI399 Landraces Giresun Bulancak;lnece
FAI402 Landraces Giresun Duroglu

FAI403 Landraces Giresun Sarvan

FAI406 Wild Giresun Kesap; Yazlik
FAI408 Wild Ordu Kocamanbasi
FAI409 Wild Ordu Uzunisa

FAI410 Landraces Ordu Uzunisa

FAI412 Landraces Giresun Hazelnut Research Institute
FAI413 Landraces Giresun Hazelnut Research Institute
FAlI414 wild Ordu Terme

FAI421 Landraces Ordu Aybasti

FAI422 Wild Ordu Unye; Baskoy
FAlI424 Landraces Trabzon Arakli; ¥z
FAI426 Landraces Trabzon Arakli; Yigitozu
FAI428 Landraces Trabzon Of; Bolumlu

FAI429 Landraces Trabzon Arakli; Yigitozu
FAI431 Wild Trabzon Arakli; Tasonu
FAI432 Landraces Giresun Yaglidere; Umitbuku
FAI433 Landraces Giresun Tirebolu; Cegel

(Cont. on the next page
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Table 2.2. (cont.)

FAI439 Landraces Ordu Unye; Baskoy
FAI441 Wild Ordu Persembe; Ortatepe
FAI442 Wild Ordu Unye; Baskoy
FAI443 Landraces Giresun Espiye; Adabuk
FAI446 Landraces Giresun Kesap; Guneykoy
FAI448 Landraces Trabzon Arakli; Yildizli
FAI451 Landraces Giresun Yaglidere; Omerli
FAI456 Wild Trabzon Carsibasi; Kavakli
FAI457 Wild Trabzon Carsibasi; Kucukkoy
FAI458 Landraces Trabzon Vakfikebir; Kucukkoy
FAI459 Wwild Trabzon Besikduzu; Kutluca
FAI460 Wild Trabzon Carsibasi; Kucukkoy
FAI461 Wwild Trabzon Besikduzy Korkuthan
FAI465 Landraces Giresun Bulancak; Pazarsuyu
FAI466 Landraces Giresun Bulancak; Pazarsuyu
FAI468 Landraces Giresun Bulancak; Tepecik
FAI469 Landraces Giresun Bulancak; Tepecik
FAI472 Wild Giresun Dogankent; Sadakli
FAI473 Wild Giresun Tirebolu; Yaglikuyumcu
FAI474 wild Trabzon Hopa; Camli
FAI475 Wild Trabzon Hopa; Camli
FAI4A76 Landraces Giresun Tirebolu; Ketencukur
FAI478 Landraces Giresun Tirebolu; Balcikbeleni
FAI479 Landraces Giresun Guce

FAI481 Landraces Artvin Hopa;Kuledibi
FAI482 Landraces Giresun Alinca

FAI483 Landraces ?

FAI484 Landraces ?

(Cont. on the next page
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Table 2.2. (cont.)

FAI485
FAI486
FAIS83
FAIS84
FAIS85
FAIS89
FAIS90
FAISO1
FAIS92
FAIS93
FAIS94
FAI604

wild
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
Landraces
wild
wild
wild

Landraces

2
2
Ordu
Ordu
Ordu
Giresun
Giresun
Giresun
Giresun
?
Giresun

Erzurum

Ulubey
Ulubey
Fatsa/Bolaman

Hazelnut Research Institute
Hazelnut Research Institute
Hazelnut Research Institute
Hazelnut Research Institute
Hazelnut Research Institute
Hazelnut Research Institute

Hinis;Karagoz

2.1.3 World Collection

For SSR marker validation, 27 cultivars from nine countries: Italy, USA, France,

UK, Croatig Germany, Romania, Spain and Hungary (samplesiggdwby Dr. Anita

Solar,Biotechnical Faculty, Department of Agronontyniversity of Ljubjana and 19

Turkish cultivars with one wild genotype from the Hazelnut Research Institute were used

(Table2.3).

The

Tur ki sh

(Giresun, Turkey) was used for sequencing.

cultivar

nbit Reseabch lhsbtuteo bt a i

Table2.3. Hazelnut accessions used in SSR marker validation.

Name Origin Cultivar / Wild
101 Italy Cultivar
119 Italy Cultivar
Aci Turkey Cultivar
Allahverdi Turkey Cultivar
Arutela Romania Cultivar

(Cont. on the next page
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Table 2.3. (cont.)

Badnuss UK Cultivar
Bearn France Cultivar
Brixnut USA Cultivar
Cavcava Turkey Cultivar
Corabel France Cultivar
Cosford UK Cultivar
Cakel dak Turkey Cultivar
E-104 Italy Cultivar
Ennis USA Cultivar
F-104 Italy Cultivar
FAI604 Turkey wild

Feriale France Cultivar
Ferwiller France Cultivar
Fosa Turkey Cultivar
Giresun Melezi Turkey Cultivar
Gunslebert Germany Cultivar
Istrska dogjoplodna leska Croatia Cultivar
Istrska okrogloplodna leska Croatia Cultivar
Incekara Turkey Cultivar
Kalinkara Turkey Cultivar
Kan Turkey Cultivar
Kara Turkey Cultivar
Kargalak Turkey Cultivar
Ku K Turkey Cultivar
Landsberg Germany Cultivar
Lansng USA Cultivar
Lewis USA Cultivar
Mogul UK Cultivar
Negret Spain Cultivar
Okay28 Turkey Cultivar
Palaz Turkey Cultivar

(Cont. on the next page
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Table 2.3. (cont.)

