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ABSTRACT: Hazelnut (Corylus avellana L.) is a significant global food source and a widely consumed nut in the food industry.
Hazelnut allergy is prevalent, with oleosins recently identified as allergenic proteins. Genetic diversity among hazelnut varieties may
lead to variety-specific differences in IgE-binding properties, offering the potential for therapeutic strategies using hypoallergenic
varieties for desensitization. This study evaluated the allergenic potential of 14 hazelnut varieties using a proteogenomic approach.
Genomic analysis of six genotypes revealed polymorphisms in three oleosins with greater variability in regulatory regions. Sanger
sequencing of the Cor a 15 oleosin gene’s CDS/promoter region was conducted for all varieties. Minor differences were observed in
the genes encoding oleosins, while variability was more pronounced in the regulatory regions. However, IgE reactivity was similar
across all varieties, with Cor a 15 being the main IgE-reactive oleosin. A conventional exclusion diet remains the most reliable

method for managing allergic reactions.
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1. INTRODUCTION

Hazelnut (Corylus avellana L.) is widely consumed and
extensively used in the food industry, particularly in processed
products like cakes, chocolates, and confectionery."”” Its
cultivation spans multiple regions, each with distinct
germplasm contributing to local economies. In the USA,
Chile, and France, the ‘Barcelona’ cultivar is valued for its large
size and commercial importance.” Italy is renowned for ‘Tonda
Gentile Trilobata’ (TGT), particularly in Piedmont, where it
underpins premium confectionery production.”” Other key
Italian cultivars include “Tonda di Giffoni’ (TdG), appreciated
for its high-quality nuts and excellent pellicle removal, and
‘Tonda Gentile Romana’ (TR), known for its uniform nut size
but lower industrial suitability due to its difficult pellicle
removal.n® ‘Nocchione’ (NOC) is primarily used as a
pollinator and blend component, while ‘Bardina’ (BAD) and
‘Mortarella’ (MOR) are valued for their distinctive kernel
shapes and taste.” Spanish cultivars like ‘Negret' (NEG) and
‘Pauetet’ (PAU) contribute significantly to local hazelnut
production,” while France’s ‘Corabel’ (COR) is favored for
fresh consumption.” Turkey, the world’s largest producer,
relies on well-characterized cultivars such as “Tombul’ and
‘Palaz’, widely cultivated and valued for their high nut quality
and yield potential.”” Beyond economic importance, these
cultivars contribute to genetic diversity, which is crucial for
breeding programs aimed at enhancing disease resistance,
climate adaptability, and nut quality.”

Moreover, this genetic diversity opens the possibility to
develop a panel of hazelnut varieties with different allergenic
profiles, which could be exploited for health purposes.'’
Hazelnut is one of the most common triggers of IgE-mediated
food allergies, being a major source of allergens capable of
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inducing mild to severe allergic reactions."' Hazelnut allergy is
one of the most prevalent (7.2%) among the global
population: the USA presents the highest prevalence of
sensitization (14.9%), followed by Germany (14.7%), Norway
(12.8%), Switzerland (12.6%), and Sweden (11.8%)."”
According to the International Union of Immunological
Societies/World Health Organization (IUIS/WHO), 12 hazel-
nut allergens have been characterized (Cor 1,2, 6, 8, 9, 10, 11,
12, 13, 14, 15, and 16). Among them, the least characterized
group of allergens is the oleosins (Cor a 12, 13, and 15), for
which the recognition rate within the allergic population and
the allergenic potency are still under investigation.
Considering the effect of cultivar on allergenicity, the
literature reports species- and cultivar-dependent results, with
some studies showing no significant differences and others
indicating strong cultivar effects, especially in fruits like apples.
There are studies, such as those by Bargman et al.” on
almond, Vieths et al.'* on apple, Ribeiro et al,'® and Wigotzki
et al."> on hazelnut, Hoppe et al.'® on lychee, and Primavesi et
al."”'* on cherry, that found no significant correlation between
cultivar and allergenic potency. Riberio et al,,'” investigating 13
hazelnut varieties, found minor differences at the level of genes
encoding for Cor a 8, 9, and 14, with very similar IgE reactivity
for the seven hazelnut allergic patients tested. Likewise,
Wigotzki et al,'® analyzing four hazelnut varieties, suggested
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that both the amount of allergen and IgE binding activity
depend slightly on variety. On the contrary, it has been
reported that various cultivars of fruits and vegetables, such as
apple,lg_22 peach,23 celery,24 citrus,”® olive,” and soybeans,27
may present a different allergen pattern with specific
differences in the amount of each allergen. Considering apple
allergen studies, which are the most numerous, correlations
between cultivar and allergenicity were demonstrated by
Sancho et al,,'® who found 100-fold differences in LTP levels
(Mal d 3) between apple cultivars, by Matthes et al.'’ and
Siekierzynska et al,”” who found high variability in Mal d 1
content, and by Vlieg-Boerstra et al,”® who verified the
presence of low allergenic apple cultivars in patients with oral
allergic syndrome (OAS).

