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Abstract

European hazelnut (Corylus avellana L.) is an important nut crop due to its nutritional

benefits, culinary uses, and economic value. Türkiye is the leading producer of hazel-

nut, followed by Italy and the United States. Quantitative trait locus studies offer

promising opportunities for breeders and geneticists to identify genomic regions con-

trolling desirable traits in hazelnut. A genome-wide association analysis was con-

ducted with 5,567 single nucleotide polymorphisms on a Turkish core set of

86 hazelnut accessions, revealing 189 quantitative trait nucleotides (QTNs) associ-

ated with 22 of 31 traits (p < 2.9E�07). These QTNs were associated with plant and

leaf, phenological, reproductive, nut, and kernel traits. Based on the close physical

distance of QTNs associated with the same trait, we identified 23 quantitative trait

loci. Furthermore, we identified 23 loci of multiple QTs comprising chromosome

locations associated with more than one trait at the same position or in close proxim-

ity. A total of 159 candidate genes were identified for 189 QTNs, with 122 of them

containing significant conserved protein domains. Some candidate matches to known

proteins/domains were highly significant, suggesting that they have similar functions

as their matches. This comprehensive study provides valuable insights for the devel-

opment of breeding strategies and the improvement of hazelnut and enhances the

understanding of the genetic architecture of complex traits by proposing candidate

genes and potential functions.
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1 | INTRODUCTION

European hazelnut (Corylus avellana L.) is an important nut crop due to

its nutritional and health benefits, culinary applications, and economic

value. The nutritional composition of hazelnut includes high levels of

healthy fats, essential minerals, vitamins, amino acids, and fiber.

Hazelnut consumption is reported to protect against cardiovascular

diseases, hyperlipidemia, and diabetes by reducing cholesterol and

blood sugar levels (Alasalvar et al., 2003; Brown et al., 1999; Özdemir

et al., 1998). It is also beneficial for preventing some types of cancer

due to its high dietary fiber content (Alasalvar et al., 2003; Brown

et al., 1999; Kritchevsky, 1986; Tariq et al., 2000). Hazelnut has
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diverse culinary uses, enhancing the flavor, texture, and nutritional

value of a wide array of dishes. It is incorporated in both sweet and

savory recipes, including desserts, baked goods, salads, spreads,

and sauces. The versatility of hazelnut makes it highly coveted in the

culinary world, elevating the taste and appeal of various food prod-

ucts. Additionally, hazelnut has applications in non-food industries like

cosmetics (Monika & Anna, 2019), biofuel (Sayar et al., 2019), and

woodworking, further enhancing its economic value.

Türkiye is the world leader in hazelnut production, with a 63%

share (684,000 t) grown on 738,920 ha harvested in 2021. Türkiye is

followed by Italy and the United States with 7.9% and 6.5% of total

production (84,670 and 70,310 t), respectively (FAO, 2023). However,

yield per hectare is lower in Türkiye (925.7 kg) than the United States

(2,848.2 kg) and Italy (1,025.2 kg) (Figure S1a,b). The relatively low

yield of hazelnut in Türkiye can be attributed to several factors, includ-

ing the prevalence of old and unproductive orchards, poor soil, and

poor cultivation practices. These factors have hindered growth and pro-

ductivity, resulting in lower yields (Ekologos., 2020). One strategy for

orchard renewal is pruning to remove old stems allowing new suckers

to replace them (Silvestri et al., 2021). Because this younger growth is

attached to the original root system, nut-bearing can be quicker than

that achieved by establishment of a new orchard. However, the

renewal of current cultivars may have limited future usefulness given

the current status of climate change in hazelnut growing regions.

Climate change poses a serious threat to hazelnut production (An

et al., 2020), as well as that of other tree nut crops such as pistachio

(Benmoussa et al., 2018), walnut (Gauthier & Jacobs, 2011), and

almond (Benmoussa et al., 2018; Parker & Abatzoglou, 2018). Climate

change is expressed as changes in temperature, precipitation, relative

humidity, and soil conditions, which, in turn, directly affect yield and

quality. Hazelnut production has significant environmental impacts,

particularly on soil, groundwater, and biodiversity. It is predicted that

the Eastern Black Sea coastal strip (up to 250 m elevation), which has

long been considered as the prime area for hazelnut production, will

increasingly become less productive. Due to regional warming, cultiva-

tion is expected to shift to higher elevations and the Western Black

Sea Region (Ekologos, 2020). As a result, there is a need for hazelnut

cultivars that are adapted to non-traditional environments and that

provide higher yield and better quality (Beltramo et al., 2016; Ferrucci

et al., 2023; Valentini et al., 2021).

Many agronomic characters are influenced by a complex interplay

of multiple genes and environmental factors, which complicates

breeding for their improvement. Hazelnut breeding is also hampered

by the longer juvenile phase and breeding cycle of trees as compared

to annual crops. QTL (quantitative trait loci) studies are a promising

area of research for plant geneticists. QTL studies can help identify

the specific genomic regions that control desirable traits in hazelnut,

such as nut size, shell thickness, and disease resistance. The identifica-

tion of these regions can facilitate the development of new cultivars.

