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Abstract

Assessing pollen viability and anomalies is essential to optimize resources and improve
hazelnut productivity. However, knowledge of pollen viability dynamics across culti-
vars and environments remains limited. This study applied impedance flow cytometry
to (i) monitor pollen hydration and define optimal rehydration time, (ii) quantify pollen
viability over three flowering seasons, and (iii) evaluate genetic, environmental, and agro-
nomic influences on viable and anomalous pollen formation. Viable pollen showed an
adaptive response, restoring high viability (~85%) after four hours of hydration following
dehydration stress. Viability displayed cultivar-specific patterns, stable across years but
variable among sites. In Viterbo (central Italy, Mediterranean climate), flowering occurred
2–4 weeks earlier than in northern orchards (Piedmont, continental climate). Wild-type
accessions exhibited higher viability and minimal anomalous pollen (<3%), whereas culti-
vated genotypes maintained abundant anomalous pollen (30–50%) across sites and seasons.
Multifactorial analysis revealed that both genotype and environment affected viable pollen,
while anomalous pollen depended mainly on genotype. Overall, pollen viability results
from the interaction between genetic predisposition and local conditions, whereas anoma-
lous pollen reflects stable, genotype-linked traits. These findings highlight the dominant
role of cultivar-specific genetics in hazelnut pollen quality, providing a framework for
breeding and orchard management strategies.

Keywords: Corylus avellana L.; cultivar selection; pollen hydration; pollen sterility;
pollinizer cultivars

1. Introduction
The European hazelnut (Corylus avellana L.) is an important global crop, ranking fifth

in total nut production in recent years. Turkey is the leading producer in the global hazelnut
market, accounting for approximately 75% of the total production, followed by Italy, the
United States, Azerbaijan and the Republic of Georgia [1]. Hazelnuts also represent an
important component of the sustainable economic growth of countries with productive
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potential such as Chile, due to their stable trade returns [2–4]. The current international
outlook expects a further increase in demand for this product over the next decade [5],
partly driven by growing consciousness of the health benefits associated with daily con-
sumption of hazelnuts, owing to their content of unsaturated fatty acids, antioxidants,
vitamins and proteins [6,7]. To meet this growing demand, producers must develop strate-
gies to utilize their resources more efficiently. Consequently, studying the dynamics that
govern the reproduction processes of this wind-pollinated perennial plant has become
one of the main issues on the agenda of producing countries, particularly regarding the
renewal of hazelnut orchards to enhance their competitiveness. Recent advancements in
hazelnut cultivation result from the gradual evolution of the plant training systems [8] and
planting layouts [9] which, however, has not been accompanied of the pool of cultivars
used as pollinizers. Indeed, global production still relies on limited number of cultivars
highly valued by the confectionery industry [10]. In hazelnut, a monoecious protogynous
species, the receptivity of pistillate flowers extends for two to five weeks, depending on
the cultivar [11]. During this extended period, successful pollination depends on several
factors, including genetic compatibility, optimal weather conditions, nutrient availability,
and the presence of viable pollen. Disruptions in any of these events can compromise fruit
set and yield. It has been widely observed that pollen viability is strongly influenced by
temperature as well as by cytoplasmic carbohydrate content. The presence of sucrose, the
main pollen cytoplasmic osmolyte in pollen, can influence pollen rehydration, which is the
first step following adhesion to a receptive and compatible stigma [12]. Hazelnut pollen,
which is released with a relatively high moisture content (30%) compared to orthodox
species (1–5% hydration) [13,14], is considered more susceptible to dehydration damage.
Indeed, reduced moisture causes a rapid loss of viability [15], classifying hazelnut pollen as
desiccation-sensitive [16]. Understanding flowering physiology is crucial for synchronizing
the flowering times of production to pollinizer cultivars, especially in self-incompatible
species such as hazelnut, where self-pollen can significantly limit fruit set. Furthermore,
in hazelnut, key horticultural traits such as fruit weight and shape, peeling rate, and shell
thickness are highly hereditable characteristics [17]. Pollen limitation, defined as a phe-
nomenon in which pistils receive an insufficient number of pollen grains to fertilize ovules,
has been shown to be an important factor in regulating fruit set [18]. Conversely, when
the number of pollen grains available for pollination exceed the number of ovules, fertil-
ization may not occur. This phenomenon is usually related to pollen population [19,20],
referring to both the density and quality of pollen, including the presence of sterile or
non-viable grains. Abnormal pollen development in angiosperms is commonly associ-
ated with alterations during meiosis or post-meiotic mitosis in the microspore [21]. These
morphological changes have been largely attributed to genetic factors and environmental
cues, with temperature playing a pivotal role [22]. Despite numerous studies documenting
morphological anomalies in European hazelnut pollen [23–27], particularly in commercial
genotypes, the relationship between pollen anomalies and genotypic traits, as well as the pe-
doclimatic conditions of the environment, remains largely unexplored. Anomalous pollen
appears to be characterized by reproductive sterility associated with poor cytoplasm [28],
callose accumulation, and a highly thickened intine [29]. Furthermore, anomalous pollen
appears morphologically smaller than viable pollen, a conditions likely associated with
recurrent reciprocal translocation events in Corylus avellana cultivars, leading to gametic
semi-sterility [30,31].