The aims of this study are (1) to verify the presence of the
oleosin Cor a 15 in several hazelnut cultivars and assess the
degree of genetic conservation, in both coding and regulatory
regions, (2) to analyze if the quantity of oleosins (Cor a 15)
differs among hazelnut cultivars, and (3) to determine whether
all oleosins have equal antigenic potency.

2. MATERIALS AND METHODS

2.1. Hazelnut Genotypes and Sample Collection. Fourteen
hazelnut (Corylus avellana L.) genotypes were analyzed in this study
(Figure S1): ‘Tonda Gentile Trilobata’ (TGT), ‘Tonda di Giffoni’
(TdG), ‘Tonda Gentile Romana’ (TR), ‘Nocchione’ (NOC),
‘Mortarella’” (MOR), ‘Negret' (NEG), ‘Pauetet’ (PAU), ‘Barcelona’
(BAR), ‘Corabel’ (COR), ‘Meraviglia di Bollwiller’ (MdB), ‘Imperial
de Trebizonde’ (IdT), ‘Bardina’ (BAD), ‘Sodlinger’ (SOD), and
‘Giresun’ (GIR). These cultivars were obtained from the hazelnut
collection field of the University of Turin (Chieri, Torino, Italy),
ensuring consistent environmental conditions. Young fresh leaves and
seeds were collected in 2023 and immediately processed for DNA
extraction and protein analysis. Total genomic DNA was extracted
using the CTAB buffer method, as reported elsewhere.” The quantity
and quality of extracted DNA were determined by the Qubit assay
(ThermoFisher Scientific, USA) and by 1% agarose gel electro-
phoresis and comparison against a Lambda DNA/EcoRI + HindIII
marker (ThermoFisher Scientific, USA).

2.2. Genomic and In Silico Analysis. The genomic sequences of
publicly available hazelnut genotypes were retrieved from NCBI. Six
genotypes with sufficient coverage were selected for genetic analysis:
“Tonda di Giffoni’ (TdG, SRR13483118, SRR13483130,
SRR13483129), ‘Hallsche-Riesen’ (HR, SRR13483123), ‘Tonda di
Biglini’ (TdB, SRR13483131), ‘Tonda Gentile Trilobata® (TGT,
SRR13516973), ‘Tombul’ (TOM, ERR3262064), and ‘Segorbe’
(SEG, SRR13483119).

Raw reads were processed with FastP (v.0.20.1; https://
github.com/OpenGene/fastp) for removing contaminant residual
adapters and removing reads with poor quality ends (Q < 30). The
sequences were mapped to the Tonda Gentile Trilobata (TGT)
hazelnut genome (https://zenodo.org/records/4454484) using the
Burrows-Wheeler Aligner (bwa-mem?2, v.2.2.1; https://github.com/
bwa-mem2) program and the ‘mem’ command with the default
parameters. BAM files were then processed for single-nucleotide
polymorphism (SNP)/indel calling through Samtools (v.1.13;
https://www.htslib.org) with the ‘mpileup’ command, with default
parameters except for: (i) minimum mapping quality (Q = 20) and
filtering out multimapping events (—q > 1). A vcf (variant call format)
file was produced using bcftool (v.1.13) with the call command,
followed by filtering with wvcfutils.pl varFilter. To ensure high-
confidence variants, additional filtering criteria were applied:
minimum read depth (DP > 10), allele frequency threshold (AF >
0.05) to exclude rare variants, and quality score cutoff (QUAL > 30).
Data were subsequently used to construct tree diagrams with Tassel
(https://www.maizegenetics.net/tassel).