QTL studies are conducted based on genotyping, phenotyping, and

mapping and have led to the discovery of several useful marker-trait

associated regions in hazelnut such as markers for self-incompatibility

(Hill et al., 2021; Rowley et al., 2018) and for eastern filbert blight

(EFB)-resistance/tolerance (Honig et al., 2019; Lombardoni

et al., 2022; Talbot et al., 2024). Marker-assisted selection (MAS) is a

promising approach for cultivar development that utilizes molecular

markers linked to desirable traits (Beltramo et al., 2016).

To date, several QTL studies have been reported in C. avellana.

The first QTL mapping was performed by Beltramo et al. (2016) in a

population of 163 F1 progenies from a cross of Tonda Gentile delle

Langhe x Merveille de Bollwiller (TGdL x MB). They constructed a link-

age map covering 663.1 cM using 152 simple sequence repeat (SSR)

markers and identified 15 QTLs for vegetative traits (vigor, sucker

habit, and time of bud burst). Torello Marinoni et al. (2018a, 2018b)

performed two QTL studies in the same F1 population but included

more seedlings (213 individuals) (Torello Marinoni et al., 2018a,

2018b). These researchers constructed high density linkage maps for

each parent using 1,236 and 1,211 markers (SSR and single nucleotide

polymorphism, SNP) in TGdL and MB, respectively. They identified

29 QTLs for time of leaf bud burst and 19 and eight QTLs for morpho-

logical and nut traits, respectively (Torello Marinoni et al., 2018a,

2018b). More recently, Valentini et al. (2021) identified a total of

71 QTLs linked to phenology-related traits (25 for dichogamy, 20 for

male flowering time, 15 for female flowering time, and 11 for nut

maturity) using the two parental maps constructed by Torello

Marinoni et al. (2018b). Using an association mapping approach,

Frary et al. (2019) studied 390 C. avellana accessions (16 cultivars,

232 landraces, and 142 wild genotypes) and revealed 145 QTLs for

44 agro-morphological traits with 30 SSR markers. Another associa-

tion mapping study (Öztürk et al., 2017) identified 49 marker-trait

associations for nut and kernel traits using 49 SSR markers in germ-

plasm consisting of 64 wild and cultivated C. avellana accessions.

Söylemez (2020) associated five and three marker loci with oil and

protein content, respectively, using 30 SSRs on a panel of 96

European hazelnut accessions. Despite this work, more research is

needed to better understand other hazelnut traits and how to best

utilize these QTLs in breeding programs. Therefore, in order to have

a greater understanding of the genetic control of yield and quality,

we conducted high-resolution genome-wide association analysis for

31 vegetative, nut, and kernel traits in a Turkish core set of 86

European hazelnut accessions and searched for candidate genes in

those regions.

2 | MATERIALS AND METHODS

2.1 | Plant material

The diversity panel consisted of 86 European hazelnut individuals,

including 14 cultivars, 48 landraces, and 24 wild accessions (Table S1).

The panel was selected from a core set of Turkish national germplasm,

which was chosen based on molecular genetic and morphological

diversity (Öztürk et al., 2017). Plant material was collected from

individual trees at the Hazelnut Research Institute located in Giresun,

Türkiye. The Hazelnut Research Institute classified the individuals as

cultivar, landrace, or wild.
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2.2 | Phenotypic data

The phenotypic data of Çalışkan and Çetiner (1992), which were

mainly based on UPOV descriptors (UPOV, 1979), were used in our

analyses. Thirty-one characters (Table S2) were used to detect related

QTLs in the European hazelnut genome. These characters included

seven plant and leaf traits: plant height, plant suckering, plant area,

shape of leaf blade, leaf blade size, stomata density of leaf blade, and

petiole length. Eight phenological traits were assessed: time of leaf

bud burst, time of male flowering, time of female flowering, male

inflorescence pollen shedding period, time of female inflorescence

receptivity, time of nut cluster filling (visible appearance of nut clus-

ters relative to pollination time), time of kernel ripening, and time of

leaf fall. Two reproductive traits were investigated: number of stigma

in a bud and pollen germination ratio. Ten nut traits were examined:

crop load (yield in kg per plant), tendency toward alternate bearing,

percent cluster set (relative to number of pollinated female flowers),

involucre length (compared to nut length), average number of nuts in

a cluster, nut size, shell thickness of nut, percentage of kernel in the

nut, number of double kernels in the nut, and frequency of empty

nuts. Finally, four kernel traits were analyzed: kernelweight, kernel

cavity diameter, kernel blanching, and fat content of kernel. Boxplots

for traits were generated with R software (R Core Team, 2021)

(Figure S2). Normality was assessed using the Shapiro–Wilk test with

the Stats package in R software.

2.3 | Genotyping by sequencing and data filtration

DNA was extracted using the protocol of Fulton et al. (1995). Briefly,

leaf tissue was ground using a mortar and pestle with a CTAB-based

buffer and transferred to 2 ml tubes. Tubes were then incubated at

65�C for 30 min. Following lysis, the mixture was subjected to

chloroform:isoamyl alcohol (24:1) extraction and centrifuged

(10,000 rpm for 5 min) to separate phases. The aqueous phase was

transferred to a new tube, and DNA was then precipitated with ice-

cold isopropanol. The precipitate was pelleted by centrifugation, and

the resulting pellet was washed with 70% ethanol and resuspended in

TE buffer.

