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Abstract
European hazelnut (Corylus avellana) is an anemophilous, dichogamous, self-incompatible tree nut species. It is native to a large 
portion of Europe, Turkey, and the Caucasus region, across which a wealth of plant genetic resources is present. The objective of 
this study was to evaluate the genetic diversity of a core set of C. avellana representing the world’s germplasm using genotyping-
by-sequencing derived single nucleotide polymorphism (SNP) markers and to classify novel eastern filbert blight (EFB) resistant 
or tolerant accessions. Two-hundred-twenty-two accessions underwent next-generation sequencing (NGS) to generate SNP mark-
ers. From this, 1,250 SNP markers were used to construct a neighbor-joining (NJ) dendrogram and perform a STRU​CTU​RE and 
discriminant analysis of principal coordinates (DAPC) analyses. In the dendrogram, five major groups were established, which 
generally corresponded to geographic origins of the plant materials studied. In STRU​CTU​RE, support was found for groupings at 
(K) = 3, (K) = 6, and (K) = 10 populations, with the greatest Δ-(K) value occurring at (K) = 10. Although the three different analyses 
indicated slightly different solutions, the overall results were generally consistent from the standpoint of identifying similar acces-
sion groupings. For many of the accessions, recorded origins tended to correspond with their genetic grouping, although there was 
also evidence of intermixing and likely movement of plant materials. Interestingly, in all three analyses, a vast majority of the new 
accessions from the Republic of Georgia formed their own distinct group, highlighting this geographic region as a unique pool of C. 
avellana genetic resources. Overall, EFB resistant/tolerant accessions were placed across a wide range of genetic backgrounds. Thus, 
our results indicate EFB resistance/tolerance is present across a wide spectrum of C. avellana genetic resources, with the Georgian 
accessions representing a new and relatively unique germplasm pool that can be incorporated into hazelnut breeding programs.
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Introduction

European hazelnut (Corylus avellana) is the most economi-
cally prominent and well-studied species of the Corylus 
genus, which current taxonomic revisions suggest holds 

13 species assigned to four subsections (Botta et al. 2019; 
Molnar 2011). It is the primary species grown in commer-
cial hazelnut production worldwide for both the in-shell and 
kernel markets. Major producing countries include Turkey, 
Italy, the United States, Azerbaijan, and the Republic of 
Georgia (FAO, 2021). Currently, 99% of production within 
the United States takes place in the Willamette Valley of 
Oregon, which comprised about 3.2% of total world pro-
duction of 1,077,117 metric tonnes in 2021 (FAO, 2021). 
While current commercial production is limited to areas 
bordered by large bodies of water, such as the Black Sea or 
the Mediterranean Sea, the native range of C. avellana spans 
a considerable region from coastal Norway south through 
much of Europe to Morocco and the Caucasus, bordered 
in the West by the Atlantic Ocean and the East by the Ural 
Mountains of Russia to parts of Iran (Gökirmak et al. 2009; 
Mehlenbacher 1991).
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The disease eastern filbert blight (EFB), caused by the 
fungus Anisogramma anomala, has severely limited the 
development of a European hazelnut industry in eastern 
North America (Thompson et al. 1996). This pathogen is 
harbored by American hazelnut (C. americana), a shrubby 
species with small, thick-shelled nuts, whose native range 
spans much of the eastern half of North America. While 
C. americana is largely resistant or tolerant of the disease, 
most European hazelnut trees are highly susceptible, where 
the pathogen causes destructive stem cankers, branch die-
back, and tree death within a few years of exposure (Fuller 
1908; Capik and Molnar 2012; Johnson and Pinkerton 2002; 
Revord et al. 2020). Historically, EFB was restricted to 
North America east of the Rocky Mountains. Around 1960, 
however, A. anomala was inadvertently introduced into 
southwestern Washington, where it decimated orchards prior 
to the development of control measures. It has since spread 
south throughout the entire Willamette Valley of Oregon, 
where it represents a significant production challenge (Got-
twald and Cameron 1980; Johnson et al. 1996; Pinkerton 
et al. 1992, 1993).

Genetic host resistance is widely considered to be the 
most effective, long-term approach for managing this patho-
gen (Johnson et al. 1996; Thompson et al. 1996). The first 
source of genetic resistance identified was ‘Gasaway’, an 
obsolete, late-shedding pollinizer found free of disease in a 
heavily infected ‘DuChilly’ orchard in Battle Ground, Wash-
ington (Cameron 1976; Thompson et al. 1996). ‘Gasaway’ 
resistance was found to be controlled by a dominant allele at 
a single locus, which facilitated successful breeding efforts 
(Mehlenbacher et al. 1991). Today, after several decades of 
breeding utilizing the ‘Gasaway’ resistance source, many 
EFB resistant cultivars and pollinizers have been released 
from Oregon State University (OSU) that have led to the 
revival of a hazelnut industry in Oregon (Mehlenbacher et al. 
2023). Production in Oregon has increased from 11,700 ha 
to more than 35,000 ha from 2009 to 2023 (N.G. Wiman, 
personal communication).

Studies have shown A. anomala to be highly genetically 
diverse across its native range but limited in the Pacific 
Northwest, where there is believed to have been a single 
point of introduction (Cai et al. 2013; Muehlbauer et al. 
2019; Tobia et al. 2017). For durable resistance, breeders 
have sought to identify additional sources of resistance. 
Germplasm screening efforts have been ongoing at OSU 
and, fortunately, several additional sources of resistance 
have since been identified (Mehlenbacher et  al. 2023). 
Genetic linkage mapping has been part of the effort to 
understand genetic control of resistance and find sources 
on different linkage groups (LGs) to aid possible resistance 
gene (R-gene) pyramiding. ‘Gasaway’ was the first source 
of resistance mapped to LG6 (Mehlenbacher et al. 2006). 
Other sources of resistance were later mapped, including 

the selection OSU 759.010 from the Republic of Georgia 
(Sathuvalli et al. 2011a) and accession H3R07P25 from 
southern Russia (Honig et al. 2019) which both mapped to 
LG2, as well as ‘Ratoli’ from Spain (Sathuvalli et al. 2011b) 
and C. americana ‘Rush’ (Bhattarai et al. 2017) which both 
mapped to LG7. Additional accessions whose resistance 
mapped to LG6 include OSU 495.072, ‘Culpla’ (Colburn 
et al. 2015) and several others summarized in Mehlenbacher 
and Molnar (2021) and Mehlenbacher et al. (2023). Further, 
Lombardoni et al. (2022) found QTLs for tolerance from 
‘Tonda di Giffoni’ that mapped to LG10.

Beyond this work, sources of resistance identified in Ore-
gon were tested at Rutgers University, where the pathogen 
is native. These efforts found that some accessions deemed 
resistant in Oregon, including ‘Gasaway’, can succumb to 
EFB when exposed to the pathogen in New Jersey and sev-
eral other locations (Capik and Molnar 2012; Molnar et al. 
2010a, 2010b).

Alongside evaluation of accessions deemed resistant 
in Oregon, seed-based C. avellana germplasm collection 
efforts were made, and trees were grown at Rutgers under 
high disease pressure to screen for new sources of resistance. 
Over a period of five years, open-pollinated seeds were col-
lected from many locations across Russia, Crimea, Poland, 
Latvia, Lithuania, Estonia, Moldova, the Republic of Geor-
gia, Turkey, and Italy. From these efforts, which evaluated 
approximately 5,000 trees in the field in New Jersey, over 
100 EFB resistant and tolerant accessions were identified 
that originate from over 60 different locations (Capik and 
Molnar 2012; Capik et al. 2013; Leadbetter et al. 2015; 
Molnar et al. 2005, 2007, 2018). Among these resistant/tol-
erant accessions is a subset of 64 that originated from dif-
ferent regions of the Republic of Georgia. These accessions 
have not been genotyped previously and hold great promise 
for breeding efforts, especially if they represent sources of 
resistance genetically distinct from existing germplasm.

European hazelnut is monoecious, dichogamous, ane-
mophilous, and self-incompatible; these characteristics 
lead to an obligately outcrossing mating system (Mehlen-
bacher 1991, 1994). The hazelnut genome is relatively 
small at ~ 378 Mb, but the outcrossing nature of hazelnuts 
leads to a highly heterozygous genome and the preservation 
of genetic diversity (Rowley et al. 2012, 2018). Hazelnut 
genetic diversity has been studied previously using both 
chloroplast and nuclear molecular markers and the group-
ing of accessions was often related to their geographic origin 
(Bassil et al. 2013; Boccacci et al. 2006; Gökirmak et al. 
2009; Muehlbauer et al. 2014). Most hazelnut diversity 
studies have made use of microsatellite or simple sequence 
repeat (SSR) markers, as they are abundant throughout the 
genome, codominant, and highly polymorphic. However, as 
next-generation sequencing (NGS) becomes more affordable 
and single nucleotide polymorphism (SNP) markers become 
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less cumbersome to develop, SNP markers are becoming 
used more widely (Elshire et al. 2011).

Defined and recurring hazelnut genetic groups in studies 
using nuclear SSR markers include a Spanish-Italian group, 
a Turkish/Black Sea group, an English group, and a Cen-
tral European group, among other groups that occur less 
consistently across studies (Boccacci et al. 2006; Gökirmak 
et al. 2009; Gürcan et al. 2010; Muehlbauer et al. 2014). 
Two studies of Turkish germplasm found a high level of 
genetic diversity within the country and some clustering by 
geographic region (Gürcan et al. 2010; Özturk et al. 2017). 
A later study of Turkish germplasm using SNP markers also 
supported geographic clustering of accessions and found that 
cultivated hazelnut remained highly heterozygous and did 
not undergo a significant genetic bottleneck during domes-
tication (Helmstetter et al. 2019). Outcrossing in hazelnut 
has likely played a large role in preserving diversity in the 
species during its domestication history. This may prove 
especially beneficial to breeders, who can capitalize on this 
diversity to combine different traits into more desirable cul-
tivars that remain heterozygous. Understanding this genetic 
diversity can also aid in parental selection and help avoid 
the possible narrowing of genetic diversity when a reduced 
number of parents from a limited pool of disease resistant 
selections is used in a population improvement program.

