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Abstract: Hazelnut (Corylus avellana L.) is of great agroeconomic importance, prized for its nutritional value
and antioxidant properties. Its yield and quality may differ due to factors such as season (S), locality (L) and
cultivar (C). Our objective was to determine the adaptive behavior of morphological features and antioxidant
properties in nuts of Barcelona and Tonda di Giffoni (TDG) cultivars planted at two localities (Cunco and
Perquenco) during three productive seasons (S1, S2 and S3). Barcelona grown in Perquenco in S1 and S3 (less
precipitation, more solar radiation), performed better than in Cunco with respect to most morphological nut,
kernel and shell features, and the same parameters generally had the same trends for TDG in S2 and S3. Among
the seasons at the same localities, the differences between the predominant condition defects for both cultivars
were in the decreasing order wrinkled/deformed kernels, double kernels, blank and mold kernels, with about
75% of hazelnuts without defect. In both cultivars, the shell had higher antioxidant properties that increased
in S1 and S3 at both localities, and were consistently higher than in the kernels. Lipid peroxidation was higher
in the kernel than shell in both cultivars and localities for S1 and S3. The results of this study suggest that the
different hazelnut cultivar features including physical and chemical components depend on season and
locality, which offers important clues for all those interested in the hazelnut industry.

Keywords: antioxidant activity; morphological features; oxygen radical absorbance capacity;
phenolic compounds

1. Introduction

Native from Central Europe and Western Asia, hazelnut (Corylus avellana L.) is an important
commercial crop with an annual world production of approximately 1,255,700 tons (t) of shelled nuts
with Turkey as the main producer (75%), followed by Italy (5%), USA (5%), Azerbaijan (4%) and
Chile (4%) [1]. In Chile, the planted area comprises 37,000 hectares (ha) concentrated between El
Maule and La Araucania regions, with a total production of 52,000 t for the 2022/2023 season,
becoming as the main producer in the Southern Hemisphere due to its advantage for off-season
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hazelnut production [2]. The most planted cultivars are Barcelona and TDG (Tonda di Giffoni)
covering 90% of the surface, showing mean yields from 2500 to 3000 t ha [2,3].

Morphological features such as industrial components of hazelnuts may differ due to weather,
locality, cultivar, harvest season and even orchard management. Krodl et al. [4], examined the
influence of cold climatic conditions in Poland and genotypic characteristics on cultivars such as
Barcelonski, Kataloniski, Webba Cenny, Olbrzym z Halle, Cosford and Nottinghamski, determining
that morphological features, such as weight, diameter and width differ genotypically. Whereas
Manterola-Barroso et al. [5] reported that in TDG cultivar morphological features were affected by
localities characterized by temperate climatic influences in foothills, obtaining greater nut length (21
mm), nut weight (3.1 g), kernel yield (42%), shell weight (1.8 g) and thickness (1.9 mm) than in orchard
planted in central valley under 100 m.a.s.l. Moreover, these authors determined a locality effect
concerning total phenolic content (TPC), radical scavenging activity (RSA) and antioxidant capacity
(AC) and concluded that planting locality affected the antioxidant properties of shell within a season.
In fact, those nuts produced in orchard planted in foothills showed a greater antioxidants component.
Additionally, Giilsoy et al. [6] studied three altitude conditions in different localities on hazelnut
kernel antioxidant at 100 (Yagli and Sivri), 350 (Kara and Palaz) and 800 (Cakildak) m a.s.l. and
determined that cultivar and location together mainly affected phenolic compounds and antioxidant
activity, however altitudes alone did not directly affect the antioxidant capacity of hazelnuts analyzed
in the study. Meanwhile, Solar et al. [7] determined higher kernel TPC in cultivars Merveille de
Bollwiller, Pauetet, Barcelona, Tonda Gentile delle Langhe (TGDL) and TDG cultivars grown in
localities from Spain and Northern Italy, and lower in Slovenia and France. This may be due to higher
solar irradiance values in northern latitudes, which increased TPC.

Although the significant influence of some factors on morphological features and some
antioxidant properties has been demonstrated [3-6], there is a lack of research investigating the
influence and adaptation of different hazelnut structures during different consecutive harvesting
seasons, planting locality and cultivar. Therefore, the objective of our study was to determine the
adaptive behavior of morphological features and antioxidant properties in kernel and shell of
Barcelona and TDG cultivars planted in La Araucania region during three productive seasons.

2. Materials and Methods

2.1. Experimental Sites and Plant Material

Experiments were performed in two commercial hazelnut orchards planted in Cunco (38°58'19"”
S; 72°07'33" W; 400 m a.s.l) and Perquenco (38°25'33" S; 72°21'16” W; 299 m a.s.l), La Araucania region,
Chile, characterized as temperate area. Nuts were harvested from cultivars Barcelona and TDG trees
(nine to twelve years-old) during 2019/2020 (S1), 2020/2021 (52) and 2021/2022 (S3) productive
seasons. Orchard trees were established both in multi- and mono-stem systems, under regular rows
in frames of 5 x 3.5 m (571 trees ha™) and 5 x 3 m (667 trees ha') for Cunco and Perquenco respectively.
In all studied season and orchards, the nut harvest was performed between March and April using
two vacuums (V1200E, Cifarelli S.p.A, Voghera, Italy). Within harvest, nuts were gently transported
to Laboratory of Plant Physiology and Nutrition for Fruit Crops (Faculty of Agricultural Sciences and
Environment, Universidad de La Frontera) and disposed for stabilization at 40 °C by forced air oven
(Heratherm OGS100, Thermo Scientific, Waltham, MA, USA) to reach 6% of humidity and stored at
room temperature until analysis. The weather conditions of the hazelnut orchards at the time of the
experiments are shown in Figure 1 (temperature, relative humidity, precipitation and solar radiation).
Data were downloaded from Agromet INIA [8] weather stations installed in the locations evaluated.
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Figure 1. Weather conditions during the productive seasons (October-March) for 2019/2020 (S1),
2020/2021 (S2) and 2021/2022 (S3). The figure shows the weather conditions in locality Cunco (A)
temperature mean (T mean, °C), (B) relative humidity (RH, %), (C) precipitation (P, mm), (D) solar
radiation (SR, MJ m?), and locality Perquenco (E) T mean (°C), (F) RH (%), (G) P (mm), (H) SR (M]
m?). Information extracted from Agromet INIA https://agrometeorologia.cl/ (accessed on 7 May 2023).