While monitoring airborne pollen availability is a valid method for forecasting hazel-
nut annual yield [3], a more comprehensive understanding of pollen dispersal dynamics
and pollen viability levels may help determine which cultivars are best suited to new
growing regions, particularly in an era of increasingly irregular weather patterns resulting
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from global climate change. To expand current knowledge of hazelnut pollen characteristics
and to support the development of artificial pollination technologies [32] and genetic im-
provement programs for this species [33], this study investigated pollen viability trends in
four of the most appreciated Italian cultivars, along with a wild-type accession, monitored
over three consecutive years. Particular attention was given to exploring the occurrence
of anomalous pollen and its potential associations with genetic and environmental fac-
tors, thereby providing a clearer framework for understanding cultivar-specific pollen
performance and its implications for cultivation strategies.

The proposed methodology and results are intended to facilitate future studies on
hazelnut breeding, which often require simple, rapid, and reliable tests for assessing pollen
quality. This study emerges as part of the project on the reproductive biology and pollen
viability of the European hazelnut.

2. Results
2.1. Pollen Hydration Dynamics

Pollen hydration dynamics tests showed, following the preparatory dehydration
phase, a pronounced presence of non-viable pollen (80%) compared to viable (18.5%) and
anomalous pollen (1.5%). Viability levels increased rapidly from 18.6% to 84.9% within two
hours of hydration, reaching a plateau after four hours (Figure 1). During this hydration
phase, the percentage of pollen initially classified as non-viable decreased rapidly, from
79.9% to 13.6% after only two hours, ultimately stabilizing at approximately 7% after four
hours. The presence of anomalous pollen remained constant throughout the experiment,
consistently below 3%. IFC analysis of pollen hydration dynamic highlighted that the
separation between impedance phase values of viable and non-viable pollen increased with
hydration time (Figure 2).

Figure 1. Trends in pollen viability after dehydration and subsequent rehydration test. Data are
shown as means of at least three biological replicates. Error bars represent the standard error of the
mean. Data for each pollen category (viable, anomalous and non-viable) were analyzed by Tukey’s
test. Statistically differences (p < 0.05) are indicated by different letters (capital letters for viable pollen,
italics for non-viable pollen, lowercase letters for anomalous pollen).
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Figure 2. Effect of pollen hydration dynamics over time explored by IFC test. Pollen after (A) 12 h of
dehydration and subsequent rehydration of (B) 2 h, (C) 4 h, (D) 6 h and (E) 12 h. Blue dots correspond
to viable pollen, red dots correspond to non-viable pollen and green dots to anomalous pollen. Data
are shown as means of at least three biological replicates.

2.2. Pollen Viability

The results of the IFC analysis of pollen viability, measured after four hours of hydra-
tion, are shown in Figure 3. The percentage of viable pollen released by each genotype over
the three-year period exhibited a consistent pattern. This was particularly evident in the ‘Le
Cese’ field (Viterbo province), where each genotype displayed a distinct and narrow range
of values. In this field, the cultivars TG, TGR and N consistently exhibited intermediate
viability levels between 20 and 60%, whereas TdG was always characterized by lower
percentages, ranging from 10 to 30% (Figure 3(A1)). This similarity of mean values among
seasons was accompanied by a highly variable period of pollen dispersal, especially in
the Viterbo area, with a shift in floral phenology ranging from two to four weeks between
seasons, mostly for the cultivars TG, TGR, and the WT accession (Figure 4). Contrary to
observations in Viterbo, the northern areas of Italy, namely the Chieri and Guarene fields,
exhibited greater fluctuations in viability levels during the three flowering years, while still
maintaining some consistency (Figure 3(B1)). Similar to observations in Viterbo, the TG,
TGR, and N cultivars in the Chieri area showed intermediate levels of viability, between 30
and 65%, except for the first sampling year which showed lower percentages. Even in the
Guarene orchard, TG values were comparable to those observed for the same genotype
in the other two fields, though exhibiting greater variability in the first sampling year
compared to the other two (Figure 3(C1)). The flowering time in the northern orchards
followed a more consistent pattern, characterized by high homogeneity among the seasons.
All cultivars release pollen between the last week of December and the first half of February,
with the only exceptions being TGR and N, which showed a flowering delay of 2–3 weeks
(Figure 4).