Genotyping by random amplicon sequencing-direct (GRAS-Di)

was used for genotyping by sequencing (GBS) of the genetic materials.

Library preparation and 100-bp paired-end sequencing were carried

out by Eurofins Genomics (Ebersberg, Germany) using the Illumina

HiSeq4000 system and v. 4 chemistry. SNP genotyping and data fil-

tering were carried out based on the recommendations of O’Leary

et al. (2018), as detailed in a previous study (Yanar et al., 2023).

Briefly, SNP filtering utilized VCFtools and vcflib to eliminate low-

quality data and ensure robust SNP calls. An R script, modified from

TinHan et al. (2020) automated the filtering process. The first steps of

filtering included removal of indels, accessions with high levels of

missing data, and loci with low quality scores. Genotypic values with

low genotype quality scores or low genotype depth were recorded as

missing data. Additional filtering excluded loci with excessive missing

data, insufficient mean depth, and excessive variation in read cover-

age. Using vcflib, SNPs were then filtered according to their INFO tag

information by first removing loci outside specified thresholds for

allele balance and quality-to-depth ratios. Further filtering targeted

loci based on the specified thresholds for the ratio between mapping

quality of alternate allele to reference allele and their properly paired

status. A custom filter based on the quality to locus depth ratio,

advised by Li (2014), further refined the dataset. Next, loci with no

more than 10% missing genotypes were retained in the dataset. Final

filtering steps involved removing loci suspected of being paralogous

by using rad_haplotyper (Willis et al., 2017) and applying a minor

allele count threshold. The resulting SNP dataset was mapped to the

Tombul reference genome (Lucas et al., 2021), as described in Yanar

et al. (2023), using BLASTN (Camacho et al., 2009) to determine their

chromosomal locations. The resulting SNP dataset was then utilized

in subsequent association analyses.

2.4 | Association analysis

Linkage disequilibrium (LD) was estimated with the software package

PLINK 1.9 (Chang et al., 2015). A LD decay plot was generated with R

software. Phenotypic data for 86 accessions were used in the associa-

tion analysis. Genome-wide association mapping was conducted using

the Heteroskedastic Linear Mixed Model (HLMM) and hetlm software

with default settings (Young et al., 2018). The HLMM method was

applied to calculate significant associations due to the non-normal

distribution of the phenotypic data in the population (Table S2).

Bonferroni correction (.05/[5,567 � 31]) was applied to reduce false

positive rates. Quantile-quantile (Q-Q) plots for each trait were gen-

erated with R software (R Core Team, 2021). Manhattan plots were

constructed with the CMplot package (Yin et al., 2021). Quantitative

trait nucleotides (QTNs) associated with the same trait and in close

proximity (20 kb) were merged and designated as a single QTL. The

20 kb threshold was chosen based on the linkage disequilibrium

analysis results.

2.5 | Candidate gene identification and putative
prediction of function

Candidate gene identification for the identified SNP dataset was per-

formed with the SnpEff program (Cingolani et al., 2012) using the

Tombul reference genome annotation (Lucas et al., 2021). Briefly, a

SnpEff database was built with the reference genome files using the

“build” command. SNPs were then imported into the SnpEff software

as a VCF file to be annotated using the SnpEff database. Candidate

gene protein sequences were searched against Pfam version 35.0

(Mistry et al., 2021) and NCBI’s Conserved Domain Database (CDD)

(Marchler-Bauer et al., 2015) to identify significant conserved domains

and to predict their functions. Additionally, functional annotation of

candidate genes was conducted using OmicsBox 3.2.2 software (Götz

et al., 2008), incorporating BLASTp searches against the “nr
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Viridiplantae” database, followed by GO mapping, InterProScan for

domain identification, and enrichment analyses utilizing both GO and

Gramene (Plant Reactome) databases.

3 | RESULTS

3.1 | Linkage disequilibrium and association
analysis

The LD decay graph was plotted as r2 against megabase (Mb) over a

distance of 8 Mb and decayed rapidly at around 20 kb (r2 < .10) for

the hazelnut germplasm (Figure S3). The graph shows that there was

significant LD between genetic markers over short physical distances,

up to �20 kb (R2 < .10), but LD declined quickly as the physical dis-

tance increased.

Manhattan plots demonstrated significant SNP-trait linkages for

all 31 characters when the less stringent significance threshold was

used (uncorrected: p = .0001) in the hazelnut panel with 5,567 SNP

markers (Figure S4). However, when the more stringent threshold of

Bonferroni correction (p = 2.9E�07) was applied, 189 quantitative

trait nucleotides (QTNs) were detected for 22 of the 31 characters.