2.2. Morphological Features with Industrial Value

A total of 12 experimental units were evaluated, where each experimental unit consisted of 100
stabilized hazelnuts. The following morphological features were measured in whole nuts, kernel and
shells- length (mm), width (mm), thickness (mm), weight (g), nut roundness index (NRI), kernel
roundness index (KRI), internal cavity (IC, mm) and kernel yield (%). To measure the length,
thickness, width and IC, a digital caliper (CALDI-6MP, Truper, CDMX, Mexico) was used and an
analytical balance for weight (Model BA2204B, Biobase Meihua Trading, Jinan, China).
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The nut roundness index (NRI), kernel roundness index (KRI) and kernel yield (%) were
calculated using the following equations [9]:

NRI = (nut width + nut thickness)/(2 x nut length) (1)
KRI = (kernel width + kernel thickness)/(2 x kernel length) (2)
Kernel yield (%) = (kernel weight/nut weight) x 100 (3)

The frequency of four major defects, including blank, wrinkled or misshapen kernels, double
kernels and molds, in hazelnuts was evaluated. For this, a total of 30 nuts were randomly selected,
broken and inspected for each season, locality and cultivar and each defect type was recorded.

2.3. Preparation and Extraction of Low Molecular Weight Antioxidants

All hazelnut nut samples that were analyzed in triplicate (n = 30) were ground separately in a
grinder (Sindelen, MOL-165, Santiago, Chile) for 3 min. The shell samples were mechanically cracked
using a traditional nutcracker and subsequently ground in an ultra-centrifugal mill (Retsch, model
ZM 200, Haan, Germany), obtaining the shell dust sieved at <2 um. The samples were stored in plastic
bags at =80 °C until use.

Different extraction times were used for kernel and shell, since the extraction yield of phenolic
compounds and the antioxidant capacity of these extracts depend on the structural diversity from
which they are derived. Kernel samples (0.2 g) according to the protocol of [3] were homogenized in
liquid nitrogen and immediately mixed with 2 mL 80% ethanol. The samples were then centrifuged
at 13,000 rpm for 5 min at 4 °C in a microcentrifuge (Sciloc, model D3024R, NY, USA). Subsequently,
the supernatant was recovered and transferred to amber Eppendorf tubes, to be stored at —20 °C until
use.

On the other hand, the powdered shell samples (1 g) according to the protocol of [5] were
transferred to a 15 mL falcon tube adding 10 mL 80% ethanol and disposed in a shaker incubator
(Labwit, model ZWY-100D, Shanghai, China) at 180 rpm for 8 h at 37 °C. Extracts were centrifuged
at 10,000 rpm for 10 min at 4 °C (5804 Eppendorf centrifuge, Hamburg, Germany) and subsequently,
the supernatant was recovered and transferred to amber vial tubes and stored at -20 °C until
analytical procedures.

2.4. Total Phenolic Compounds (TPC)

The determination of TPC was carried out using the Folin-Ciocalteu method [10] with minor
modifications. A mix of 10 uL of ethanolic extract, 100 puL of Folin Ciocalteu reagent, 300 pL of 7%
w/v sodium carbonate and 590 uL of deionized water was prepared. Afterwards, the solution was
incubated at 20 °C for 30 min in the dark. Absorbance was measured against the reagent blank at a
wavelength of 765 nm on a UV/VIS spectrophotometer (SP-8001, Metertech, Taipei, Taiwan) and
absorbance data were analyzed and interpreted by interpolation using a gallic acid (GA) calibration
curve (0 to 25 ug mL"). All data were expressed as GA equivalents (GAE).

2.5. Free Radical Scavenging Activity (RSA)

To determine the RSA, the methodology proposed by Brand-Williams et al. [11] was adapted,
where 100 uL of sample and 1.9 mL of radical DPPH was added per tube, the mixture was shaken
vigorously for 30 s and disposed at room temperature for 30 min in the dark. The absorbance was
measured against the reagent blank at 517 nm in a UV-Visible spectrophotometer (SP-8001,
Metertech, Taipei, Taiwan) and absorbance data were analyzed and interpreted by interpolation
using a Trolox (TE) calibration curve (0 to 1000 pM). All data are expressed as Trolox equivalents
(umol TE 100 g* DW).
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2.6. Antioxidant Capacity (AC)

The ORAC in kernel and shell samples was evaluated using the methodology implemented by
the Universidad de La Frontera No. 2021-A-8614 [5]. This procedure was performed in triplicate with
a multimode reader (Synergy H1 Hybrid, Biotek, Winooski, VI, USA). Solutions of 2,2'-azobis(2-
amidinopropane) dihydrochloride (AAPH) (153 mM) and 70 nM fluorescein were prepared. The
methodology was carried out with the Gen5™ software. First, 25 uL. of AAPH and 150 pL of
fluorescein (70 nM) were preincubated at 37 °C for 15 min. Then 25 pL of each sample were loaded
into black 96-well Jet BIOFIL microplates, the outer wells were filled with 250 pL of distilled H2O and
incubated at 37 °C measuring their kinetics every minute for 60 s for a total of 2.5 h. Finally, data were
calculated using a Trolox calibration curve (0 to 250 uM) and area under the curve (AUC). Data were
expressed as Trolox equivalents (umol TE 100 g' DW).

2.7. Lipid Peroxidation (LP)

As an indicator of oxidative stress, lipid peroxidation was determined in shell and kernel using
the thiobarbituric acid-reactive substance assay (TBARS), according to the modified protocol of Du
and Bramlage [12] by Merifio-Gergichevich et al. [3] for hazelnut. The analysis was carried out using
a Synergy H1 Hybrid multimode reader plate reader, Biotek (Charlotte, VT, USA) taking three
reading measurements at 440, 532 and 600 nm to correct the interference generated by the TBARS-
sugar complexes. Results were expressed as nanomolecular equivalents of malondialdehyde (MDA)
content per dry weight (nmol MDA g DW), a secondary product of polyunsaturated fatty acid
oxidation.

