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Abstract. Hazelnut (Corylus), which has high com-
mercial and nutritional benefits, is an important tree
for producing nuts and nut oil consumed as ingredi-
ent especially in chocolate. While Corylus avellana L.
(European hazelnut, Betulaceae) and Corylus colur-
na L. (Turkish hazelnut, Betulaceae) are the two
common hazelnut species in Europe, C. avellana L.
(Tombul hazelnut) is grown as the most widespread
hazelnut species in Turkey, and C. colurna L., which
is the most important genetic resource for hazelnut
breeding, exists naturally in Anatolia. We generated
the transcriptome data of these two Corylus species
and used these data for gene discovery and gene ex-
pression profiling. Total RNA from young leaves,
flowers (male and female), buds, and husk shoots of
C. avellana and C. colurna were used for two differ-
ent libraries and were sequenced using Illumina
HiSeq4000 with 100 bp paired-end reads. The tran-
scriptome data 10.48 and 10.30 Gb of C. avellana and
C. colurna, respectively, were assembled into 70,265
and 88,343 unigenes, respectively. These unigenes
were functionally annotated using the TRAPID plat-
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form. We identified 25,312 and 27,051 simple sequen-
ce repeats (SSRs) for C. avellana and C. colurna, re-
spectively. TL1, GMPM1, N, 2MMP, Atlg29670,
CHIBI unigenes were selected for validation with
qPCR. The first de novo transcriptome data of C. co-
lurna were used to compare data of C. avellana of
commercial importance. These data constitute a valu-
able extension of the publicly available transcriptom-
ic resource aimed at breeding, medicinal, and indus-
trial research studies.

Introduction

Hazelnuts (Corylus spp.) are among the most benefi-
cial and significant plants known to humanity for their
nut crops and woody oil (Li et al., 2020). Corylus spe-
cies have been specifically reproduced to cultivate co-
mestible nuts, but almost all parts of the plant, including
leaves, husks, bark, roots, nuts, shells and wood, are used.
Uses include animal husbandry, food, food production,
health products, alcoholic beverages, fertilizers, biofu-
els, industrial chemicals and products, craftwork, oils,
farm implements, pharmaceuticals, and wildlife habitat
(Sullivan et al., 2014). Corylus avellana L. (C. avellana
L.) is the European hazelnut and is the most widely dis-
tributed and economically major species in Turkey. It
thrives in moderate, moist climates and is naturally
found in the Turkey’s Black Sea region, where it con-
tributed around 65 % of the world’s supply in 2020
(FAO, 2020; Lucas et al., 2021). C. avellana L. contains
several compounds with beneficial biological activity,
such as flavonoids, tannins, phenolic acids, diarylhep-
tanoids, taxanes, and lignans (Boccacci et al., 2006).
Corylus colurna L. (C. colurna L.) is the Turkish hazel-
nut, is grown naturally in Anatolia and one of the sig-
nificant hazelnut species in Turkey and used as root-
stocks. It has the ability to adapt to the extreme climate
and poor soil conditions (Ayan et al., 2018). C. colurna
L. could also be considered as a resource of pharmaco-
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logically substantial biological compounds. Neverthe-
less, its chemical structure has not yet been studied in
detail. According to the previous literature data, the ex-
tract of C. colurna leaves has remarkable antioxidant
activity (Benov and Georgiev, 1994; Riethmiiller et al.,
2014).

Recent improvements in sequencing and computa-
tional tools have substantially aided research into refer-
ence-guided or de novo assembly (Han et al., 2015;
Thole et al., 2019; Raghavan et al., 2022). Because there
is no external information available to guide the devel-
opmental process, de novo transcriptome assembly is a
‘reference-free’ process. The reference guide can be
achieved from the information contained in the reads
alone. Therefore, de novo transcriptome data of the plant
parts supplies very important information for under-
standing the functional and metabolic pathways and
identifying simple sequence repeats (SSRs). Further-
more, it allows discovery of novel genes and bioactive
compounds (Peona et al., 2018; Thakur and Randhawa,
2018; Raghavan et al., 2022).