We found no QTN for nine traits after Bonferroni correction: plant

height, shape of leaf blade, stomata density of leaf blade, involucre

length (compared to nut length), crop load, tendency toward alternate

bearing, percent cluster set (compared to female flowers), frequency

of empty nuts, and kernel fat content. Q-Q plots compared observed

and expected significance of markers for each trait (Figure S5). The

significant QTNs were distributed across all 11 C. avellana chromo-

somes (Chr). Chr04 and Chr05 harbored the most QTNs, with 24 and

27 QTNs, respectively (Figure S6). QTNs for the same trait that

mapped within 20 kb of each other and had the same direction of

effect (positive or negative) were merged into a single QTL. The

results are summarized according to the QTNs and QTLs detected for

each trait with an emphasis on QTLs because they represent clusters

of SNPs with significant associations with a single trait and, therefore,

those loci are potentially more reliable than QTNs. As a result of this

consolidation, 23 QTLs were identified, and the number of QTNs was

reduced to 128 (Table S3).

A total of 21 QTN and five QTL were identified for four plant and

leaf traits (Table S3 and Figure S7). Plant suckering was associated

with two QTNs on Chr02 and Chr04 and one QTL that encompassed

three SNPs on Chr01. Plant area was associated with only one QTN

on Chr05. In contrast, leaf blade size was associated with 16 QTNs

distributed on eight different chromosomes and three QTLs. The

QTLs mapped to Chr07, Chr08, and Chr10 with the locus on Chr10

spanning five SNPs in a region of nearly 20 kb, the largest QTL identi-

fied in this study. Petiole length was associated with two QTN each

on Chr05 and Chr09 and one QTL on Chr01, which was composed of

two adjacent SNPs.

Eight phenological traits were associated with 66 QTNs and

13 QTLs. The most marker-trait associations were detected for time

of male flowering with 22 QTNs and three QTLs. The QTNs were

distributed on seven chromosomes with six and five QTNs on Chr05

and Chr08, respectively. The male flowering time QTLs were located

on Chr02 and Chr05 (one and two QTLs, respectively), and each

encompassed two or three SNPs. The Chr02 QTL was the second

largest locus identified in this study, spanning 11.7 kb. Time of nut

cluster filling was the phenological trait with the second most associa-

tions: 16 QTNs and two QTLs. The QTNs were located on eight chro-

mosomes with multiple QTNs on Chr03, Chr04, Chr05, and Chr06. The

filling QTLs mapped to Chr06 and Chr07 with two associated SNPs at

each locus. Leaf fall was associated with 11 QTNs on six different chro-

mosomes and one QTL on Chr02. The most QTLs for a phenological

trait were identified for time of ripening with four QTLs distributed on

Chr02, Chr03, Chr07, and Chr11. While most of these QTLs encom-

passed only two SNPs, six trait-associated SNPs were in the QTL region

on Chr03. Five QTNs and three QTLs were detected for time of female

inflorescence receptivity. The QTNs were located on Chr01, Chr03,

and Chr05, while the QTLs were on Chr05, Chr07, and Chr09. Female

flowering time was associated with five QTNs on Chr01, Chr02, Chr07,

and Chr08. Single QTNs were identified for the remaining traits: time

of leaf bud burst (Chr10) and pollen shedding period (Chr03).

Only QTNs were detected for the reproductive traits: two for

number of stigma in a bud (Chr03 and Chr05) and three for pollen ger-

mination ratio (Chr07, Chr10, and Chr11). Marker-trait associations

were identified for five nut traits: 21 QTNs and two QTLs. Shell thick-

ness yielded the most loci with 12 QTNs and two QTLs. The QTNs

were distributed across eight chromosomes with three QTNS each on

Chr02 and Chr04. The shell thickness QTLs were on Chr04 and Chr05

with four and two associated SNPs, respectively, at these locations.

Kernel percentage (percent kernel in the nut) was associated with four

QTNs with two each on Chr01 and Chr04. Three QTNs were identi-

fied for average number of nuts per cluster with one QTN each on

Chr05, Chr06, and Chr08. Nut size and number of double kernels

were associated with one QTN each with these located on Chr06 and

Chr04, respectively.

Fifteen QTNs and three QTLs were identified for the three kernel

traits with kernel cavity diameter yielding the most marker-trait asso-

ciations. Ten kernel cavity diameter QTNs were distributed on seven

chromosomes with two on Chr04 and three on Chr09. Three QTLs

were identified for this trait on Chr05, Chr06, and Chr08 with four

SNPs associated with the Chr06 QTL. Two QTNs on Chr04 and

Chr07 were associated with kernel weight, while three were associ-

ated with kernel blanching (Chr01 and two QTNs on Chr06).

We detected some chromosomal locations that were associated

with more than one trait at close proximity or even at the same posi-

tion (Figure 1 and Table 1), hereafter called Loci of Multiple-QTs

(LMQ). Twenty-three LMQs accounting for 54 marker-trait associa-

tions were identified for the traits and were distributed across nine

chromosomes. Only Chr09 and Chr11 did not harbor any LMQ. For

the sake of brevity, only noteworthy LMQs are described here. For

example, a LMQ on Chr01, LMQ1.3 was associated with the timing of

both male and female flowering as well as kernel blanching and leaf

blade size. Another flowering-related LMQ was located on Chr03

(LMQ3.1) and was associated with number of stigma in a bud, male
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inflorescence pollen shedding period and female inflorescence recep-

tivity time. LMQ4.2 was associated with multiple nut and kernel traits

including nut filling time, shell thickness, kernel percentage, and per-

cent/frequency of double kernels. Four LMQs were identified on

Chr05 with LMQ5.1 associated with male flowering time, time of

female receptivity, and kernel cavity size. Chr06 also contained four

LMQs with two (LMQ6.2 and LMQ6.3) both associated with the same

traits: kernel blanching and time of nut filling.

