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ABSTRACT 

DEVELOPMENT OF SINGLE NUCLEOTIDE POLYMORPHISM 
MARKERS USING GENOTYPING BY SEQUENCING TECHNIQUE 

FOR DETERMINATION OF GENETIC DIVERSITY AND 
POPULATION STRUCTURE IN HAZELNUT 

Hazelnut (Corylus avellana L.) is a critical commodity for Turkey due to its 

economic and nutritional value. Turkey ranks first in world hazelnut production with 65-

75% of the market. Due to the signifacance of this crop, it is crucial to preserve Turkish 

hazelnut genetic diversity. In the current study, a panel representing the entire national 

collection of 430 accessions was used. Genetic characterization of the panel revealed 

7609 high-quality SNPs, 5567 of which were physically mapped to the Tombul reference 

genome. Fingerprint analysis indicated that all individuals could be distinguished with 

only seven SNP markers. Population structure analysis of the dataset indicated that the 

panel’s genetic relationships were explained by three clusters containing 8, 17, and 25 

accessions, respectively. Nearly half of the accessions had admixed ancestry. The 

admixed material contained 8 cultivars, 22 landraces, and 12 wild accessions indicating 

that nearly 50% of each type of material had admixed ancestry. An unweighted neighbor-

joining dendrogram was constructed using a distance matrix computed with the identity 

by state distance measure. The calculated dissimilarity values ranged from 0.15 to 0.30  

with a mean of 0.26. This study is the first time that the Gras-Di sequencing approach 

was used on a nut tree and provides a new perspective on hazelnut genetics. In addition, 

the panel will serve as a well-characterized genetic resource for future work on this 

economically important tree nut crop. 
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ÖZET 

FINDIKTA GENETİK ÇEŞİTLİLİK VE POPÜLASYON YAPISININ 
BELİRLENMESİ İÇİN DİZİLEME İLE GENOTİPLEME TEKNİĞİ 

KULLANILARAK TEK NÜKLEOTİD POLİMORFİZM 
MARKÖRLERİNİN GELİŞTİRİLMESİ 

 
Fındık (Corylus avellana L.), ekonomik ve besin değeri nedeniyle Türkiye için 

kritik bir üründür. Türkiye, dünya fındık üretiminde pazarın %65-75'i ile birinci sırada 

yer almaktadır. Bu mahsulün Türkiye için önemi nedeniyle Türk fındığı genetik 

çeşitliliğinin korunması büyük önem taşımaktadır. Mevcut çalışmada, 430 bireyden 

oluşan ulusal koleksiyonun tamamını temsil eden bir panel kullanılmıştır. Panelin genetik 

karakterizasyonu ile keşfedilen yüksek kaliteli 7609 adet SNP marköründen 5567’si  

fiziksel olarak Tombul referans genomunda haritalandı. Parmak izi analizi, tüm bireylerin 

yalnızca yedi SNP markörü ile ayırt edilebileceğini gösterdi. Veri setinin popülasyon 

yapısı analizi, panelin genetik ilişkilerinin sırasıyla 8, 17 ve 25 birey içeren üç küme ile 

açıklandığını göstermiştir. Bireylerin neredeyse yarısı karışık (admixed) materyal olup, 

bu karışık materyaller 8 çeşit, 22 yerel ırk ve 12 yabani çeşit içeriyordu. Bu da her bir 

materyal tipinin yaklaşık %50'sinin karışık materyal olduğunu gösteriyordu. Identitiy by 

state yöntemiyle hesaplanan bir mesafe matrisi kullanılarak ağırlıklandırılmamış bir 

komşu birleştirme dendrogramı oluşturulmuştur. Hesaplanan farklılık değerleri, 0,26 

ortalama ile 0,15 ile 0,30 arasında değişmektedir. Bu çalışma, GRAS-Di dizileme 

yaklaşımının bir fındık ağacında ilk kez kullanıldığı ve fındık genetiğine yeni bir bakış 

açısı getirdiği çalışmadır. Ayrıca panel, bu ekonomik açıdan önemli yemiş mahsulü 

üzerinde gelecekteki çalışmalar için iyi karakterize edilmiş bir genetik kaynak olarak 

hizmet edecektir.  
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CHAPTER 1  

1. INTRODUCTION 

1.1. Genetic Diversity 

Evolution of a natural population is the result of many factors, one of which is 

genetic diversity. Except for rare occasions, individuals in a natural population are not 

genetically identical and this unique identity of individuals comes from the differences in 

their DNA sequences. The variety and balance of alleles in a population is a way of 

defining genetic diversity from a theoretical point of view (Ellegren and Galtier 2016). 

New alleles are introduced to a population either by mutations or gene flow and the 

shifting balance of these new alleles with the other alleles present in the population is one 

of the forces that governs the genetic diversity of a population and evolution. Selection 

either by natural or artificial methods influences genetic diversity as they play an 

important role in the allelic balance of a population. For example, modern breeding 

approaches that generate monotypic crop lines reduce genetic diversity. Therefore, 

genetic diversity and evolution are deeply intertwined as evolutional forces are the 

governing factor of genetic diversity and genetic diversity gives information about the 

‘background,’ previous evolution of populations. 

Genetic diversity is an important concept for ecosystems because the genetic 

diversity of a population can affect the survival, reproduction, and fitness of populations 

as well as the invasiveness of a species and other factors such as decay and predator-prey 

interconnections(Booy et al. 2000; Hughes et al. 2008). The survival of a species can be 

dependent on its genetic diversity such that lack of genetic diversity may lead to the 

species’ extinction. The productivity of a population can also be dependent on genetic 

diversity as Matilla & Seeley (2007) showed that honeybees had increased productivity 

and fitness when the colony was genetically more diverse. A study on an invasive species, 

the Argentine ant (Linepithema humile), provides another example of how genetic 

diversity affects the ecosystem (Tsutsui, Suarez, and Grosberg 2003). In this study, 

researchers explained that Argentine ants went into a selection against diverse colony 

members and formed unicolonial colonies which had increased aggression towards more 
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diverse colonies of the same species and also other species. This work showed that genetic 

diversity is important for the ecosystem as reduction in genetic diversity led to changes 

in behavior, in this case, invasiveness. Decay is an important ecological process and a 

study showed that rates of decay of cottonwood leaf litter can change drastically based 

on the genetic diversity of the cottonwood trees contributing to the litter (Schweitzer et 

al. 2005). A study on predator-prey interactions showed that increased genetic diversity 

of the prey affects the abundance and stability of the prey population in the presence of 

the predator (Steiner and Masse 2013). Thus, we can say that genetic diversity is one of 

the forces that shapes the ecosystem. 

Genetic diversity also serves as the raw material that is needed to develop 

cultivars. Farmers and plant breeders have relied on genetic diversity from the earliest 

days of agriculture. Agronomic, morphological, and resilience traits are the main features 

that farmers look for when choosing the cultivars they plant in the field, and it is the 

breeder’s duty to provide the farmers with these cultivars (Swarup et al. 2021). Genetic 

diversity analysis is performed when breeders analyze cultivar variability (Cox, Murphy, 

and Rodgers 1986), create segregating biparental populations to obtain maximum genetic 

variability for selection (Barrett and Kidwell 1998), and introgress a target trait into a 

cultivar from diverse germplasm (J. A. Thompson, Nelson, and Vodkin 1998; 

Mohammadi and Prasanna 2003). Resilience is an important suite of traits because the 

plant’s survival and fitness under certain types of stress directly affect its yield and 

quality. Breeders do not want natural selection caused by environmental factors such as 

drought and disease affecting their lines which are the result of artificial selection. Genetic 

diversity resources can be used by breeders to overcome natural selection as a plant 

population’s ability to survive stress conditions is correlated with its genetic diversity. 

During the Irish potato famine of 1845 to 1848, potatoes were clonal and lack of diversity 

made it easy for the pathogen Phytophthora infestans to wipe out entire populations of 

potatoes (Landry 2015). During the southern corn leaf blight (SCLB) epidemic between 

1970 and 1971 in North America, farmers over-relied on a single male parent for hybrid 

generation. This resulted in the same sensitivity to the pathogen in most of the crop and 

loss of 15% of the crops during those years (Bruns, 2017). Today, breeders have 

understood the importance of genetic diversity and learned how to use it as an effective 

tool. For example, the genetic diversity of hazelnut germplasm was used to select suitable 

parental combinations for introgression of resistance against eastern filbert blight (EFB) 

into this crop (Sathuvalli et al., 2011). Amplified fragment length polymorphism (AFLP) 
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markers were then used to map this introgressed allelic diversity and to develop selectable 

markers for EFB resistance. As shown by this example, genetic diversity is an 

indispensable tool for plant breeders to breed new lines with desirable traits. 

Given the importance of genetic diversity both for ecosystems and plant breeders, 

the preservation of genetic diversity is of immense priority. One of the tools for 

preservation is germplasm collection. Germplasm is a collection of a species’ accessions 

that are found in a certain region. Germplasm is stored in genebanks in the forms of 

individual plants, seeds, or both depending on the species of interest. When needed, gene 

banks can provide breeders with relevant accessions, thus, gene banks facilitate the use 

of genetic diversity (Plucknett et al. 1983).  

Genetic diversity of a population can be characterized using various types of 

markers such as molecular, morphological, cytological, and biochemical markers. Any 

behavior or feature of chromosomes in the different stages of cell division can be used as 

cytological markers (Bekele and Bekele 2014). Biochemical markers can be biochemical 

compounds such as isozymes, antigens, hormones, and different organic compounds 

(Dayan et al. 2015). Morphological markers use the plant’s observable phenotypes 

(Bekele and Bekele 2014). Molecular markers or genetic markers can be any piece of 

DNA and provide the best results for genetic diversity analysis of a population as they 

provide objective and stable results (Saravanan et al. 2019). There are three generations 

of molecular markers. First-generation markers are based on DNA – DNA hybridization 

technique. The most famous of the first-generation markers is restriction fragment length 

polymorphism (RFLP) markers which are visualized using southern hybridization. 

Second-generation markers are polymerase chain reaction (PCR) based markers. The 

polymorphism of PCR markers is based on amplicon lengths. Microsatellite markers or 

simple sequence repeat (SSR) markers are the most popular PCR markers used today 

(Grover and Sharma 2016). Specific sequence targeted markers such as single nucleotide 

polymorphisms (SNPs) are the latest and third generation of markers. Section 1.3 will 

cover SNPs in more detail. 