Pauetet Spain Cultivar
Riccadi Tlanico Italy Cultivar
Romoi Hungary Cultivar
Sivri Turkey Cultivar
Tombul Turkey Cultivar
Tonda di Giffoni Italy Cultivar
Uzun Musa Turkey Cultivar
Valcea Romania Cultivar
Willamette USA Cultivar
Yassi Badem Turkey Cultivar
Yuvarlak Badem Turkey Cultivar

2.2. Methods

2.21. DNA Extraction

Total genomic DNA was isolated from leaves sampled from individual trees
accordingto Fulton et af® for SSR and AFLP amplificatioriTotal genomic DNA of
Tombul was extracted using the Wizard Magnetic 96 Plant System (Promega Crop.,

Madison, W] USA) and the Beckman Coulter Biomek NX Workstation for sequencing.

2.22. Molecular Marker Analysis

2.2.2.1. AFLP Analysis of Slovenian Germplasm

AFLP Core Reagent and AFLP Starter Primer Kits from Invitrogen (Carlsbad,
CA, USA) were used accordingt t he manuf a ¢t Sixtyour 8edectiper ot 0 ¢ «
EcoRI/ Ms el primer combinations were teste
wild accession B9. Based on these results, 11 combinaticl@®AGH E-AGC, M-CAA
+ EFACG, M-CAA + E-ACC, M-CAG + EACT, M-CTC + EAGG, M-CTC + EACA,
M-CAT + E-ACA, M-CAT + EACT, M-CTA + EEACA, M-CTG + EAGC and MCTT
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+ E-AGG) were chosen as the most polymorphic and subsequently applied to the 102
hazelnut accessionAfter selective PCR, fragments with labeled EcoRI primer signals

were detected using a Genetic Analysis System CEQ 8800 machirien@Coulter,

Fullerton, CA, USA). Amplification products were diluted 1:10 in sample loading
solution (SLS) with 0.5 ¢l size standard
run on a Beckman CEQ8800 capillary electrophoresis device using the fetg@dm
(capillary temperature 35 AC, denaturati ol
30 s, separation voltage 6.0 kV for 60 min). PCR fragments were scored binomially

(presencd, absence 0).

2.2.2.2. SSR Analysis of Slovenian Germplasm

A total of 49 SSR marker pairs was used to accession the 102 hazelnut accessions.
SSR markers were selected based on their polymorphic allele conterpoaed by
Bassil et af*®, Boccacci et at®, and Gucan et aP3. PCR amplification was performed
with 20 ng DNA in a 2& | reaction containing 0 pmol
dNTPs,21 101 Taq polymerase buffer and 0.6 L
conditionswereusddor al |l primers: 30 cyclamesalingf den.
at 55 AQ@nfdorex3@nsi on . Ehese Fles We@ preceded B @ s
denaturing s3tem natanddd e efdorwi t h &minextens
ThePCR amplifications werperformed in a GeneAmp PCR sy 9700 (Perkin Elmer
Applied Biosystems). After amplifit@n, samples were separated by capillary
electrophoresis using Fr a g me n t (Apblied Biogystenns)Ewith the DNBOO
dsDNA Reagent Kit (Advanced Analytical) accordingttohn e manuf act ur er 6 s
PCR fragments were scorbohomially (presence 1, absence 0) because many of the SSR
markers yielded more than two fragments and allelism aoetithe determined.

2.2.2.3. SSR Aalysis of Turkish Germplasm

Thirty SSR markers with high levels of polymorghis as r eported by
al*® were used for genetic diversity determinatior all primer ombinations, PCR
amplification was performed with 20 ng DNA in agd@eaction containing 10 pmol each

primer pair, 20@m dNTPs, Z| 10x Taq polymerase buffer and 0.6 Unit Taq polymerase.
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A GeneAmp PCR system 9700 (Perkin Elmer Applied Biosystems) maelas used

for PCR amplification. Reaction conditions were: denaturation aC9#br 30 sec; 30

cycles of denaturation at €, annealing at 5BC for 30 sec and extension at &2 for

30 sec; and final extension at&2 for 5 min. PCR fragments weregsarated by capillary
electrophoresis using a Fragment Analy#efApplied Biosystemsyith the DNF-900

dsDNA Reagent Kit (Advanced Analytical) ac
Because many of the primer pairs yielded more than two fragmeatallelism could

not be determined, the individual fragments were scored binomially (presence 1, absence

0).

223. Sequencingultvaft 60Tombul 6 C

[llumina Mi-Segsequencing obrombub genomic DNA was performed at the
Biotechnology Center at the Unnsty of WisconsirMadison, USA
(https://www.biotech.wisc.edu/

2.2.31. Data Pre-Processing

[llumina Sequencing Technology depends aapters(synthetic short DNA
sequences) to sequence DNA fragments. s&hadapter sequences may decrease
assembly quality and must be removed. Thus, adapter sequences were removed from
reads usin@utadaptversion 1.8.3 software using default settitifs At the end of this
step, any reabmaller than 20 nucleotides were removed. To detect human contaminants
in the dataset, cleaned reads were mapped against the human genome using Bowtie

version 2.10 % and possible contaminants were removed.