3.2 | Candidate gene identification and protein
prediction

Candidate genes for the SNP dataset were identified based on the

Tombul reference genome annotation. Conserved domains in the pro-

tein sequences of the candidate genes were identified and used to

predict protein function. Our search gave hits within or near anno-

tated genes for 188 of 189 QTNs (except SNP SSC00002_71095)

(Table S4). Of these, 130 (69%) were in protein coding regions and

58 (31%) in intergenic regions. A total of 159 different candidate

genes were identified for the 188 QTNs, with several QTNs detected

in the same candidate genes. Among the QTNs found in protein cod-

ing regions, 49 were missense (a single amino acid change), 49 were

located in introns, and 16 were synonymous variants. The other vari-

ants were in 50 (7 QTNs) and 30 (5 QTNs) UTRs or represented 50 UTR

premature start codon gain (1 QTN), splice region (1 QTN), and stop-

gain (2 QTNs) variants (Table S4).

Of the 159 candidate genes, 122 genes (77%) had significant con-

served domains as determined using the pfam and/or NCBI CCD

databases (Table S5) with the most probable candidate proteins

selected based on statistical significance and length of similarity

(Table S6). Only the most likely candidates are described in Section 4.

4 | DISCUSSION

4.1 | LD decay in hazelnut

The rate of LD decay in a population is important for genetic associa-

tion studies, including QTL mapping and genome-wide association

analysis (GWAS). Rapid LD decay enables the identification of more

precise and accurate QTLs and genetic variants associated with the

traits of interest. Conversely, slow LD decay can lead to false positives

or inflated effect sizes for QTLs, resulting in the identification of spuri-

ous associations that do not reflect true genetic effects (Gaut &

Long, 2003; Soto-Cerda et al., 2013). Therefore, determination of the

LD decay rate in a population is crucial for accurate genetic analyses

and interpretation of results.

In our hazelnut panel with 5,567 SNP markers, LD decayed below

an r2 value of .10 at less than 20 kb. Beyond this distance, LD

decayed rapidly; therefore, each marker provided independent infor-

mation about the genetic variation in the population. This result is

consistent with a previous study in European hazelnut with

r2 = .33 at 19.6 kb (Yang et al., 2023). Our LD rate is also comparable

with other studies in trees such as walnut, Juglans regia, with

r2 < .15 at 41.2 kb (Bükücü et al., 2020) and r2 < .20 at 10 kb (Arab

et al., 2019). Our LD is longer than measured for Ostrya rehderiana

(r2 < .50 at �400 kb, Yang et al., 2018) and shorter than Eucalyptus

globulus (r2 = .2 within �4 kb, Butler et al., 2022) and Pinus taeda

(r2 = .1 within 192 bp, Lu et al., 2016). These findings of rapid LD

decay are expected when a panel with high genetic diversity and

extensive outcrossing is examined. Hazelnut is self-incompatible

and requires cross-pollination by a different compatible type for nut

set. In the wild and in collections of diverse genotypes, the female

inflorescences may be pollinated by several different individuals.

These reproductive strategies promote genetic diversity (Taghavi

et al., 2018) and reduce the chance of inbreeding depression in indi-

viduals resulting in faster LD decay.

4.2 | Marker-trait associations

The present study is the largest high-resolution genome-wide associa-

tion analysis conducted to date on European hazelnut accessions,

with 31 agro-morphological traits evaluated across 86 individuals. Uti-

lizing more than 5,000 SNP markers, we identified marker-trait associ-

ations for important hazelnut traits. Our study yielded many QTNs

with p values between .0001 and p < 2.9E�07; however, we only pre-

sent an association here if it was significant after Bonferroni correc-

tion. In this way, 189 QTNs were identified for 22 plant, leaf,

phenological, reproductive, nut, and kernel characteristics. Among

these QTNs, several were located at close physical distance and asso-

ciated with the same trait. These loci were consolidated into 23 QTLs:

5 for plant and leaf traits, 13 for phenological traits, 2 for nut traits,

and 3 for kernel traits. Compared to the QTNs, these QTLs are poten-

tially more reliable because they represent statistically significant

associations between at least two adjacent markers and the trait of

interest. Based on this criterion, the most noteworthy QTL is kernel

ripening QTL6.1, which spanned six associated SNPs. Similarly leaf

blade size QTL10.1 encompassed five markers, while shell thickness

QTL4.1 and kernel cavity diameter QTL6.1 each included four

markers.