2.3. PCR and Sanger Sequencing. For PCR (Polymerase chain
reaction) analysis, primers were designed using Primer3 software
(https://primer3.ut.ee/) to amplify cds (510bp; F: CAACAGTTT-
CACAGCACCCA; R: TTAAAACCAGAGCCCCTCCC) and the
noncoding region (350bp; F: CTGAGCCTGACCCTTTTCAG; R:
TGTAGGGGCAAATAGCCTTG). DNA was extracted, as previ-
ously described, and amplified using KAPA HIFI Taq (Roche,
Mannheim, Germany) following this PCR program: initial denatura-
tion at 95 °C for 3 min, followed by 30 cycles of denaturation at 98
°C for 20 s, annealing at 65 °C for 20 s, extension at 72 °C for 4S5 s,
and a final extension at 72 °C for 3 min. The PCR products were
purified using the DNA/RNA Clean Up E.Z.N.A. Gel Extraction kit
(Omega Biotek, Norcross, GA, USA). Sequencing was performed
using the Sanger method (4 sequences for each amplicon).

Multiple sequence alignments for Cor a 15 proteins and promoter
regions and phylogenetic analyses were carried out using Clustal
Omega (http://www.clustal.org/omega). Genetic trees were gen-
erated using the neighbor-joining (NJ) algorithm. A confidence level
was established for each node by performing a bootstrap analysis™®
with 100 iterations. Trees were plotted using Figtree graphical viewer
(http://tree.bio.ed.ac.uk/software/ﬁgtree). The promoter regions
were searched for the presence/absence of cis-regulatory elements
using the New PLACE suite (www.dna.affrc.go.jp/PLACE), a
database that collects plant cis-acting regulatory DNA elements.

2.4. Oil Body (OB)-Associated Protein Extraction. The
isolation of the hazelnut oil body (OB) fraction was performed
according to Lamberti et al.” Briefly, 10 g of chopped hazelnut
underwent multiple steps of sonication (40 MHz for 2 min) and
centrifugation (21460 g for 20 min at 4 °C) in grinding medium 1
(GM1:0.6 M sucrose, 10 mM sodium phosphate, pH 9.5), GM2
(GM1 with the addition of 0.1% Tween 20), GM3 (GM2 with the
addition of 2 M NaCl), and urea 9 M, pH 11. The OB was finally
solubilized in GM1 at a final concentration of 100 mg/mL. The OB-
associated proteins were extracted by adding 500 uL of diethyl ether
for each 200 uL of OB fraction, precipitated according to the Wessel
and Flugge® procedure, and quantified by means of a Bradford assay
(Bio-Rad, Hercules, CA, USA).