2.2.3.2. Sequence Assembly

ABySSversion 1.3.6° ade novg parallel, paireeend sequence assembler, was
used to perform genomic DNA sequence assembly. To produce the best possible
assembly, more than 100 runs were performed witaréifit parameters such as changing

kmer (all possible substrings of length k contained in reads) and requirdzkrof reads
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to make a contig. Imle novogenome assembly, there is not just one measurement or
parameter to determine the best assembly; adstea combination of different
measurements or parametgigesan idea about the quality of the final assembly. For
this purpose, N50 value (weighted median of contig length), assembly nucleotide length
(closeness to estimated size of eavellanagenane), andengthof the largest contig

were used to identify the best assembly. The settings that were finally chosen to create

contigs were: (kmer=45) with default settings.

2.2.3.3. SSR Detection, Annotation and Primer Design

Contigsshorter than 1000ucleotides were removed from thesembly. Thusye
only analyzed contigs larger than 1000 nucleotides for SSR detection usinghouisi

tool SiSeer littp://bioinformatics.iye.edu.tr/index.php?n=Softwares.SiSkeRThe

minimum number of repeats required to identify perfect SSRs was ten for
mononucleotides, four for dinucleotides, and three for motifs comprised of three or more
nucleotides. To annotate these identified SSBR Sequences were extracted with their
genomic context (padded with 100 nucleotides) and were converted to FASTA formatted
sequences. These sequences were treated as query sequences and searched against the
Uniprot norredundant plant protein database (@@omy = Viridiplantae) with BLASTX

version 2.2.30% The Primer 3 program (primer_core) version 238%was used to

design primer pairs for the SSRs with the default settings and : primer task = generic,
primer optimum size = 20, primer maximum size = 24, primermninm size = 18, primer

product size = 10@00, primer minimum Tm = 50, primer maximum Tm = 60 and primer

optimum Tm=55.

2.2.34. Sequencing of SSR Loci

To ensure that the expected SSRs were amplified by the pridfhensbubDNA
was used as semplateand the dyeterminator sequencing method was performed to
validate SSR motifs. Eight primer pairs were randomly selected and PCR fragments were
purified with the DNA Clean & Concentraids Kit (Zymo Research) and used as
templatedor sequencing using Genatab DTCS Quick Start Kit (Beckman Coulter).

Thermal cycling conditions of the sequencing reactions were: 30 cycles/6f{®6 20
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sec, 50iC for 20 sec, 60°C for 4 min. The reaction mixture for each SSR amplicon was
then purified using ZR DNA Sequencir@earrup Kit (Zymo Research), DNA was
resuspended in 3GL of sample loading solution (Beckman Coulter) and run on a
Beckman CEQ8800 capillary electrophoresis device using thecLirigthod (injection
voltage 2.0 kV for 1015 sec, separation temperaturef6) separation voltage 7.4 kV,
separation time 45 min).

2.2.3.5 Marker Analysis for Validation of Genomic SSR markers in
World Collection

Amplification of the hazelnut DNA with genomic SSR primers was performed
with 20 ng DNA in a 2@l reaction containing 10 pmol each primer pair, 200dNTPs,
2 ¢l 10X Tag polymerase buffer and 0.6 Unit Taqg polymerase. Thermal cycling
conditions consisted of one cycle of initial denaturation for 10 min AT 9#llowed by
30 cycles of 94C for 30sec, 55C for 30 sec, 72C for 30 sec, with a final extension
step of 10 min at 72C. PCR fragments were separated by capillary electrophoresis using
a Fragment Analyzer (Applied Biosystemsjth the DNF-900 dsDNA Reagent Kit
(Advanced Analytical) accdri ng t o the manufactureroés

binomially (presence 1, absence 0).

2.2.3.6. Discrimination Analysis for Turkish Cultivars

The bnomial data set asanalyzed to discriminate Turkish cultivars from each
other with a minimum numbef SSR markers. The SSRs whiclvg two alleles after
PCR amplificationwere choseno ensure that the SSR was single copy in the hazelnut
genomeand to simplify scoringCombinatios of SSRs were tested until all standard
Turkish cultivars which are growrat Hazelnut Research Institute orchard were

discriminatedrom each other.
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2.2.4. Molecular Genetic Diversity and Population Structure Analysis

2.2.4.1 Slovenian Germplasm

In the Sloveniangermplasm, @erage gene diversityf® was calculated for each
AFLP primer combination and SSR markwith the formula: average gene diversity
=B Q@ "QOrt 1% wherefi is the frequency of band presence forithallele
andnis the number of allele€alculated in this way, the diversity value of a locus ranges
from O (monomorphic) t0.5 (highly informative). Cluster analysis was performed using
the Dice coefficient®” and unweighted neighbor joining algorithm in DARwin 5 software
108 DARwin 5 was also used for principal ardinate analysis (PCoA). Population
structure was determined using the computer program Str2c8i4&°%. Ad hoc statistics
were used to find the best reflected subpopulation number for the liagehotypes™®,
For this analysis, the data were evaluated for 2 to 20 subpopulations (K= 2 to 20) with a
burr-in time of 10,000 cycles. Each model was tested 10 times with 300,000 iterations
per K. The probability change @ach group (oK) was calcul a
Structure Harvestét,. The highest @K was determined
deternined according to a threshold ©0.70 inferred ancestry. Accessions that did not
meet this threshold were considered as admixed. A second population structure computer

program, InStruct'?, was used to confirm the results of Structure: tantest K= 1.