F I GU R E 1 Locations of 189 significant QTNs on 11 chromosomes. A total of 23 LMQs are also indicated on the map with related traits. KB,
kernel blanching; KCD, kernel cavity diameter; KS, kernel weight; LBS, leaf blade size; MIPSP, male inflorescence pollen shedding period; NDKN,
number of double kernels in the nut; NNC, number of nuts in a cluster; NS, nut size; NSB, number of stigma in a bud; PA, plant area; PGR, pollen

germination ratio; PKN, percentage of kernel in the nut; PL, petiole length; PS, plant suckering; STN, shell thickness of nut; TFF, time of female
flowering; TFIR, time of female inflorescence receptivity; TLBB, time of leaf bud burst; TLF, time of leaf fall; TMF, time of male flowering; TNCF,
time of nut cluster filling; TR, time of ripening
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T AB L E 1 Loci harboring multiple QTs identified in this study

LMQ SNP Chr Physical position/range (bp) Traits

LMQ 1.1 SSC02047_24871 1 3,271,224 TLF, STN, PKN

LMQ 1.2 SSC00351_3841 1 5,108,398–5,327,060 TFIR

SSC00504_62091 PS

SSC00504_62069 PS

SSC00504_62066 PS

SSC00504_19988 KCD

LMQ 1.3 SSC02066_33089 1 19,995,012–20,088,953 KB

SSC02066_32859 LBS

SSC01962_13602 TMF

SSC02066_32859 TFF

LMQ 2.1 SSC00322_15881 2 2,080,809 LBS, TLF

LMQ 2.2 SSC01990_17632 2 31,610,804–31,610,862 TLF, TR

SSC01990_17653 TFF

SSC01990_17690 TLF, TR

LMQ 2.3 SSC04132_2459 2 50,079,549 LBS, KCD

LMQ 3.1 SSC09745_9130 3 26,981,854 MIPSP, TFIR, NSB

LMQ 4.1 SSC01967_32141 4 3,061,884 TLF, STN

LMQ 4.2 SSC00018_123789 4 31,091,524–31,255,449 PKN, STN, TNCF

SSC00018_76734 NDKN

SSC00525_26374 TNCF

SSC00525_26530 PKN

LMQ 4.3 SSC00973_39397 4 33,640,893–33,640,912 STN

SSC00973_39407 STN

SSC00973_39413 PL

SSC00973_39414 PL

SSC00973_39415 STN

SSC00973_39416 STN

LMQ 5.1 SSC16801_3165 5 13,055,552–13,235,456 KCD

SSC16801_3162 KCD

SSC01927_20263 TFIR, TMF

LMQ 5.2 SSC03931_4270 5 17,103,854 PA, NSB, TMF

LMQ 5.3 SSC10476_1943 5 21,539,749–21,540,633 TMF

SSC10476_3327 NNC

SSC10476_3522 TMF

LMQ 5.4 SSC05904_13285 5 28,285,331–28,366,561 STN

SSC05904_13284 STN

SSC03870_14560 STN, TLF

LMQ 6.1 SSC01905_15899 6 5,177,289 LBS, NNC

LMQ 6.2 SSC00433_18976 6 11,105,354–11,105,356 KB, TNCF

SSC00433_18974 TNCF

LMQ 6.3 SSC05675_3367 6 14,158,104 TNCF, KB

LMQ 6.4 SSC03222_2976 6 28,735,711 NS, KCD

LMQ 7.1 SSC03838_14866 7 5,718,978–5,720,221 TFIR

SSC03838_14868 TFIR

SSC03838_14900 TFIR

SSC03838_16383 TR

(Continues)
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Comparing the positions of significant QTLs identified using the

same and different types of molecular markers, such as SSRs and

SNPs, can offer several advantages and valuable insights. For instance,

it may aid in identifying robust and consistent marker-trait associa-

tions, which can inform the development of more effective molecular

markers for use in MAS or genomic selection programs. As there have

been limited agromorphological QTL studies in hazelnut utilizing

GWAS, a comprehensive comparison of our findings with the existing

literature is not feasible at this time. Nevertheless, we identified the

genomic positions of the SSR markers used in our previous work

(Frary et al., 2019) by performing a BLAST search of the primer

sequences against the reference genome. This allowed us to deter-

mine the location of each marker in the hazelnut genome and com-

pare it to the current results. Comparison of the coordinates of the

previously identified SSR markers and the SNPs identified in this

study and their consistency provides greater confidence in the identi-

fied loci. In this way, seven genomic regions in close proximity were

identified in both studies highlighting the importance of these regions

in contributing to the traits of interest (Table 2). The consistently iden-

tified regions are related to plant suckering, flowering time, nut cluster

set, leaf fall time, and leaf blade size.

4.3 | Co-localization of QTNs and prediction of
gene function

The identification and co-localization of loci containing multiple QTLs

have significant implications for breeding programs. The co-

localization of QTLs enables breeders to simultaneously select for

multiple traits that are controlled by these loci, resulting in increased

genetic gain for those traits in segregating populations. Therefore,

understanding the genetic architecture of complex traits and identify-

ing co-localized QTLs that are positively correlated can greatly

enhance the efficiency and effectiveness of breeding programs (Li

et al., 2016; Said et al., 2013). Here, we discuss some noteworthy loci

containing multiple trait associations. Additionally, we considered the

additive effect of each QTN. The additive effect values of SNPs

associated with specific traits are valuable in identifying favorable

genetic markers associated with traits, which can be used in breeding

programs and to develop new cultivars with improved traits. Also, by

selecting individuals with favorable alleles for specific SNPs, breeders

can increase the frequency of those alleles in the population. Further-

more, when linked to candidate gene prediction, such knowledge

gives insight on the genetic basis of complex traits leading to a better

understanding of the pathways involved and potential targets for crop

improvement (Chong et al., 2019).