The objective of this study was to use SNP markers from 
double digest restriction-side associated DNA sequencing 
(ddRADSeq) to evaluate the genetic diversity and relation-
ships in a large collection of European hazelnut accessions 
expressing resistance or tolerance to EFB. This collection 
included new germplasm from the Republic of Georgia and 
well-known cultivars and other accessions believed to rep-
resent the known diversity within C. avellana.

Materials and methods

Germplasm

Two-hundred-twenty-two accessions were genotyped in this 
study (Table 1). Roughly half of these represent EFB resist-
ant and tolerant germplasm identified from open-pollinated 
seed collection efforts made across the native range of C. 
avellana. These selected plants are now maintained at Rut-
gers University with a subset also established at OSU (Capik 
et al. 2013; Molnar et al. 2007, 2018). Included in this study 
are 64 new accessions from the Republic of Georgia (Lead-
better et al. 2015), as well as multiple accessions from Tur-
key and Latvia, that have not been genotyped previously. The 
remaining accessions were included to represent the known 
genetic diversity of European hazelnut based on previous 
studies. Roughly half of the samples in this study had been 
previously fingerprinted with SSR markers and thus serve 

as points of comparison with SNP markers (Gökirmak et al. 
2009; Muehlbauer et al. 2014). One hornbeam (Carpinus 
sp.) accession was included to serve as an outgroup within 
the Betulaceae (Birch) family.

Disease response phenotyping

The EFB disease response of many cultivars and selections 
has been documented in previous studies (Muehlbauer et al. 
2014). For uncharacterized accessions, disease response was 
rated on the 0–5 scale established by Pinkerton et al., (1992). 
Briefly, 0 = no EFB detected, 1 = one canker, 2 = multiple 
cankers on one branch, 3 = cankers on multiple branches, 
4 = cankers on over 50% of branches, 5 = cankers on all 
branches. Over a period of several years, it is common to see 
ratings of three or more progress to a higher rating and ulti-
mately tree death. As such, trees rated zero were categorized 
as resistant, while those rated one or two were categorized 
as tolerant and those rated three to five were categorized as 
susceptible.

Sample collection and DNA extraction

Leaf samples were collected on dry ice from Rutgers Uni-
versity Horticultural Research Farms 1 and 3 (New Brun-
swick and East Brunswick, NJ, respectively), the Rutgers 
Specialty Crop Research and Extension Center (Cream 
Ridge, NJ) in May 2017, and the USDA National Clonal 
Germplasm Repository (Corvallis, OR) and OSU in June 
2017. Leaf tissue was flash frozen in liquid nitrogen and 
approximately 0.20 g of tissue per sample was ground in 
liquid nitrogen using a mortar and pestle. DNA extractions 
were conducted using the DNeasy Plant Mini Kit (Qiagen, 
Hilden, Germany) following the manufacturer’s instruc-
tions, and DNA quality and quantity were measured using a 
spectrophotometer (NanoDrop; Thermo-Fischer Scientific, 
Waltham, MA). Samples were then diluted to 10 ng/μL to 
be used for ddRADSeq library preparation.

Library preparation and sequencing

Restriction site associated DNA sequencing (RADseq) 
libraries were prepared using a protocol modified from 
Poland et al. (2012). Library preparation began with a dou-
ble restriction digest of 200 ng of DNA per sample using 
the rare-cutting enzyme PstI (NEB, Ipswich, MA) and 
common-cutting enzyme MspI at 37 ℃ for 2 h. PstI adapt-
ers with unique barcodes of 5–10 base pairs and common 
MspI Y-adapters were ligated to the digested DNA in a 
mastermix containing 200 U of T4 DNA ligase, 2 μL of 
10 × NEBuffer 4, and 4 μL of ATP (10 mM) (NEB, Ipswich, 
MA) per sample by incubating at 22 ℃ for 2 h, followed 
by 20 min at 65 ℃ to inactivate the ligase. Samples then 
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Table 1   European hazelnut accession names, Rutgers identifier code 
or United States Department of Agriculture National Plant Germ-
plasm System Plant Inventory (PI) number, countries of origin, east-
ern filbert blight (EFB) responses, dendrogram group placements, 

STRU​CTU​RE group placements, and DAPC group placement of the 
222 accessions included in this study. The accessions are ordered by 
their placement in dendrogram

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Georgia Kakheti 1 HF1BR21P93 Georgia resistant Georgian Georgian 1 Group 2—Georgian
Tartu Home Garden 

1
H4BR22P55 Estonia resistant Georgian Georgian 1 Group 2—Georgian

Georgia Samegrelo 
1

HF1BR28P99 Georgia resistant Georgian Georgian 1 Group 2—Georgian

Georgia Adjara 4 HF1BR26P21 Georgia resistant Georgian Georgian 1 Group 2—Georgian
Georgia Guria 7 HF1BR28P237 Georgia resistant Georgian Georgian 1 Group 2—Georgian
Georgia Adjara 5 HF1BR26P37 Georgia resistant Georgian Georgian 1 Group 2—Georgian
Georgia Guria 6 HF1BR28P236 Georgia resistant Georgian Georgian 1 Group 2—Georgian
Anakliuri Anakliuri Georgia susceptible Georgian Georgian 1 Group 2—Georgian
Sochi unknown 2 CRR05P32 Russia resistant Georgian Georgian 1 Group 2—Georgian
Georgia Kakheti 9 HF1BR26P233 Georgia resistant Georgian Georgian 1 Group 2—Georgian
Khachapura Khachapura Georgia susceptible Georgian Georgian 1 Group 2—Georgian
Oregon State 

University (OSU) 
1090.013

OSU 1090.013 Georgia susceptible Georgian Georgian 1 Group 2—Georgian

OSU 1120.034 OSU 1120.034 Georgia tolerant* Georgian Georgian 1 Group 2—Georgian
Georgia Imereti 1 HF1BR21P151 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 6 HF1BR23P235 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 2 HF1BR23P219 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 5 HF1BR23P232 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 3 HF1BR23P220 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 4 HF1BR23P223 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 13 HF1BR32P31 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 12 HF1BR32P27 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 15 HF1BR32P209 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 16 HF1BR32P217 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Ata Baba PI 557422 Azerbaijan susceptible Georgian Georgian 2 Group 2—Georgian
OSU 1120.020 OSU 1120.020 Georgia susceptible Georgian Georgian 2 Group 2—Georgian
OSU 1120.025 OSU 1120.025 Georgia susceptible* Georgian Georgian 2 Group 2—Georgian
OSU 1217.005 OSU 1217.005 Georgia tolerant* Georgian Georgian 2 Group 2—Georgian
Georgia Samegrelo 

4
OSU 1225.046 Georgia susceptible Georgian Georgian 2 Group 2—Georgian

Georgia Samegrelo 
5

OSU 1225.067 Georgia tolerant* Georgian Georgian 2 Group 2—Georgian

Georgia Adjara 1 HF1BR21P100 Georgia tolerant Georgian Georgian 2 Group 2—Georgian
Dedoplistiti Dedoplistiti Georgia susceptible Georgian Georgian 2 Group 2—Georgian
Georgia Samegrelo 

2
HF1BR30P34 Georgia tolerant Georgian Georgian 2 Group 2—Georgian

Badem OP 3 H3R03P12 Russia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Samegrelo 

3
HF1BR30P37 Georgia resistant Georgian Georgian 2 Group 2—Georgian

Sochi unknown 3 CRR03P11 Russia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Guria 3 HF1BR23P70 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Imereti 7 HF1BR28P11 Georgia tolerant Georgian Georgian 2 Group 2—Georgian
Georgia Adjara 8 HF1BR30P197 Georgia resistant Georgian Georgian 2 Group 2—Georgian
OSU 495.072 PI 557421 Russia resistant Georgian Georgian 2 Group 2—Georgian
B X 3 OP 1 CRR01P116 Russia resistant Georgian Georgian 2 Group 2—Georgian
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Table 1   (continued)

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Georgia Adjara 17 HF1BR32P128 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Adjara 2 HF1BR21P163 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Samegrelo 

6
OSU 1225.026 Georgia tolerant* Georgian Georgian 3 Group 2—Georgian

Georgia Adjara 10 HF1BR32P101 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 12 HF1BR32P105 Georgia resistant Georgian Georgian 3 Group 2—Georgian
OSU 1090.080 OSU 1090.080 Georgia tolerant* Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 11 HF1BR32P103 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Kakheti 12 HF1BR32P159 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Kakheti 16 HF1BR32P169 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Guria 2 HF1BR23P14 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Kakheti 14 HF1BR32P166 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 13 HF1BR32P112 Georgia tolerant Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 14 HF1BR32P116 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Kakheti 17 HF1BR32P171 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgian 759.010 OSU 759.010 Georgia tolerant Georgian Georgian 3 Group 2—Georgian
Gulshishvela Gulshishvela Georgia susceptible Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 16 HF1BR32P120 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Kakheti 13 HF1BR32P163 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 9 HF1BR32P99 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Kakheti 15 HF1BR32P168 Georgia resistant Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 3 HF1BR23P162 Georgia tolerant Georgian Georgian 3 Group 2—Georgian
Georgia Adjara 7 HF1BR30P189 Georgia resistant Georgian Georgian 4 Group 2—Georgian
Georgia Kakheti 10 HF1BR30P205 Georgia resistant Georgian Georgian 4 Group 2—Georgian
Georgia Adjara 15 HF1BR32P119 Georgia resistant Georgian Georgian 4 Group 2—Georgian
Georgia Guria 8 HF1BR32P135 Georgia resistant Georgian Georgian 4 Group 2—Georgian
OSU 1090.112 OSU 1090.112 Georgia tolerant* Georgian Georgian 4 Group 2—Georgian
Georgia Guria 1 HF1BR21P192 Georgia resistant Georgian Georgian 4 Group 2—Georgian
Georgia Guria 4 HF1BR28P63 Georgia resistant Georgian Georgian 4 Group 2—Georgian
Georgia Guria 5 HF1BR28P68 Georgia tolerant Georgian Georgian 4 Group 2—Georgian
Georgia Abkhazia 1 HF1BR26P140 Georgia resistant Georgian Georgian 4 Group 2—Georgian
OSU 1089.024 OSU 1089.024 Georgia tolerant* Georgian Georgian 4 Group 1 – Spanish-