2.2.42 Turkish Germplasm and World Collection

PowerMarkersoftware 12 was used to calculate polymorphism drrfiation
content (PIC) and observed heterozygosity (Ho) valBes/morphic alleles were used
to analyze molecular genetic diversity and determine population strubRwin 5
software was used to analyze the data with the Dice coeffidieandthe unweighted
neighbor joinng algorithm® This program was also used for principal coordinate
analysis (PCoA). Structure 2.3% softwarewas used to determine population structure.
Ad hoc statistics were used to determine the best number of subpopuitidine data
were evaluated for 2 to 20 subpopulations (K= 2 to 20) with 50,000 cycles. Each
subpopulation mdel was tested 10 times with 300,000 iterations per K. THeapriity
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change of each group (oK) was calltdheat ed u
best number of subpopulations was determinednfr t he hi ghest pK . H
clustered using a threshold of inferred ance®®y70. Accessions that did not meet this
threshold were considered as admixed. A second population structure program, InStruct

112 \was used to confirm thesults of Structure and to test K= 1.

2.2.5. Core Set Selection of Turkish Germplasm

To select core set accessions, the SSR dataset for the hazelnut accessions was
analyzed with PowerCore 1.0 software which uses the M (maximization) strategy and a
modified heuristic algorithm!4 PowerCore software develops a core set by maximizing
the number of alleles represented in a minimum number of individuals,réuusing

redundancy.

2.2.6. Morphological Evaluation of Slovenian Germplasm

The hazelnut association panel was characterized over two consecutive years for
17 nut and kernel traits using 30 samples per accession. The 10 nut traits including length,
width, thickness,shape index, calibeshell thickness, weight, shapmiformity, and
proportionsof healthy and empty nuts. Nigngth, width and thickness of randomly
selected inshell nutsfrom each hazelnut accessi@ultivars and wild accessiongkere
measured using calipers imillimeters (mm). The largestalue among the three
dimensions (nut length, width, amlickness) was recorded as caliber. Shape index was
cdculated according to the following or mul a: wi dt kength). Shehi c kne
thickness wasletermined on handracked nutsisingcalipersto measuréheconvexside
of eachhalf of theshell. Nut weight was recoed in grams (g). Nut shape tormity was
visually determied for each hazelnut accessiosing a scale from 1 to 9 (1 =a&t
uniform, 9 = most uniform)Proportiors of healthy ad empty nuts were calculated by
cracking 30 nts for each hazelnut accessidn. addition to nut traits, the hazelnut
assaeiation panel washaracterized for seven kerngehits including weight, kernel
percentage, shape uniformitgnd proportions of kernels withrown spots, mold,
deformation, and twin kernels. Kernekeight was recorded inrgms (g). Kernel

percentage wasalculated as: (kernel weight/t  wei ght ) T nfitpvlas Shap

37



visually determned for each hazelnut accessiosing a scale from 1 to 9 (1 =akt
uniform, 9 = most uniform)Proportion of kernels witbrown spots, mold, deformation,
and twin kernels were reaed using 1 kg nut samples hesed for each hazelnut
accession.

Means and coefficients of variation for hazelnut cultivansl wild accessions
from eachregion of Slovenia were callzied separately for comparison. Principal
component analysi€PCA) was peormed with DARwin1% and PASW softwaré®®,
Basic statistics suds correlation anays between traits, pairsample Studef t tests,
ANOVA, and discrimnant analyses were penfoed using PASWsoftware.Stepwise
discriminant analys of the nut and kernel trait&/as done usingsubpopulatn,

dendrogram cluster, andgien as groupingariables.

2.2.7. Association Mapping

The binary data generated thie SSR markers assayed on a@ssociation panel
were assoctad to the nut and kernel tradta using the GLM and MM models of
TASSEL v2.1 (TraitAnalysis by aSSociationEvolution aml Linkage software)®.
Linkage disequilibrium (LD) values (rand Pvalues) between 38 markers were
calculated usinghe same software. Seversociation mapping (AM) models were
tested to identify the oneith the besfit for AM of nut and kernel traits. Teslanodels
were GLM model withoutcorrection; GLM model corrected with éhQmatrix of
popuation structure (subgroupumber = 2) [GLM (Q)], principakomponents (PC)
[GLM (PC)] and both Q and PC [GLNR + PC)]; MLM model orrected with kindship
matrix (K)[MLM (K)], Q-matrix [GLM (Q)], principal components (PQELM (PC)],
and bothQ and PC [GLM (Q + PC)]JPrincipal conponents (PC) were calculated in
TASSEL software. The Ralues of the eight nuels wereanalyzed wih QVALUE Y/

softwareusing a false discovery rate (FDR) of 0.05® The model with the highest

probabi |l ity of siwas acteptedasthe ongbmhaibedt fit andl onlly )
thoseresultsar e r eported here. T h e lated dbasedeon the v a |l u .
probability that a given hypothesi i s nul | |, 0, such tehat "1

trait associations with P val weeeselectedva® r t h:

significant associations.
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CHAPTER 3

RESULTS

3.1 Molecular and Morphological Characterization of Slovenian

Hazelnut Germplasm

Genetic diversity of the Slovenigermplasnd s wi | d accesss ons
determinedusing AFLP and SSR markerth addition kernel and nut traits were
characterizedTogether these data were used to identify genetic loci controlling the

morphological traits.