1.2. Hazelnut 

Hazelnut is the common name for plants that are members of the genus Corylus. 

The number of species that belongs to the genus Corylus is estimated to be between nine 
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and 25 (Molnar 2011). All hazelnut species are monoecious, deciduous, hermaphroditic, 

self-incompatible, and diploid. Species can be as small as 1 m multi-stemmed shrubs and 

as large as 40 m trees. The genomes of all Corylus species are estimated to consist of 2n 

= 2x = 22 chromosomes (Thompson et al., 1996).  

Although all members of the genus Corylus are referred to as hazelnut, the most 

common cultivated hazelnuts are species Corylus avellana which is also known as 

common or European hazelnut. Plants of C. avellana naturally grow as multi-stemmed 

bushes that are 3-10 meters tall. Nuts of this species are the largest across the genus and 

may release from the involucre at maturity for certain accessions. Although the largest 

nuts of Corylus are found in this species, nut morphology is highly variable in size, shell 

thickness, and shape. Domestication of this species is thought to be have occurred 

independently in Iran, Turkey, Spain, and Italy (Boccacci and Botta 2009; 2010).   

Corylus americana is a native of North America and is also known as American 

hazelnut. This hazelnut species has a natural resistance to eastern filbert blight (EFB) 

disease which is a fungal disease caused by a pathogen called Anisogramma anomala 

(Johnson and Pinkerton 2002). Cross-breeding compatibility with C. avellana, makes C. 

americana an important candidate for breeding EFB resistant cultivars. Like European 

hazelnut, C. americana has a bush-type growth habit and grows up to 1-3 meters tall.  

Compared to C. avellana, nuts of this species are smaller, have thicker shells, and are 

retained inside the involucre at maturity; however, their quality and flavor traits are 

similar to C. avellana (Erdogan & Mehlenbacher, 2000; Mehlenbacher, 1991; Thompson 

et al., 1996).  

Corylus mandshurica (syn. C. sieboldiana) is another important hazelnut species 

for breeding studies with C. avellana. Similar to C. americana this species has a high 

resistance to EFB (Coyne, Mehlenbacher, and Smith 1998; Erdogan and Mehlenbacher 

2000). C. mandshurica also has a bush-like growth habit that spreads its stems by suckers 

that are 2-5 meters tall (Mehlenbacher 1991). Nuts of this species are thick-shelled and 

small and are retained in the involucre at maturity. C. mandshurica is native to East Asia 

from north China through Korea to East Russia (Li et al., 2021; Molnar, 2011). 

Corylus colurna or Turkish hazel is a plant native to the Turkey, Balkan 

Peninsula, northern Iran, and the Caucasus (Molnar 2011). Plants of this species have a 

single large trunk and grow into a pyramidal shape of 20 to 40 meters tall. Nuts of this 

tree have various shapes such as nearly round, flat-compressed, extended-elliptical, ovoid 

globose, and angular, with 1.0 to 1.5 cm in diameter. Plants are either highly resistant or 
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immune to the EFB disease( Farris, 1969). This species is mainly utilized for its timber 

in the processes such as making furniture, building structures, and so on. 

Corylus species grow in a vast area of the northern hemisphere. However, C. 

avellana grows optimally in stable climates with average temperatures of 13 to 16°C and 

a minimum of 700 mm rainfall per year (Ustaoglu & Karaca, 2014). Hazelnut is a tree 

that shows a clear alternate nut yield because of its mast seeding behavior (Pasqualotto et 

al. 2019). The one-year high and one-year low production cycle seen in Turkey from 2010 

to 2019 is a clear example of this alternate bearing (periodicity) behavior (Figure 1.1). 

Turkey produced the largest amount of hazelnut globally for these ten years with 572,105 

metric tonnes (t) of yearly average production (Figure 1.1). The latest data of the Food 

and Agriculture Organization shows that Turkey and Italy, respectively, produced 

776,046 and 98,530 t of hazelnut in 2019 when the global production of hazelnut was 

1,125,178 t. Azerbaijan, the US, and Chile are also major hazelnut producers worldwide 

with their respective 53,793 t, 39,920 t, and 35,000 t of hazelnut production in 2019. 

These five countries provided 90% of total hazelnut production in 2019 (FAOSTAT, 

2021; http://www.fao.org/faostat/). 

Hazelnut is considered to be a nutritious tree nut. Hazelnuts contain a high lipid 

content of 50% to 70% of total weight and triglycerides are the main content of this lipid 

component. The fatty acid content of hazelnut is mostly oleic acid (70-86%) and linoleic 

acid (7-22%) which are both considered to be healthy unsaturated fatty acids. Moreover, 

linoleic acid is an essential fatty acid. In addition to its lipid content, hazelnut contains 

10-20% protein in its kernels in which the aminoacids arginine, aspartic acid, and 

glutamic acid are the most abundant (Mehlenbacher 1991). Hazelnut is an important 

component of a healthy diet since it provides high levels of vitamin E and biotin, 13 

essential minerals, all nine essential aminoacids, and several other micronutrients 

(Alasalvar et al. 2008). It is one of the most consumed tree nuts across Europe (Jenab et 

al. 2006).  

In addition to its nutritional significance, the social and economic impact of 

hazelnut in Turkey is so important that it is the only source of income for around 400,000 

families and more than 4 million people are directly or indirectly involved with its 

production (Anil et al. 2016). Turkey exported 1.14 billion USD worth of hazelnut on 

average from 2010 to 2019 and held the greatest proportion of the hazelnut market (Figure 

1.2). In 2019, the total export value for 193,007 t of shelled and 733 t of unshelled Turkish 
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hazelnut was around 1.25 billion USD which makes 62% of the global market 

(FAOSTAT, 2021; http://www.fao.org/faostat/). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Ten years of hazelnut production in Turkey.  

(Source: Faostat, 2021; http://www.fao.org/faostat/) 

 

There are 20 different commercial Turkish hazelnut cultivars. While three of these 

cultivars, Okay 28, Giresun Melezi, and Allahverdi were produced as a result of breeding 

studies conducted by the National Hazelnut Research Institute in Giresun, Turkey, the 

rest were obtained through natural hybridization and selection throughout history. The 

most important of these cultivars are Tombul, Kargalak, Sivri, Çakıldak, Foşa, Okay 28, 

Giresun Melezi, and Allahverdi because of their phenotypic properties and commercial 

value. Tombul is the most important Turkish cultivar because it has the highest quality 

among the other cultivars and great yield. Kargalak has the biggest nuts and kernels 

compared to the others. For this reason, Tombul and Kargalak were utilized as the parents 

of cultivars Okay 28, Giresun Melezi, and Allahverdi. Sivri is high-yielding but prone to 

drought. Çakıldak has the latest leaf bud burst time and, as a result, it can be cultivated in 

colder climates having spring frost. Allahverdi and Okay 28 have high yields and, along 
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with Giresun Melezi, have leaf bud burst 7 to 15 days later than Tombul. Foşa is a cultivar 

that can be grown in higher altitudes (Balik et al. 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Export value of Turkish hazelnuts over the last ten years.  

(Source: Faostat, 2021; http://www.fao.org/faostat/) 

 

As such an important nut crop, hazelnut germplasm merits careful preservation. 

Because hazelnut seeds are not viable after storage for more than one year, national 

foundations throughout the world have set up orchards to store these germplasm 

collections. The most important of these collections are kept at: the Hazelnut Research 

Institute in Giresun, Turkey; the US Department of Agriculture (USDA), Agriculture 

Research Service (ARS), National Clonal Germplasm Repository (NCGR) in Oregon, 

USA (Hummer 2001); the Universita Degli Studi Torino and the Institute Sperimentale 

per Frutticoltura in Italy; Institut National de la Recherche Agronomique (INRA) in 

Ponte-de-la-Maye, France; Institute de Recerca i Technologia Agroalimentàires (IRTA) 

in Reus, Spain; the (VIR) Breeding Station, Maykop, and the Russian Academy of 

Agricultural Sciences Institute of Floriculture and Subtropical Cultures, Sochi, which are 
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both in Russia; and the Nikita Botanical Gardens in Yalta, Ukraine (Molnar 2011; 

Mehlenbacher 1991). 

Turkish hazelnut germplasm has been collected and preserved by the Turkish 

national government since 1936, when the “Hazelnut Station” which eventually became 

the “Hazelnut Research Institute”, was founded in Giresun. The collection efforts were at 

their peak between 1969 and 1972 during which time 492 new accessions were added to 

the old collection of 229 accessions (Çaliskan and Çetiner 1997). In 2017, Öztürk et al. 

used 30 simple sequence repeats (SSR) markers to study the genetic diversity of 402 

accessions of this germplasm collection. These 402 selected accessions were the most 

important accessions of the national collection. This study resulted in the selection of a 

core set of 78 accessions to represent the molecular genetic diversity of the entire national 

collection of Turkish hazelnut germplasm. 

Molecular genetic studies are important for the improvement of Turkish hazelnut 

allowing better discrimination and selection of cultivated accessions and aiding breeding 

studies. In order to study the genetic diversity of a population of 18 Turkish hazelnut 

cultivars, Kafkas et al. (2009) used 25 random amplified polymorphic DNA (RAPD) 

markers, 25 inter-simple sequence repeat (ISSR) markers, and eight AFLP markers 

yielding a total of 434 marker loci. This seems to be the very first molecular genetic study 

performed specifically on Turkish hazelnut. Erdogan et al. (2010) then studied the genetic 

diversity of 21 accessions among which 18 were the same material used by Kafkas et al. 

(2009) using 43 different RAPD markers. In addition to these studies which used second-

generation markers to characterize Turkish hazelnut populations, Helmstetter et al. (2020) 

studied the genetic diversity and domestication of a population of 200 accessions which 

they sampled from Turkey, Georgia, Italy, and the UK using approximately 64,000 SNP 

markers. Although several studies have examined Turkish hazelnut accessions, only the 

study of Öztürk et al. (2017) covers the national collection of Turkish hazelnut germplasm 

kept at the Hazelnut Research Institute in Giresun. However, the work of Öztürk et al. 

(2017) used second-generation markers (SSRs) which have a lower power of resolution 

than third-generation markers such as SNPs. Therefore, the Turkish hazelnut germplasm 

collection and its selected core set should be studied with third-generation markers which 

will allow high-resolution mapping and a much more accurate estimation of genetic 

diversity. 