2.5. In-Gel Analysis. 2.5.1. 1DE Separation and Immunoblot-
ting. The OB-associated protein separations were performed
according to Nebbia et al,>’ by Lithium dodecyl sulfate-PAGE
(LDS-PAGE) using precast gels (NuPAGE 4—12% Bis—Tris) in an
XCellSureLock Mini-Cell System (Invitrogen), following the
manufacturer’s instructions. Each sample was diluted in the NuPage
LDS Sample Buffer, under reducing conditions (NuPAGE Sample
Reducing Agent), and loaded with an equal amount of proteins ($
ug). The gels were stained with Colloidal Coomassie Blue*” and
scanned with a ChemiDoc MP System densitometer (Bio-Rad,
Hercules, CA, USA) at a resolution of 600 dpi. After LDS-PAGE, the
protein bands were electrotransferred into nitrocellulose membranes
(0.2 pm) with an XCell II blot module in a transfer buffer (Invitrogen,
Carlsbad, CA, USA) with 10% methanol (v/v). The membranes were
blocked by means of TBS with 0.3% Tween 20, for 30 min, and
incubated overnight (ON) at 4 °C with a pool of 20 sera from
hazelnut-allergic patients, previously selected for their ability to
immunorecognize hazelnut oleosins, as described by Nebbia et al.*’
(see Table S1), and a pool of S sera of patients not allergic to nuts,
both diluted 1:5 in the incubation buffer (TBS, 0.05% Tween 20,
0.05% vegetal gelatin). Afterward, the membranes were washed three
times (TBS, 0.05% Tween 20) and incubated for 1 h at room
temperature (RT) with an anti-Human IgE antibody, 1:5000 diluted
in the incubation buffer. The membranes were washed again, and the
immune reactivity was highlighted with the Alkaline Phosphatase
Substrate Kit (Bio-Rad, Hercules, CA, USA) following the
manufacturer’s instructions. The membranes were then acquired by
means of a ChemiDoc MP System densitometer (Bio-Rad, Hercules,
CA, USA) at a resolution of 600 dpi. The use of patient sera was
authorized by the ethical committee approval no. 312, prot. no.
22050, Citta della Salute e della Scienza, Turin, Italy.

2.5.2. In-Gel Tryptic Digestion and UHPLC-HRMS Analysis. The

selected band protein digestion was performed according to Nebbia et
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Figure 1. Genome browser profile of 3 oleosins (Cor a 12, Cor a 13 and Cor a 15) with SNPs highlighted in 6 genotypes from NCBI data sets.
Genomic coordinates of the regions were derived from the TGT gff file (Cor 12, chr5:33620795—33621274; Cor 13, chr3:18534473—18534895;
Cor 15, chr4:4577030—4577539). Percentage distribution of mutations in CDS and regulatory regions (N° of SNPs are reported in white, relative
SNP percentage in black). The breakdowns in the CDS and regulatory regions are shown. Gene trees constructed from distance matrices were

obtained using SNP data on whole genes.

al,’*! Briefly, the bands were cut, reduced in 10 mM DTT/50 mM
NH,HCO; for 45 min at 56 °C, and alkylated in 55 mM IAA/50 mM
NH,HCO; for 30 min in the dark at RT. Then, the bands were
destained with ACN 50%/50 mM NH,HCO; and pure ACN and
dried in the 5301 Eppendorf Concentrator (Eppendorf, Hamburg,
Germany). They were digested ON at 37 °C under shaking with 7 uL
of modified porcine proteomic grade trypsin at 75 ng/uL
concentration in 25 mM NHHCO;/10% ACN. One uL of 5%
formic acid (FA) was added to stop the digestion. The mass
spectrometry analyses were performed according to Cirrincione et
al,* using an Orbitrap Q Exactive Plus, coupled to a UHPLC binary
pump system (Vanquish Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The stationary phase was a BioBasic C18
HPLC Column (1 X 150 mm, 5 gm; Thermo Scientific, Waltham,
Massachusetts, USA). The mobile phases were 0.1% (v/v) FA in
Milli-Q water (A) and 0.1% (v/v) FA in ACN (B), and they were
eluted at a flow rate of 50.0 #L/min, with an increasing concentration
of solvent B, from S to 70%, over 50 min and with 80% for 5 min. The
injection volume was 4.0 uL. Mass spectra were acquired in the Full
MS-ddMS? mode. The instrument was set up so that Full MS spectra
were acquired in an m/z scan range of 150—1800, the resolution was
set at 70,000, the maximum IT was 200 ms, the AGC target was S X
10°, and the charge exclusion was unassigned. Up to 12 of the most
intense ions in MS1 were selected for fragmentation in MS/MS mode.
The fragmentation spectra resolution was set at 17,500 for the MS/

MS spectra, with a dynamic exclusion of 20 s and an isolation window
of 2.0 m/z, the normalized collision energy was set at 28, the
maximum IT at 200 ms, and the AGC target at 2 X 10*.