Italian / English
OSU 1133.053 OSU 1133.053 Georgia susceptible* Georgian Georgian 4 Group 2—Georgian
Georgia Kakheti 4 HF1BR26P138 Georgia resistant Georgian Georgian 2 Group 2—Georgian
OSU 1133.009 OSU 1133.009 Georgia tolerant* Georgian Georgian 2 Group 2—Georgian
Georgia Kakheti 5 HF1BR26P151 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Kakheti 6 HF1BR26P157 Georgia tolerant Georgian Georgian 2 Group 2—Georgian
Georgia Kakheti 7 HF1BR26P162 Georgia resistant Georgian Georgian 2 Group 2—Georgian
Georgia Kakheti 8 HF1BR26P163 Georgia resistant Georgian Georgian 2 Group 2—Georgian
OSU 1089.004 OSU 1089.004 Georgia susceptible Georgian Georgian 2 Group 2—Georgian
Russia unknown 1 HF1BR21P182 Russia resistant Central European Central European 1 Group 3 – Central 

European
DZ 118 Dacha 4 

Moscow
H4BR21P137 Russia resistant Central European Central European 1 Group 3 – Central 

European
Latvia Dobelle 3 CRTR05P140 Latvia resistant Central European Central European 1 Group 3 – Central 

European
Moscow N26 Moscow N26 Russia resistant Central European Central European 1 Group 3 – Central 

European
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Table 1   (continued)

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Estonia unknown 
OP 1

H4BR22P75 Estonia tolerant Central European Central European 1 Group 3 – Central 
European

Estonia unknown 
OP 2

H4BR22P81 Estonia tolerant Central European Central European 1 Group 3 – Central 
European

Agusalu Wild 1 H4BR22P114 Estonia tolerant Central European Central European 1 Group 3 – Central 
European

OSU 408.040 PI 617266 Minnesota, USA resistant Central European Central European 1 Group 3 – Central 
European

Latvia Dobelle 2 CRTR05P87 Latvia tolerant Central European Central European 1 Group 3 – Central 
European

Fusco Rubra PI 557057 Germany susceptible Central European Central European 1 Group 3 – Central 
European

Gasaway PI 557042 Washington, USA resistant* Central European Central European 1 Group 3 – Central 
European

Delta PI 637883 Oregon, USA resistant* Central European Central European 1 Group 3 – Central 
European

Cutleaf PI 557306 England susceptible Central European Central European 1 Group 3 – Central 
European

Albania 55 PI 617217 Albania susceptible Central European Central European 1 Group 3 – Central 
European

Aurea PI 557050 France susceptible Central European Central European 1 Group 3 – Central 
European

Sweden COR 627 PI 617209 Sweden susceptible Central European Central European 1 Group 3 – Central 
European

Moscow N01 Moscow N01 Russia susceptible Central European Central European 1 Group 3 – Central 
European

Simferopol Market 
1A 2

CRXR18P08 Crimea tolerant Central European Central European 1 Group 3 – Central 
European

Finland COR 187 PI 557080 Finland tolerant Central European Central European 1 Group 3 – Central 
European

Moscow N23 Moscow N23 Russia resistant* Central European Central European 1 Group 3 – Central 
European

Moscow N37 Moscow N37 Russia resistant Central European Central European 1 Group 3 – Central 
European

Simferopol Market 
5 2

CRXR19P04 Crimea tolerant Central European Central European 1 Group 3 – Central 
European

Simferopol Market 
4 1

CRXR19P21 Crimea resistant Central European Central European 1 Group 3 – Central 
European

OSU 1133.068 OSU 1133.068 Georgia resistant* Central European Central European 1 Group 3 – Central 
European

Skierniewice mix 7 H4AR18P73 Poland resistant Central European Central European 1 Group 3 – Central 
European

Riga Market 3 OP 2 CRTR06P100 Latvia resistant Central European Central European 1 Group 3 – Central 
European

Louisens Zellernuss PI 557086 Germany susceptible Central European Central European 1 Group 3 – Central 
European

Riga Market 3 OP 1 CRTR06P95 Latvia resistant Central European Central European 1 Group 3 – Central 
European

Warsaw Market 4 1 H4AR20P88 Poland resistant Central European Central European 2 Group 3 – Central 
European

Syrena PI 617237 Poland susceptible Central European Central European 2 Group 3 – Central 
European

Warsaw mix 2 H4AR21P05 Poland resistant Central European Central European 2 Group 3 – Central 
European
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Table 1   (continued)

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Warsaw mix 1 H4AR21P03 Poland resistant Central European Central European 2 Group 3 – Central 
European

Warsaw mix 3 H4AR21P43 Poland tolerant Central European Central European 2 Group 3 – Central 
European

Cozia PI 617172 Romania unknown Central European Central European 2 Group 1 – Spanish-
Italian / English

Aveline dAngleterre PI 557194 France susceptible Central European Central European 2 Group 3 – Central 
European

Maria PI 617236 Poland susceptible Central European Central European 2 Group 3 – Central 
European

Lenka 3 PI 217233 Poland unknown Central European Central European 2 Group 3 – Central 
European

Lech PI 617232 Poland unknown Central European Central European 2 Group 3 – Central 
European

Halls Giant PI 557027 Germany/France susceptible Central European Central European 2 Group 3 – Central 
European

Gustavs Zellernuss PI 557085 Germany susceptible Central European Central European 2 Group 3 – Central 
European

Truchsess Zeller-
nuss

PI 557087 Germany susceptible Central European Central European 2 Group 3 – Central 
European

Frango 4 PI 617228 Poland susceptible Central European Central European 2 Group 3 – Central 
European

Latvia Dobelle 1 CRTR04P166 Latvia tolerant Central European Central European 1 Group 3 – Central 
European

Blumberger PI 557084 Germany susceptible Central European Central European 1 Group 3 – Central 
European

Moscow unknown Moscow unk Russia unknown Central European Central European 1 Group 3 – Central 
European

Moscow N02 Moscow N02 Russia resistant Central European Central European 1 Group 3 – Central 
European

Kudashovski OP 7 CRXR13P91 Russia tolerant Central European Central European 1 Group 3 – Central 
European

Kudashovski OP 1 CRXR13P78 Russia resistant Central European Central European 1 Group 3 – Central 
European

Moskovskii Rubin 
OP 11

CRR04P48 Russia tolerant Central European Central European 1 Group 3 – Central 
European

Moskovskii Rubin 
OP 7

CRR04P28 Russia resistant Central European Central European 1 Group 3 – Central 
European

OSU 26.072 PI 323961 Russia tolerant* Central European Central European 1 Group 3 – Central 
European

Tonda Rossa PI 557118 Italy susceptible Central European Central European 1 Group 3 – Central 
European

Gubener Barcel-
loner

PI 557148 Germany susceptible Central European Central European 1 Group 3 – Central 
European

Gunslebert PI 557191 Germany susceptible Central European Central European 1 Group 3 – Central 
European

Tonnolella PI 557218 Italy unknown Central European Central European 1 Group 3 – Central 
European

Luisa OP 1 CRTR05P48 Lithuania tolerant Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Siciliana PI 557175 Italy susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Sodlinger PI 557212 Yugoslavia susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English
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Table 1   (continued)

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Willamette PI 557234 Oregon, USA susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Bianca PI 557182 Italy unknown Spanish-Italian Spanish-Italian Group 3 – Central 
European

Culpla PI 557107 Spain resistant Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Morell PI 270338 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Tapparona di SCC PI 617239 Italy unknown Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Tonda G.d. Langhe PI 557035 Italy susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Pinyolenc 1 PI 654964 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Ribet PI 557055 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Negret PI 270340 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Alcover PI 557418 Italy susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Comen PI 557178 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Ratoli PI 557167 Spain resistant Spanish-Italian Spanish-Italian Group 1 – Spanish-
Italian / English

Zugdui OP3 CRR06P02 Russia tolerant Spanish-Italian Black Sea Group 2—Georgian
Tonda Romana PI 557025 Italy susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Casina PI 557033 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Sant Jaume PI 557103 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Garrofi PI 557165 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Barcelona PI 557037 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Macrocarpa PI 557137 England susceptible* Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Segorbe PI 557046 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Artellet PI 557108 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Tomasina PI 557200 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Martorella PI 557203 Spain susceptible Spanish-Italian Spanish-Italian Group 1 – Spanish-

Italian / English
Contorta PI 557049 England susceptible English English Group 1 – Spanish-

Italian / English
Skorospelka PI 617175 Georgia unknown English English Group 1 – Spanish-

Italian / English
Nottingham PI 557140 England susceptible English English Group 1 – Spanish-

Italian / English
Ugbrooke PI 557100 New Zealand susceptible English English Group 1 – Spanish-

Italian / English
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Table 1   (continued)

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Whiteheart PI 557101 New Zealand unknown English English Group 1 – Spanish-
Italian / English

Frizzled Filbert PI 557097 England susceptible English English Group 1 – Spanish-
Italian / English

Henneman #3 PI 557427 Oregon, USA susceptible English English Group 1 – Spanish-
Italian / English

The Shah PI 557149 England susceptible English English Group 1 – Spanish-
Italian / English

DuChilly PI 557099 England susceptible English English Group 1 – Spanish-
Italian / English

Ennis PI 557045 Washington, USA susceptible English English Group 1 – Spanish-
Italian / English

Daviana PI 557040 England susceptible English English Group 1 – Spanish-
Italian / English

Cosford PI 557039 England susceptible English English Group 3 – Central 
European

Garibaldi PI 557162 England susceptible English English Group 1 – Spanish-
Italian / English

Rote Zellernuss PI 271280 Netherlands susceptible English English Group 1 – Spanish-
Italian / English

Webb’s Prize Cobb PI 557160 England susceptible English English Group 1 – Spanish-
Italian / English

Bandnuss PI 557157 England susceptible English English Group 1 – Spanish-
Italian / English

Barr’s Zellernuss PI 557158 England susceptible English English Group 3 – Central 
European

Georgia Kakheti 3 HF1BR26P77 Georgia resistant Black Sea Georgian 4 Group 2—Georgian
Simferopol Market 