In this report, a de novo transcriptome assembly ap-
proach was used for C. avellana cv. Tombul, one of the
most commercially important European hazelnut culti-
vars for Turkey, and the Turkish hazelnut C. colurna. At
present, few resources are accessible for C. avellana cv.
Tombul, and these are limited to the chloroplast genome
and SSRs (Kahraman and Lucas, 2019). The C. colurna
genome has not yet been published. The objectives of
this research were to establish a protocol for determin-
ing a wide range of plant tissue specificity of assembled
transcripts: (1) RNA-seq assembly and annotation for
the functional understanding of C. avellana cv. Tombul
and C. colurna, (2) identification of C. avellana cv.
Tombul and C. colurna specific SSRs, and (3) explora-
tion and comparison of C. avellana cv. Tombul and C.
colurna with available genetic resources.

Material and Methods

Material

Plant materials were obtained from young hazelnut
trees in the plantation of Hazelnut Research Institution
located at Giresun, Turkey. Young leaves, flowers (male
and female), buds, and husk shoots from three different
trees of C. avellana and C. colurna were collected in
fruit development stage, on April 30. For RNA extrac-
tion, these materials were promptly frozen in liquid ni-
trogen and stored at —80 °C.

RNA extraction and de novo transcriptome
sequencing

Total RNA was isolated from young leaves, flowers
(male and female), buds, husk shoots of C. avellana and
C. colurna with an RNeasy Plant Mini Kit (Qiagen,
Valencia, CA). The concentration and purity of total
RNA was determined using a NanoDrop 2000 spectro-

photometer (Thermo Scientific) and the integrity num-
ber was calculated by Agilent 2100 Bioanalyzer® (Agi-
lent Technologies, Santa Clara, CA). Construction of
mRNA libraries was conducted with a TruSeq RNA
Sample Preparation kit, according to manufacturer’s in-
structions. RNA-seq libraries were sequenced with
[lumina HiSeq4000 with 100 bp paired-end reads at
Beijing Genomics Institute (Shenzhen, China) follow-
ing recommended protocols.

Transcriptome assembly, functional annotation
and SSR identification

The quality control of the clean reads was done using
the FastQC tool (Andrews et al., 2012). De novo assem-
bly of C. avellana and C. colurna transcriptome was
performed using the Trinity software (Haas et al., 2013).
Using the CD-HIT-EST software, full-length transcrip-
tomes were clustered to represent the lowest levels of
redundancy (Fu et al., 2012). The CD-HIT-EST soft-
ware combined contigs with greater than 80 % identity
and greater than 80 % coverage to generate a single tran-
script. Functional annotation (Gene Ontology (GO) and
Kyoto Encyclopaedia of Genes and Genomes (KEGQ)),
OREF prediction and searching similarity species for each
of C. avellana and C. colurna unigenes was performed
by the TRAPID platform (corrected P value <0.05)
(Van Bel et al., 2013). The identification of SSRs was
done using the MISA software (Beier et al., 2017).

Quantitative real time PCR (qPCR)

Total RNA was extracted from young leaves, flowers
(male and female), buds, husk shoots of C. avellana and
C. colurna using an RNeasy Plant Mini Kit (Qiagen).
After RNA extraction, RNA samples were pooled and
c¢DNA libraries were constructed using a First Stranded
cDNA Synthesis Kit (GeneMark, Taichung, Taiwan).
The primers were designed for the six selected unigenes
(TL1, GMPM1, N, 2MMP, Atig29670, CHIBI) related
to the development, defence response, and lipid metabo-
lism. Primer3 was used for the primer design and the
primers were controlled by the BLAST tool against nr
database (NCBI). Selected primer sequences are given
in Table 1. Quantitative real-time PCR (qPCR) was car-
ried out by the Roche LightCycler® 480 Real-Time PCR
System (Roche, Penzberg, Germany). The AACt com-
parative method (Livak and Schmittgen, 2001) was used
for estimation of the change of gene expression between
the two hazelnut species.