LMQ2.1 (SNP SSC00322_15881) was associated with both leaf

blade size and time of leaf fall in this study and in our previous work

(Frary et al., 2019). This SNP was located within a gene predicted to

code for a serine peptidase (g9250; Tables S4 and S5). Previous stud-

ies have suggested that serine proteases may be involved in regulat-

ing plant growth and development, as well as regulation of leaf aging

and death (Diaz-Mendoza et al., 2016; Roberts et al., 2012). Roberts

et al. (2003) purified and characterized the two main serine proteases

found only in senescent wheat leaves. These enzymes accounted for

over 70% of the total proteolytic activity in senescent leaves.

Another study by Chauhan et al. (2009) found that serine proteases

were the predominant proteases involved in monocarpic senescence

in wheat, which was confirmed through the use of protease inhibitors

and a protease inhibition assay. The process of leaf senescence is a

natural and controlled aging process that leads to the breakdown of

cellular components and, eventually, the death of the leaf. During this

process, the nutrients stored in the leaf are broken down and

recycled back into the plant (Gregersen et al., 2008; Krupinska

et al., 2012). Thus, a later time of leaf fall indicates that the plant is

taking more time to recycle the nutrients from its senescing leaves.

This concept is supported by our finding that LMQ2.1 was associated

with leaf fall.

A genomic region of 58 bp containing three SNPs was desig-

nated as LMQ2.2. This region was associated with times of leaf fall,

nut ripening, and female flowering, favoring early senescence. These

traits are all closely related to the timing and coordination of differ-

ent stages of plant development. The genomic region containing

LMQ2.2 encodes a protein with a conserved domain from a

T AB L E 1 (Continued)

LMQ SNP Chr Physical position/range (bp) Traits

SSC03838_16397 TR

LMQ 7.2 SSC00474_7591 7 25,676,730 PGR, KS

LMQ 8.1 SSC05823_8075 8 23,742,601 TNCF, STN, TR

LMQ 10.1 SSC00374_2374 10 17,671,230-17,708,891 TMF

SSC16036_2367 LBS

LMQ 10.2 SSC16932_860 10 19,645,470-19,864,509 LBS

SSC09734_7615 LBS

SSC03873_5320 PGR

Abbreviations: KB, kernel blanching;KCD, kernel cavity diameter; KS, kernel weight; LBS, leaf blade size; MIPSP, male inflorescence pollen shedding period;

NDKN, number of double kernels in the nut; NNC, number of nuts in a cluster; NS, nut size; NSB, number of stigma in a bud; PA, plant area; PGR, pollen

germination ratio; PKN, percentage of kernel in the nut; PL, petiole length; PS, plant suckering; STN, shell thickness of nut; TFF, time of female flowering;

TFIR, time of female inflorescence receptivity; TLF, time of leaf fall; TMF, time of male flowering; TNCF, time of nut cluster filling; TR, time of ripening.
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retrotransposon gag protein (g13253), indicating a possible role in

retrotransposon activity regulation (Tables S4 and S5). The

retrotransposon-gag superfamily is a diverse group of proteins that

are involved in various biological processes such as gene expression,

DNA replication, and transposition. These proteins have been

reported to play important roles in controlling genome evolution,

stress response, and epigenetic regulation in plants (Orozco-Arias

et al., 2019). Our results suggest that the LMQ2.2 region may play

a significant role in the regulation of plant reproductive develop-

ment, particularly during the transition from vegetative growth to

reproductive growth and, later, senescence through the potential

influence of a retrotransposon protein on the regulation of develop-

mental pathways.

The SNP SSC09745_9130 in LMQ3.1 was negatively associated

with three traits in this study: stigma number, male inflorescence pol-

len shedding period, and time of female inflorescence receptivity. The

same region was identified as associated with female flower timing

traits in previous work (Frary et al., 2019). In hazelnut, the female

flower has a stigma, which receives pollen. In the vicinity of this SNP,

a gene that potentially codes for a pectate lyase 3-like (PL3) enzyme

was detected (g7175). Pectate lyase enzymes, including PL3, are

involved in the degradation of pectin, a major component of the plant

cell wall. During pollen development and shedding, the cell walls of

the anther and pollen grains must undergo extensive remodeling and

degradation to allow for proper pollen release. Studies have shown

that pectate lyase activity was upregulated in the anthers of plants

during pollen development and shedding (Jiang, Yao, Yu, Liang,

et al., 2014; Jiang, Yao, Yu, Lv, et al., 2014; Wing et al., 1990; Zheng

et al., 2018).