 9 

1.3. Single nucleotide polymorphisms (SNPs) 

A SNP can be defined as a DNA polymorphism caused by the change of a single 

base at a certain location to another base by mutation. SNPs are genetically stable and 

adaptable to high throughput genotyping methods (Gong et al. 2016; Paux et al. 2012; 

Varshney et al. 2009). SNPs are the most abundant polymorphisms found in the genome 

of any organism and, due to natural selection, the distribution of SNPs in a genome is not 

even. As a result, noncoding regions contain more SNPs than coding regions of the DNA 

(Barreiro et al. 2008). In the human genome, SNPs occur approximately 8 times in every 

10,000 bases (Zhao et al. 2003). In plants, such as within the genus Arabidopsis, there are 

7.5 million SNPs within 25 Mb region, thus, SNPs occur three times in every 1000 bp of 

DNA (Ossowski et al. 2010). Their abundance makes them perfect candidates as 

molecular markers.  

SNPs can be used as genotyping markers in studies such as linkage, QTL, and 

association mapping. They provide the highest resolution in mapping studies as they are 

the most abundant marker type. Rowley et al. (2018) generated a high-density linkage 

map with3209 SNPs by resequencing eight hazelnut accessions. Fingerprinting studies 

also rely on SNPs as their high polymorphism and abundance enable the DNA 

fingerprinting of a population with the lowest possible number of markers. For example, 

Wang et al. (2021) successfully performed fingerprinting of 216 cigar tobacco accessions 

with 47 KASP SNP markers.  

SNP genotyping can be done either by de novo methods (SNP discovery) or 

methods that use prior information about the SNPs (SNP production). De novo SNP 

discovery methods rely on data produced from genotyping by sequencing (GBS) methods 

such as whole-genome resequencing, RNA sequencing, and several other reduced 

representation sequencing approaches. For SNP production, SNP discovery must be 

performed at least once to determine SNP location and sequence. The required data are 

then used for designing the parameters of the genotyping method such as the array-based 

methods of the GoldenGate (Fan et al. 2003) and Infinium (Steemers and Gunderson 

2007) platforms; RT-PCR based methods such as TaqMan by Life Technologies (Livak 

et al. 1995); and PCR based methods such as KASPar (KBiosciences Competitive Allele-

Specific PCR). 

Reduced representation genotyping by sequencing (GBS) methods are the most 

popular methods used for de novo SNP discovery due to their advantages such as the 
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ability to genotype multiple samples (up to thousands) in one sequencing step, low cost, 

and high read depth. Restriction site-associated DNA sequencing (RADSeq) (Baird et al. 

2008), RNASeq (Wang et al., 2009), double digest restriction site-associated DNA 

sequencing (ddRAD) (Lavretsky, Janzen, and McCracken 2019), genotyping-in-

thousands by sequencing (GT-Seq) (Campbell, Harmon, and Narum 2015), multiplexed 

ISSR genotyping by sequencing (MIG-Seq) (Suyama and Matsuki 2015) and genotyping 

by random amplicon sequencing (Hosoya et al. 2019) (GRAS-Di) are the methods which 

use reduced representation GBS. With the exception of RNASeq, these reduced 

representation GBS methods allow multiplexing, which means that they have the ability 

to genotype multiple samples in a single reaction of next generation sequencing (NGS). 

Among the multiplex GBS methods, GT-Seq method does not allow de novo genotyping 

as primers are designed according to prior SNP information. The reduced representation 

approaches of the remaining methods are based on two main concepts: restriction 

digestion and random amplicon sequencing. RADSeq and ddRAD methods rely on 

restriction enzymes whereas MIG-Seq and GRAS-Di rely on non-targeting PCR 

amplicon sequencing to create reduced representation libraries of the samples. 

MIG-Seq is a non-targeting PCR-based method that uses multiplexed ISSR 

primers that include SSRs of 12 bases of either dinucleotide or trinucleotide SSRs 

(Suyama and Matsuki 2015). These primers amplify regions between SSRs, and these 

amplicons are then sequenced as a reduced representation library. GRAS-Di is a similar 

method to MIG-seq except for the primers of the first PCR include Illumina Nextera 

adaptor sequences plus three-base random oligomers of every possible permutation. The 

second set of primers for GRAS-Di includes multiplexing adaptors of Illumina P7/P5 

with 8 bp dual index codes. As a PCR-based approach, GRAS-Di allows smaller 

quantities and lower qualities of DNA to be sequenced than RAD-Seq and ddRAD-Seq. 

GRAS-Di being a PCR-based method also enables the sequencing results to be highly 

reproducible which then provides less missing data in replicate experiments. Thus, 

GRAS-Di is a cheap, advanced, and highly reproducible GBS method that can be used in 

SNP genotyping studies. 

The sequencing data from GBS must be processed and analyzed to discover SNPs 

and there are several methods for this. If the data is in multiplexed format, one needs to 

demultiplex the data before the analysis. For GRAS-Di sequencing demultiplexing can 

be done using the dual index of the adaptor sequences which is a specific combination for 

each genotyped individual. After demultiplexing the sequencing reads may still have 
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adaptor contaminations and low-quality read regions that must be trimmed out. Software 

such as Trimmomatic (Bolger, Lohse, and Usadel 2014)and fastp (Chen et al. 2018) can 

be used for trimming these parts from the data. SAMtools (H. Li et al. 2009) and Bowtie2 

(Langmead and Salzberg 2012) or BWA(H. Li 2013) software then can be used to align 

the reads to a reference genome. From the alignment files, SNP calling software such as 

freebayes (Garrison and Marth 2012), SAMtools (H. Li et al. 2009), and BCFtoolscan be 

used to call the SNP variants. Finally, the SNP dataset needs to be filtered according to 

certain quality parameters to eliminate false-positive SNPs and create a dataset usable for 

the study (O’Leary et al. 2018). There are software programs that automate all these into 

a pipeline which makes SNP variant calling easier. One such tool is dDocent (Puritz et 

al., 2014) which runs through a basic command-line interface and can even create a de 

novo reference genome assembly from the reads. Software such as fastp SAMtools, 

BWA, and freebayes are the default software dDocent uses. Usage of freebayes enables 

the user to filter the data according to more specific VCF file INFO parameters.  

1.4. Hazelnut SNPs 

Several researchers used SNPs as genotyping markers for hazelnut studies. Bryant 

et al. (2010) identified 5,398 SNPs in European hazelnut accessions of Jefferson (OSU 

703.007), Barcelona (PI 557037; CCOR 36.001); and a cross from Cutleaf and Contorta 

(OSU 954.076 x OSU 976.091) by high-throughput RNA sequencing (RNA-seq). In 

2015, a ddRAD sequencing study was performed on a population of 120Tonda Gentile 

Romana (TGR),Nocchione (NOC), Tonda Gentile Romana Rosa (TGRRosa), and 

Nociara C. avellana landraces, and 4200 SNP markers were developed (Scaglione et al. 

2015). Rowley et al. (2018) genotyped a C. avellana F1 population of OSU414.062 x 

OSU 252.146 with 2198 SNP markers through a RADseq analysis [with ApekI restriction 

enzyme (RE)] and generated a linkage map. In 2018 Torello Marinoni et al. genotyped 

an F1 population of a cross of Tonda Gentile delle Langhe (TGdL) and Merveille de 

Bollwiller (MB) C. avellana with SNP markers by RADseq (with ApekI RE) and 

generated QTL and linkage maps. In 2019, Helmstetter et al. used a population of 200 

accessions from Turkey, Italy, Georgia, and the UK and genotyped it with 64,509 SNPs 

by RADseq analysis (with EcoRI and MspI REs) to study the diversity and evolution of 

hazelnut. A ddRAD study with 2133 SNPs in 2019 studied EFB disease in C. avellana 
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and generated a QTL map (Honig et al. 2019). In order to identify the genetic structure 

and develop a core set of a C. americana population, Revord et al. (2020) genotyped this 

population with 2653 SNP markers which they generated from a ddRAD study. Koma, 

in2020, generated an F1 mapping population of European hazelnut by a cross of OSU 

252.146 and OSU 414.062 and identified 13,773 SNPs using the double ddRAD approach 

(XbaI and Ddel). A study with such an approach has not yet been published for the 

Turkish national collection and its core set. 

1.5. Aims 

In order to investigate the genetic diversity and population structure of a Turkish 

hazelnut panel of 96 accessions, this study used the GRAS-Di GBS method to discover 

SNP variants. The panel included 20 cultivars, 50 landraces, and 20 wild accessions. The 

reference genome of the C. avellana cultivar Jefferson was used for the alignment of reads 

and SNP calling. Called SNPs were physically mapped to the C. avellana reference 

genome of the Turkish cultivar Tombul with a bioinformatics approach. Another goal 

was to fingerprint the panel with the SNPs. To this end, a custom Python script utilizing 

a ‘Minimal Marker’ algorithm that was developed for SSR markers (Fujii et al., 2013) 

was modified for SNPs. Dendrogram analysis and discriminant of principal component 

analysis (PCA) were performed to view the hierarchical relationships between the 

accessions. In addition, population structure analysis was performed with an aim to 

calculate the ancestry composition of the panel accessions. This knowledge can be used 

for the preservation of Turkish hazelnut genetic diversity and the breeding of this 

extremely valuable nut crop.  
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CHAPTER 2  

2. MATERIALS AND METHODS 

2.1. Plant Material 

A panel consisting of Turkish C. avellana accessions was used in this study. Leaf 

samples of the panel were obtained from the Hazelnut Research Institute (Giresun, 

Turkey) which maintains the Turkish national hazelnut germplasm collection. The panel 

included a total of 96 individuals among which 76 were from the Turkish hazelnut core 

set (Öztürk et al. 2017) and were composed of 20 cultivars, 34 landraces, and 20 wild 

accessions (Table 2.1). In addition to these, 22 different accessions were added to the 

final panel to yield 96 accessions consisting of 20 cultivars, 50 landraces, and 26 wild 

accessions. 

 

Table 2.1. List of the plant material (Corylus avellana) used in this study. 