1B 1
H3R14P26 Crimea resistant Black Sea Georgian 4 Group 1 – Spanish-

Italian / English
Imperiale de Trebi-

zonde
PI 271105 Turkey tolerant* Black Sea Georgian 4 Group 1 – Spanish-

Italian / English
Burchardt’s Zel-

lernuss
PI 557089 Germany susceptible Black Sea Georgian 4 Group 1 – Spanish-

Italian / English
Holmskij Market 

1 1
H3R13P40 Russia resistant Black Sea Georgian 4 Group 1 – Spanish-

Italian / English
Sochi Institute 

mix 2
H3R10P94 Russia resistant Black Sea Georgian 4 Group 1 – Spanish-

Italian / English
Georgia Adjara 6 HF1BR28P199 Georgia resistant Black Sea Turkish Group 1 – Spanish-

Italian / English
Giresun 286 1 CRTR04P14 Turkey resistant Black Sea Turkish Group 1 – Spanish-

Italian / English
Palaz PI 304632 Turkey susceptible Black Sea Turkish Group 1 – Spanish-

Italian / English
San Benedetto PI 557401 Italy tolerant* Black Sea Turkish Group 1 – Spanish-

Italian / English
Kudryavchik PI 217177 Georgia unknown Black Sea Turkish Group 1 – Spanish-

Italian / English
Tombul Ghiaghli PI 304634 Turkey susceptible Black Sea Turkish Group 1 – Spanish-

Italian / English
Tombul Ocak 1 PI 304634 Turkey susceptible Black Sea Turkish Group 1 – Spanish-

Italian / English
Ordu PI 557417 Turkey susceptible Black Sea Turkish Group 1 – Spanish-

Italian / English
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Table 1   (continued)

Accession name Identifier code/ PI 
code

Country of origin EFB response Dendrogram group STRU​CTU​RE 
K = 10 grouping

DAPC grouping

Pioneer PI 617178 Russia susceptible Black Sea Turkish Group 1 – Spanish-
Italian / English

Giresun 112 2 CRTR02P138 Turkey resistant Black Sea Turkish Group 1 – Spanish-
Italian / English

Giresun 191 1 CRTR02P131 Turkey tolerant Black Sea Turkish Group 1 – Spanish-
Italian / English

Giresun 112 1 CRTR02P134 Turkey tolerant Black Sea Turkish Group 1 – Spanish-
Italian / English

Giresun 146 1 CRTR02P186 Turkey tolerant Black Sea Turkish Group 1 – Spanish-
Italian / English

Georgia Imereti 14 HF1BR32P148 Georgia resistant Black Sea Admixed Group 1 – Spanish-
Italian / English

Istrski Duguljasti PI 557400 Croatia susceptible Black Sea Admixed Group 1 – Spanish-
Italian / English

Badem PI 304630 Turkey susceptible Black Sea Admixed Group 1 – Spanish-
Italian / English

Giresun 194 1 CRTR04P124 Turkey resistant Black Sea Admixed Group 1 – Spanish-
Italian / English

Giresun 362 1 CRTR02P68 Turkey resistant Black Sea Admixed Group 1 – Spanish-
Italian / English

Bulgaria XI 8 PI 557219 Bulgaria tolerant Black Sea Admixed Group 1 – Spanish-
Italian / English

Giresun 362 2 CRTR02P71 Turkey tolerant Black Sea Admixed Group 1 – Spanish-
Italian / English

Giresun 380 1 CRTR03P158 Turkey tolerant Black Sea Admixed Group 1 – Spanish-
Italian / English

Giresun 233 1 CRTR02P03 Turkey resistant Black Sea Admixed Group 1 – Spanish-
Italian / English

Georgia Kakheti 11 HF1BR32P74 Georgia tolerant Black Sea Black Sea Group 2—Georgian
Sochi Market 5 4 CRXR14P117 Russia tolerant Black Sea Black Sea Group 2—Georgian
Giresun 173 1 CRTR04P44 Turkey susceptible Black Sea Black Sea Group 1 – Spanish-

Italian / English
Cherkesskii II PI 617176 Russia susceptible Black Sea Black Sea Group 2—Georgian
Holmskij Market 

3 3
CRXR15P59 Russia resistant Black Sea Black Sea Group 2—Georgian

Holmskij Market 
4 2

H3R07P25 Russia resistant Black Sea Black Sea Group 2—Georgian

Amestec de Sovier 
OP 1

H4AR27P28 Moldova tolerant Black Sea Black Sea Group 2—Georgian

Adighei OP 2 H4AR26P102 Moldova tolerant Black Sea Black Sea Group 1 – Spanish-
Italian / English

Georgia Imereti 8 HF1BR30P71 Georgia resistant Black Sea Georgian 2 Group 2—Georgian
Georgia Imereti 11 HF1BR30P179 Georgia resistant Black Sea Georgian 2 Group 2—Georgian
Georgia Imereti 9 HF1BR30P84 Georgia resistant Black Sea Georgian 2 Group 2—Georgian
Georgia Imereti 10 HF1BR30P103 Georgia tolerant Black Sea Georgian 2 Group 2—Georgian
Rimski OP 2 CRR02P41 Russia resistant Black Sea Georgian 2 Group 2—Georgian
B X 3 OP 2 CRR02P96 Russia tolerant Black Sea Georgian 2 Group 2—Georgian
Maykop VIR 1 CRXR17P48 Russia resistant Black Sea Georgian 2 Group 2—Georgian
Georgia Kakheti 2 HF1BR23P52 Georgia tolerant Black Sea Georgian 2 Group 2—Georgian
Carpinus betulus C. betulus New Jersey, USA n/a Outgroup Outgroup Outgroup



Tree Genetics & Genomes (2024) 20:45	 Page 11 of 25  45

underwent a size-selection clean-up by mixing 0.5 v/v solid 
phase reversible immobilization magnetic beads (Agen-
court Ampure XP; Beckman Coulter, Brea, CA) with the 
samples. The 96-well plate was then placed on a magnetic 
stand where the supernatant was removed and followed by 
a 70% ethanol wash to remove fragmented DNA < 300 bp. 
The magnetic bead and ethanol wash was repeated twice 
for a total of three washes. Individual library samples next 
went through PCR amplification using primers containing 
sequences that would allow for flow cell binding during Illu-
mina (San Diego, CA) sequencing. Thermal cycling condi-
tions for amplification were as follows: initial denaturation 
at 95 ℃ for 30 s, followed by 16 cycles of 95 ℃ for 30 s, 62 
℃ for 20 s, 68 ℃ for 15 s, with a final extension of 68 ℃ 
for 5 min. DNA library samples were then quantified using 
a fluorometer (Qubit 3.0; Thermo Fisher Scientific). Sam-
ples were diluted to 5 ng/μL and pooled in 48-plex. Pooled 
libraries underwent another cleanup using the previously 
described procedure but with only two ethanol washes. Final 
pooled libraries were quantified using the fluorometer and 
were checked for quality using high-resolution automated 
electrophoresis (2100 Bioanalyzer System; Agilent Tech-
nologies, Santa Clara, CA). Pools were developed so that all 
samples were divided evenly across five HiSeq 2500 lanes 
(Illumina) (2 × 150 paired-end) and sequenced by Genewiz, 
Inc. (South Plainfield, NJ) with a 30% PhiX spike-in.

Marker calling

Raw FASTQ files of Illumina reads were filtered using 
the software pipeline GBS-SNP-CROP v.4.1 (Melo et al. 
2016). The 5’ end of reads were first scanned for the bar-
code sequence and expected cut site and trimmed while 
appending the barcode to the read for further processing. 
The 3’ ends of reads were similarly scanned for the com-
mon adapter and expected cut site and truncated. Trimmo-
matic (Bolger et al. 2014) was then used to remove adapter 
sequences and trim reads according to default quality filters. 
Retained high quality reads were then searched for appended 
barcodes and demultiplexed. A FASTQ file was compiled 
for each of the two reads (R1 and R2) for each sample. The 
GBS-SNP-CROP software then proceeded with the de novo 
assembly protocol following default parameters to generate 
the mock reference genome.

After this, the BWA algorithm (Li and Durbin 2009) was 
called on to align each sample’s reads to the mock reference 
genome based on sequence similarity. SAMtools (Li et al. 
2009) was then used to sort the output of BWA, select reads 
that aligned properly, and convert the sequence alignment/
map (SAM) files to binary alignment/map (BAM) files. Puta-
tive SNPs and their read counts were stored, and each geno-
type was parsed so that only reads polymorphic to the refer-
ence were kept. Once samples were processed individually, 

they were mined to produce one non-redundant master matrix 
of all potential SNPs. The master matrix was filtered so that 
retained reads had a minimum depth of the putative second-
ary allele. Only bi-allellic markers were retained by compar-
ing the secondary depth to the total depth at a given locus. 
Additional filtering steps included retaining only markers 
with ≤ 0.10 missing data across all 222 accessions and a 
minor allele frequency (MAF) > 0.05 to ensure that initial 
SNP calls were not due to PCR or sequencing errors. Poly-
morphism information content (PIC) values were calculated 
for the entire set of filtered biallelic SNP markers using the 
following formula derived from Botstein et al. (1980):

Where 1 – squared allele frequencies is the calculated het-
erozygosity per SNP marker minus the identical heterozy-
gous trios (2MAF2*(1-MAF)2). The 1,250 most polymor-
phic SNP markers, as determined by the PIC formula above, 
were chosen for all subsequent downstream data analyses. 
This more limited set of SNP markers was utilized to reduce 
computational time and memory constraints associated with 
large SNP dataset inputs for the NJ and STRU​CTU​RE analy-
ses and to ensure the use of identical datasets for all three 
analyses (NJ, STRU​CTU​RE, and DAPC).

Data analysis

NTSYSpc 2.21 software was used to conduct genetic simi-
larity estimates and a clustering analysis using the neighbor-
joining (NJ) method (Saitou and Nie 1987; Gascuel 1997). 
Briefly, pairwise comparisons of SNP allele calls between 
individual hazelnut samples were transformed into a genetic 
distance matrix using the SIMGEND module. Clustering 
analysis was performed with the genetic distance matrix 
generated above using the neighbor-joining NJOIN mod-
ule. The COPH (cophenetic values converted to a matrix) 
and MXCOMP (Mantel test statistic for matrix comparisons) 
modules were utilized to assess the goodness of fit between 
the NJ dendrogram and the original genetic distance matrix 
(cophenetic correlation test) using 999 permutations. Boot-
strap values for the dendrogram were generated from 1,000 
resampled genetic distance matrices using the RESAMPLE 
module and were calculated using the CONSENS module 
with the majority rule option and a minimum support value 
of 0.500.