2.6. Off-Gel Analysis. 2.6.1. In Solution Tryptic Digestion. The
off-gel analysis of hazelnut OB-associated proteins was performed
according to Cirrincione et al,*® an aliquot of 50 ug of OB hazelnut
protein extract was suspended in 180 xL of 25 mM ammonium
bicarbonate with 0.1% SDS. The samples were reduced with DTT to
a final concentration of 20 mM, kept for 1 h at 37 °C, and alkylated
with TAA at a final concentration of 55 mM for 1 h in the dark at RT.
The residual IAA was quenched with DTT at a final concentration of
30 mM for 15 min at RT. The protein mixtures were digested ON at
37 °C under shaking with modified porcine proteomic grade trypsin
(1 pug/puL) at a 1:20 trypsin-protein ratio. An aliquot of S uL of FA
was added to stop the digestion. The tryptic peptide mixtures were
desalted using Strata-X Polymeric SPE tubes. Briefly, the tubes were
conditioned with 2 mL of acetonitrile (ACN) and then equilibrated
with 2 mL of 0.1% FA. The samples, previously diluted with 2 mL of
0.1% FA, were loaded in the Strata-X tubes. The tubes were then
washed with 2 mL of 0.1% FA, and the peptides were eluted with 2
mL of 0.1% (v/v) FA/70% ACN. After desalting, the samples were
dried in a 5301 Eppendorf Concentrator (Eppendorf, Hamburg,
Germany) and suspended in 30 L of 0.1% (v/v) FA/5% ACN before
the analysis. Three biological replicates for each cultivar were
prepared and analyzed by means of UHPLC-HRMS.

https://doi.org/10.1021/acs jafc.5c00940
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Figure 2. LDS PAGE of 14 hazelnut varieties and immunoblotting with the pool of 20 sera from hazelnut allergic patients. TGT: ‘Tonda Gentile
Trilobata’, TdG: “Tonda di Giffoni’, TR: “Tonda Gentile Romana’, NOC: ‘Nocchione’, MOR: ‘Mortarella’, NEG: ‘Negret’, PAU: ‘Pauetet’, BAR:
‘Barcelona’, COR: ‘Corabel’, MdB: ‘Meraviglia di Bollwiller’, IdT: ‘Imperial de Trebizonde’, BAD: ‘Bardina’, SOD: ‘Sodlinger’, GIR: ‘Giresun’. P:
pool of 20 patient sera. M. markers. Band number: 1, 2, 3, and 4. See Table SI for UHPLC-HRMS protein band identification.

2.6.2. Label Free Quantification (LFQ). The analyses were
performed with the same spectrometer setting indicated in 2.5.2.
The different parameters are as follows: flow rate of 68.0 #L/min at
increasing concentrations of solvent B from 5 to 45%, over 57 min,
and from 45 to 50% in 2 min. The injection volume was 2.0 uL. The
oven temperature was set at 55 °C. The autosampler was set at 6 °C.
Mass spectra were acquired in Full MS-ddMS2 mode. The instrument
was set up so that Full MS spectra were acquired in an m/z scan range
of 150—1600, with an isolation window of 2 m/z, while the resolution
was set at 70,000, the AGC target was 1 X 10°, and the maximum IT
was 256 ms. Up to 12 of the most intense ions in MS1 were selected
for fragmentation in the MS/MS mode. The fragmentation spectra
resolution was set at 17,500 for the MS/MS spectra, with a dynamic
exclusion of 40 s, the NCE was set at 28%, the AGC target at 2 X 104
and the maximum IT at 200 ms. The allowed charge state was 2—6.
The experiments were performed in triplicate under each condition.

Both the off-gel and in-gel mass spectrometry proteomic data were
deposited with the ProteomeXchange Consortium via the PRIDE
partner repository with data set identifier PXD058479.

2.7. Protein Identification Strategy. All the Data Dependent
Analysis (DDA) files were searched using MaxQuant (https://
maxquant.org) v. 2.0.3.0 against the UniProt Corylus avellana database
(date: 2024-01-25; reviewed and unreviewed entries: 9634). More-
over, a customized database including 12 FASTA sequences covering
the oleosin amino acid sequences deduced from DNA sequencing
experiments was added (see Figure S2 in the Supporting Information
for further details).