Sample 

Name 
Accession Number Type of Material Province 

105 FAI005 Landrace Giresun 

108 FAI008 Landrace Giresun 

118 FAI018 Landrace Giresun 

129 FAI029 Landrace Giresun 

132 FAI032 Landrace ? 

157 FAI056 Wild Sinop 

165 FAI064 Wild Giresun 

166 FAI065 Wild Giresun 

177 FAI594 Wild Giresun 

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

181 FAI079 Landrace Bolu 

183 FAI081 Wild ? 

190 FAI088 Landrace Giresun 

195 FAI093 Wild ? 

200 FAI096 Landrace Giresun 

201 FAI097 Landrace Giresun 

213 FAI590 Landrace Giresun 

219 FAI112 Landrace Ordu 

221 FAI114 Wild Giresun 

233 FAI126 Landrace Ordu 

244 FAI137 Landrace Ordu 

250 FAI142 Landrace Ordu 

252 FAI144 Landrace Ordu 

253 FAI145 Landrace Trabzon 

258 FAI150 Wild Giresun 

266 FAI157 Landrace Giresun 

270 FAI161 Landrace Giresun 

281 FAI172 Landrace Giresun 

283 FAI174 Landrace Ordu 

284 FAI175 Landrace Giresun 

286 FAI177 Landrace Ordu 

287 FAI178 Landrace Ordu 

319 FAI210 Landrace Samsun 

335 FAI225 Landrace Trabzon 

338 FAI228 Landrace Trabzon 

351 FAI241 Landrace ? 

359 FAI248 Landrace Trabzon 

377 FAI265 Landrace Trabzon 

391 FAI279 Landrace Giresun 

401 FAI289 Wild Giresun 

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

405 FAI292 Landrace Giresun 

411 FAI298 Wild Giresun 

417 FAI302 Landrace Giresun 

419 FAI304 Landrace Giresun 

421 FAI306 Landrace ? 

431 FAI314 Landrace Giresun 

433 FAI315 Wild Giresun 

434 FAI316 Wild ? 

436 FAI318 Landrace ? 

444 FAI324 Landrace Giresun 

453 FAI333 Wild Giresun 

469 FAI349 Landrace Giresun 

471 FAI351 Wild Giresun 

511 FAI388 Landrace Giresun 

521 FAI397 Wild Giresun 

522 FAI398 Landrace Giresun 

530 FAI406 Wild Giresun 

532 FAI408 Wild Ordu 

533 FAI409 Wild Ordu 

551 FAI422 Wild Ordu 

558 FAI429 Landrace Trabzon 

577 FAI448 Landrace Trabzon 

580 FAI451 Landrace Giresun 

586 FAI457 Wild Trabzon 

587 FAI458 Landrace Trabzon 

588 FAI459 Wild Trabzon 

589 FAI460 Wild Trabzon 

590 FAI461 Wild Trabzon 

595 FAI466 Landrace Giresun 

598 FAI469 Landrace Giresun 

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

601 FAI472 Wild Giresun 

604 FAI474 Wild Trabzon 

608 FAI478 Landrace Giresun 

609 FAI479 Landrace Giresun 

611 FAI481 Landrace Artvin 

616 FAI484 Landrace ? 

617 FAI485 Wild ? 

Acı Acı Cultivar Giresun 

Allah Verdi Allah Verdi Cultivar Giresun 

Çakıldak Çakıldak Cultivar Giresun 

Cavcava Cavcava Cultivar Giresun 

Fosa Fosa Cultivar Giresun 

Giresun 

Melezi 
Giresun Melezi Cultivar Giresun 

İnce Kara İnce Kara Cultivar Giresun 

Kalın Kara Kalın Kara Cultivar Giresun 

Kan Kan Cultivar Giresun 

Kara Fındık Kara Fındık Cultivar Giresun 

Kargalak Kargalak Cultivar Giresun 

Kuş Kuş Cultivar Giresun 

Mincane Mincane Cultivar Giresun 

Okay 28 Okay 28 Cultivar Giresun 

Palaz Palaz Cultivar Giresun 

Sivri Sivri Cultivar Giresun 

Tombul Tombul Cultivar Giresun 

Uzun Musa Uzun Musa Cultivar Giresun 

Yassı Badem Yassı Badem Cultivar Giresun 

Yuvarlak 

Badem 
Yuvarlak Badem Cultivar Giresun 
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2.2. DNA Isolation and Sequencing 

Total DNA was isolated from the collected leaves of the panel according to the 

method described by Fulton et al. (1995). According to the genotyping by random 

amplicon sequencing-direct (GRAS-Di) method (Hosoya et al. 2019), a sequencing 

library was prepared and sequenced by Eurofins Genomics (Ebersberg, Germany). 

Briefly, library preparation included two sequential polymerase chain reactions (PCR). 

The genomic DNA samples were amplified with the first PCR reaction which included a 

randomly designed mix of 63 primers. Each of these random primers had a 10-base 

Illumina Nextera adaptor sequence plus a 3-base random oligomer (Table 2.2). The 

products of the first PCR reaction were then amplified by the second PCR reaction which 

used primers with barcoded adaptor sequences that enabled multiplex sequencing (Table 

2.3). The multiplex sequencing library was then created by pooling the resulting PCR 

products. Sequencing of this library was performed on a single lane using an Illumina 

HiSeq4000 (100 bp x 2) with the latest chemistry (v4). The resulting raw sequencing 

reads were then demultiplexed according to their 8 bp dual index codes, which were 

present at the unique P5-P7 combination each accession had, with 1-base mismatch 

allowed (Table 2.4). These demultiplexed sequencing reads were obtained from Eurofins 

Genomics as FASTQ formatted text file archives (fastq.gz). 

 

Table 2.2. The primers used in the first PCR reaction of library preparation. 

# Primer 

name 

Sequence (5' 

to 3') 
# 

Primer 

name 

Sequence (5' 

to 3') 
# 

Primer 

name 

Sequence (5' 

to 3') 

1 
NE10_

301 

TAAGAGA

CAGAAA 
22 

NE10_

322 

TAAGAGA

CAGCCC 
43 

NE10_

343 

TAAGAGA

CAGGGG 

2 
NE10_

302 

TAAGAGA

CAGAAC 
23 

NE10_

323 

TAAGAGA

CAGCCG 
44 

NE10_

344 

TAAGAGA

CAGGGT 

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

3 NE10_

303 

TAAGAGA

CAGAAG 
24 

NE10_

324 

TAAGAGA

CAGCCT 
45 

NE10_

345 

TAAGAGA

CAGGTA 

4 NE10_

304 

TAAGAGA

CAGAAT 
25 

NE10_

325 

TAAGAGA

CAGCGA 
46 

NE10_

346 

TAAGAGA

CAGGTC 

5 NE10_

305 

TAAGAGA

CAGACA 
26 

NE10_

326 

TAAGAGA

CAGCGC 
47 

NE10_

347 

TAAGAGA

CAGGTG 

6 NE10_

306 

TAAGAGA

CAGACC 
27 

NE10_

327 

TAAGAGA

CAGCGG 
48 

NE10_

348 

TAAGAGA

CAGGTT 

7 NE10_

307 

TAAGAGA

CAGACG 
28 

NE10_

328 

TAAGAGA

CAGCGT 
49 

NE10_

349 

TAAGAGA

CAGTAA 

8 NE10_

308 

TAAGAGA

CAGACT 
29 

NE10_

329 

TAAGAGA

CAGCTA 
50 

NE10_

350 

TAAGAGA

CAGTAC 

9 NE10_

309 

TAAGAGA

CAGAGA 
30 

NE10_

330 

TAAGAGA

CAGCTC 
51 

NE10_

351 

TAAGAGA

CAGTAG 

10 NE10_

310 

TAAGAGA

CAGAGC 
31 

NE10_

331 

TAAGAGA

CAGCTG 
52 

NE10_

352 

TAAGAGA

CAGTAT 

11 NE10_

311 

TAAGAGA

CAGAGG 
32 

NE10_

332 

TAAGAGA

CAGCTT 
53 

NE10_

353 

TAAGAGA

CAGTCA 

12 NE10_

312 

TAAGAGA

CAGAGT 
33 

NE10_

333 

TAAGAGA

CAGGAA 
54 

NE10_

354 

TAAGAGA

CAGTCC 

13 NE10_

313 

TAAGAGA

CAGATA 
34 

NE10_

334 

TAAGAGA

CAGGAC 
55 

NE10_

355 

TAAGAGA

CAGTCG 

14 NE10_

314 

TAAGAGA

CAGATC 
35 

NE10_

335 

TAAGAGA

CAGGAG 
56 

NE10_

356 

TAAGAGA

CAGTCT 

15 NE10_

315 

TAAGAGA

CAGATG 
36 

NE10_

336 

TAAGAGA

CAGGAT 
57 

NE10_

357 

TAAGAGA

CAGTGA 

16 NE10_

316 

TAAGAGA

CAGATT 
37 

NE10_

337 

TAAGAGA

CAGGCA 
58 

NE10_

359 

TAAGAGA

CAGTGG 

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

17 NE10_

317 

TAAGAGA

CAGCAA 
38 

NE10_

338 

TAAGAGA

CAGGCC 
59 

NE10_

360 

TAAGAGA

CAGTGT 

18 NE10_

318 

TAAGAGA

CAGCAC 
39 

NE10_

339 

TAAGAGA

CAGGCG 
60 

NE10_

361 

TAAGAGA

CAGTTA 

19 NE10_

319 

TAAGAGA

CAGCAG 
40 

NE10_

340 

TAAGAGA

CAGGCT 
61 

NE10_

362 

TAAGAGA

CAGTTC 

20 NE10_

320 

TAAGAGA

CAGCAT 
41 

NE10_

341 

TAAGAGA

CAGGGA 
62 

NE10_

363 

TAAGAGA

CAGTTG 

21 NE10_

321 

TAAGAGA

CAGCCA 
42 

NE10_

342 

TAAGAGA

CAGGGC 
63 

NE10_

364 

TAAGAGA

CAGTTT 

 

 

Table 2.3. The index primers of the second PCR reaction of library preparation. The 8 

bp index sequences are represented in bold. 