2.8. Experimental Design and Statistical Analysis

The experiment was performed in a completely randomized factorial design where the factors
were three seasons (S), two localities (L) and two cultivars (C) (3 x 2 x 2). All commercially relevant
features measured (whole nut, kernel and shell features) were subjected to a normality test and a
three-way analysis of variance (ANOVA). The values obtained for TPC, RSA, AC and LP in kernel
and shell, were subjected to a normality test and a three-way analysis of variance (ANOVA) where
factors were S, L and nut material (NM) as kernel or shell. The comparison of means according to the
Tukey’s post-hoc test at significance level of p <0.05. All determination were performed by triplicate
(12 experimental units). To explain the relationships between morphological features, antioxidant
properties and the variables studied, a Pearson correlation test and a Principal Component Analysis
(PCA) performed in R version 4.2.1.

3. Results

3.1. Experimental Sites and Weather Conditions

In Cunco, the lowest mean temperature was recorded on October 1 (10.3 °C) and the highest on
January 21 (16.1 °C) for S1. In the S2 and S3, the lowest was recorded on 14 October (10.4 and 10.7 °C)
and the highest on 4 February (17.1 and 17.2 °C) (Figure 1A). The monthly relative humidity for S1
was 77.9% in November and the lowest in February was 70.7%. In the S2, the maximum was 81.4%
in November and the minimum was 74.1% in January. In the S3, the maximum was 81.8% in March
and the minimum was 68.8% in February (Figure 1B). The highest accumulated monthly precipitation
in the S1 was 92 mm and the lowest was 10.6 mm. In the S2, the highest was 131.6 mm and the lowest
was 9.2 mm. In the S3, the maximum was 109.9 mm and the minimum was 13 mm (Figure 1C). The
lowest solar radiation was recorded on 19 March (12.9 and 10.4 M] m?) and the highest on 12
December (18.9 and 16.2 MJ m?2) for S1 and S3. At S2, the lowest was recorded on March 21 (10.8 MJ
m?) and the highest on January 10 (16.1 MJ m?) (Figure 1D).

In Perquenco, the lowest mean temperature was recorded on 19 October (9.9, 9.6 and 9.8 °C) and
the highest on 21 February (16.3, 16.7 and 16.8 °C) for S1, S2 and S3 (Figure 1E). The monthly relative
humidity for S1 was 76.4% in November and the lowest in February was 65.6%. In 52, the maximum
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was 78.6% in October and the minimum was 69.6% in January. In S3, the maximum was 80.6% in
October and the minimum was 65.1% in February (Figure 1F). The highest monthly cumulative
precipitation in S1 was 39.9 mm and the lowest was 2.5 mm. In 52, the maximum was 65.5 mm and
the minimum was 6.6 mm. In S3, the maximum was 52.8 mm and the minimum was 2.4 mm (Figure
1G). The lowest solar radiation was recorded on March 23 (16.5 and 16.8 M] m?) and the highest on
December 25 (27.3 and 27.7 MJ m2) for S1 and S3. In S2, the lowest was recorded on March 23 (16.9
MJ m?) and the highest on January 25 (25.9 MJ m?) (Figure 1H).

3.2. Morphological Features in Hazelnut

Table 1 shows morphological features of harvested hazelnut and shell for all studied seasons in
both localities. A significant interaction SxLxC (three-way ANOVA) was found for whole nut length,
thickness and width in addition to shell weight, with Barcelona grown in Perquenco (S1 and S3)
having greater nut length (5 and 15%), thickness (14 and 22%), width (13 and 16%) and shell weight
(29% and 15%), compared to trees grown in Cunco (p < 0.05). For nut weight and shell thickness a
significant SxC interaction showed that Barcelona reached 17% and 20% higher nut weight and 7%
and 7% higher thickness shell than TDG in Cunco for S1 and S3 (p < 0.05). For NRI, Barcelona
harvested in Perquenco showed values closer to 1.0 for three seasons (SxL) with a high difference
(7%) between localities (LxC) (p < 0.05). Cultivar TDG grown in Cunco showed a significant decrease
in seasons S2 and S3 in the length (4%) thickness (9 and 4%), width (6 and 0.05%), weight (13 and
14%) and NRI (3 and 3%) of the nuts, also in shell weight (14 and 8%) with respect to those trees
(Barcelona and TDG) harvested from the Perquenco orchard (p < 0.05).

Table 1. Nut and shell morphological parameters of hazelnut cultivars Barcelona and TDG harvested
in seasons 2019/2020 (S1), 2020/2021 (S2) and 2021/2022 (S3) in Cunco and Perquenco localities, La
Araucania region. Different lowercase letters indicate statistical differences (p <0.05) for season within
locality and cultivar. NRI- nut roundness index. Values represent the average of three replicates + S.E.
NS, not significant; * p < 0.05; ** p < 0.01; ** p <0.001.

Nut Shell
Length Thickness Width Weight NRI Thlcsknes Weight
Season Locality Cul:lva (mm) (g) (mm) (g)
s1 1938+ 1595+ 1874+ 249+ 090+ 148+ 138+
0.61 a 0.46 a 0.65 a 028a 0.09a 005a 0.16a
0 Cunco 2020+ 1711+ 1989+ 277+ 092+ 142+ 155+%
029 a 0.15a 024 a 0.14a 0.0la 0.04a 0.05a
3 1979+ 1630+ 19.64+ 281+ 091+ 148+ 1.68+
0.26 a 0.05a 0.27 a 0.06a 0.8%a 003a 0.06a
Mean 19.79+ 1645+ 1942+ 269+ 091+ 146+ 154+
Barcelo  0.39 0.22 0.39 0.16 0.99 0.04 0.09
s1 na 2041+ 1816+ 21.09+x 292+ 096+ 159+ 178+
032ab  0.13ab 0.29 a 02la 0.0la 0.02a 007a
0 Perquen 19.10+ 1772+  20.03+ 290+ 099+ 143+ 1.66+
co 0.39b 0.55b 0.66 a 0.14a 0.0la 0.05a 0.10a
s3 2280+ 1984+ 2282+ 336+ 096+ 159+ 194+
149 a 1.37 a 141 a 0.04a 0.0la 002a 0.04a
2077+ 1857+ 2131+ 3.06+ 097+ 154+ 179+
Mean