Overall, WT accessions from all varietal fields exhibited values substantially higher
than the remaining cultivars. The only exception was the first year of observation, when
values in all areas showed greater fluctuations (Figure 3(A1–C1))

The total concentration of anomalous pollen detected in WT accessions never exceeded
3%, whereas cultivated genotypes exhibited stable and abundant levels across all three flow-
ering seasons, oscillating between 30 and 50%, depending on the cultivar (Figure 3(A2–C2)).
Comparing the total values of anomalous pollen released within each cultivar during the
three-year period, no significant differences were observed between seasons (Figure 5).
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Figure 3. Percentage of viable (A1–C1), anomalous (A2–C2) and non-viable (A3–C3) pollen of the
cultivars Tonda Gentile (TG), Tonda Gentile Romana (TGR), Nocchione (N), Tonda di Giffoni (TdG)
and of a wild type (WT) accession of the varietal fields of Viterbo (A1–A3), Chieri (B1–B3) and
Guarene (C1–C3) during the 2021/22, 2022/23 and 2023/24 flowering seasons. Data are shown as
means of at least three biological replicates.

Similarly, the comparison of the anomalous pollen values across the three varietal
fields for each cultivar did not reveal significant differences. The only exception was
TdG in Viterbo, which stood out with higher average values (68.16%) than TdG in Chieri
(Figure 6). Overall, the average percentage of anomalous pollen dispersed in each field
was homogeneous, with values of 46% in Viterbo, 41% in Chieri, and 49% in Guarene, with
no significant differences among the fields. The content of non-viable pollen negatively
reflected that of the viable one. This is particularly evident in the ‘Le Cese’, where the
fluctuations were lower than in the remaining fields (Figure 3(A3–C3)).
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Figure 4. Flowering time of the cultivars Tonda Gentile (TG) syn. ‘Tonda Gentile delle Langhe’,
Tonda Gentile Romana (TGR), Nocchione (N) and Tonda di Giffoni (TdG) in association with a
wild type (WT) accession during the 2021/22, 2022/23, 2023/24 flowering seasons. The phenogram
represents both the flowering time and the percentage of pollen viability per week with light blue
bars of increasing intensity. “Beginning” indicates the time when few catkins start to release pollen.
“Full flowering” indicates the time when the peak of dispersal is reached (about 50% of catkins release
pollen), and “end” indicates the last part of flowering when few catkins still release pollen.

To verify potential correlations between genetic and environmental factors in the
formation of viable and anomalous pollen, a multifactorial ANOVA was conducted on
cultivars of commercial interest. The results showed that both viable and anomalous pollen
were strongly influenced by the geographical area (representing the environmental factor)
and the genotype. The relevance (R2) of the ‘genotype’ factor was consistently higher
than that of the environmental factor for both parameters, especially for anomalous pollen
(Table 1). The phenological phase of collection, however, had a significant effect only during
the 2021–22 and 2022–23 flowering seasons on viable pollen, while it had no effect on the
anomalous one. All interactions between variables, including the multi-factor interaction
F × G × PP of collection, significantly influenced (p ≤ 0.001) the state of viable pollen,
while the ‘environmental’ factor and ‘genotype’ consistently had a significant effect on the
formation of anomalous pollen (Table 1).

Two-way ANOVA conducted on WT accessions showed a significant effect
(p value ≤ 0.001) of the factors ‘environment’ and ‘phenological phase of collection’ on
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pollen viability throughout the three-year period. The relevance (R2) of the phenological
phase increased over the years, from 1.7% to 38.5%, while the factor ‘environment’ remained
stable, on average lower than in cultivars. All interactions between variables significantly
affected the formation of viable pollen (Table 2). Similarly to what was observed in com-
mercial genotypes, analysis of anomalous pollen content revealed that the time of collection
did not alter its concentration, and the interaction between environment × phenological
phase was never significant. Furthermore, it was found that the area of origin has little
relevance for anomalous pollen formation; in particular, during the first year of monitoring
this factor did not show any significance (Table 2).