3.1.1. AFLP and SSR Marker Rolymorphism

A total of 532 polymorphic fragments was scored from the 11 selective AFLP
primer combinations, with 27 to 69 polymorplatieles per combinationT@ble 31).
Thus, AFLP provided an average of 48.4 alleles per primer combination. Average gene
diversity values, which indicate the informativeness of eachbination were calculated
andranged from 0.20 (for MCAC + EAGC) to 0.30 (for MCTA + E-ACA) with an
average of 0.26. The 49 SSR primer pairs yielded a total of 504 polymorphic fragments
in the 102 accessions with an average of 10.3 alleles per SSR marker. Number of
polymorphic fragments ranged from four to 28 with SSRs B625 and B777 each yielding
more than 25 fragments (Table B.Average gene diversity values for the SSRs ranged
from 0.20 t00.45 with B790 and A602 as the most polymorphic markers. Average gene

diversity for all 49 markers was 0.30.
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Table 3.1. Average genetic diversity (GD) values for amplified fragment length
polymorphism (ALP) primer combinations used to characterize hazelnut

accessions.
AFLP Selective PCR Primers Polymorphic Fragments/ Total Fragments Average C
M-CAC + EAGC 27/31 0.20 N o.
M-CAA + EACG 51/53 0.23 N o.
M-CAG + EACT 36/36 0.27 N o.
M-CTC+ E-AAG 53/56 0.28 N 0.
M-CAA + EACC 43/44 0.28 N 0.
M-CAT + EACA 54/55 0.28 N 0.
M-CTA + EACA 56/56 0.30 N o.
M-CAT + EACT 62/62 0.28 N 0.
M-CTG + EAGC 38/39 0.26 N 0.
M-CTC + EACA 69/69 0.27 N o.
M-CTT + EAGG 28/31 0.21 N 0.
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Table3.2. Sequences and genetic diversity (GD) values of 49 simple sequence repeat (SSR) markers for characterization of Smahian ha
accessions.

Primer Name Forward Primer Reverse Primer Number ofpolymorphic fragments AverageGDN S

A602 AAGAGTGGGGGTGCACTATG GGATTCATGCCTGCGATACT 8 0.43 K
A604 GCTCCCGAGGACTTCCAG CCACGACATTTCCCTCTCAG 7 0.37 K
A605 CACCCTCAAAACTGTGACGA TGGGTCGCATTCAATAACAC 13 0.30 K
A606 CACCTAGCTTGTTGGTGAAGC TGACAATAATTAACCCTACACACTTTG 11 0.40 K
A611 CACTAGCCAGCCCCTTTACA CTGATGCCACAAACACAAGG 10 0.25 K
A613 CACACGCCTTGTCACTCTTT CCCCTTTCACATGTTTGCTT 11 0.35 K
A616 CACTCATACCGCAAACTCCA ATGGCTTTTGCTTCGTTTTG 11 0.40 K
A622 GGAAATTAAGAGAACTGGAGATTGGATGG GCGACCCCTACAATATGAATTGTCTAGC 5 0.32 K
A627 AACTCTGCTGGCACTGTTACTGCCTATT GTTCAAAGGTGTCTCAAAGCAAGCACTA 6 0.26 K
A635 GGATCTGTGGTTGGCTTTTTGGTACTAT TTACCCAATGGATGATGGACTAGCATT 6 0.30 K
B602 TCAGGATGAGACACCTTTACTCT CCACAGTGGAATAGCACATTT 7 0.28 K
B603 TGGTGGTGATAGGGAAGGAG TCTTTTCTTCTTCAATCAGACGA 9 0.26 K
B604 AACAGTCAGCCCCATTTCTG CTTCCCTAATCCCCTCAACC 10 0.32 K
B606 TCTTGTGGTTTAGCATACTTCTCG GAAGAAAGCAAGAAGAGAGGAGA 4 0.42 N
B612 GCACCTCAAACTCCTTGGAC CCCAAACACACCCTTAGTGC 0.35 K
B613 CGCGTTTTGAGTCCCTTTAG CTACCCGCCTGCGAGAAC 11 0.26 K
B619 AGTCGGCTCCCCTTTTCTC GCGATCTGACCTCATTTTTG 19 0.20 K
B625 CGCAAGTCATTGCACATTTT GTGTGCTGTGCTCCTTTGAA 28 0.22 K
B628 AATCCCCTCTAGCCCCATTA CACAGAATATTTGTAATTACCACCACA 13 0.33 K
B631 TGAAGCAGACAAGCGAATAGC TTGTGTCTCTTTGTCTTGTAAATCG 9 0.25 K
B635 GCATCGCCAAATTATCGTCT CTTCAACAAATCCAGGATGC 12 0.23 K
B640 CTGCATTGATGGATTGGTTG TTAAGAAAGGTACAAGGGCTCTC 11 0.27 K

v

(Cont. -on the next page



Table 3.2. ¢€ont.)