Results

Transcriptome sequencing using Illumina
Hiseq4000

In the study, a total of 41,854,426 and 41,140,316
clean reads 2 x 100 bp in length were generated in
C. avellana and C. colurna after Illumina Hiseq4000 se-
quencing, respectively. Data quality assessment was per-
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Table 1. Selected primer sequences

Unigene | Forward/|Sequence (5°-3¢)

Reverse
TLI F ACTCTTCGGCCTTGTCATGG
TL1 R GGGTTTCTGGTCCGCAGTTA
GMPM1 F CATATGCAGGGAGGAAAGAA
GMPM1 R CTCGAGTTAAGTACCCCCAG
N F TTATGCGAAGGACCCACACC
N R CGACTCTGCTGACTGAACCA
2MMP F TACTACATATTCCCGCCCGT
2MMP R TTCCCTAGCATCTCTCCAGG
At1g29670 F AGGTGGGCTGGACTCAATTC
At1g29670 R AATGGCTCTGCATGTGTGGA
CHIB1 F TTGAGAGCTTCCTTGCCACC
CHIBI R TACTGTGACCGTCCGTTTGG

formed through the FASTQC (version 0.11.9) tool. After
quality control, we continued clean reads of C. avellana
and C. colurna for further study.

Assembly of transcriptome

De novo transcriptome assembly was performed us-
ing high-quality paired reads with Trinity (version 2.9.1),
and 89,019 and 110,667 transcripts were identified in
C. avellana and C. colurna, respectively (Table 1).

Then, these assembled transcripts were clustered ac-
cording to their similarity and pooled together using
CD-HIT-EST (version 4.8.1) (Fu et al., 2012).

Thanks to clustering, the count of transcripts was de-
creased to about 70,265 transcripts in C. avellana and
88,343 transcripts in C. colurna, with an average length
of 1,045.2 bp in C. avellana and 915.5 bp in C. colurna
(Table 2), respectively.

Meanwhile, the clustered transcripts of C. avellana
and C. colurna, 70,202 and 88,228 transcripts with open
reading frame (ORF), were in agreement, respectively
(Table 2). Furthermore, the top 10 species similarity was
shown in Fig. 1. According to these results, the best
similar organism is Prunus persica for C. avellana and
C. colurna (Fig. 1).

The percentage of high-quality mapped reads was
found to be 78.9 % and 79.8 % for C. avellana and
C. colurna, separately. The GC rate was determined to
be 41.38 %, 14,515 (20.65 %) contigs were determined
to be in the range of 200—499 bp, and 15,620 (22.23 %)
contigs in the range of 500-1999 bp in C. avellana.
However, the GC rate was determined to be 41.43 %,
22,330 (25.27 %) contigs were determined to be in the
range of 200—499 bp, and 16,665 (18.86 %) contigs in
the range of 500-1999 bp in C. colurna (Fig. 2A).

Transcriptome annotation

To further explore the molecular and biological func-
tionality of C. avellana and C. colurna unigenes, we used
a GO analysis categorized into biological processes,
molecular functions, and cellular component classes,
and KEGG pathway analysis. Nearly 70,265 and 88,343
unigenes from C. avellana and C. colurna, respectively,
were assigned to GO terms and KEGG pathways. GO
and KEGG enrichment analysis of C. avellana and
C. colurna unigenes was performed through Fisher’s
exact test at the P value 0.05 in the TRAPID software.

The “cellular process”, “metabolic process”, “organic
substance metabolic process”, “cellular metabolic pro-
cess”, “single-organism process”’, “primary metabolic
process”, “nitrogen compound metabolic process”,
“macromolecule metabolic process”, “response to stim-
ulus”, and “cellular macromolecule metabolic process”
were the most highly enriched in the biological process
GO terms for C. avellana and C. colurna unigenes, re-

spectively (Fig. 3A). The highly enriched cellular com-

Table 2. Summary of de novo transcriptome assembly and clustering of C. avellana and C. colurna

C. avellana C. colurna
Number of Transcripts 89,019 110,667
Transcriptome Length (bp) 98,784,610 111,791,404
Average Transcript Length (bp) 1,109.70 1,010.16
N50 1,742 1,714
Clustered Transcripts 70,265 88,343
Clustered Transcriptome Length (bp) 73,439,646 80,875,074
Minimum Transcript Length (bp) 201 201
Maximum Transcript Length (bp) 11,562 25,356
Average Transcript Length (bp) 1,045.18 915.47
N50 1,703 1,627
Transcripts with ORF 70,217 88,251
Average ORF Length 239.4 216.7
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Fig. 1. BLASTX search analysis against the nr database. (A) C. avellana (B) C. colurna.
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ponent GO terms were “cell”, “cell part”, “intracellular”,