STRU​CTU​RE 2.3.4 (Pritchard et al. 2000) was used to 
conduct model-based clustering and determine the optimal 
population structure for grouping the accessions. The same 
1,250 SNP loci were utilized, and all alleles were assumed 
to be both independent and in linkage equilibrium. STRU​
CTU​RE was first run across a range of (K) values from 2 
to 25 (in increments of one, with 10 replicates within each 

PIC = 1(MAF2 + (1 −MAF)2) − (2MAF2(1 −MAF)2)
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run) to find the most parsimonious value of (K). Settings 
included 20,000 run iterations for burn-in length and 50,000 
Markov chain Monte Carlo run iterations following the 
burn-in for each (K) value. Default settings were used for 
all other parameters. Once the optimal (K) value was deter-
mined using the Δ(K) method (Evanno et al. 2005) as imple-
mented in STRU​CTU​RE SELECTOR (Li and Liu 2017), 
figures were generated for each selected (K) value solution 
(see results; Fig. 1–5 STRU​CTU​RE panels) in which each 
row represents one accession and each color represents a 
genetic population. STRU​CTU​RE software can capture 
genetic admixture within individuals using the admixture 
ancestry model, so individual entries may be represented 
by multiple colors corresponding to more than one genetic 
population background in their respective rows.

Population structure was further investigated with the 
same 1,250 SNP loci in the NJ and STRU​CTU​RE analy-
ses utilizing discriminant analysis of principal components 
(DAPC) in the adegenet package (Jombart 2008) for R soft-
ware (R core Team 2016), where multilocus genotype data 
are dimensionally reduced first using principal component 
analysis (PCA) followed by linear discriminant analysis 
(DA). Briefly, the DAPC analysis was initiated using PCA 
analysis to determine PCA eigenvalues. The next step was 
determining the number of clusters in the data, without 
prior group information, utilizing the find.clusters() func-
tion which runs sequential k-means clustering over increas-
ing values of (k), followed by optimal cluster determina-
tion using the Bayesian information criterion (BIC). The 
optimal number of PCs to be retained was cross-validated 
using the xvalDapc() function (Jombart and Collins 2015). 
The resultant optimal clusters were visualized using a DAPC 
scatterplot, while group membership was visualized using 
composition plot assignment in adegenet.

Results

Sequencing and SNP marker data

Sequencing data, including the total number of bases and 
markers generated, are summarized in Table 2.. The 39,251 
SNP and Indel markers generated from the ddRADseq 
sequencing libraries were filtered and sorted by PIC, where a 
final marker dataset of the 1,250 biallelic SNP markers with 
the highest PIC value were utilized in the current analyses. 
PIC values for the sorted 1,250 SNP markers ranged from a 

high of 0.375 (maximum PIC value for biallelic SNP mark-
ers) to 0.284, with an average PIC value per marker across 
all study accessions of 0.307. This high average PIC value 
per marker indicated that the SNP marker dataset utilized in 
the current study was capable of capturing sufficient genetic 
diversity amongst all accessions in the current analyses.

Neighbor‑joining dendrogram

The results of the NJ clustering analysis are presented in 
Figs. 1–5. The 221 hazelnut accessions formed five broad, 
distinct groups in the NJ dendrogram which largely corre-
sponded to their geographic regions of origin, while most of 
the standard cultivars aligned with previous studies. Moving 
from the least to most basal group of the dendrogram, the 
first and largest group in the dendrogram (n = 79) held most 
of the accessions from the Republic of Georgia and thus was 
labeled the Georgian group (Fig. 1). Accessions spanned 
several growing regions across the country, including Abk-
hazia, Adjara, Guria, Kakheti, Imereti, and Samegrelo. 
Except for the Kakheti region, all these regions occupy the 
western half of the Republic of Georgia, with Abkhazia, 
Adjara, Guria, and Samegrelo bordering the Black Sea. 
The specific region of origin was unknown for some Geor-
gian samples. This group contained several standard culti-
vars grown across multiple regions of Georgia, including 
‘Anakliuri’, ‘Dedoplistiti’, and ‘Gulshishvela’. In total, seven 
accessions within this group did not originate directly from 
Georgia. These included five obtained from seed collected in 
southern Russia, one from Azerbaijan, and one from Estonia. 
Except for the single Estonian accession (Tartu Home Gar-
den #1), these accessions come from regions immediately 
bordering the Republic of Georgia, so their clustering with 
the Georgian germplasm is unsurprising since the accessions 
may have originated in Georgia or may be open-pollinated 
progeny of a Georgian accession.

The adjacent group (n = 55) held accessions that mostly 
originated across central Europe and was labeled the Central 
European group (Fig. 2). Nearly all accessions within this 
group had known origins spanning Germany, Poland, and 
Moscow (Russia). A few accessions with origins in Latvia, 
Estonia, and Crimea were placed in this group, while just 
one or two accessions with origins in Albania (Albania 55), 
Romania (‘Cozia’), Sweden (Sweden COR 627), Finland 
(Finland COR 187), England (‘Cutleaf’), France (‘Aurea’ 
and ‘Aveline d’ Angleterre’), Italy (‘Tonda Rossa’ and ‘Ton-
nolella’), and Georgia (OSU 1133.068) were also placed in 
the Central European group. Accessions from the United 
States placed in this group included ‘Gasaway’ (from Wash-
ington, but of unknown origin), its offspring ‘Delta’ (from 
‘Montebello’ x ‘Gasaway’, though not first generation), and 
OSU 408.040 (from Minnesota, but of unknown origin).

Fig. 1   Georgia hazelnut group node of dendrogram (n = 79), with 
K = 3, K = 6, and K = 10 STRU​CTU​RE results aligned. Bootstrap 
values > 50 are presented in the dendrogram. R denotes resistant, T 
denotes tolerant, S denotes susceptible. Disease responses with an * 
were recorded in Corvallis, OR

◂
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The next adjacent group (n = 26) contained primarily 
Spanish and Italian cultivars and was therefore labeled the 
Spanish-Italian group (Fig. 3). Some of the cultivars from 
Spain or Italy included Siciliana, Culpla, Tonda Gentile 
delle Langhe, Negret, Ratoli, Tonda Romana, and Barce-
lona. Single accessions from other countries within this 
group include Luisa OP#1 from seed obtained in Lithu-
ania, ‘Sodlinger’ from the former country of Yugoslavia, 
Zugdui OP#3 from seed originating in southern Russia, 
and ‘Macrocarpa’ from England. The OSU cultivar Wil-
lamette was also included; its female parent is Montebello 
(syns. Siciliana, Nocchione).

The next adjacent group (n = 17) contained mostly 
English cultivars such as Nottingham, DuChilly, Davi-
ana, Cosford, and Garibaldi, and was therefore labeled 
the English group (Fig. 4). Accessions from outside of 
England within this group included ‘Skorospelka’ from 
the Republic of Georgia, ‘Rote Zellernuss’ from the Neth-
erlands, ‘Ugbrooke’ and ‘Whiteheart’ from New Zea-
land, and ‘Henneman #3’ (from Oregon, but of unknown 
origin).

The final and most basal group (n = 44) contained 
accessions with origins spanning several countries that 
either bordered the Black Sea or were in close proximity 
and was therefore labeled the Black Sea group (Fig. 5). 
Many accessions in this group originated in Turkey, 
southern Russia, and Georgia, while other countries each 
contributed just one or two accessions: Bulgaria (‘Bul-
garia XI-8’), Croatia (‘Istrski Duguljasti’), Germany 
(‘Burchardt’s Zellernuss’), Italy (‘San Benedetto’), Mol-
dova (‘Adighei OP #2’ and ‘Amestec de Sovier OP #1’), 
and Crimea (‘Pioneer’ and Simferopol Market 1B #1) 
each contributed just one or two accessions.

Structure populations

For the STRU​CTU​RE clustering analysis, accessions were 
arranged in the same order as listed in the dendrogram. In 
determining the most parsimonious number of populations, 
the greatest support, as determined by the largest Δ(K) val-
ues, was found at (K) = 3, (K) = 6, and (K) = 10, with (K) = 10 
having the most support (Supp Fig. 1). For all (K) value 
solutions, and in particular for (K) = 6 and (K) = 10, many 
accessions displayed significant admixture, wherein portions 
of their genomes originated from different genetic popula-
tions, making them difficult to place in any one popula-
tion, especially when accessions had less than 50% of their 
genetic backgrounds in any one population.

At (K) = 3, accessions were organized into three large 
groups that tended to follow broad geographic origins. For 
example, the first group held accessions of mostly Georgian 
origin while also holding several accessions from the nearby 
Black Sea region regions of southern Russia and Turkey 
(Fig. 1). The second group was a mix of accessions with 
primarily central European and Russian origins, with many 
accessions from Germany, Poland, and Russia, as well as a 
few from other nearby countries (Fig. 2). The final group was 
a mix of known Spanish-Italian and Turkish accessions, with 
smaller contributions from Russia as well as other southern 
European countries (Fig. 3). Interestingly, accessions known 
to originate from England displayed fairly even admixture 
between the central European and Spanish-Italian/Turkish 
groups (Fig. 4).

At (K) = 6, some of the genetic populations from 
(K) = 3 were broken down into subgroups; however, the 
major delineations resolved at (K) = 3 were still present 
in the overall organization of accessions. The Georgian 

Table 2   Summary of raw and 
filtered Illumina sequencing 
data of the 222 accessions 
included in this study

Sequencing data characteristics Value All SequenValuecing Sets

Phred quality (Q) score Minimum 36.3
Maximum 37.2
Mean 36.8

Q score > 30 (%) Minimum 84.5
Maximum 87.8
Mean 86.5

Sequence data (Gb) Total  ~ 630
Average per sample  ~ 2.60

Reads (no.) Total 2,086,416,858
Average per sample 8,693,404
Usable paired reads 1,911,430,731
Unique Clusters/Centroids 10,924
Total Markers
(including SNPs and INDELS)

39,251
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Fig. 2   Central European hazelnut group node of dendrogram (n = 55), 
with K = 3, K = 6, and K = 10 STRU​CTU​RE results aligned. Bootstrap 
values > 50 are presented in the dendrogram. R denotes resistant, T 

denotes tolerant, S denotes susceptible. Disease responses with an * 
were recorded in Corvallis, OR
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group of (K) = 3 was divided into two subgroups (Fig. 1), 
the larger of which held Georgian accessions and a few 
accessions from southern Russia, while the smaller held 
only accessions from Georgia. Both Georgian groups con-
tained accessions collected from multiple regions within 
the Republic of Georgia, many of which were selected 
from open-pollinated seed. As such, these groups did 
not appear to be associated with specific regions of the 

country and suggest movement and/or mixing of plant 
materials between regions.