Primer name Sequence (5' to 3') 

P5_0001 
AATGATACGGCGACCACCGAGATCTACACCGCGCA

GATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P5_0002 
AATGATACGGCGACCACCGAGATCTACACCGTCAG

CATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P5_0003 
AATGATACGGCGACCACCGAGATCTACACAGCGTC

GATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P5_0005 
AATGATACGGCGACCACCGAGATCTACACCAGACA

GATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P5_0006 
AATGATACGGCGACCACCGAGATCTACACTGCATA

GATCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P5_0007 
AATGATACGGCGACCACCGAGATCTACACACTCAC

ATTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P5_0008 
AATGATACGGCGACCACCGAGATCTACACGCTCTAG

TTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

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

P5_0009 
AATGATACGGCGACCACCGAGATCTACACGCGCTC

ATTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

P7_0002A 
CAAGCAGAAGACGGCATACGAGATATGATATCGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0003A 
CAAGCAGAAGACGGCATACGAGATGTATCTAGGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0005A 
CAAGCAGAAGACGGCATACGAGATATCTAGAGGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0006A 
CAAGCAGAAGACGGCATACGAGATGCTCTATAGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0007A 
CAAGCAGAAGACGGCATACGAGATAGTATGTAGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0008A 
CAAGCAGAAGACGGCATACGAGATGACTACAGGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

 P7_0009A 
CAAGCAGAAGACGGCATACGAGATATGAGCTGGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0010A 
CAAGCAGAAGACGGCATACGAGATAGATAGACGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0011A 
CAAGCAGAAGACGGCATACGAGATCTATACAGGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0012A 
CAAGCAGAAGACGGCATACGAGATTAGATGTAGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0013A 
CAAGCAGAAGACGGCATACGAGATGAGACATAGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 

P7_0014A 
CAAGCAGAAGACGGCATACGAGATAGAGTGAGGTC

TCGTGGGCTCGGAGATGTGTATAAGAGACAG 
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Table 2.4. Index combinations for multiplex sequencing. 

# 
Sample 

name 

P5 index 

code 

P5 index seq 

(5'-3') 

P7 index 

code 

P7 index seq 

(5'-3') 

1 105 P5_0001 CGCGCAGA P7_0002A GATATCAT 

2 118 P5_0002 CGTCAGCA P7_0002A GATATCAT 

3 132 P5_0003 AGCGTCGA P7_0002A GATATCAT 

4 157 P5_0005 CAGACAGA P7_0002A GATATCAT 

5 166 P5_0006 TGCATAGA P7_0002A GATATCAT 

6 181 P5_0007 ACTCACAT P7_0002A GATATCAT 

7 183 P5_0008 GCTCTAGT P7_0002A GATATCAT 

8 195 P5_0009 GCGCTCAT P7_0002A GATATCAT 

9 200 P5_0001 CGCGCAGA P7_0003A CTAGATAC 

10 213 P5_0002 CGTCAGCA P7_0003A CTAGATAC 

11 219 P5_0003 AGCGTCGA P7_0003A CTAGATAC 

12 233 P5_0005 CAGACAGA P7_0003A CTAGATAC 

13 244 P5_0006 TGCATAGA P7_0003A CTAGATAC 

14 252 P5_0007 ACTCACAT P7_0003A CTAGATAC 

15 253 P5_0008 GCTCTAGT P7_0003A CTAGATAC 

16 258 P5_0009 GCGCTCAT P7_0003A CTAGATAC 

17 270 P5_0001 CGCGCAGA P7_0005A CTCTAGAT 

18 281 P5_0002 CGTCAGCA P7_0005A CTCTAGAT 

19 283 P5_0003 AGCGTCGA P7_0005A CTCTAGAT 

20 286 P5_0005 CAGACAGA P7_0005A CTCTAGAT 

21 335 P5_0006 TGCATAGA P7_0005A CTCTAGAT 

22 338 P5_0007 ACTCACAT P7_0005A CTCTAGAT 

23 351 P5_0008 GCTCTAGT P7_0005A CTCTAGAT 

24 359 P5_0009 GCGCTCAT P7_0005A CTCTAGAT 

25 377 P5_0001 CGCGCAGA P7_0006A TATAGAGC 

26 391 P5_0002 CGTCAGCA P7_0006A TATAGAGC 

27 401 P5_0003 AGCGTCGA P7_0006A TATAGAGC 

                                                                                                    (Cont. on the next page) 
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Table 2.4. (cont.) 
28 417 P5_0005 CAGACAGA P7_0006A TATAGAGC 

29 421 P5_0006 TGCATAGA P7_0006A TATAGAGC 

30 431 P5_0007 ACTCACAT P7_0006A TATAGAGC 

31 433 P5_0008 GCTCTAGT P7_0006A TATAGAGC 

32 434 P5_0009 GCGCTCAT P7_0006A TATAGAGC 

33 436 P5_0001 CGCGCAGA P7_0007A TACATACT 

34 444 P5_0002 CGTCAGCA P7_0007A TACATACT 

35 453 P5_0003 AGCGTCGA P7_0007A TACATACT 

36 469 P5_0005 CAGACAGA P7_0007A TACATACT 

37 471 P5_0006 TGCATAGA P7_0007A TACATACT 

38 511 P5_0007 ACTCACAT P7_0007A TACATACT 

39 530 P5_0008 GCTCTAGT P7_0007A TACATACT 

40 532 P5_0009 GCGCTCAT P7_0007A TACATACT 

41 533 P5_0001 CGCGCAGA P7_0008A CTGTAGTC 

42 551 P5_0002 CGTCAGCA P7_0008A CTGTAGTC 

43 558 P5_0003 AGCGTCGA P7_0008A CTGTAGTC 

44 580 P5_0005 CAGACAGA P7_0008A CTGTAGTC 

45 586 P5_0006 TGCATAGA P7_0008A CTGTAGTC 

46 587 P5_0007 ACTCACAT P7_0008A CTGTAGTC 

47 588 P5_0008 GCTCTAGT P7_0008A CTGTAGTC 

48 589 P5_0009 GCGCTCAT P7_0008A CTGTAGTC 

49 590 P5_0001 CGCGCAGA P7_0009A CAGCTCAT 

50 595 P5_0002 CGTCAGCA P7_0009A CAGCTCAT 

51 598 P5_0003 AGCGTCGA P7_0009A CAGCTCAT 

52 601 P5_0005 CAGACAGA P7_0009A CAGCTCAT 

53 604 P5_0006 TGCATAGA P7_0009A CAGCTCAT 

54 608 P5_0007 ACTCACAT P7_0009A CAGCTCAT 

55 609 P5_0008 GCTCTAGT P7_0009A CAGCTCAT 

56 611 P5_0009 GCGCTCAT P7_0009A CAGCTCAT 

57 616 P5_0001 CGCGCAGA P7_0010A GTCTATCT 

58 617 P5_0002 CGTCAGCA P7_0010A GTCTATCT 

                                                                                                    (Cont. on the next page) 
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Table 2.4. (cont.) 
59 Acı P5_0003 AGCGTCGA P7_0010A GTCTATCT 

60 Allah Verdi P5_0005 CAGACAGA P7_0010A GTCTATCT 

61 Cavcava P5_0006 TGCATAGA P7_0010A GTCTATCT 

62 Çakıldak P5_0007 ACTCACAT P7_0010A GTCTATCT 

63 Fosa P5_0008 GCTCTAGT P7_0010A GTCTATCT 

64 
Giresun 

Melezi 
P5_0009 GCGCTCAT P7_0010A GTCTATCT 

65 İnce Kara P5_0001 CGCGCAGA P7_0011A CTGTATAG 

66 Kalın Kara P5_0002 CGTCAGCA P7_0011A CTGTATAG 

67 Kan P5_0003 AGCGTCGA P7_0011A CTGTATAG 

68 Kara Fındık P5_0005 CAGACAGA P7_0011A CTGTATAG 

69 Kargalak P5_0006 TGCATAGA P7_0011A CTGTATAG 

70 Kuş P5_0007 ACTCACAT P7_0011A CTGTATAG 

71 Mincane P5_0008 GCTCTAGT P7_0011A CTGTATAG 

72 Okay28 P5_0009 GCGCTCAT P7_0011A CTGTATAG 

73 Palaz P5_0001 CGCGCAGA P7_0012A TACATCTA 

74 Sivri P5_0002 CGTCAGCA P7_0012A TACATCTA 

75 Tombul P5_0003 AGCGTCGA P7_0012A TACATCTA 

76 Uzun Musa P5_0005 CAGACAGA P7_0012A TACATCTA 

77 YassıBadem P5_0006 TGCATAGA P7_0012A TACATCTA 

78 
Yuvarlak 

Badem 
P5_0007 ACTCACAT P7_0012A TACATCTA 

79 108 P5_0008 GCTCTAGT P7_0012A TACATCTA 

80 129 P5_0009 GCGCTCAT P7_0012A TACATCTA 

81 165 P5_0001 CGCGCAGA P7_0013A TATGTCTC 

82 177 P5_0002 CGTCAGCA P7_0013A TATGTCTC 

83 190 P5_0003 AGCGTCGA P7_0013A TATGTCTC 

84 201 P5_0005 CAGACAGA P7_0013A TATGTCTC 

85 221 P5_0006 TGCATAGA P7_0013A TATGTCTC 

86 250 P5_0007 ACTCACAT P7_0013A TATGTCTC 

87 266 P5_0008 GCTCTAGT P7_0013A TATGTCTC 
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Table 2.4. (cont.) 
88 284 P5_0009 GCGCTCAT P7_0013A TATGTCTC 

89 287 P5_0001 CGCGCAGA P7_0014A CTCACTCT 

90 319 P5_0002 CGTCAGCA P7_0014A CTCACTCT 

91 405 P5_0003 AGCGTCGA P7_0014A CTCACTCT 

92 411 P5_0005 CAGACAGA P7_0014A CTCACTCT 

93 419 P5_0006 TGCATAGA P7_0014A CTCACTCT 

94 521 P5_0007 ACTCACAT P7_0014A CTCACTCT 

95 522 P5_0008 GCTCTAGT P7_0014A CTCACTCT 

96 577 P5_0009 GCGCTCAT P7_0014A CTCACTCT 

 

2.3. SNP Genotyping with GRAS-Di 

The resulting demultiplexed FASTQ reads were input into the dDocent v2.7.8 

pipeline (Puritz, Hollenbeck, and Gold 2014) with default settings for SNP genotyping. 