The search parameters were set as follows: S-carbamidomethyl
derivate on cysteine as a fixed modification, oxidation on methionine,
acetyl (N-term) as variable modifications, and two missed cleavage
sites for trypsin digestion. The MS/MS fragment mass tolerance was
20 ppm. A minimum of 2 peptides, FDR of 0.01% for both protein
and peptides, and a score of 20 for unmodified and modified peptides
were set for the protein identification.

2.8. Statistical Analysis. Perseus version 2.0.9.0 (Max-Planck-
Institute of Biochemistry, Martinsried, Germany) was used to process
the label-free quantitative (LFQ) data. The protein LFQ intensities
from the MaxQuant analysis were imported and transformed to a
logarithmic scale with base 2. GraphPad Prism (version 8.4.3) was
used to perform: (i) an unpaired ¢ test to compare the mean LFQ
intensities across all cultivars for each of the three oleosins; (ii) a
multiple-sample test to assess significant differences between the
mean values of each cultivar, conducted using one-way ANOVA
followed by Tukey’s post hoc multiple comparison test. A p-value
<0.05 was considered statistically significant for all tests.

18035

3. RESULTS AND DISCUSSION

3.1. Oleosin Sequence Diversity. 3.1.1. Genomic Data-
base. The genomic sequences of 16 publicly available hazelnut
genotypes (NCBI) were analyzed to investigate the existing
genetic diversity of three oleosins (Cor a 12, Cor a 13, and Cor
a 15). From these genotypes, only six (‘Tonda di Giffoni’
(TdG), ‘Hallsche-Riesen’ (HR), ‘Tonda di Biglini' (TdB),
‘Tonda Gentile Trilobata’ (TGT), “Tombul’ (TOM), ‘Segorbe’
(SEG)) were successfully used due to their adequate coverage
in the oleosins genomic loci (Figure 1). Specifically, the three
genomic loci (Cor 12, Cor 13, and Cor 15 loci) were present
in all of the tested hazelnut varieties (Figure 1), with no
evidence of any structural variation. An SNP analysis was
performed, highlighting high genetic diversity (Figure 1). A
low genetic variability was observed in the coding regions,
whereas a high genetic diversity was noted in the regulatory
regions (Figure 1). Cor a 13 demonstrated the lowest diversity
in coding sequences (CDS) with only 1 SNP, while Cor a 15
exhibited the highest diversity with S SNPs. Cor a 12 displayed
an intermediate level of diversity with 3 SNPs. Notably, all
observed SNPs were heterozygous. All the observed coding
SNPs were heterozygous and had a low impact. In contrast,
numerous SNPs were present in the regulatory regions, with
Cor a 12 and Cor a 13 being the most variable loci compared
to Cor 15 (Figure 1). We have also analyzed the Cor a 1S
promoter sequences using PLACE (data not shown) to
identify cis-regulatory elements without finding specific motif
variations that clearly explain differences in gene expression or
protein quantity among cultivars.

3.2. Protein Polymorphism. According to Nebbia et al.,”'
a specific protocol was applied for the extraction of hazelnut
oleosome proteins from 14 hazelnut cultivars (TGT, TdG, TR,
NEG, PAU, 1dT, BAD, NOC, MOR, BAR, COR, MdB, SOD,
and GIR). The resulting protein extracts were separated by
LDS PAGE and identified by querying the Corylus avellana
UniProt database and a customized database containing 12
different Cor 15 amino acid sequences obtained by the DNA
sequencing experiment (Sections 2.2 and 2.3). The LDS PAGE
profile of each protein extract shows four bands mainly
containing: Cor a 12 and 13 in band 1, Cor a 15 in band 2, a
variable mix of Cor a 12, 13, 15, and 9 in band 3, and caleosins
in band 4 (Figure 2, for protein identification details see Tables
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1 and S2). The presence of the new hazelnut allergen, Cor 18,
recently registered by the International Union of Immuno-
logical Societies/World Health Organization (IUIS/WHO),
was confirmed for all of the hazelnut cultivars. The customized
database for Cor a 15 sequences allowed for the identification
of multiple Cor a 15 sequences in each extract (Table 1). This
is because hazelnuts are not self-fertile,”* so the seed pool used
for extraction may contain multiple Cor a 15 sequences from
different cultivars and pollinizers.’