B641a CTCCCATGAAATGATTATTCTTAG CAAGCCATCTGTTTTGCTGA 0.33 KN
B641b ATATATATAGGCTGTGTGTGTGTGTG ACAAGCCATCTGTTTTGCTG 0.32 KN
B648 TGAAAGCGCCCAAAACTTAT CTTGCGTCTTTTTGGAGAGC 15 0.29 N
B651 TTTTCTGGAATGTCGCACAG TCTCCTCCTTCCAACAGTGG 6 0.35 RN
B652 AGGATGCGTGGTTGTGATTT TGGAGTAGGGTGATGAGAATGA 17 0.23 KN
B654 TCGCATGGGTAATTTTCTCAC TCATCATTTGGGTGCTTCAA 0.36 KN
B655 GGGTGGCAAAATCTATGTGC CCATTTTCTCAGATTGAATAGCAA 0.35 KN
B657 GAGAGTGCGTCTTCCTCTGG AGCCTCACCTCCAACGAAC 037 N
B660 TGTTGTAGCACAACCCTTTCA TGCTAGCAGCAAATGGCTTA 0.37 KN
B709 CCAAGCACGAATGAACTCAA GCGGGTTCTCGTTGTACACT 12 0.28 KN
B716 GAACATTGTCGTATGCGGACT TCTGTTTGTTGCGCATGATT 13 0.31 KN
B726 GGAAATGGCAAATCCGTCTA AACGTTTTGCCTTCCTTGTG 12 0288 0.0
B728 AGCAAGAGTTCGAGCCAGTC TGTGGAGAAGTCCCGGATAC 18 0.23 RN
B733 CACCCTCTTCACCACCTCAT CATCCCCTGTTGGAGTTTTC 0.30 KN
B735 TCCTTGCCTCCGTAGAAAAA TCCATAGCAACCAACGTTCA 0.40 KN
B741 GTTCACAGGCTGTTGGGTTT CGTGTTGCTCATGTGTTGTG 12 0.273KR
B758 TAATTTAAGCTGCCGTGCAA TGCAAAATTGCATTGCTCAT 12 0.28 KN
B760 AGCTAGCTCTGCATGCTGGT TCCCTTCTTGTTTTCGGGTA 9 0.29 KN
B774 GTTTTGCGAGCTCATTGTCA TGTGTGTGGTCTGTAGGCACT 15 0.30 RN
B776 TGTATGTACACACGGAGAGAGAGA TGAGGGGAAGAGGTTTGATG 5 0.37 KN
B777 AGGGAAGGGTGTAGGACGTT TCGTTTTCTCCACATCACCA 27 0.28 KN
B788 TCCCTTTCTCCGTCATCAAC TCGTCACCGTCACCAGATAA 0.34 KN
B789 GCCACGTCCAGAATCAAAAT CCTCAGGGCTGAGAAGTTGA 0.37 KN
B790 TGCAGGCTTATGCACATGAT AGCCCTCACCTATAACCCTCT 0.45 KN
(Cont. on the next page
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Table 3.2. (cont.)

B791 CACCAGGACCCTGATACCAT TCCACAATGATTTTGTGAAAAC

.35 N
CAC-B00%*  CAAACTTATGATAGGCATGCAA TGTCACTTTGGAAGACAAGAGA .30 KN
CAT-C504 CGCCATCTCCATTTCCCAAC CGGAATGGTTTTCTGCTTCAG 10 .40 KN

All primers ardrom Gurcan et a?, otherwise nted: a from Bassil et 4% and b from Boccaci et 4l.
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3.12. Genetic Diversity

The AFLP and SSR data were used to construct separate distance matrices and
dendrograms using the Dice coefficient and unweajhieighbotjoining algorithm.
Mantel tests showed very high correlations between the dendrograms and distance
matrices (r= 0.96 for both data sets). The distance matrices for the AFLP and SSR data
were also tested for correlation using a Mantel test whalicated a very low correlation

(r=0.33). For that reason, the two data sets were not combined.

With the AFLP data, the hazelnut accessions grouped into two main clusters:
cluster A with 46 accessions and cluster B withFEduyre 3.). A third clustercontained
only two accessions. The minimum and maximum genetic dissimilarities between
hazelnut accessions were 0.06 and 0.52, respectively, with a mean value of 0.32. All but
seven of the cultivars (85%) fell in clusterwile all but five of the wild agessions
(91%) fell in cluster B which also contained five cultivars. The remaining two cultivars,
ORomi sche Zell ernussé and o6Valcead, clust e
did not show any grouping based on geographical origin. In cordoasg clustering by
origin was observed for the wild material. For example, a distinct subcluster of cluster B
contained 18 of the 23 wild accessions from VipRezdrto and Bovec (78%),
OWi Il |l ametted and a single wi ledndtheeghtsi on
remaining Maribor accessions were closely grouped in the AFLP dendrogram, the rest of

the wild accessions in cluster B were intermixed.
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Figure 3.1 Unweighted neighbejoining dendrogramof the 102 Slovenian National
Collection genotypes based on 11 selective primer combinations of amplified

fragment length polymorphism (AFLP).