Briefly, this pipeline first removed low-quality regions and adaptor contaminations via 

trimming of the raw reads with fastp v0.20.1 software (Chen et al. 2018). The pipeline 

then continued with aligning the resulting reads to the Jefferson reference genome 

(Rowley et al. 2018) with SAMtools v1.7 and BWA v0.7.17 software with mem option 

(H. Li et al. 2009; H. Li 2013).  SNP and INDEL variants were called using Frebayes 

v1.3.2 (Garrison and Marth 2012) software as the final step of the pipeline. This software 

output a variant call format (VCF) file that contained 331,305 SNP sites and indels within 

the 96 individuals. This VCF file was named the ‘raw VCF file.’ 

Filtering of the raw VCF file was performed according to the recommendations 

of O’Leary et al. (2018) with the VCFtools v0.1.16 software and vcflib v1.0.1 tools such 

as vcfallelicprimitives and vcffilter (Garrison 2016; Danecek et al. 2011). In order to 

automate the filtering and perform the fine filtering steps described by O’Leary et al. 

(2018), an R script was written which was a modified version of the R script used by 

TinHan et al. (2020). Briefly, filtering was initiated with the decomposition of indels to 

SNPs using vcfallelicprimitives. The remaining indels were removed from the dataset. 

Accessions (FAI298, FAI306, Kuş, and Sivri) with more than 55% missing data were 

flagged as low-quality accessions and also removed from the dataset. Filtering continued 

with the removal of low-quality loci with quality scores less than 30 and then recoding of 
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the low-quality genotypes of accessions at certain loci, with genotype quality score less 

than 30 or genotype depth less than 5, as missing. Then, loci that had more than 50% 

missing data and those with mean depth less than 15 were removed. The missing data 

content of each accession was calculated to confirm that none of the accessions had more 

than 15% missing data over all loci. Lastly, a histogram for variation in coverage of loci 

was generated and loci with more than 120-read variation in coverage were removed from 

the dataset, followed by removal of the loci with more than 25% missing data.  

Filtering of the resulting SNPs (27,539 SNPs in 92 individuals) then continued 

according to INFO tag information with vcffilter. INFO tag filtering began by filtration 

according to allele balance information. Loci with allele balance less than 0.01, more than 

0.99 and between 0.20 and 0.80 (AB > 0.20 & AB < 0.80 | AB < 0.01 | AB > 0.99) were 

kept. Quality to depth ratios of each locus were calculated and loci with QUAL/DP less 

than 0.2 were removed from the dataset. Next, filtering based on the ratio between 

mapping quality of alternate allele to reference allele was applied to keep the loci with 

ratios between 0.25 and 1.75 (MQM / MQMR > 0.25 & MQM / MQMR < 1.75). SNPs 

were then filtered based on their properly paired status keeping the loci with: PAIRED > 

0.05 & PAIREDR > 0.05 & PAIREDR / PAIRED < 1.75 & PAIREDR / PAIRED > 0.25 

| PAIRED < 0.05 & PAIREDR < 0.05. Locus quality to locus depth ratio was applied as 

described in Li et al. (2014) using a custom R script so that loci with depth more than 

mean depth plus three times the square root of mean depth were removed for the condition 

that the locus quality score was less than two times the locus depth. Since excess mean 

depth is also a sign of false-positive SNPs, a maximum mean depth cutoff (232) was 

determined at the 92nd percent quantile of the data and then loci with a mean depth greater 

than this threshold were removed from the dataset. As one of the final filtering steps, loci 

with more than 10% missing genotypes were removed from the dataset. The dataset was 

then ready to be processed by the rad_haplotyper software in order to remove the loci 

which were estimated to be paralogous (Willis et al. 2017). After removing the paralogs, 

a minor allele count filter (mac < 3) was applied to the dataset as the final step.   

2.4. Physical Mapping 

Because the Jefferson reference genome is a draft genome, the chromosomal  

locations of the SNPs identified in this study were unknown. Therefore, a recently 

published chromosome-scale hazelnut reference genome assembly of the cultivar Tombul 
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(Lucas et al. 2021) was used to determine the chromosomal locations of the 7609 SNPs 

discovered in our study. Physical locations of the SNPs on the Tombul reference genome 

were determined using the software BLAST v2.10.1+ (Camacho et al. 2009). Each SNP 

was queried using a sequence of 101 nt: a 50 nt sequence was added to each side of the 

SNP based on the Jefferson reference genome. Each query sequence was searched against 

the Tombul hazelnut reference genome. Briefly, this procedure was performed by 

creating a local BLASTN database using the Tombul hazelnut reference genome 

“CavTom2PMs-1.0” (GenBank assembly accession GCA_901000735.2) followed by 

searching each query against this database with default settings. Physical locations of 

each SNP were determined according to the results of the BLAST analysis. 

2.5. Genetic Diversity and Population Structure 

An R-package called “adegenet” was used to perform discriminant analysis of 

principal components (DAPC) on the final SNP dataset consisting of 7609 SNPs on 92 

accessions (Jombart, Devillard, and Balloux 2010; Jombart 2008). Briefly, SNPs in VCF 

format were first converted to a “genlight” object using the R package “vcfR” (Knaus and 

Grünwald 2017). A total of 72 multiallelic SNPs were removed during the conversion 

process and only the biallelic SNPs were kept for further analysis. The function 

“find.clusters” was used to determine the optimal number of clusters based on the 

Bayesian information criterion (BIC). The “xvalDapc” function was used to determine 

the optimal number of PCs to use in DAPC analysis. DAPC analysis was then performed 

using these values and a 2D scatter graph was plotted with the two most informative 

discriminant axes. 

Next, fastSTRUCTURE v1.0 software was used to analyze population structure 

with a variational Bayesian approach (Raj, Stephens, & Pritchard, 2014). The VCF file 

was converted to fastSTRUCTURE format using PGDSpider v2.1.1.5 (Lischer & 

Excoffier, 2012). Software was run from K=1 to K=10 with default parameters. Optimal 

number of subpopulations was determined using the built-in script “chooseK.py”. 

A Bayesian model-based clustering method was used to determine population 

 structure using STRUCTURE 2.3.4 software (Pritchard, Stephens, and Donnelly 2000). 

StrAuto v1.0, a Python script, was used to decrease the time required to run STRUCTURE 

software by its parallel computing capability (Chhatre and Emerson 2017). Briefly, the 
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final SNP dataset of 7609 SNPs on 92 accessions was first converted into the appropriate 

format using  PGDSpider v2.1.1.5 software (Lischer and Excoffier 2012). StrAuto 

software was then run with the following settings: ten independent iterations for each K 

(from 1 to 10), 100,000 burn-in periods and 100,000 Markov Chain Monte Carlo 

(MCMC) repetitions. The optimal number of subpopulations was determined using the 

STRUCTURE HARVESTER software which makes calculations according to the 

Evanno method (Earl and VonHoldt 2012; Evanno, Regnaut, and Goudet 2005). 

Accessions were then assigned to each subpopulation using the Q matrix for the optimal 

K and an ancestry coefficient cutoff value of 0.6. As a result, accessions that did not have 

an ancestry coefficient exceeding the value 0.6 were described as “admixed”. 

Dendrogram analysis was performed to study the hierarchical clustering of the 

hazelnut accessions. Briefly, an unweighted neighbor-joining tree was drawn using the 

software DARwin v6.0.21 from a genetic distance matrix calculated with identity by state 

(IBS) measure by the TASSEL v5.2.59 software from the final SNP dataset of 7609 SNPs 

in 92 accessions (Perrier and Jacquemoud-Collet 2006; Glaubitz et al. 2014). 

2.6. SNP Fingerprinting 

SNP fingerprinting was applied by determining a minimal set of SNPs that can 

differentiate each of the accessions of the panel. A custom Python script applying a 

heuristic version of the “Minimal Marker” algorithm utilizing the highest discriminatory 

power of SNPs was written to calculate a reduced pool of SNP markers which could make 

the fingerprinting possible (Fujii et al. 2013). In this modified version of the algorithm, 

heterozygous SNPs were also used to discriminate between individual accessions. This 

was deemed necessary as hazelnut is self-incompatible, which makes its genome highly 

heterozygous in nature. Therefore, discrimination based solely on homozygous SNPs is 

more difficult. 
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CHAPTER 3  

3. RESULTS 

3.1. Sequencing, Genotyping, and Mapping 

For each sample, 647.3 ± 7.93 Mbp (standard error) called bases and 6.41 ± 0.08 

million reads were retained. Genotyping of each accession with dDocent pipeline 

generated a total of 331,305 variant sites (SNPs & indels) in 96 individuals. Genotypic 

data of accessions FAI298, FAI306, Kuş, and Sivri were of much lower quality and had 

many more missing variant sites, thus, these accessions were removed from the dataset. 

The final panel contained a total of 18 cultivars, 49 landraces, and 25 wild accessions as 

well as 7,609 high-quality SNPs in 1372 contigs. Only 72 of the 7,609 SNPs were 

multiallelic which means that the majority (99.1%) were biallelic. 

SNPs in the final dataset had an average read depth of 55.8 reads. Physical 

mapping of the high-quality SNPs in the Tombul reference genome resulted in 89% (6762 

SNPs) mapping success and 82% (5567) of the SNPs mapping to a single location. A total 

of 365.3 Mb (99%) of the Tombul reference genome(Lucas et al. 2021) was covered with 

the single locus SNPs which were distributed on all 11 pseudochromosomes (pchr) (Table 

3.1, Figure 3.1). Pseudochromosomes included between 319 (pchr11) and 680 SNPs 

(pchr1)and the average number of SNPs for each pseudochromosome was 506. The 

average distance between SNPs was 65.62 kb and varied from 52.82 (pchr9)to 86.61 kb 

(pchr2). Pseudochromosome coverage ranged from 98.1% (pchr9) to 99.7% (pchr7) on 

the Tombul reference genome. 

Locations of the 5,567mapped SNPs were revealed according to the Tombul 

reference genome annotation(Lucas et al. 2021). A large proportion of the SNPs (73%) 

mapped to genic regions whereas the remainder were found in intergenic regions. When 

the genic SNPs were investigated, we found that 64.7% of these were found in the exons 

of 1005 different genes whereas the remaining32.7% and 2.6% were located in introns of 

556 different genes and splice regions of 83 different genes, respectively (Table 3.2). 
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Table 3.1. Coverage statistics of SNPs on all 11 pseudochromosomes. 