The Central European/Russian group found at (K) = 3 
formed once again at (K) = 6, with little change found in 
admixture of the samples within the group (Fig. 2). The 
remaining group at (K) = 3 that held the Spanish-Italian 
and Turkish accessions was broken into three subgroups 
at (K) = 6 (Fig. 3–5). Those of Spanish-Italian origin were 
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Fig. 3   Spanish-Italian hazelnut group node of dendrogram (n = 26), 
with K = 3, K = 6, and K = 10 STRU​CTU​RE results aligned. Bootstrap 
values > 50 are presented in the dendrogram. R denotes resistant, T 

denotes tolerant, S denotes susceptible. Disease responses with an * 
were recorded in Corvallis, OR
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Fig. 4   English hazelnut group node of dendrogram (n = 17), with 
K = 3, K = 6, and K = 10 STRU​CTU​RE results aligned. Bootstrap 
values > 50 are presented in the dendrogram. R denotes resistant, T 

denotes tolerant, S denotes susceptible. Disease responses with an * 
were recorded in Corvallis, OR
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separated from the accessions with known Turkish herit-
age, with the newly formed Spanish-Italian group containing 
single accessions from Russia, Lithuania, England, Georgia, 
Croatia, Turkey, and the former Yugoslavia (Fig. 3). Further, 
two separate groups were resolved that held accessions with 
known Black Sea origins (Fig. 5). Both had several acces-
sions from Russia and Turkey, with very minor contributions 
from other countries. Specific geographic regions around the 
Black Sea could not be established for the two groups based 
on accession assignments. Many accessions in the Black 
Sea groups displayed significant admixture between the 
two Black Sea groups and with other groups, making their 
placements less definitive. Accessions from England once 
again displayed significant admixture, this time between the 
Central European group, the Spanish-Italian group, and one 
of the Black Sea groups, with the greatest contribution from 
the Central European group (Fig. 4).

At (K) = 10, further subgrouping was observed while 
still maintaining the broader organization present at both 
(K) = 3 and (K) = 6 group assignments. For example, four 
groups were now established within the (K) = 3 Georgian 
group (Fig. 1). Again, each Georgian subgroup contained 
accessions from multiple regions across the country, sug-
gesting the movement or mixing of plant materials within 
the Republic of Georgia. An example of such movement 
includes many orchards in Kakheti, which were planted 
using rooted suckers from western Georgia. The (K) = 10 
analysis also continued to support the premise that the 
Georgian material was genetically unique within the 
broader population of plants included in this study. Fur-
ther, each of the four groups held a few accessions col-
lected from Russia, Turkey, Crimea, Azerbaijan, Estonia, 
or Germany, suggesting that these accessions may have 
originated in Georgia.
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Fig. 5   Black Sea hazelnut group node of dendrogram (n = 44), with 
K = 3, K = 6, and K = 10 STRU​CTU​RE results aligned. Bootstrap 
values > 50 are presented in the dendrogram. R denotes resistant, T 

denotes tolerant, S denotes susceptible. Eastern filbert blight disease 
responses with an * were recorded in Corvallis, OR
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Also at (K) = 10, two Central European groups were 
formed (Fig. 2). The larger group included accessions with 
origins that spanned a greater geographic area, had a sig-
nificant number from Russia, and included accessions from 
Germany, Poland, Latvia, Estonia, and Crimea, and a few 
other countries. The smaller Central European subgroup was 
dominated by accessions of German and Polish origin, with 
just one accession each from Romania and France.

The same group of primarily Spanish-Italian cultivars 
that was resolved in (K) = 6 formed again at (K) = 10 (Fig. 3). 
The English accessions that previously showed a high degree 
of admixture between two or more groups formed their own 
group at (K) = 10 (Fig. 4). This group contained a Russian 
accession and a Dutch accession, as well as one from Oregon 
and two from New Zealand. A small group of Turkish germ-
plasm was resolved that contained just one accession each 
from Georgia, Russia, and Crimea each (Fig. 5). Addition-
ally, a small Black Sea group formed containing accessions 
from Russia, the Republic of Georgia, and Moldova (Fig. 5). 
Finally, it should be noted that the (K) = 10 STRU​CTU​RE 
solution (the K value with the highest Δ(K) support; Supp 
Fig. 1) best matched the finer structural grouping details 
shown in the NJ dendrogram (Figs. 1–5).

DAPC analysis

Sequential k-means clustering (find.clusters()), BIC results 
(Supp Fig. 2), xvalDapc() cross-validation, and the DAPC 
scatterplot and compoplots (Fig. 6 and Supp Fig. 3, respec-
tively) all supported 3 primary groups of hazelnut acces-
sions. These results best matched the (K) = 3 solution of the 
STRU​CTU​RE results as well as the broadest delineations 

shown in the NJ dendrogram (Figs. 1–5). DAPC group 1 
(n = 70) was comprised primarily of Spanish-Italian and 
English accessions (DAPC Group 1 Spanish-Italian/Eng-
lish – Fig. 6; Table 1). This DAPC group corresponded to 
the combination of most accessions listed as the Spanish-
Italian and the English groups in the (K) = 10 STRU​CTU​RE 
solution (Figs. 1–5; Table 1). DAPC group 2 (n = 94) was 
comprised of Georgian accessions (DAPC Group 2 Georgian 
– Fig. 6; Table 1). This DAPC group corresponded to the 
combination of most accessions listed as Georgian groups 
1–4 as well as a limited number of Black Sea accessions 
(n = 6) in the (K) = 10 STRU​CTU​RE solution (Figs. 1–5; 
Table 1). DAPC group 3 (n = 57) was comprised of primarily 
Central European accessions (DAPC Group 3 Central Euro-
pean – Fig. 6; Table 1), and corresponded to the majority of 
the Central European groups 1 and 2 in the (K) = 10 STRU​
CTU​RE solution (Figs. 1–5; Table 1).

Discussion

As shown in the results, assignment of most accessions 
based on 1,250 SNP markers corresponded to known geo-
graphic origins of the plant materials studied, substantiat-
ing most findings in previous SSR-based hazelnut diversity 
studies (Boccacci et al. 2006; Gökirmak et al. 2009; Gür-
can et al. 2010; Muehlbauer et al. 2014). Due to the use of 
many more markers than most previous work, our results 
strongly reinforce the premise that C. avellana germplasm 
contains high genetic diversity. Additionally, evidence of 
admixture between genetic groups was also revealed in some 
accessions.

Fig. 6   Discriminate analysis of 
principle components (DAPC) 
of 221 hazelnut accessions and 
one outgroup species based 
on 1,250 single nucleotide 
polymorphism (SNP) mark-
ers. DAPC results indicated 
that the 222 study entries were 
best described as belonging to 
3 populations separated into a 
Spanish-Italian / English group, 
a Central European group, and a 
Georgian group
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 2 

 3

Group 1 Spanish−Italian / English
Group 2 Georgian
Group 3 Central European   

DA eigenvaluesPCA eigenvalues DAPC scatterplot of Hazelnut
accessions
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Overall, there was general consensus was found between 
the results of the NJ dendrogram, STRU​CTU​RE, and DAPC 
analyses, as divisions between genetic populations of the 
STRU​CTU​RE and DAPC analyses occurred along the 
boundaries between different clusters of the NJ dendrogram 
(Fig. 1–5; Table 1). Consensus could also be seen between 
the results of the STRU​CTU​RE analysis across the different 
(K) values and the 3 DAPC groupings. When increasing the 
number of genetic populations from three to six and six to 
ten in the STRU​CTU​RE results, divisions between groups 
found at lower (K) values remained in similar positions, 
while the STRU​CTU​RE (K) = 3 solution closely matched 
the 3 groups identified in the DAPC analysis. Additionally, 
in some cases, groups remained relatively unchanged across 
two different STRU​CTU​RE (K) values. When groups were 
subdivided at the highest and most parsimonious STRU​CTU​
RE (K) = 10 value, the original group boundaries remained 
but additional subdivisions formed within the previous 
group.

As the STRU​CTU​RE (K) value increased, more narrow 
groups of related accessions were often resolved. Regard-
less of STRU​CTU​RE (K) value, the standard accessions 
with known origins clustered together as expected, with lit-
tle change in overall groupings compared to previous SSR 
studies (Boccacci et al. 2006; Gökirmak et al. 2009; Gür-
can et al. 2010; Muehlbauer et al. 2014). For example, at 
STRU​CTU​RE (K) = 3, as well as the 3 groupings identified 
in the DAPC analysis, very broad groups were established 
that reflected the known origins of many of the accessions. 
These groups primarily held accessions with origins from 
central Europe, southern Europe, and the Republic of Geor-
gia. At (K) = 10, where a larger number of genetic groups 
was resolved, these groupings continued to reflect findings 
from previous studies, wherein clustering among accessions 
from more narrow geographic origins was defined for many 
groups. For example, at (K) = 10, accessions with known ori-
gins from England, Spain and Italy, and Turkey were placed 
into their own genetic populations, just as they had been in 
previous SSR-based studies (Boccacci et al. 2006; Gökirmak 
et al. 2009; Muehlbauer et al. 2014).