0.73 0.68 0.79 0.39 0.01 0.03 0.07
20.23 = 1701+ 20.06x 280« 092+ 1.57 + 1.64 +
0.60 a 0.31a 0.52 a 0.24 a 0.01a 0.04 a 0.18 a

S1 Cunco TDG
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18.85 + 16.20 + 18.86 + 2,61+ 0.93 + 1.49 + 1.38 +

52 0.14 a 0.06 a 0.24 a 0.05a 0.01 a 0.03 a 0.02 a
s3 18.54 + 15.42 + 18.31 229 + 0.92 + 157 + 131+
0.54a 0.04 a 0.09 a 0.10 a 0.01 a 0.04 a 0.06 a
Mean 19.20 £ 16.21 £ 19.08 £ 257 + 092 + 1.54 + 144 +
0.43 0.14 0.28 0.39 0.01 0.04 0.09
s1 18.70 £ 16.53 £ 19.03 £ 2.58 + 0.95 + 148 + 1.39 +
0.16 a 0.31a 0.24a 0.17 a 0.01a 0.02a 0.07 a
5 Perquen 19.63+ 1769+ 20.01x 296+ 096+ 156+ 158z
co 0.37 a 0.17 a 0.08 a 0.10 a 0.02 a 0.06 a 0.05a
s3 19.22 + 16.01 £ 18.32 £ 2.61 + 0.95 + 148 + 141+
0.22a 0.07 a 0.13a 0.10a 0.01 a 0.02 a 0.03 a
Mean 19.18 + 19.74 + 19.12 + 2.71 + 0.95 + 1.51 + 1.46 +
0.25 0.18 0.15 0.12 0.01 0.03 0.05
Significan NS NS NS NS ** NS
= L NS L *% *% Ll * *
C *% b bt * NS NS Exd
SxL * NS NS NS * NS NS
SXC * 3% *% * NS * *%
LxC NS ** ** NS * NS *
SxLxC * * * NS NS NS *

Regarding kernel morphological features (Table 2), a significant SxC interaction was found. In
S3 Barcelona kernels collected from Perquenco orchard showed significant increases in length,
thickness and width of 18, 43 and 31% respectively, compared to Cunco. However, in S2 the only
difference between the localities for Barcelona kernels was thickness (an increase of in Perquenco 10%
compared to Cunco). Whereas for kernel yield a significant SxL interaction was determined for S2
and S3 which showed that TDG in Perquenco achieved 1% and 7% higher yield than Cunco (p <0.05).
As for the TDG planted in Perquenco, the highest averages were determined for the last two seasons
studied (52 and S3); particularly in 52, kernels had higher length (1.6%), thickness (4%), width (9%),
weight (13%), KRI (9%), IC (13%) and grain yield (1%) compared to Cunco.

Table 2. Kernel morphological characteristics in hazelnut Barcelona and TDG harvested in seasons
2019/2020 (S1), 2020/2021 (S2) and 2021/2022 (S3) in Cunco and Perquenco localities, La Araucania
region. Different lowercase letters indicate statistical differences (p < 0.05) for season within locality
and cultivar. KRI-kernel roundness index, IC-internal cavity, Kernel (%)-kernel yield. Values
represent the average of three replicates + S.E. NS, not significant; * p <0.05; ** p < 0.01; ** p < 0.001.

Kernel
Length Thickness Width Weight KRI IC Kernel

Tt

Season Locality Cu rtlva (mm) (g (mm) (%)
s1 14.19+ 10.51+1.0013.59+094 1.16+ 0.82 + 2.40 + 45.25 +
092 a a a 0.16 a 0.04 a 0.32b 2.56 a
14.36 + 10.81+0.7513.70+0.67 1.21 =+ 0.83 4.08 + 43.47 +

52 Cunco

Barcelo 0.70 a a a 0.07 a 0.04 a 0.33 a 1.50 a
s3 na 14.45+ 10.31+0.3812.85+0.45 1.13+ 0.75 + 2.40 + 39.19 +
0.62 a a a 0.03 a 0.03 a 0.32b 1.72b
Mean 14.33 1054+ 0.7113.38 + 2.06 1.16 = 0.80 = 2.96 + 42.64 +

0.75 0.09 0.04 0.32 1.93
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13.66+ 10.89+1.3713.10+1.63 1.13+ 0.83= 1.71+ 3735z

51 0.65 a a a 0.17a 0.13a 041b 436 b
0 Perquen 13.73+ 11.94+0.1413.70+£0.13 124+ 093+ 273+ 4231+
co 0.30 a a a 0.04 a 0.02 a 0.43 a 1.50 a
3 17.06+ 14.70+1.2016.85+1.35 143+ 0.83x 1.71+ 3735%
154 a a a 0.01a 0.13a 041Db 4.36 b
14.82 + 1.35+ 086+ 205+ 39.00=
Mean 5 49 12.51 £0.9014.55 + 1.04 0.07 0.09 0.42 341
s1 14.13+ 1095+0.7812.59+0.84 123+ 078+ 250+ 42.83+
0.78 a ab ab 0.11a 0.06a 0.38b 0.78 b
0 Cunco 1416+ 1145+0.0413.39+0.08 122+ 0.86x 3.67+ 4646+
0.06 a a a 0.02 a 0.09 a 0.39 a 0.05 a
3 11.83+ 8.23+0.22 11.07+0.56 1.03+ 078+ 250+ 41.62+
0.85a b b 0.06a 0.06a 038b 1.78 b
13.37 £ 1.16+ 081+ 289+ 4364+
Mean . 0.56 10.21 +0.3512.35 + 0.49 0.06 0.07 0.38 0.87
s1 12.65+ 10.72+0.6313.65+0.75 1.19+ 090+ 291+ 4426+
0.60 a a ab 0.09a 004a 041Db 149b
0 Perquen 1439+ 11.92+0.2014.66+0.07 138+ 094+ 413+ 4693+
co 0.38 a a a 0.04 a 0.03 a 0.33 a 0.24 a
3 14.08 + 10.37+0.4612.72+0.45 121+ 090+ 291+ 4426+
0.73 a a b 0.06a 004a 041Db 149b
13.71 £ 126+ 091+ 332+ 4515+
Mean 0.57 11.00 £ 0.4313.68 + 0.42 0.06 0.04 0.38 107
Significa NS NS NS NS * NS
nce
L NS ** * NS xEE NS NS
C * * NS NS NS NS **
SxL. ** * NS NS NS NS *
SxC * ** * NS NS NS NS
LxC NS NS NS NS NS NS NS
SxLxC NS NS NS NS NS NS NS