The dendrogram constructed with the SSR data consisted of four clusters with 31,
46, 21, and 4 accessions ingtlers A to D, respectively (Fuige 3.2. The minimum
genetic dissimilarity between hazelnut access® was 0.22 and the maximum

dissimilarity was0.85 with a mean of 0.58. All but three (94%)oh e
di Gi ffoni 6,

cul tivars

0 P ane ®une in duster B dvhich ¥ndy Icantaimed dne w e

wild accession(accession 10 from Datgska). As with the AFLP dendgoam, the
cultivars did noshow any clustering by geogragél origin. In addition, most of the wild

accessions frorWipavaRazdrto and Boec were intermixed and separate frihra other

accessions in cluster A. Similar intermixing was seemwild accessions from Maribor,

Koroska, and Dolenjska itlusters A and C.
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Figure3.2. Unweighted najhborjoining dendrogram of the 102 hazelnut accessions
based on SSR dataccessions are color coded by origin: blue = cultivar, red
= Bovec, orange = Dolenjska, purple = Koroska, black = Maribor, green =
Vipava-Razdrto.

Principal coordinate analysffCoA) of both molecular markedatasets showed
clear separain of the wild accessions froiie cultivars Figure 3.3. As with the
dendrogram analysishe VipavaRazdrto and Boweaccessions clustered togethed
were distinct from thetber wild accessins which werentermixed in the lower &f of
the twadimensional EoA plot. Nearly all of the cultivargell in the upper right quadrant
of the PCoA plot and were motightly clustered than the wilthaterial.Average Dice
coefficient dissimilarity valus were calclated for the SSR dataset (Tabde3) to
compare thaliversity present in wild vs.ultivated accessions and incassions from
different regionsAs expected, the wild materiafas more diverse than theltivars with
mean dissimilarityvaluesof 0.60 and 0.50, spectively. Among the differemegions
where wild acessions were collected, VipavRazdrto (0.61), Bovec (0.57@nd Maribor

(0.55) had the mostiverse material.
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Factorial analysis: Axes 172

Figure3.3. Principal coordinate analysis of hazelnut accessions based on SSR data. The
first two Eigen vectors which explained 15.6 and 6.8% of the variance,
respectively, are plotted. Genotypes are color coded by origin: blue = cultivar,
red = Bovec, orange = Dolengkpurple = Koroska, black = Maribor, green
= VipavaRazdrto. All but two cultivars are included in the circled region.

Table3.3. Average Dice coefficient dissimilarity values for cultivated and wild hazelnu
accessions as determined with SSR markers. Wild accessions are classified by
origin, number of accessions are indicated in parenthesis after location code.

Origin Average Range
dissimilarity

Cultivars (S, 48) 0.50 0.220.71

Wild material (all regions4) 0.60 0.360.83
Bovec (B, 11) 0.57 0.430.69
Dolenjska (D, 11) 0.50 0.37-0.64
Koroska (K, 11) 0.51 0.360.65
Maribor (MB, 9) 0.55 0.390.75
VipavaRazdrto (V, 12) 0.61 0.380.78
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3.1.3. Population Structure

Population strature analgis was performed with both tAé-LP and SSR datasets
andsimilar results were obtaineBor that reason, only the SSR riésware given here.
According to the analysis, ¢hdata were best described b=a2 model, indicating that
the materiafell into two subpoplations. Based on a subpopulation identity threshold of
P 0.7, 62 individuals were assigned to subpopulation Indigiduals were assigned to
subpopulation 2, and 19 individls were admixed. All but five of the hazelnut cultivars
belonged to subpopulation 1 with the remaining acces$04 6 A 0 8B,andnus s 0,
0 PauardéV dl shevwnygn admixed ancestry (kige 3.4, Table 3.4. The wild
accessions were nearyually divided between subpoptilzns 1 and 2 with 19 an?il
individuals in each subpoptian, respectively. The remming 14 (26%) wild accessions
were admixed. When the wild matdneas examined by ggon, all of the wild accgsions
from Bovec and most fronmVipavaRazdrto (8 of 12 a@ssions) belonged to
submpulaion 2 while the Dolenjska acssions (8 of 11) primarily fell into subpopulation
1 (Figure 3.4. Both Koroska ath Maribor had higher incidemcof admixed accessions
with 36 and 56%, respectivelfFigure 3.3.

Figure3.4. Population structure of hazelnuts according to SSR results. Each accession is
represented by a vertical bar. Green sections within each vertical bar indicate
membership coefficient {gxis) of the accession to subpopulation 1 while
red sections indicate membership to subpopulation 2.



Table3.4. Hazelnut accessions and origins. Inferred subpopulation and assignment and dendrogram clustering are based on SSR results.

Name (Accession) Type of Origin Genetic Inferred Dendrogram
Material Background Subpopulatior Cluster
101 (s1) Cultivar Italy s54 x s13 Admixed B
119 (s2) Cultivar Italy s54 x s13 1 B
Apolda (s4) Cultivar Italy 1 B
Arutela (s5) Cultivar Romania Merveille de Bollwiller x s54 1 B
Bandnuss (s6) Cultivar United Kingdom Admixed B
Bearn (s7) Cultivar France 1 B
Brixnut (s8) Cultivar USA 1 B
Corabel = N473 (s12) Cultivar France s21 seedling 1 B
Cosford (s13) Cultivar United Kingdom 1 B
Daviana (s15) Cultivar United Kingdom 1 B
E-104 = Daria (s16) Cultivar Italy s54 x s13 1 B
Ennis (s17) Cultivar USA 1 B
F-104 (s18) Cultivar Italy s54 x s13 Admixed B
Feriale (s20) Cultivar France s28 x Butler 1 B
Fertile de Coutard = Barcelona (s21) Cultivar USA 1 B
Ferwiller (s22) Cultivar France Merveille de Bollwiller x Tonda G. Romane 1 B

(Cont. on the next page
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Table 3.4. (cont.)