In other cases, the increased number of groups did not 
lead to increased resolution of geographic origin. This indi-
cates that while many hazelnut accessions’ genetic profiles 
remain unique to their geographic origins, many others 
represent the movement and intermixing of plant materials 
among regions over time. The single Georgian group that 
formed at STRU​CTU​RE (K) = 3 and in the DAPC analysis 
was divided into four genetic populations at STRU​CTU​RE 
(K) = 10, but accessions in each of the four groups spanned 
many of the same regions. As such, these genetic popu-
lations could not be separated by the region in which the 
seed originated. A similar situation occurred with the cen-
tral European germplasm. These accessions were grouped 

together at STRU​CTU​RE (K) = 3 and in the DAPC analy-
sis but were not fully resolved at STRU​CTU​RE (K) = 10. 
Instead, two Central European subgroups formed at (K) = 10, 
with one group completely overlapping the other in terms of 
geographic location. While the Georgian germplasm had not 
been studied previously, many of the accessions that formed 
the two Central European subgroups were included in Mue-
hlbauer et al. (2014) (SSR-based) where they formed just 
one Central European subgroup.

Significant genetic admixture was detected at all three 
STRU​CTU​RE (K) values but, as expected, was most prom-
inent at (K) = 10. Additionally, at STRU​CTU​RE (K) = 10, 
many accessions had significant contributions from more 
than one genetic population, and some accessions did not 
clearly belong to any one population. Known geographic ori-
gin, along with the dendrogram, STRU​CTU​RE, and DAPC 
results, was used to tentatively place many of the highly 
admixed samples into genetic populations. The widespread 
admixture signals in the STRU​CTU​RE results were an 
unsurprising result, as hazelnut is an outcrossing crop with 
sporophytic self-incompatibility (Thompson 1979). As such, 
following human vectoring, previously separated hazelnut 
accessions from different genetic populations could freely 
cross with each other. A small group of accessions clustered 
together in the dendrogram displayed an exceptionally high 
degree of admixture in the STRU​CTU​RE (K) = 10 analysis. 
These included Giresun 194 #1, Giresun 233 #1, Giresun 
362 #1, Giresun 362 #2, Giresun 380 #1, and ‘Badem’ from 
Turkey, ‘Istrski Duguljasti’ from Croatia, ‘Bulgaria XI-8’ 
from Bulgaria, and Imereti #14 from Georgia. The acces-
sions from Giresun originated as open-pollinated seed col-
lected from the Hazelnut Research Institute in Giresun, so 
their highly admixed backgrounds are unsurprising. With the 
exception of ‘Istrski Duguljasti’ and ‘Badem’, all of these 
admixed accessions are EFB tolerant or resistant. Most of 
these accessions are from the Black Sea region, with several 
accessions from Turkey. Turkey is the top hazelnut producer 
in the world, and the high degree of diversity retained in 
the country has been previously documented (Gürcan et al. 
2010; Helmstetter et al. 2019). Beyond Turkey, the Black 
Sea region serves as a confluence of several different hazel-
nut producing areas and their respective genetic populations, 
with Spain and Italy to the west, central Europe and Russia 
to the north, and Georgia to the east. Because of its central 
location relative to these other regions, the Black Sea region 
may have served as a melting pot of hazelnut germplasm 
with a high degree of hybridization between other genetic 
groups. It is worth noting that plants with origins in the 
Black Sea region did also form their own genetically distinct 
population at STRU​CTU​RE (K) = 10, though this group was 
very small.

Human vectoring could be responsible for some of the 
accessions that had unexpected assignments, even when 
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admixture was not a factor. For example, Zugdui OP #3 was 
collected in Sochi, Russia, but was placed in the middle of 
the Spanish-Italian group by the dendrogram (although the 
(K) = 10 analysis supports it as a Black Sea accession, while 
the DAPC analysis supports it as a Georgian accession). This 
accession was the only instance in which the dendrogram 
and STRU​CTU​RE analyses had a clearly different result. 
Other accessions with placements different from what was 
expected based on geographic origin included Tartu Home 
Garden #1 from Estonia (Georgian group for all three analy-
ses), OSU 1133.068 from Georgia (Central European group 
for all three analyses), ‘Tonda Rossa’ and ‘Tonnolella’ from 
Italy (Central European group for all three analyses), ‘Luisa 
OP #1’ from Lithuania (Spanish-Italian group in the NJ den-
drogram and STRU​CTU​RE analyses and Spanish-Italian/
English group in the DAPC analysis), ‘Macrocarpa’ from 
England (Spanish-Italian group), ‘Skorospelka’ from Geor-
gia (English group in the NJ dendrogram and STRU​CTU​
RE analyses and Spanish-Italian/English group in the DAPC 
analysis), and ‘Burchardt’s Zellernuss’ from Germany 
(Black Sea group in the NJ analysis, Georgian group in the 
STRU​CTU​RE analysis, and Spanish-Italian/English in the 
DAPC analysis). Accessions with unknown origins grown 
in areas beyond the native range of C. avellana (such as 
those from the United States and New Zealand) were trans-
ported to these regions and could therefore have origins in 
any native region within Europe or the Caucasus. Of these 
eight accessions (OSU 408.040, ‘Gasaway’, ‘Delta’, ‘Wil-
lamette’, ‘Henneman #3’, ‘Ennis’, ‘Ugbrooke’, and ‘White-
heart’) five were included in Muehlbauer et al. (2014). Four 
of these were placed in groups not formed in this study. 
While ‘Ennis’ was placed in the English subgroup in the NJ 
dendrogram and STRU​CTU​RE analyses and the Spanish-
Italian/English group in the DAPC analysis in this study, it 
was placed in the Spanish-Italian subgroup in the SSR-based 
Muehlbauer et al. (2014) study.

The Georgian germplasm made up most the accessions 
that had not been genotyped previously. When included 
alongside the other germplasm representing the world’s 
standard cultivars, these accessions remained in separate 
genetic groups from most other accessions for all three 
analyses in the current study. This is seen in the dendro-
gram (Fig. 1) as well as the STRU​CTU​RE (K) = 3 analy-
sis and DAPC analysis (Table 1), where the vast majority 
of Georgian accessions clustered to form their own group. 
This was a significant result, as allelic frequencies needed 
to differ prominently from other accessions for the Georgia 
germplasm to form its own group at the lowest STRU​CTU​
RE (K) value. As the (K) value increased to six and ten, the 
number of Georgian genetic populations increased to two 
and four additional groups, respectively.

Similar to the results of Muehlbauer et al. (2014), acces-
sions expressing resistance/tolerance to EFB were found 

in a majority of the genetic clusters resolved in this study. 
While Muehlbauer et al. (2014) found resistance/tolerance in 
all 11 of their consensus groups, we found resistance/toler-
ance in four of the five dendrogram groups, nine of the ten 
STRU​CTU​RE groups, and all three DAPC groups (Table 1). 
The only group lacking an accession with resistance/toler-
ance to EFB was the NJ dendrogram and STRU​CTU​RE 
(K) = 10 English defined group of 17 accessions (same set 
of accessions for both the dendrogram and STRU​CTU​RE 
(K) = 10 analysis). Two accessions within the English group, 
‘Skorospelka’ from the Republic of Georgia and ‘Whitehe-
art’ from New Zealand, had unknown EFB responses, so it 
is possible this group may possess EFB resistance/tolerance 
after further field testing. It is important to note that find-
ing resistance or tolerance in different genetic backgrounds 
does not necessarily mean that different genes are respon-
sible for each group’s resistance or tolerance. Regardless, 
resistant/tolerant accessions found in novel genetic groups 
should be explored as potentially new sources of R-genes. 
Resistance screening and mapping efforts summarized in 
Mehlenbacher and Molnar (2021) and Mehlenbacher et al. 
(2023) demonstrate the increasing list of R-genes placed on 
new linkage groups as a wider array of plant materials is 
examined. The R-genes of many of the accessions included 
in our study have yet to be mapped, but their placement in 
different genetic groups could be used as a starting point for 
further study.

In total, 1,250 bi-allelic SNP markers were used to char-
acterize the relatedness of accessions across a wide sampling 
of C. avellana genetic origins, whereas most previous hazel-
nut studies used less than 25 SSR markers, although each 
SSR marker was comparatively more polymorphic (greater 
allelic diversity for any single SSR versus a single bi-allelic 
SNP). Due to the nearly thousandfold increase in number of 
markers used, the genome of each accession was captured in 
far greater detail than SSR-based studies. This allowed for 
higher resolution grouping of accessions and better capture 
of genetic admixture patterns in the STRU​CTU​RE analysis.

However, even with the greater number of markers used 
here, our results largely reflected and corroborated the find-
ings of previous studies. Many of the same groups that were 
identified as having specific geographic origins in previous 
studies were also established here for the NJ dendrogram 
and the STRU​CTU​RE (K) = 10 analyses. These include the 
Spanish-Italian, English, Central European, and Turkish/
Black Sea groups. Of course, the number of groups identi-
fied and the geographic regions represented depend on the 
specific accessions included, the number of accessions from 
each origin, and the markers used in each study, so some dif-
ferences are to be expected. Boccacci et al. (2006) surveyed 
78 hazelnut cultivars using 16 SSR markers and established 
a large Spanish-Italian group, a Turkish group, an English 
group, and a small mixed group. Gökirmak et al. (2009) 
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Table 3   European hazelnut accessions with new assignments compared to those of previous studies

Accession Geographic Origin Previous study Previous study assignment New assignment