3.3. LFQ Analysis of Oleosins. The LFQ analysis showed
that the proportion in terms of the relative abundance of each
oleosin within the same cultivar remains constant, with the
exception of Cor a 12 in TdG. Among cultivars, MdB was the
highest producer, while BAD was the lowest producer; NOC,
TGT, TdG, and MOR show an intermediate level of
biosynthesis (Figure 3). The comparison of the three different
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Figure 3. Histograms of label free quantification (LFQ) intensity of
the hazelnut allergenic oleosins (Cor a 15, 12, and 13) in the 6
genotypes (MdB: “Meraviglia di Bollwiller”; NOC: “Nocchione”;
TGT: ‘Tonda Gentile Trilobata’. MOR: ‘Mortarella’, TdG: “Tonda di
Giffoni’, BAD: ‘Bardina’) evaluated by quantitative proteomic
approach. According to the unpaired t test results, the difference
between the means of the three groups is not statistically significant.

oleosins across all six cultivars revealed no significant
differences (unpaired t test). However, the one-way ANOVA
revealed a statistically significant difference among cultivars for
each oleosin (p-value <0.0001). The post hoc Tukey’s multiple
comparison test identified differences with p-values ranging
from <0.05 to <0.0001, with a few exceptions for certain
cultivar comparisons. Specifically, the comparisons MOR vs
TdG, MOR vs TGT, and TdG vs TGT were not statistically
significant for Cor a 12 abundance. Similarly, the comparisons
BAR vs MOR, NOC vs TdG, NOC vs TGT, and TdG vs TGT
were not statistically significant for Cor a 13 abundance. Lastly,
the comparisons MOR vs TdG, MOR vs TGT, and MdB vs
NOC were not statistically significant for Cor a 15 abundance.

3.4. Cor a 15 Promoter Analysis. Six genotypes, included
in the panel assessed through proteomics, were further selected
based on supposed high (MdB, NOC, and MOR) and low
(TdG, TGT, and BAD) Cor a 15 content (Figure 2). Cor a 15
and promoter regions were analyzed through Sanger
sequencing to integrate the available genomic information.
This analysis confirmed genomic data in the coding and
regulatory regions. The lower genetic variability observed in
the Cor a 15 CDS/protein sequence suggested a conserved
functional role for this oleosin, as a nonsynonymous mutation
could potentially disrupt its function; moreover, the observed
SNPs/indels were always in a heterozygous state. This
conservation contrasts with the higher variability observed in

the regulatory regions, which may reflect the different Cor a 15
expression levels among the hazelnut varieties, likely playing a
key role in the phenotypic variability of oleosin content.

The conservation of coding sequences, in contrast with the
higher variability observed in regulatory regions, is a well-
documented phenomenon in plant systems. This variability in
promoter regions can significantly influence gene expression
levels, contributing to the phenotypic diversity. For instance,
studies have shown that variations in the promoter regions of
the maize (Zea mays) gene tbl are associated with differences
in plant architecture.” Similarly, in Arabidopsis, natural
variation in the promoter of the FLC gene affects flowering
time by altering gene expression levels.>® Likewise, the diverse
array of allelic forms in the promoter of Vrn-1 had implications
for flowering time.””