The hazelnut defects include both physiological and biotic constraints such as blank, wrinkled
or misshapen kernel, double kernel and molds (Figure 2), considered as commercial quality
indicators for hazelnut industry (Table 3). Wrinkled/deformed kernel were the most frequent defects
observed in the S1 (10%) and S3 (13%) seasons in Barcelona and TDG at both localities. While for S2,
7% and 13% of Barcelona hazelnuts had wrinkled/deformed kernels at both localities, TDG had the
highest number of moldy hazelnuts, 3% and 17% at both locations, respectively. In addition, an
average of the three seasons for Barcelona revealed that the highest percentage of defects found for
both localities were wrinkled/misshapen kernel (about 10%) and the lowest was mold (0.3 and 2.3%).
Likewise, in TDG, the largest defects found were wrinkled/misshapen kernels (6.6% and 9%). Finally,
the average number of hazelnuts without defect for Barcelona was 76% and TDG was 74%.
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Figure 2. Hazelnut defects: (A) blank, (B) wrinkled or misshapen kernel, (C) double kernel, and (D)
molds.

Table 3. The percentage of blank, wrinkled/misshapen kernel, double kernel and moldy kernel in two
hazelnut cultivars Barcelona and TDG, harvested in seasons 2019/2020 (S1), 2020/2021 (S2) and
2021/2022 (S3) in Cunco and Perquenco localities, La Araucania region (n = 30).

Nut
Blank Wrinkled/Misshapen  Double Mold
Kernel Kernel
Season  Locality  Cultivar (%)

S1 3 10 0 0
52 Cunco 3 7 3 0
S3 3 13 10 7

Mean Barcelona 3 10 4.3 2.3
S1 7 3 13 3
52 Perquenco 0 13 3 0
S3 0 13 10 0

Mean 2.3 9.6 8.6 0.3
S1 7 10 3 7
52 Cunco 0 0 0 3
S3 13 10 3 7

Mean 6.6 6.6 2 5.6
S1 DG 7 10 3 0
52 Perquenco 0 7 0 17
S3 3 10 3 10

Mean 3.3 9 2 9

3.3. Antioxidant Properties in Hazelnut Kernels and Shells

3.3.1. Total Phenolic Compounds

Regarding TPC, a significant interaction between season, locality and nut material (SxLxNM)
was determined for both cultivars Barcelona (p < 0.001) and TDG (p < 0.01) (Figure 3). The shell and
kernel of Barcelona and TDG in Cunco were the highest in S1 and both declined in S2 and S3 (p <
0.001) (Figure 3A,B). However, in Perquenco in the S2, both shell and kernel TPC showed 57% and
64% increase compared to the S1 and S3 (p < 0.001).
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Figure 3. Total phenolic compounds (mg GAE 100 g' DW) in kernel and shell of hazelnut Barcelona
(A) and TDG (B) for three seasons 2019/2020 (S1), 2020/2021 (S2) and 2021/2022 (S3) in two localities
in La Araucania region. S-season, L-location, NM-nut material. Bars represent the average of three
replicates + S.E. Different lowercase letters indicate statistical differences (p < 0.05) between seasons
for the same locality. NS, not significant; * p < 0.05; ** p < 0.01; ** p < 0.001.

3.3.2. Free Radical Scavenging Activity

For RSA, a significant SXLxNM interaction was determined for Barcelona (p <0.001) and TDG (p
<0.001). The shell and kernel of Barcelona had 57% and 66% higher RSA in the Cunco locality for the
S1 compared to S2 and S3 (p < 0.001). However, in Perquenco, both in Barcelona shell and kernel in
the first two seasons RSA was higher in comparison with the S3 (p <0.001) (Figure 4A). For TDG the
highest RSA was also in S1 in Cunco, (p < 0.001) 59% and 37% for shell and kernel, respectively
compared to S2 and S3. However, in Perquenco, similarly to Cunco locality Barcelona had higher
RSA than TDG in 52 and S3. The high RSA values in Perquenco for Barcelona were detected for both
S1 and S2 with a decline in S3 (p < 0.001) (Figure 4B).
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Figure 4. Radical scavenging activity (mg TE 100 g DW) in kernel and shell of hazelnut nuts
Barcelona (A) and TDG (B) for three seasons 2019/2020 (S1), 2020/2021 (S2) and 2021/2022 (S3) in two
localities in La Araucania region. S-season, L-location, NM-nut material. Bars represent the average
of three replicates + S.E. Different lowercase letters indicate statistical differences (p < 0.05) between
seasons for the same locality. NS, not significant; ** p <0.01; *** p < 0.001.

3.3.3. Antioxidant Capacity

For AC, measured by ORAC, a significant SXLxNM interaction was determined in Barcelona (p
<0.001) and LxNM in TDG (p < 0.001). Barcelona had higher AC, which was evidenced with for Cunco
and Perquenco shell samples with averages of 60% and 48% increase for seasons S1 and S3 (p <0.001),
compared to S2. Barcelona kernels showed higher AC in S3 (p < 0.001) in both localities evaluated
with an average of 55% and 62%, respectively, compared to other seasons (Figure 5A). In TDG at the
Cunco locality, the highest AC was in the S3 (p < 0.01). However, the AC of TDG kernels was 61%
(S1) and 64% (S3), respectively, higher compared to the S2 (p < 0.001). However, in Perquenco in S3,
the highest AC was 45% for shell and 61% for kernel (p < 0.001), respectively (Figure 5B).
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Figure 5. Antioxidant capacity (umol TE 100 g' DW) in kernel and shell of hazelnut nuts Barcelona
(A) and TDG (B) for three seasons 2019/2020 (S1), 2020/2021 (S2) and 2021/2022 (S3) in two localities
in La Araucania region. S-season, L-location, NM-nut material. Bars represent the average of three
replicates + S.E. Different lowercase letters indicate statistical differences (p < 0.05) between seasons

for the same locality. NS, not significant; *** p < 0.001.