Gunslebert Germany Boccacci et al. 2006 Spanish-Italian Central European
Contorta England Boccacci et al. 2006 Turkish English
Sodlinger Yugoslavia Boccacci et al. 2006 English Spanish-Italian
Gasaway Washington Boccacci et al. 2006 Mixed Central European
Halls’ Giant France/Germany Boccacci et al. 2006 Mixed Central European
Fusco Rubra Germany Gökirmak et al. 2009 No group Central European
Gasaway Washington Gökirmak et al. 2009 No group Central European
Albania 55 Albania Gökirmak et al. 2009 No group Central European
Cutleaf England Gökirmak et al. 2009 No group Central European
Finland COR 187 Finland Gökirmak et al. 2009 No group Central European
Sweden COR 627 Sweden Gökirmak et al. 2009 No group Central European
OSU 408.040 Minnesota Gökirmak et al. 2009 No group Central European
Aurea France Gökirmak et al. 2009 No group Central European
Aveline d’Angleterre France Gökirmak et al. 2009 No group Central European
Syrena Poland Gökirmak et al. 2009 No group Central European
OSU 26.072 Russia Gökirmak et al. 2009 No group Central European
OSU 495.072 Russia Gökirmak et al. 2009 No group Georgia
Rote Zellernuss Netherlands Gökirmak et al. 2009 No group English
Henneman #3 Oregon Gökirmak et al. 2009 No group English
Barr’s Zellernuss England Gökirmak et al. 2009 Central European English
Cozia Romania Gökirmak et al. 2009 Black Sea Central European
Whiteheart New Zealand Gökirmak et al. 2009 Black Sea England
Ugbrooke New Zealand Gökirmak et al. 2009 Black Sea England
Webb’s Prize Cobb England Gökirmak et al. 2009 Black Sea England
Skorospelka Russia Gökirmak et al. 2009 Black Sea England
Artellet Spain Gökirmak et al. 2009 English Spanish-Italian
Badem Turkey Gökirmak et al. 2009 Spanish-Italian Black Sea
Delta Oregon Gökirmak et al. 2009 Spanish-Italian Central European
Tonnolella Italy Gökirmak et al. 2009 Spanish-Italian Central European
Tonda Rossa Italy Gökirmak et al. 2009 Spanish-Italian Central European
Gubener Barcelloner Germany Gökirmak et al. 2009 Spanish-Italian Central European
Tonnolella Italy Gürcan et al. 2010 Caucasian Central European
Negret Spain Gürcan et al. 2010 Caucasian Spanish-Italian
Ordu Turkey Gürcan et al. 2010 No group Black Sea
Khachapura Georgia Gürcan et al. 2010 Turkish Georgian
Ribet Spain Gürcan et al. 2010 No group Spanish-Italian
Tapparona di SCC Italy Gürcan et al. 2010 No group Spanish-Italian
Tonda Rossa Italy Gürcan et al. 2010 Spanish-Italian Central European
Skorospelka Russia Muehlbauer et al. 2014 Black Sea English
Zugdui OP #3 Russia Muehlbauer et al. 2014 Black Sea Spanish-Italian
Sochi unknown #2 Russia Muehlbauer et al. 2014 Black Sea Georgian
OSU 495.072 Russia Muehlbauer et al. 2014 Black Sea Georgian
Georgian 759.010 Georgia Muehlbauer et al. 2014 Black Sea Georgian
B-X-3 OP #1 Russia Muehlbauer et al. 2014 Black Sea Georgian
Ata Baba Azerbaijan Muehlbauer et al. 2014 Black Sea Georgian
Badem OP #3 Russia Muehlbauer et al. 2014 Black Sea Georgian
B-X-3 OP#2 Russia Muehlbauer et al. 2014 No group Black Sea
Rimski OP #2 Russia Muehlbauer et al. 2014 Spanish-Italian Black Sea
Maykop VIR #1 Russia Muehlbauer et al. 2014 Wild C. avellana Black Sea
Contorta England Muehlbauer et al. 2014 Mixed English
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conducted a more expansive study that genotyped 270 cul-
tivars with 21 SSRs (although 72 accessions were found 
to be duplicates). Their study established a large Spanish-
Italian group with nine subgroups, two Black Sea groups, 
two English groups, and a Central European group. Gürcan 
et al. (2010) conducted a diversity study focused specifically 
on germplasm from the Black Sea region, although some 
Spanish-Italian cultivars were included for reference. Their 
study found a Caucasian group with an Azerbaijan subgroup, 
a large Turkish group with five subgroups, and a Spanish-
Italian group.

Muehlbauer et al. (2014) genotyped 323 accessions with 
17 SSR markers. The study included representatives of a 
wide sampling of European hazelnut diversity and acces-
sions of other Corylus species, as well as several C. ameri-
cana × C. avellana and C. colurna × C. avellana hybrids. 
It also included a very large set of European accessions 
originating in Russia, Crimea, and Poland. Groups formed 
among the European germplasm in the UPGMA dendrogram 
of Muehlbauer et al. (2014) included a Central European 
group, a Spanish-Italian group, a Black Sea group, a Mos-
cow group, a Gasaway-related group, a mixed group, and a 
wild C. avellana group. Many of these same groups formed 
in their STRU​CTU​RE analysis as well, although the Black 
Sea group split into two groups and the mixed and Gasaway-
related groups dissolved in that analysis.

While most accessions in this study and previous stud-
ies were assigned to similar genetic groups with known 
geographic origins, several reassignments were also made. 
In general, clustering of accessions across hazelnut stud-
ies has not been very strong due to the much larger degree 
of genetic variation within clusters compared to variation 
between clusters (Muehlbauer et al. 2014). In total, 54 
accessions in this study had been assigned to different 
groups compared to at least one of four previous stud-
ies. Some accessions had different assignments across 
multiple previous studies when considering the current 
NJ dendrogram and STRU​CTU​RE (K) = 10 results. This 
resulted in a total of 72 instances in which an assignment 
was different between this study and one of four previ-
ous studies (Table 3). In some previous studies, acces-
sions fell outside of the main geographic clusters in their 
respective dendrograms. Enough accessions from a given 
geographical region are needed in a study to form a clear 
group within a dendrogram, which may explain why pre-
viously ungrouped accessions were placed into groups in 
this study. This also may explain why Muehlbauer et al. 
(2014) resolved a Moscow group while our study resolved 
a Georgian group for the first time. Although the current 
study also included several accessions with diverse Rus-
sian origins, they did not cluster together and instead 
dispersed across the Central European, Black Sea, and 

Table 3   (continued)

Accession Geographic Origin Previous study Previous study assignment New assignment

Duchilly England Muehlbauer et al. 2014 Mixed English
Bulgaria XI-8 Bulgaria Muehlbauer et al. 2014 Mixed Black Sea
Barr’s Zellernuss England Muehlbauer et al. 2014 Mixed English
Ugbrooke New England Muehlbauer et al. 2014 Mixed English
Gasaway Washington Muehlbauer et al. 2014 Gasaway Central European
Cutleaf England Muehlbauer et al. 2014 Wild C. avellana Central European
Aurea France Muehlbauer et al. 2014 Wild C. avellana Central European
OSU 408.040 Minnesota Muehlbauer et al. 2014 Wild C. avellana Central European
Finland COR 187 Finland Muehlbauer et al. 2014 Wild C. avellana Central European
Henneman #3 Oregon Muehlbauer et al. 2014 Mixed English
Istrski Duguljasti Croatia Muehlbauer et al. 2014 Mixed Black Sea
Badem Turkey Muehlbauer et al. 2014 Mixed Black Sea
Daviana England Muehlbauer et al. 2014 Spanish-Italian English
Ennis Washington Muehlbauer et al. 2014 Spanish-Italian English
Bianca Italy Muehlbauer et al. 2014 Wild C. avellana Spanish-Italian
Moskovskii Rubin OP #7 Russia Muehlbauer et al. 2014 Moscow Central European
Moskovskii Rubin OP #11 Russia Muehlbauer et al. 2014 Moscow Central European
Kudashovski OP #1 Russia Muehlbauer et al. 2014 Moscow Central European
Kudashovski OP #7 Russia Muehlbauer et al. 2014 Moscow Central European
Moscow #2 Russia Muehlbauer et al. 2014 Moscow Central European
Rote Zellernuss Netherlands Muehlbauer et al. 2014 Central European English
Fusco Rubra Germany Muehlbauer et al. 2014 Wild Central European
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Georgian groups. Further, 11 accessions that were not 
placed in any group in Gökirmak et al. (2009) were placed 
in the Central European group in our study. This was an 
interesting result, as Gökirmak et al. (2009) did have a 
Central European group, although only half the size of 
the same group in our study. Other small sets of acces-
sions with similar origins were once again placed together 
but were assigned to different groups in our study. Sets of 
accessions that changed groups between Gökirmak et al. 
(2009) and our study included four accessions from the 
Black Sea group moving to the English group and four 
accessions from the Spanish-Italian group moving to the 
Central European group. Sets of accessions that changed 
groups between Muehlbauer et al. (2014) and our study 
included six accessions moving from the Black Sea group 
to the Georgian group, four accessions moving from the 
mixed group to the English group, four accessions moving 
from the wild C. avellana group to the Central European 
group, and five accessions moving from the Moscow group 
to the Central European group. Because our study used a 
larger number of markers than previous studies to profile 
each accession, these updated assignments should more 
accurately reflect each accession’s genetic relationships, 
which may better reflect their historical origins.

The current DAPC analysis (Fig.  6; Supp Figs. 2–4; 
Table 1) is a cogent, more simplified representation of the 
overall broad population structure/grouping definitions from 
many of the previous studies discussed above. This is not 
unexpected, as the dimensional reduction inherent in this 
analysis prioritizes among group/population variation over 
within group/population variation (Campoy et al. 2016; 
Dvorak et al. 2022; Miller et al. 2020; Thia 2022). This is 
likely the reason that admixture patterns were high in the 
STRU​CTU​RE results (Figs. 1–5), while minimal or non-
existent in the DAPC compoplot results (Supp Fig. 3). It is 
also important to note that it is not necessarily unexpected 
that different genetic population structure analyses often 
identify different optimal k-value solutions, as a “true k” 
can be difficult to discern; as such various analyses may be 
better described as tools that can be utilized as a means to 
summarize data with some tools providing more efficient 
summaries of a dataset than other tools (Jombart and Collins 
2015). From a higher-level perspective, our study shows that 
wide genetic diversity exists among many different sources 
of EFB resistance/tolerance. This indicates that these germ-
plasm sources can be used in breeding to help increase or 
maintain overall genetic diversity rather than narrowing 
genetic diversity when breeding with a limited number of 
resistant accessions. Irrespective of identifying a “true k” 
across different analysis methods (NJ vs. STRU​CTU​RE vs. 
DAPC), a major finding of the current work is that the Geor-
gian population(s) include several EFB resistant/tolerant 

accessions and are clearly genetically divergent from the 
remainder of the germplasm included in this study.

The Georgian germplasm should be studied further and 
in multiple locations for both EFB resistance and additional 
traits, as this germplasm clustered together in the NJ den-
drogram, STRU​CTU​RE results, and DAPC solutions, indi-
cating its genetic uniqueness compared to the other groups 
representing a wide sampling of diversity of C. avellana. 
Although the use of NGS and SNP markers did not dras-
tically alter the population structure/groupings that were 
established with SSR markers, SNP markers are likely to be 
the marker of choice moving forward, as they are less labor-
intensive per marker obtained and their increased abundance 
helps interrogate genomes in greater detail.
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