“intracellular part”, “organelle”, “intracellular organelle”,

“membrane-bounded organelle”, “intracellular mem-
brane-bounded organelle”, “cytoplasm”, and “cytoplas-
mic part” for C. avellana and C. colurna (Fig. 3B). Also,
the mostly enriched molecular function GO terms in C.
avellana and C. colurna were “blndlng” “catalytic ac-
tivity”, “protein binding”, “organic cyclic compound
binding”, “heterocyclic compound binding”, “ion bind-
ing”, “small molecule binding”, “anion binding”, “nu-
cleoside phosphate binding”, and “nucleotide binding”
(Fig. 3C).

The KEGG pathway analysis revealed that transcrip-
tion factor MYB plant, peptide/histidine transporter, in-
terleukin 1 receptor-associated kinase 1, heat-shock 70
kDa protein, glutathione S-transferase, disease resis-
tance protein RPS2, multidrug resistance protein, MATE
family, disease resistance protein RPMI1, peroxidase
and senataxin-related pathway were mostly enriched in
C. avellana unigenes. The unigenes in C. colurna were
also significantly involved in transcription factor MYB
plant, peptide/histidine transporter, interleukin 1 recep-
tor-associated kinase 1, heat-shock 70 kDa protein, glu-
tathione S-transferase, disease resistance protein RPS2,
multidrug resistance protein, disease resistance protein
RPM1, pectin esterase, and leucine-rich repeat protein
in the KEGG pathways (Fig. 4).

99 GC

Identification of simple sequence repeats (SSRs)

We identified SSRs from the expressions of C. avel-
lana and C. colurna. According to the MISA software,
25,312 SSRs were detected with at least one SSR in
70,265 (36 %) C. avellana transcripts. Similarly, in C.
colurna, around 27,051 SSRs were identified in 88,343
transcripts (30 %).

Most common SSR types were di-, tri, tetra- and pen-
tanucleotide repeats. These were respectively 39.62 %
in C. avellana and 40.48 % in C. colurna, 39.25 % in C.
avellana and 39.08 % in C. colurna, 19.93 % in C. avel-
lana and 19.08 % in C. colurna, and 0.72 % in C. avel-
lana and 0.88 % in C. colurna (Fig. 2B).

Validation by gPCR

In order to validate the accuracy and reproducibility
of the RNA-seq, qPCR was performed with develop-
ment, defence response, and lipid metabolism-related
genes, including TL1, GMPM1, N, 2MMP, At1g29670,
CHIBI. As shown in Fig. 4, TL1, GMPM1, N, 2MMP,
At1g29670, CHIB1 in C. avellana and C. colurna tran-
scriptomes were up-regulated in qPCR analysis (Fig. 5).

Discussion

Corylus species plants, commonly referred to as ha-
zelnut, are very important economically and nutrition-
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Fig. 3. The top 25 Gene Ontology categories in C. avellana and C. colurna unigenes. (A) Biological Process (BP), (B)
Cellular Component (CC), (C) Molecular Function (MF).
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Fig. 5. qPCR expression profiles of selected genes for C. avellana and C. colurna (the x-axis shows gene names, the
y-axis shows relative expression).

ally around the world. C. avellana L. (European hazel- transcriptome analysis is carried out to elucidate the mo-
nut) is the most common and economically significant  lecular mechanisms in plants (Jo et al., 2015; Ban et al.,
species and is widely distributed in the Black Sea region ~ 2019; McGarvey et al., 2020). In the genome database,
of Turkey (Rowley et al., 2018). C. avellana L. has many  a few genomic resources are available for C. avellana
varieties such as “Tombul”, “Cakildak”, “Jefferson”, cv. Jefferson, Cakildak, and Palaz (Rowley et al., 2012;
and “Palaz” (Rowley et al., 2012; Kavas et al., 2019). C.  Kavasetal.,2019). However, the C. avellana cv. Tombul
avellana cv. Tombul is considered to be very superior in  is limited to the chloroplast genome and SSR resources
quality (Islam, 2020). Also, C. colurna L. (Turkish ha-  (Boccacci et al., 2006; Kahraman and Lucas, 2019; Tan-
zelnut) is grown naturally in Turkey and is one of the  huanpéi et al., 2019). The C. colurna genome study has
significant hazelnut species (Ayan et al., 2016). De novo  not yet been published.
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In this study, we used de novo transcriptome assem-
blies of C. avellana cv. Tombul and C. colurna from
pooled young leaves, flowers (male and female), buds,
and husk shoots. We generated comprehensive RNA-seq
data sets from which we assembled 70,265 and 88,343
unigenes of C. avellana cv. Tombul and C. colurna, re-
spectively, using a combination of de novo transcrip-
tome assembly and redundancy reduction. These unige-
nes were functionally annotated using the TRAPID
platform. The MISA software was used for identifica-
tion of SSRs of C. avellana cv. Tombul and C. colurna
contigs.