  
Chromosome length 

(MB) 
Number of 

SNPs 

Average distance 

between SNPs 

(KB) 

Chromosome 

coverage (%) 

pchr01 50.95 680 74.53 99.3 

pchr02 50.86 581 86.61 98.8 
pchr03 39.77 669 58.18 97.7 
pchr04 36.85 630 57.69 98.5 
pchr05 36.65 563 64.43 98.8 
pchr06 30.27 450 67.06 99.5 
pchr07 30.24 455 66.45 99.7 
pchr08 25.77 375 68.63 99.6 
pchr09 23.27 433 52.82 98.1 
pchr10 22.72 412 53.58 96.9 
pchr11 22.42 319 70.07 99.4 
Total 369.78 5567 65.62 98.8 

Average 33.62 506 65.46 98.8 

 

 

Table 3.2. Types of regions in which the 5567 SNPs were found in the Tombul 

reference genome. 

Type of Region 
Number of SNPs Number of Genes 

Exon 
2640 1005 

Intron 
1336 556 

Splice Region related 
105 83 

Intergenic region 
1486 NA 

Total 
5567 1644 

 

 



     30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Histograms of SNPs on each pseudochromosome. Each bar represents a 200 

kb region of a pseudochromosome. The length of each bar indicates the 

number of SNPs in the region. 

3.2. Population Structure 

The optimal number of clusters for discriminant analysis of principal components 

(DAPC) was determined by the plot of Bayesian information criterion (BIC) versus the 

number of clusters and found to be four (Figure 3.2). Using the xvalDapc function, the 

optimal value of principal components (PCs) for DAPC was determined to be seven. 

Cluster 1 was the most distinct, based on its separation along the x-axis from the other 

clusters, when the DAPC results were plotted in two dimensions (Figure 3.3). When the 

panel was clustered with DAPC, cluster 1 contained the smallest fraction (5.4%) of the 

panel with five accessions: the cultivar Cakildak, two landraces, and two wild genotypes. 

Clusters 2, 3, and 4 were somewhat overlapping on the x-axis whereas there was a slight 
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separation of these clusters along the y-axis. Cluster 2 contained the most popular Turkish 

cultivar Tombul along with another 35 individuals. This cluster was occupied by the 

landraces, which were the most prominent type of material in this cluster (64%) with 23 

accessions, five cultivars, and eight wild accessions. Cluster 3 contained 20 accessions 

that were mostly wild (nine individuals, 45%) with seven landraces and four cultivars. 

This group was located between clusters 2 and 4. Lastly, cluster 4 contained 31 

individuals with 17 landraces (55%), eight cultivars, and six wild accessions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Bayesian information criterion vs the number of clusters plot for DAPC. 

 

Loading plots were drawn for the SNP data to determine which of the marker 

alleles provided the greatest contributions to population structure as depicted in the first 

two DAPC axes (DA) (Figure 3.4). SNP loading for each axis was minor as the SNP with 

the highest contribution had a loading of 0.0025 for DA1. 

fastSTRUCTURE analysis was performed with the same genotypic dataset and 

the total number of clusters that best explained our dataset was found to be between 2 to 

5 clusters as the model complexity that maximized marginal likelihood was 2 and the 

model components used to explain the structure in the data was 5. Apart from 29 admixed 

individuals, the clusters inferred by fastSTRUCTURE for k=4 were identical to the 

clusters inferred by DAPC analysis (Figure 3.6b). The admixed group included no 

individuals from DAPC cluster 1, eight individuals from cluster 2, 10 individuals from 

cluster 3, and 11 individuals from cluster 4. fastSTRUCTURE Clusters 1, 2, 3, and 4 

contained 5, 28, 10, and 20 accessions, respectively. Cluster 1 contained Çakıldak (20%), 
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two landraces (40%), and two wild accessions (40%). Cluster 2 contained three cultivars 

(10.7%) including Tombul, 17 landraces (60.7%), and eight wild accessions (28.6%). 

Cluster 3 included one cultivar (10.0%), four landraces (40.0%) and five wild accessions 

(50.0%). Cluster 4 contained five cultivars (25.0%), 11 landraces (55.0%) and four wild 

accessions (20%). A total of 29 (32%) accessions had below 0.60 cluster membership 

proportion thresholds and were admixed. The admixed group contained 8 cultivars, 15 

landraces, and 6 wild accessions. Cultivars were mostly admixed (44.4%) and placed in 

cluster 4 (27.8%), cluster 2 (16.7%), cluster 1 (5.6%) and cluster 3 (5.6%). However, 

landraces and wild accessions were mostly structured as their admixture rate were 

considerably less with values of 30.6% and 24.0%, respectively. Landraces were mostly 

grouped in cluster 2 (34.7%), followed by cluster 4 (22.4%), cluster 3 (8.2%), and cluster 

1 (4.1%). Wild accessions, too, were mostly grouped in cluster 2 (32.0%) followed by 

cluster 3 (20.0%), cluster 4 (16.0%) and cluster 1 (8%). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Scatter plot of DAPC analysis. Each inferred cluster is labeled and shown with 

different colors. 
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Figure 3.4. SNP loading plots for a) discriminant axis 1 and b) discriminant axis 2. 

 

Population structure analysis was performed using STRUCTURE software. The 

DeltaK vs K graph, which was plotted according to the Evanno method(Evanno, Regnaut, 

and Goudet 2005), revealed that the genetic relationships in our panel were best explained 

by three clusters (Figure 3.5& 3.6a). Clusters 1, 2, and 3 contained 8, 17, and 25 

accessions, respectively. Cluster 1 contained Tombul, six landraces, and one wild 

accession. Cluster 2 contained four cultivars, 11 landraces, and 2 wild accessions. Cluster 

3 included five cultivars, 10 landraces, and 10 wild accessions. A total of 42(46%) 

accessions had admixed ancestry as they did not meet the cluster membership  
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proportion threshold of 0.60. The admixed material contained eight cultivars, 22 

landraces, and 12 wild accessions indicating that nearly 50% of each type of material had 

admixed ancestry. When the admixed accessions were removed, 77% (10 of 13) of the 

wild accessions were found in only one cluster, cluster 3. In comparison, the 10 non-

admixed cultivars were distributed to all three clusters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. DeltaK vs K graph according to Evanno method for structure analysis 

indicating that the population structure was best explained by three 

subpopulations. 

3.3. Geographical Separation 

The accessions were classified based on their geographical origin as Giresun, 

Eastern (Trabzon, Artvin), and Western (from Bolu, Sinop, Samsun, Ordu) accessions. 

This classification revealed that accessions from different geographical regions had 

different clustering patterns (Figure 3.7). More specifically, the majority (57%) of 
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Western accessions fell into DAPC cluster 4; Giresun accessions were primarily (46%) 

found in DAPC cluster 2; while Eastern accessions were more equally divided between 

clusters 2, 3, and 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. a) Structure bar plot of the hazelnut panel for K=3. Red, green and blue 

represent clusters 1, 2, and 3, respectively. b) fastStructure bar plot of the 

hazelnut panel for K=4.Red, green, blue, and purple represent clusters 1, 2, 3, 

and 4, respectively. Each accession is represented by a bar along the x-axis. 

The height of each colored bar indicates the proportion of membership (y-

axis) in each cluster. Coloring of the accession names represents the DAPC 

group the individual belongs to (red: cluster 1, green: cluster 2, blue: cluster 

3, purple: cluster 4). 

3.4. Neighbor-joining Dendrogram 

An unweighted neighbor-joining dendrogram was constructed using a distance 

matrix computed with the identity by state (IBS) distance measure (Figure 3.8). The 

calculated dissimilarity values ranged from 0.15 (FAI478 and FAI304, both landraces) to 
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0.30 (Yassibadem and the landrace FAI228) with a mean of 0.26. The accessions fell into 

three groups. Group1 contained 23 accessions consisting of four cultivars, 14 landraces, 

and five wild accessions. Group 2 contained 65 accessions with 14 cultivars, 31 landraces 

and 20 wild accessions. Group 3 contained only four accessions, all of which were 

landraces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Geographical map of the places where hazelnuts were collected. Orange, 

green, and blue indicate the regions of West, Giresun, and East, respectively. 

Each piechart belongs to the region with the respective color and indicates the 

amount of accessions of the corresponding region belonging to a certain 

DAPC cluster. C1, C2, C3, and C4 indicate DAPC clusters 1, 2, 3, and 4, 

respectively. 

 

In the dendrogram, group 1 was almost exclusively comprised of DAPC cluster 4 

individuals. The accessions within the panel whose geographic origin was known 

consisted of 16.7% Western, 66.7% Giresun, and 16.7% Eastern accessions. Group 1 had 

three (15.8%) of its accessions from the Eastern region, eight (42.1%) of accessions from 

the Western region, and eight (42.1%) of accessions from Giresun.Group 2 had11 
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(18.0%) of its accessions from the Eastern region, 44 (72.1%) of its accessions from 

Giresun, and six (9.8%) of its accessions from the Western region. Group 3, however, 

contained exclusively Giresun accessions. Thus, the neighbor-joining dendrogram 

showed a clear separation of accessions based on their geographic origin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Unweighted neighbor-joining dendrogram of 92 accessions with 7609 SNPs. 

Each group of the tree is indicated with small arrowheads. DAPC group 

memberships are indicated with different colors of the branches as red, green, 

blue, and purple representing DAPC clusters 1, 2, 3, and 4, respectively. 
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3.5. Genetic differentiation between DAPC clusters 

Pairwise FST values between clusters ranged from 0.06 to 0.19 with DAPC cluster 

1 as the most strongly differentiated cluster. Cluster 1 was similarly differentiated from 

clusters 2 and 4 (0.19) but slightly less differentiated from cluster 3 (0.13). The least 

differentiation was observed between clusters 2 and 3 (0.06).    

3.6. Genetic diversity 

The average observed heterozygosity (Ho) for all accessions was 0.297 (Table 

3.3). The average expected heterozygosity (He) was lower than Ho, 0.255. When the 

accessions were classified as cultivar, landrace, or wild, it was found that wild 

accessions (0.302) were slightly but significantly more diverse than both cultivars and 

landraces (p<0.01; Table 3.4). He for these groups was lower than Ho with mean values 

ranging from 0.250 to 0.255. 

 

Table 3.3. Mean observed and expected heterozygosity values for cultivar, landrace, and 

wild accessions. 