Frutto Grosso (s23)

G1 (s24)

Gem (s25)

Gunskbert (s26)

Heynich's Zellernuss (s27)
Imperiale de Trebizonde (s28)
Istrska dolgoplodna leska (s29)
Istrska okrogloplodna leska (s30)
Lamberskibeli (s31)

Landsberg (s32)

Lansing (s33)

Lewis = OSU 243.002 (s34)
Mogul (s37)

Morell (s38)

Mortarella (s39)

N-650 = H36822 (s40)

Negret (s41)

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Cultivar

Italy

Italy

USA
Germany
Germany
Turkey
Croatia
Croatia
Germany
Germany
USA
USA
United Kingdom
Spain
Italy
France

Spain

Payrone x Tonda Gentile Romana

(s21 x Tombul Ghiaghli) x s58

Tonda Gentile Romana x s54

0S

(Cont. on the next page



Table 3.4. (cont.)

Nocchione = Montebello (s42) Cultivar Italy 1 B
OSU 166.034g43) Cultivar USA Casina x Butler 1 B
OSU 167.002 (s44) Cultivar USA 1 B
OSU 238.125 (s45) Cultivar USA 1 B
OSU 244.001 (s46) Cultivar USA (s21 x Tombul Ghiaghli) x s58 1 B
Pauetet (s47) Cultivar Spain Admixed A
Riccia di Talanico (s48) Cultivar Italy 1 B
Romische Zellernuss (s49) Cultivar unknown (Germany?) 1 B
Romai (s50) Cultivar Hungary 1 B
Segorbe (s51) Cultivar Spain 1 B
Sodlinger (s52) Cultivar unknown (Germany?) 1 B
Tonda di Giffoni (s53) Cultivar Italy 1 C
Tonda Gentile delle Lraghe (s54) Cultivar Italy 1 B
Valcea (s57) Cultivar Romania clonal selection of Furfulak Admixed A
Willamette (s58) Cultivar USA s42 x Compton 1 B
di wild Dolenjska 1 C
d2 wild Dolenjska 1 C

(Cont. on the next page
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Table 3.4. (cont.)

d4

d5

dé

d7

ds

do

d10

dii

diz

korl

kor2

kor4

kor5

kor6

kor7

kor8

kor9

wild

wild

Wild

Wild

wild

wild

Wild

Wild

wild

Wild

Wild

Wild

Wild

Wild

Wild

Wild

Wwild

Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Dolenjska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska
Koroska

Koroska

1

1

Admixed

Admixed

1

Admixed

Admixed

1

1

Admixed

1

1

1

Admixed

O o o o o O

w

> O o o » o » » r O

A
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Table 3.4. (cont.)

kor10

korll

korl2

mb1l

mb2

mb4

mb5

mb6

mb7

mb8

mb9

mb10

vl

v2

v3

v4

v5

wild

wild

Wild

Wild

wild

wild

Wild

Wild

wild

Wild

Wild

Wild

Wild

Wild

Wild

Wild

Wwild

Koroska
Koroska
Koroska
Maribor
Maribor
Maribor
Maribor
Maribor
Maribor
Maribor
Maribor
Maribor
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto

VipavaRazdrto

Admixed

1

Admixed

2

Admixed

Admixed

1

1

Admixed

1

Admixed

2

2

Admixed

1

Admixed

> O O O >

> O

> >» » O O O O

)

(@)

€aq
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Table 3.4. (cont.)

v6

v7

v8

v9

v10

vil

v12

bl

b2

b4

b5

b6

b7

b8

b9

b10

b1l

b12

wild

wild

Wild

Wild

wild

wild

Wild

Wild

wild

Wild

Wild

Wild

Wild

Wild

Wild

Wild

Wwild

Wwild

VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
VipavaRazdrto
Bovec
Bovec
Bovec
Bovec
Bovec
Bovec
Bovec
Bovec
Bovec
Bovec

Bovec

> » » >
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> » » » » » » » > » » >» >
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3.14. Cultivar Origin

The cultivars were subjectéd PCoA and plotted in two aiensions (Fjure 3.5
to see iftlustering was explained by tigenetic background of theaterial. Seven of the
cultivars were related téronda Gentile delle Langbevhile the &Cosford background
was found in five cultivarsTiable 3.4, er t i | e ahdd Nbbian®baakgtounds
were found in four cultivars each whii€ o mp tbadakgfound was found irthree
cultivars. dTonda Gentile delld. a n g énd @ C o s {fretaedd adltivars showed no
grouping in the PCoA. In contraskertile de Coutar@ Nocchion& anddComptord
related material aBhowed similar clusteringn the left side of the graph.

Figure 3.5. PCoA of hazelnut cultivars based on SSR results. Genetic background of
cultivars is indicated by colordmbxes.
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