Actin-binding proteins are known to interact with the actin cyto-

skeleton, which is involved in various aspects of plant growth and

development, including cell division, elongation, and differentiation. In

our study, LMQ4.2 mapped to the same region as an ACR protein

(g25372), a unique group of ACT domain-containing proteins. This

group of proteins is characterized by having four copies of the ACT

domain that span the entire polypeptide chain (Liu, 2006). Previously,

ACR proteins were reported only in Arabidopsis and rice. In our study,

we identified a single candidate ACR protein in hazelnut in which four

ACT-domain repeats were tandemly aligned (Tables S4 and S5 and

Figure S8). ACR genes were found to be differentially regulated by

plant hormones, salt/cold stress, and light/dark treatment in Arabidop-

sis seedlings grown in tissue culture, which suggests that ACR proteins

may function as novel regulatory or sensor proteins in plants (Hsieh &

Goodman, 2002; Liu, 2006). These proteins allow plants to respond

and adapt to their environment in a highly dynamic and complex man-

ner. By sensing and responding to external cues, plants can adjust

their growth and development to optimize their survival and repro-

duction in changing environmental conditions. In our study, two SNPs

in LMQ4.2 were positively associated with percentage of kernel in the

nut and time of nut cluster filling and were found in the predicted-

ACR protein. Therefore, there may be a relationship between the time

of nut cluster filling and sensor protein function, as the formation and

development of nut clusters in plants can be regulated by various

environmental and hormonal factors. Some of these factors may influ-

ence the expression or activity of sensor proteins, which could then

affect downstream signaling pathways involved in nut development

and maturation.

In our study, six different SNPs, located within a 19 bp region,

were designated as LMQ4.3 and were negatively associated with nut

shell thickness and positively to petiole length. We found that

LMQ4.3 was located in close proximity to a gene that is predicted to

code for a xyloglucan endotransglycosylase (XET) (g25732-g25733).

This suggests that the identified SNPs may be associated with alter-

ations in the function or expression of this XET gene, which could, in

turn, affect both shell thickness and petiole length. XETs are impor-

tant for plant growth and development and have been shown to play

roles in cell wall degradation (Nishitani, 1997; van Sandt et al., 2007),

cell expansion (van Sandt et al., 2007; Vissenberg et al., 2000), fruit

ripening (Miedes et al., 2010; Nishikubo et al., 2007, 2011), xylem tis-

sue development (Vissenberg et al., 2000), vascular tissue differentia-

tion (Vissenberg et al., 2000), and response to environmental stresses

(Xu et al., 1996). XET enzymes can break down cell walls, which facil-

itates the creation of the xylem and phloem conducting structures

and intercellular spaces. In our study, LMQ4.3 was identified to nega-

tively affect shell thickness and positively affect petiole length, which

is consistent with its role in cell wall degradation.

The present study also revealed the presence of a SNP,

SSC01905_15899, designated as LMQ6.1, in a transcript region that

was predicted to be part of the PIN4 gene (g41260). PIN4 protein is a

member of the PIN family of auxin efflux transporters in plants. These

proteins play a crucial role in regulating auxin transport, which is

important for various developmental processes in plants such as root

and shoot growth, organ formation, plant architecture, and tropisms.

Previous studies have shown that PIN genes play a role in plant archi-

tecture (Chen et al., 2012; Xu et al., 2005) and canopy size affecting

leaf blade size, leaf length, and branching (Borrell et al., 2022). Simi-

larly, in our study, we found that the SNP was associated with

reduced leaf blade size and increased number of nuts in a cluster.

Thus, it is possible that energy and resources that would have been

allocated to the development of larger leaves are instead directed

toward the development of more nut.

Two SNPs in LMQ7.1 were associated with earlier nut maturity in

our study. This region was designated as a candidate gene (g37162),

which is predicted to be in the trehalose phosphatase family.

Trehalose-6-phosphate phosphatase (TPP) is an important enzyme

involved in the regulation of plant metabolism and development, as it

has a critical role in the trehalose phosphate signaling pathway, which

is involved in the regulation of various processes such as carbon parti-

tioning, growth, and stress responses. Previous studies reported that

changing TPP activity can affect biomass, inflorescence development,

and senescence in plants (Meyer et al., 2007; Paul et al., 2008; Pellny

et al., 2004; Ponnu et al., 2011; Zhang et al., 2009). These studies sug-

gest that trehalose metabolism can play a role in fruit ripening and

other plant processes. Therefore, the SNP loci identified herein may

be important for breeding as ripening time is an important factor in

hazelnut production.
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5 | CONCLUSION

This genome-wide association analysis in hazelnut identified numer-

ous QTNs associated with 22 traits. The consolidation of nearby

QTNs into QTLs and comparison with previously mapped loci

increases the reliability of the results and helps prioritize genomic

regions for further study. Moreover, the significant association of sin-

gle SNPs with different traits identified in this study can have implica-

tions for understanding the genetic control of pleiotropy and

potentially enable breeders to simultaneously select for multiple traits,

resulting in increased genetic gain. Similarly, the identification of can-

didate genes for selected loci sheds light on their hypothetical func-

tions. However, further investigation is necessary to confirm the

predicted gene/protein functions and elucidate their precise mecha-

nisms to fully uncover their impact on plant growth and development.

In addition, the LD decay analysis conducted in our study provides

valuable insights into the extent of linkage disequilibrium in hazelnut

germplasm, which can inform the design of future association map-

ping and genomic selection studies. Overall, our findings contribute to

a better understanding of the genetic architecture of complex traits in

hazelnut and might be useful for hazelnut geneticists and breeders.
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