3.3.4. Lipid Peroxidation

For LP, a significant SXLxNM interaction was found for Barcelona (p < 0.05) but not for TDG.
The kernels showed 60% higher in LP than that determined in shell, for all studied seasons, being
higher in Barcelona planted in Cunco (p < 0.001). Barcelona showed higher LP in kernels, which was
more intense in Cunco with an average of 64% and 61% for the S1 and S3 seasons (p < 0.001) and in
Perquenco with an average of 58% for the S3 season (p < 0.001), compared to the other seasons
analyzed (Figure 6A). Likewise, in the TDG cultivar, the kernel was 76% higher in LP than that
determined in the shell for all seasons evaluated (p < 0.001). However, in the kernel, seasons S1 and
S3 presented the highest LP in 54% and 50%, respectively, compared to S2 (p < 0.001) (Figure 6B).
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Figure 6. Lipid peroxidation (nmol MDA 100 g™! DW) in kernel and shell of hazelnut nuts Barcelona
(A) and TDG (B) for three seasons 2019/2020 (S1), 2020/2021 (S2) and 2021/2022 (S3) in two localities
in La Araucania region. S-season, L-location, NM-nut material. Bars represent the average of three
replicates + S.E. Different lowercase letters indicate statistical differences (p < 0.05) between seasons
for the same locality. NS, not significant; * p < 0.05; *** p <0.001.

3.4. Principal Components Analysis

The data set was divided by season and subjected to principal component analysis (PCA).
Confidence ellipses (group means) were generated by cultivar taking into account the effects of the
factors analyzed on their morphological features and the antioxidant properties analyzed in hazelnut
kernel and shell samples (Figure 7).

Regarding the components, it was observed that Barcelona grown in Cunco for S1 was mainly
by higher precipitations which had positive correlations with kernel characteristics (yield, width,
roundness, length, TPC) and shell (RSA, AC, TPC). While TDG influenced by low humidities showed
positive correlations with most of the morphological features. However, for Barcelona in S2 positive
correlations were found for NWDH, SWGT and NLNH. On the other hand, in S3 influenced by higher
precipitation, positive correlations were found for KLNH, NWGT and SWGT. On the other hand, for
TDG in S2 positive correlations were found only for KYLD and negative correlations with KLP. While
in 53 it showed positive correlations in SAC and KLP and negative correlations with B.

However, Barcelona grown at Perquenco in S1 was influenced by lower temperatures and
precipitations as well as higher radiation. It correlated positively with most of the morphological
features and antioxidant properties in both kernel and shell. During that season, TDG correlated
positively with KYLD and KIC. However, Barcelona grown at Perquenco in S2 correlated positively


https://doi.org/10.20944/preprints202406.1002.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2024 d0i:10.20944/preprints202406.1002.v1

14

with SRSA, SLP, STPC and KTPC. While in that season, TDG correlated positively only with KWDH
and negatively with M and KLNH. In S3, Barcelona under lower temperatures and precipitations
showed positive correlations with KTCS, STPC and NWGT and negative correlations with SRSA,
NWDH, SLP, SWGT, KRSA, SAC and NRI. In contrast, TDG showed positive correlations with KLP,
KYLD and M in the same season.
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Figure 7. Principal components (PC) for the experimental variables determined in kernel and shell of
the cultivars Barcelona and TDG. The graph shows the distribution of the experimental variables
according to PC and grouped according to locality Cunco (A) S1, (B) S2, (C) S3, locality Perquenco
(D) S1, (E) S2 and (F) S3. NLNH, nut length; NTCS, nut thickness; NWDH, nut width; NWGT, nut
weight; KLNH, kernel length; KTCS, kernel thickness; KWDH, kernel width; KWGT, kernel weight;
KIC, kernel internal cavity; SWGT, shell weight; STCS, shell thickness; KYLD, kernel yield; KRI,
kernel roundness index; NRI, nut roundness index; SRSA, shell radical scavenging activity; KRSA,
kernel radical scavenging activity; STPC, shell total phenolic compounds; KTPC, kernel total phenolic
compounds; SAC, shell antioxidant capacity; KAC, kernel antioxidant capacity; SLP, shell lipid
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peroxidation; KLP, kernel lipid peroxidation; B, Blank; KW/M, kernel wrinkled/misshapen; KD,
kernel double y M, Mold.

4. Discussion

Hazelnut cultivars such as Barcelona and TDG are highly appreciated by the food industry
mainly for the morphological features and antioxidant properties of their nuts [13,14], as these factors
especially influence their price and exported volumes. The length, thickness, width, weight and NRI
in the nut, varied significantly for Barcelona grown in Perquenco, under lower precipitation and
higher radiation in S1 and S3 (Figure 1) with respect to the SxXLxC interaction. These parameters were
less affected by season in TDG at the Cunco locality for the seasons studied (Table 1). Our results are
similar to what Ozdemir and Akinci [15] and Ercisli et al. [16] reported for nut length (15.66-19.85
mm), thickness (16.17-17.28 mm), width (18.16-18.97 mm), weight (1.68-2.31 g) and NRI (0.94-1.06)
in the same cultivars studied, indicating that the difference obtained in our study were attributed to
individual characteristics among cultivars, as well as weather and growing conditions.

Regarding the thickness and weight of the shells in these cultivars, they were greater in
Barcelona in Perquenco by 7% (1.59 mm) and 17% and 20% (1.78 g and 1.94 g) than in Cunco, under
the influence of lower temperatures, humidity and precipitations and higher radiation for the S1 and
53 studied (Figure 1) with respect to the SxC interaction. Our study showed that shell thickness and
weight were higher than those reported by Petriccione et al. [17], Delprete and Sesana [18], and
Milosevi¢ and Milosevi¢ [19] who reported for cultivars Tonda Gentile Bilobata, TDG and TGDL,
shell thickness and weight ranges from 1.17 to 1.30 mm and 1.15 g respectively. The same authors
also indicated that differences between cultivar genetics, weather conditions and cultural practices
directly affect in hazelnut morphological features. In addition, other morphological characteristics
evaluated in kernels such as length, thickness and width for the Barcelona in Perquenco were affected
by the season, showing significant increases in the last season (53), characterized by low
temperatures, in addition to higher precipitations and radiation (Figure 1), with respect to the SxC
interaction.