Material  Ho He 

Cultivars 

Mean± SE 

 

0.299 ± 0.003 0.250 ± 0.002 

Landraces 0.293 ± 0.003 0.255 ± 0.002 

Wild Accessions 0.302 ± 0.003 0.250 ± 0.002 

Panel 0.297 ± 0.003 0.255 ± 0.002 

 

3.7. Fingerprinting 

A fingerprinting script generated a set of seven SNP markers that could 

differentiate all the accessions of the panel (Figure 3.9). These SNPs are 

CAJ00004_30358, CAJ00378_59669, CAJ03216_25421, CAJ03275_25428, 

CAJ03734_23480,CAJ04110_13186,CAJ09902_986. The neighbor-joining dendrogram 

drawn using the distance data calculated from these seven SNPs is shown in Figure 3.9. 



     39 

Similar to analysis with the 7609 SNPs, the dendrogram with just seven SNPs also 

generated three main groups but with four singletons. Dissimilarity values ranged from 

0.21 (FAI144 and FAI029 both landraces) to 0.80(wild FAI316 and landrace FAI005) 

with a mean value of 0.51. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Neighbor-joining dendrogram of 96 accessions with the seven SNPs that were 

determined to differentiate the whole panel. 
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Table 3.4. Comparison of observed (Ho) and expected (He) heterozygosity values of 

cultivars, landraces, and wild accessions. Values are p values of t-test 

statistics. 

 Cultivars vs Landraces 

Cultivars  

vs  

Wild accessions 

Landraces  

vs  

Wild accessions 

Ho 5.2E-07 5.2E-03 3.1E-16 

He 1.2E-13 2.4E-01 6.5E-12 
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CHAPTER 4  

4. DISCUSSION 

The GRAS-Di sequencing method was used in this study to discover and genotype 

SNPs. Although this method has been used with other tree species such as citrus (Shimada 

et al. 2021), this is the first time that this technique has been applied to tree nut crop. A 

total of 331,305 SNP and indel sites were discovered, however, the dataset needed to be 

filtered rigorously to remove false-positive, paralogous, and monomorphic sites. After 

filtering, the final dataset had a total of 72 multiallelic and 7537 biallelic SNPs. Thus, it 

can be inferred that is an approximately one to hundred ratio of multiallelic SNPs to 

biallelic SNPs. Other studies utilizing SNP markers in hazelnut species do not report 

information about multiallelic SNPs (Y. Li et al. 2021; Kavas et al. 2020; Rowley et al. 

2012; Revord et al. 2020; Helmstetter et al. 2020; Torello Marinoni et al. 2018; Scaglione 

et al. 2015; Lombardoni et al. 2020; Koma 2020; Honig et al. 2019). However, our work 

showed that the multiallelic SNPs, although rare, were very informative as they enabled 

the fingerprinting of our panel with few markers. In our study, five of the seven 

fingerprinting SNPs were multiallelic. Therefore, multiallelic SNPs may be extremely 

useful for other fingerprinting studies.  

Fingerprinting our panel with only seven SNPs holds great future potential for 

Turkish farmers and breeders as these SNPs can be utilized for the KASPar platform 

cheaply and efficiently to test and certify newly propagated hazelnuts and those of 

uncertain origin in the field. Öztürk et al. (2018) fingerprinted 19 Turkish cultivars with 

seven SSR markers. Their markers were only able to discriminate 19 accessions whereas, 

the seven SNPs in our study were able to discriminate 96 individuals, thus, giving a more 

efficient result.  

Helmstetter et al. (2020) genetically characterized a population of 200 accessions 

which mostly included Turkish accessions using 64,509 SNPs derived from their ddRAD 

study. Although we found fewer SNPs compared to theirs, there may be many reasons 

for this. Firstly, their population included accessions from Georgia, Italy, and the UK. As 

a result, a greater diversity of SNP allele polymorphisms might be found. In addition, 

their material included multiple species such as C. colurna and C. maxima present within 
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their population, again adding to the detectable SNPs. Next, their GBS technique and SNP 

calling pipeline were completely different from ours as they performed ddRAD and 

followed the pstacks pipeline with the Tombul draft reference genome. Finally, we 

filtered our SNP dataset with different parameters and more rigorously than theirs. Thus, 

their discovery of many more SNPs than our study is understandable. Despite identifying 

fewer SNPs, our analyses indicated that these SNPs were highly efficient for 

fingerprinting and diversity analyses. 

Among the mapped SNPs, 82% mapped to a single location. The remaining SNPs 

mapped to multiple locations which could be due to one or more reasons such as the short 

length of the Blast query length, some SNPs targeting paralogous sequences, and the fact 

that the Jefferson reference genome is still a draft genome. The problem of SNPs mapping 

to multiple locations can theoretically be solved by increased query length because the 

probability of Blast giving multiple significant matching sequences decreases with length. 

However, because the Jefferson reference genome is still in the draft stage, this creates 

the possibility that some contigs consist of multiple separate genomic regions. In this 

case, increased query length could cause problems rather than solving them. This could 

also explain why only 89% of the SNP dataset was successfully mapped to the Tombul 

reference genome. The remaining 11% could have been lost because the query consisted 

of multiple genomic regions.  There is also the possibility that the SNPs that mapped to 

multiple locations were from paralogous sections of the genome. However, we expect 

that most of the paralogous sections of the SNP dataset were removed during SNP 

filtering. Clearly, SNP mapping between different reference genomes must be done with 

care as the problems described above could occur. 

The calculation of population structure is a computationally difficult problem. 

DAPC uses K means clustering to assign individuals to clusters and a multivariate method 

to describe these clusters (Jombart, Devillard, and Balloux 2010). FastStructure however, 

infers the number of populations required to explain the structure in a dataset and 

identifies the relevant clusters using heuristic scores within a variational Bayesian 

framework (Raj, Stephens, and Pritchard 2014). Like fastStructure, STRUCTURE is a 

model-based method and uses a Bayesian clustering algorithm that estimates the global 

ancestry from the posterior distributions of the model which is calculated according to 

Hardy-Weinberg equilibrium and the linkage equilibrium between genotyped loci 

(Pritchard, Stephens, and Donnelly 2000). DAPC analysis identified four clusters within 

our panel and fastStructure analysis completely overlapped with these results except for 
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the admixed individuals identified in the fastStructure analysis. Structure analysis also 

overlapped with the DAPC analysis except for the individuals in DAPC cluster 1 and two 

individuals from DAPC cluster 4. The fact that the results of these three different analyses 

are in parallel with each other strengthens the confidence of the findings. Population 

structure analyses also reflected the geographical separation of the samples. While DAPC 

clusters 1, 2, 3, and 4 covered 5.4%, 39.1%, 21.7%, and 33.7% of the panel, respectively, 

the geographical groups of the panel did not follow this distribution. The fact that the 

majority (64%) of Western accessions fell into DAPC cluster 4 and Giresun accessions 

mainly (55%) fell into DAPC cluster 2 are clear examples of how population structure 

was correlated with geographical separation. This may be expected given that outcrossing 

between materials decreases with geographical distance. Helmstetter et al. (2020) also 

saw a similar differentiation between accessions based on geographic origin, however, 

this separation was limited to cultivated material.  

Helmstetter et al. (2020) also found that there was less structure in wild compared 

to cultivated Turkish hazelnut accessions and suggested the possibility that admixture 

occurred between these types of materials multiple times. This is supported by the fact 

that 48% of wild accessions in our study had admixed ancestry. While 77% of the non-

admixed wild accessions of our panel were found in one cluster, cultivated individuals 

were evenly distributed in all three clusters indicating their diversity. Therefore, our panel 

shared similarities with that of Helmstetter et al. (2020) in terms of admixture. 

In our study, average observed heterozygosity values for the cultivars, landraces, 

and wild accessions were higher than the expected heterozygosity values, thus, indicating 

outbreeding for the whole panel (Table 3.3). This was expected because of the 

reproductive behavior of hazelnut, an outcrossing, self-incompatible species. In the study 

of Helmstetter et al. (2020), the observed heterozygosity (values near 0.25) for cultivated 

accessions was higher than expected heterozygosity (ranging between 0.16 and 0.21) 

whereas it was the opposite for the wild accessions (He ≈ 0.27, Ho ≈ 0.22). According to 

the authors, these results suggest that there is inbreeding in the wild material, however, 

how this inbreeding could occur in a self-incompatible species is not explained. This 

discrepancy may be explained by the percent of missing data allowed in the calculation 

of heterozygosity. According to Schmidt et al. (2021), the estimation of heterozygosity is 

highly influenced by loci with missing data. In our work, a stringent threshold of 10% 

missing loci was used, whereas, Helmstetter et al. (2020) allowed 25% missing loci. 

Hence, their estimates may be inaccurate. Revord et al. (2020) genetically characterized 
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a panel of 272 C. americana individuals with SNP markers and reported that the whole 

panel had high estimates of expected and observed heterozygosity values (He = 0.276, 

Ho = 0.280). As expected, Ho was higher than He. 
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CHAPTER 5  

5. CONCLUSION 

Hazelnut is an economically and nutritionally important nut crop. In this study, 

we used GRAS-Di sequencing and SNP genotyping to genetically characterize a Turkish 

hazelnut panel of 20 cultivars, 50 landraces, and 20 wild accessions. In addition to its use 

in the characterization of genetic diversity and population structure, the genotyping data 

has potential uses in quantitative trait locus mapping of traits such as disease resistance, 

nutritional quality and yield.  We physically mapped the SNPs that were called on the 

Jefferson reference genome to the Tombul reference genome and fingerprinted our panel 

using seven SNP markers. Physical mapping of the SNPs to the Tombul reference genome 

will be useful for creating a connection between the research done on these two hazelnut 

cultivars. Fingerprinting of the panel with just seven SNPs holds promise for the 

development of cheap identity assays for Turkish hazelnut. Such assays can be used in 

many ways such as confirming cultivar identity during clonal propagation, to protect 

certified material from unlicensed use or propagation, and to identify material of 

unknown origin. Characterization of population structure was done by three different 

approaches: DAPC, fastStructure, and STRUCTURE and we showed that all methods 

gave similar results indicating the robustness of the SNP data. Based on our results, usage 

of multiple models for characterizing population structure is recommended as the 

differences and similarities of the results may provide interesting perspectives on the data. 

Overall, this study is an example of the first application of Gras-Di to a tree nut species 

and shows how the data generated by this method can be applied to study genetic diversity 

and populations structure and perform fingerprinting of valuable plant materials.  
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