The phylogenetic tree based on Cor a 15 promoter
sequences showed that the highest and lowest producers
(MdB and BAD, respectively) were also the most distant from
each other, while intermediate producers clustered in between.
This pattern suggests that promoter variation may contribute
to expression differences, although other regulatory factors are
likely involved and should be explored in future studies.
(Figure 4). The LFQ analysis supports the Cor a 15 promoter
analysis, allowing for the further subdivision of the six cultivars
into three groups: one low Cor a 15 producer (BAD), three
medium Cor a 15 producers (TdG, MOR, and TGT), and two
high Cor a 15 producers (NOC and MdB) (Figure 4A). Such a
distinction underscores the importance of promoter regions in
regulating gene expression and contributing to phenotypic
diversity, a mechanism that has been widely studied in plants.
In wheat, for instance, breeding activities have decreased
omega-S-gliadin expression in modern wheat genotypes,
correlating with reduced allergenic potential. Moreover,
although this variability primarily affects reactivity rather
than quantity, genetic differences at the Gli-B1 locus encoding
omega-5-gliadins have been shown to influence allergenicity.
Omega-5S-gliadins are major allergens for patients with wheat-
dependent exercise-induced anaphylaxis (WDEIA) and
chronic urticaria.’®* Variations in Gli-B1 alleles lead to
differences in IgE antibody reactivity, suggesting that selecting
genotypes lacking this locus could reduce the allergenicity. Our
findings indicate that variability in regulatory sequences may
influence Cor a 15 expression levels, suggesting that these
differences could be leveraged in breeding programs to
modulate allergen content in hazelnut varieties, providing a
targeted approach to developing hypoallergenic cultivars.

3.5. Oleosin Immunogenic Potential. The immunoblot-
ting experiment (Figure 2) was performed with a pool of 20
hazelnut allergic patient sera and a pool of 5 patient sera not
allergic to nuts as a control (data not shown) in order to
evaluate the different immunogenic potential between oleosin
bands. Band 2 (mainly containing Cor a 15) was found to be
the most immunogenic in all cultivars, although it was less
intense in densitometric terms than band 1 (containing both
Cor a 12 and 13). Another signal of immune reactivity was
detected around 38 kDa in half of the cultivars considered.
This band was not identified due to its faint visibility on the
LDS-PAGE (Figure 2). However, considering its molecular
weight, which is approximately twice that of Cor a 185, it could
be a dimer of Cor a 15, or a heterodimer of Cor a 15 with Cor
a 12 or Cor a 13. This hypothesis is supported by our previous
findings (Nebbia et al.), where we identified all three oleosins
colocalizing in a 2DE spot at the same molecular weight. The
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Figure 4. Phylogenetic and label free quantification (LFQ) analysis of Cor a 1S in 6 genotypes. Trees (A) and alignments (B) constructed from
distance matrices obtained from nucleotide alignments of the Cor a 15 promoter region. Violin plots (C) of LFQ intensity of Cor a 15 (3 replicates
for each genotype). The one-way ANOVA of the LFQ intensity revealed a statistically significant difference among cultivars (p-value <0.0001). The
cultivars indicated with different letters in the LFQ_intensity violin plot are statistically different according to the posthoc Tukey’s multiple

comparison.

immunoblotting signal does not seem to depend on the
amount of oleosin present in the band; in fact, the most
reactive band is the one that contains only Cor a 15, which is
therefore the most immunoreactive among the hazelnut
Cor a 15 appears to
be the most relevant allergenic oleosin for our Mediterranean

oleosins. According to Nebbia et al,*’

pediatric patients. These findings seem in line with Ribeiro et
al,'® who also reported limited IgE-reactivity variation across
hazelnut cultivars, despite genetic polymorphisms in other
allergens (Cor a 8, 9, and 14), and with Wigotzki et al,,'> who
suggested that only slight differences in IgE binding and
allergen quantity are attributable to cultivar.

This study underscores the ubiquitous presence of the
oleosins Cor a 12, Cor a 13, and Cor a 15 across all tested
hazelnut genotypes and their conservation at the genomic level
with no evidence of structural variations. We focused our work
on the Cor a 1§ allergen, as proteomic and immunoblotting
analyses revealed that it is the most immunogenic oleosin,
making it particularly relevant for hazelnut allergy research.
This allergen is highly conserved and exhibits low genetic
variability in the coding sequences, while higher variability is
observed in the regulatory regions. Notably, genotypes with
higher Cor a 15 content exhibited similar promoter sequences,
indicating a likely regulatory mechanism influencing its

18042 https://doi.org/10.1021/acs.jafc.5c00940
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expression. These findings provide essential insights into the
protein’s immunogenic potential and are crucial for allergen
management strategies.
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