Likewise, for TDG in Perquenco, SxL interaction was determined reaching greater length,
thickness, width, weight, KRI, IC and yield, influenced by lower temperatures, humidities and
precipitation, in addition to higher radiations for S2 and S3 (Figure 1) compared to the same cultivar
planted in Cunco (Table 2). Our results obtained for both Barcelona and TDG are concomitant with
studies conducted by Ferrao et al. [9], Ozdemir and Akinci [15], Milosevi¢ and Milogevi¢ [19], who
reported similar ranges of values for kernel length (11.19-17.06 mm), thickness (11.97-14.02 mm),
width (12.60-16.05 mm), weight (0.81-1.76 g) and NRI (0.99-1.12). Moreover, the average kernel yield
was similar to that reported by Ferrao et al. [9], Mehlenbacher et al. [20], Solar and Stampar [21].
Merifio-Gergichevich et al. [3] reported kernel yield ranges between 37-53%, similar to those reported
in our study for Barcelona and TDG in both localities. However, previous studies by
Mohammadzedeh et al. [22], Cristofori et al. [23], Ili¢ et al. [24] and Correia et al. [25] determined
lower kernel yields (35%) than those recorded in our study, which is mainly due to the insufficient
amount of water required for nut filling with kernel during kernel growth, therefore the lower the
water supply, the lower the yield, this situation was similar to our observations in the S1 and S3
season for Barcelona grown in Perquenco, where a kernel yield of 37% was obtained (Table 2) as a
consequence of low accumulated precipitations of around 22.36 mm and 29.95 mm accompanied by
high solar radiation between October and March (Figure 1).

The differences in nut, shell and kernel morphological features in this study could be the result
of the individual properties of the hazelnut cultivars, the locality, and the prevailing weather
conditions in each season studied, as well as their interaction with the environment, including
postharvest handling, as reported by Ozdemir et al. [26], Ozdemir and Akinci [15].

The predominant condition defects detected in the harvested nuts of Barcelona for all seasons
were wrinkled/deformed kernel (average 9.8%), double kernel (average 6.5%), blank (average 3%)
and mold incidence (average 1.3). While in TDG for all seasons were wrinkled/deformed kernel
(average 7.8%), mold incidence (average 7.3%), blank (average 4.9%) and double kernel (average 2%)
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(Table 3). Abnormally small kernels were classified as wrinkled or deformed, which is a defect with
low heritability being frequent in cultivars with large nut such as Barcelona, in which the highest
incidence percentages were obtained for seasons S2 and S3 in both locations analyzed (Table 3). In
addition, this condition could be considered more severe in years with abundant harvest, drought,
herbicide damage or some other type of stress [27,28], which coincides with our results, since the
seasons where this defect was most present were characterized by low temperatures and
precipitations accompanied by higher radiation (Figure 1).

The incidence of moldy kernels is moderately heritable, moreover, this disorder is a serious
defect that can substantially decrease shelf life [4,27,28]. This disorder has been associated with
postharvest pathogenic fungi such as Cladosporium spp., Botrytis cinerea, Aspergillus spp., Penicillium
spp., Diaporthe spp. and Trichotecium roseum in hazelnuts grown in southern Chile [29]. The mold
incidence depends on favorable environmental factors for infection by phytopathogens, especially
during flowering and fruit set [30-33]. However, in our study, the highest incidence of molds was
detected in TDG grown in Perquenco corresponding to the last two seasons, in which low
temperatures, humidity and precipitation were present, in addition to higher radiation during
production (Figure 1).

While double kernels are undesirable due to reduced quality, size and increased irregular
shapes, a ratio of 1 to 5% is considered acceptable [27]. Furthermore, this condition defect is primarily
associated with the number of ovules present in the ovary, that is, as the number of ovules in the
ovary increases, the number of double kernels also increases. Furthermore, double kernel frequency
is largely a cultivar characteristic [27]. According to Beyhan and Marangoz [34], Palaz and Tombul
cultivars contained 24% to 39% more double kernels compared to Barcelona (6.5%) and TDG (2%).
While in this study the highest incidence of double kernels was for the cultivar Barcelona in both
localities in S1 and S3 (Table 3). Blank nuts cause a significant crop loss in hazelnut production [35],
and this is one of the most serious disorders, characterized by embryo failure due to seminal abortion,
insufficient pollination or poor fertilization. The results obtained in this study indicate that the
highest incidence of blank nuts for both cultivars was at both localities in the S1 and S3 (Table 3). In
general, quality defects in hazelnuts include changes in morphology and flavor, and their intensity
depends mainly on seasonal weather conditions. The average percentage of hazelnuts without defect
in this study was 75%, which is in the range between 64 and 88% reported by McCluskey et al. [36],
McCluskey et al. [37], and Guerrero et al. [38].

Our results showed an interaction between TPC, and SxLxNM for both cultivars. Both cultivars
grown in Cunco, had the highest TPC in the shell followed by the kernel in S1, under higher
precipitations. However, in Perquenco in S2, characterized by lower temperatures, precipitations and
radiation, opposite trends were observed in the cultivars compared to S1 (Figure 3). Overall, our
results are concomitant with those reported by other authors, who determined TPC in 20 hazelnut
cultivars, resulting in the highest concentration for the shell and the lowest for kernel, which ranged
between 159-730 and 70-478 mg GAE 100 g' DW, respectively, whose values were statistically
significant among cultivars Barcelona, TGDL and Lewis with high antioxidant and bioactive potential
[39—45]. In addition, our study showed greater differences in TPC between tissues (shell and kernel)
and cultivars for the evaluated seasons, probably in response to the structural diversity from which
the extracts are derived and the weather conditions in cultivar plantings, which directly influenced
the synthesis of these compounds.