According to the C. avellana transcriptome analysis
results, 89,019 transcripts were identified from
41,854,426 high quality clean reads with the Trinity
software. After transcript assembly, we used the CD-
HIT-EST program for clustering the assembled tran-
scripts, and the number of transcripts was reduced to
70,265. In addition, in the C. colurna transcriptome
analysis, we obtained 88,343 transcripts after clustering
the assembled transcripts for redundancy reduction with
the CD-HIT-EST program. We performed GO and
KEGG pathway analysis of the 70,265 unigenes in C.
avellana and 88,343 unigenes in C. colurna to deter-
mine the biological function of the unigenes. GO analy-
sis was described into biological processes, cellular
components, and molecular functions classes. According
to the GO results, C. avellana and C. colurna unigenes
were mostly enriched in the same GO terms in BP, CC,
and MF (Fig. 3). Moreover, transcription factor MYB
plant, peptide/histidine transporter, interleukin 1 recep-
tor-associated kinase 1, heat-shock 70 kDa protein, glu-
tathione S-transferase, disease resistance protein RPS2,
multidrug resistance protein, MATE family, disease re-
sistance protein RPM1, peroxidase and senataxin KEGG
pathway terms were mostly enriched in C. avellana
unigenes. The unigenes in C. colurna were also signifi-
cantly involved in transcription factor MYB plant, pep-
tide/histidine transporter, interleukin 1 receptor-associ-
ated kinase 1, heat-shock 70 kDa protein, glutathione
S-transferase, disease resistance protein RPS2, multi-
drug resistance protein, disease resistance protein RPM1,
pectin esterase, and leucine-rich repeat protein in KEGG
pathways (Fig. 4).

In the present study, we also identified a total of
25,312 and 27,051 SSR motifs from transcriptome data
of C. avellana and C. colurna, respectively. These re-
sults are the first research of the SSR motifs from the
RNA-seq data of C. colurna with NGS-based sequenc-
ing technology. We characterized SSRs in the entire se-
quencing data of C. avellana and C. colurna and anal-
ysed their frequency and distribution in different
scaffold/contig regions (Fig. 5). Most of the SSR motifs
in C. avellana and C. colurna were dinucleotides and
trinucleotides, approximately 80 % SSRs.

To experimentally confirm the transcriptome results,
a subset of six unigenes related to the development, de-
fence response, and lipid metabolism were chosen for
qPCR analysis. According to the results, the expression

of TL1 (Thaumatin-like protein 1), GMPMI1 (18 kDa
seed maturation protein), N (resistance protein N),
2MMP (metalloproteinase 2-MMP), At1g29670 (GDSL
esterase/lipase), and CHIBI (acidic endochitinase) was
up-regulated in C. avellana and C. colurna. (Fig. 5).
Furthermore, TLI1, GMPM]1, 2MMP, Atlg29670, and
CHIBI unigene expression levels exhibited the highest
increase in the C. avellana cv. Tombul variety compared
to C. colurna. On the other hand, NV unigene expressions
was shown to be down-regulated in the C. avellana cv.
Tombul variety as compared to that in the C. colurna.
The qPCR results confirmed the data obtained from the
transcriptome results.

Conclusion

This study of C. avellana cv. Tombul and C. colurna
provided transcriptome, annotation, and SSR data,
which is valuable for gene discovery and gene expres-
sion profiling experiments, as well as for continuing and
upcoming genome annotation and marker development
applications.
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