Also, previous studies have observed that variations in temperature, light exposure, UV
radiation, and high-altitude environments can influence the phenolic composition and antioxidant
activity of hazelnuts [6,46]. However, altitudes alone did not directly characterize phenolic
composition and antioxidant activity, suggesting that variations in the aforementioned variables
observed in this study were mainly influenced by cultivars rather than altitudes.

Analysis of the antioxidant capacity of hazelnut is essential from a nutraceutical point of view,
as the shell and kernel are valuable sources of bioactive compounds as antioxidants [5,47-50].
Regarding the RSA determined in shell and kernel samples, our results showed differences between
the three seasons analyzed due to the interaction between SXLxNM (p < 0.001) determined for both
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cultivars. Barcelona and TDG grown in Cunco in S1, under higher precipitation, showed higher RSA
in the shell followed by the kernel. However, in Perquenco in S1 and S2, characterized by lower
temperatures, precipitations and radiation, higher RSA for the shell followed by the kernel was
obtained compared to S3 (Figure 4). The differences are probably caused by environmental factors,
including temperature, light exposure and UV radiation, in addition to cultivars, soil type and
constant seasonal changes, which have a significant effect on the RSA composition of hazelnuts [6,46].
Furthermore, our results agree with those reported by Merifo-Gergichevich et al. [3], Manterola-
Barroso et al. [5] who found that antioxidant activity measured by the DPPH method in shell and
kernel ranged in values of 4290-8550 and 500-2520 mg TE 100 g DW, respectively. However, for
different cultivars of kernel samples [40,51] reported values of 146-1280 umol TE 100 g* DW, higher
than those reported in this study. Despite this, previous studies demonstrated a strong interaction
between shell and kernel samples, seasons and localities on RSA, probably due to physiological
responses to the prevailing abiotic conditions in the commercial orchards evaluated.

ORAC methodology was used to determine the AC which is characterized by hydrogen proton
transfer (HAT) based on the stabilization of a free radical (AAPH or 2,2’ azobis -(2-amidinopropane)
by the action of an antioxidant and the complete transfer of a hydrogen proton measures the ability
of an antioxidant system to inhibit oxidative damage of molecules susceptible to AAPH radicals [52].
Regarding the AC determined in shell and kernel samples, our results showed an interaction between
SxLxNM for Barcelona and LxNM for TDG (Figure 5). Barcelona and TDG grown in Cunco for S1
and S3, under lower humidities, showed higher AC in shell followed by kernel compared to S2.
However, TDG in Perquenco in S3, influenced by low temperatures and high precipitations and
radiation showed the highest AC for shell followed by kernel. Currently there are scarce results under
this methodology on hazelnut shell and kernel samples, therefore our results were compared with
previous studies performed by our laboratory staff. Data obtained in related projects [53,54] showed
an average shell AC value of 50 umol TE g-' DW, which was extremely low compared to the average
shell values reported in this study. In addition, Manterola-Barroso et al. [5] showed that AC of shell
and kernel extracts ranged between 1300—4500 and 304-965 umol TE 100 g' DW, respectively,
coincident with our study. In addition, they concluded that the planting location determined a
relevant role in the antioxidant ORAC values in shell and kernel. Other factors that influenced
seasonal AC corresponded to meteorological variability and agricultural practices, as reported for
almonds (Prunus dulcis L.) by Garrido et al. [55] who reported differences of 36% for ORAC values
between 2004 and 2006, that is, meteorological factors present in the evaluated seasons influence the
synthesis pathway of polyphenols and their AC.

On the other hand, lipid peroxidation is the most common spoilage factor of oil-rich foods and
occurs when oxygen reacts with lipids especially rich in unsaturated fatty acids and a series of free
radical chain reactions result in complex chemical changes. Oxidation results in rancidity and an
unpleasant taste, as well as nutritional loss and the formation of hazardous compounds toxic to
human health of oil-rich foods such as hazelnuts [56,57]. Factors that enhance lipid oxidation
correspond to agronomic management, crop location and seasonal weather differences [58]. In our
study, an SXLxNM interaction was found for Barcelona, related to seasons with low humidity but not
for TDG (Figure 6). Likewise, Merifio-Gergichevich et al. [3] performed a thiobarbituric acid reaction
(TBARS) assay on hazelnut TDG samples, showing an average of 705-1573 and 2164—4130 nmol MDA
100 g' DW in shell and kernel respectively, showing lower results in shell, similarly as obtained in
our study. These findings indicate that the antioxidants present in the shell prevent the oxidation
process and that the shell, being the outermost part of the hazelnut, protects the other structures of
the nut from unfavorable weather conditions, improving its tolerance to abiotic stress through the
increased presence of antioxidants [41,59].

5. Conclusions

In this study, we show statistically significant effects of localities and seasons on two hazelnut
cultivars, their morphological features and the antioxidant properties determined in kernel and shell.
These properties vary due to the influence of the meteorological conditions of each season
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corresponding to the planting locations evaluated. Thus, Barcelona grown in Perquenco in S1 and S3,
with less precipitation and higher solar radiation, performed better than in Cunco with respect to
most morphological nut, kernel and shell features, and the same parameters generally had the same
trends for TDG in S2 and S3. Among seasons at the same localities, the differences between the
predominant condition defects for both cultivars were in the decreasing order wrinkled/deformed
kernels, double kernels, blank and mold kernels, with about 75% of hazelnuts having no defect.

On the other hand, in both cultivars, the shell had higher antioxidant properties that increased
in S1 and S3 at both localities and were consistently higher than in the kernels. While LP was higher
in the kernel than shell in both cultivars and localities for S1 and S3. Which means that the
antioxidants present in the shell prevent the oxidation process and that the shell, being the outermost
part of the hazelnut, protects the other nut structures from unfavorable weather conditions,
improving its tolerance to abiotic stress through the increased presence of antioxidants.

In summary, the knowledge obtained in this study on the morphological features and
antioxidant properties of hazelnut structures and the variables evaluated are fundamental, as they
are necessary to determine numerous parameters and decisions of utmost importance to guarantee
the quality of the final product. Finally, further studies examining each of the abiotic factors affecting
the features and properties of kernel and shell structures are needed to fully explain the causes of
such variations.
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