Figure 5. Comparison of the percentage of total anomalous pollen released during the flowering
seasons 2021–22 (A), 2022–23 (B) and 2023–24 (C) belonging to the cultivars Tonda Gentile Romana
(TGR), Nocchione (N), Tonda Gentile (TG), Tonda di Giffoni (TdG) and a Wild type (WT) accession in
the varietal fields of Chieri, Viterbo and Guarene. Data are shown as means of at least three biological
replicates. Error bars represent the standard error of the mean. Data collected in each flowering
season for each cultivar in each single varietal field were analyzed using Tukey’s test. Statistically
differences (p < 0.05) are indicated with different letters.

Figure 6. Comparison of the percentage of total anomalous pollen shed among the fields of Chieri
(CH), Viterbo (VT) and Guarene (GU) of the cultivars Tonda Gentile (TG), Tonda Gentile Romana
(TGR) Nocchione (N), Tonda di Giffoni (TdG) and a Wild type (WT) accession during the flowering
seasons 2021–22, 2022–23, 2023–24. Data are shown as means of at least three biological replicates.
Error bars represent the standard error of the mean. Data from different collection fields for each
cultivar in each single flowering season were analyzed using Tukey’s test. Statistically differences
(p < 0.05) are indicated with different letters.
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Table 1. Significance by multifactorial ANOVA test on commercially interesting genotypes of the
environment (E), genotype (G) and phenological phase of collection (PP), as well as of the interac-
tions environment × genotype (E × G), environment × phenological phase of collection (E × PP),
genotype × phenological phase of collection (G × PP) and environment × genotype × phenological
phase of collection (E × G × PP) on viable and anomalous pollen formation (* = p ≤ 0.001). Data are
reported by flowering season (2021–22, 2022–23, 2023–24). n.s. means not significant.

Environment
(E)

R2 (E)
%

Genotype
(G)

R2 (G)
%

Phenological
Phase (PP)

R2 (PP)
% E × G E × PP G × PP E × G × PP

Season 2021–22
Viable pollen * 10.4 * 32.7 * 7.2 * * * *
Anomalous pollen * 1.8 * 38.3 n.s. n.s. * n.s. n.s. n.s.
Season 2022–23
Viable pollen * 25.1 * 35.1 * 3.4 * * * *
Anomalous pollen * 3.7 * 51.8 n.s. n.s. * n.s. n.s. n.s.
Season 2023–24
Viable pollen * 19.9 * 44.1 n.s. n.s. * * * *
Anomalous pollen * 4.1 * 36.4 n.s. n.s. * n.s. n.s. n.s.

Table 2. Significance for wild type accessions by two-way ANOVA of environment (E) and phenologi-
cal phase of collection (PP), as well as the interaction environment × phenological phase of collection
(E × PP) on viable and anomalous pollen (* = p ≤ 0.001). Data are reported by flowering season
(2021–22, 2022–23, 2023–24). n.s. means not significant.

Environment (E) R2 (E)
%

Phenological
Phase (PP)

R2 (PP)
% E × PP

Season 2021–22
Viable pollen * 3.6 * 1.7 *
Anomalous pollen n.s. n.s. n.s. n.s. n.s.
Season 2022–23
Viable pollen * 4.7 * 16.3 *
Anomalous pollen * 6.5 n.s. n.s. n.s.
Season 2023–24
Viable pollen * 7.7 * 38.5 *
Anomalous pollen * 0.54 n.s. n.s. n.s.

3. Discussion
The analysis of pollen hydration dynamics conducted in WT pollen highlighted the

importance of hydration in maintaining pollen viability during dispersal. Indeed, in wind-
pollinated species, pollen viability and phenology were found to be largely influenced
by climatic conditions during the flowering period [26,34,35]. This correlation, strongly
dependent on the moisture content of pollen at dispersal, is particularly evident in species
known to be sensitive to dehydration, such as hazelnut [16]. This condition makes it more
susceptible to dehydration damage [15]. The separation of IFC phase values observed be-
tween viable and non-viable pollen (Figure 2), which is directly proportional to the increase
in hydration time, suggests easier detection of pollen impedance values. This phenomenon
is related to the re-acquired structural conformation of the external membrane [36] and
to the re-activation of metabolic activity [29]. Furthermore, the recovered levels of pollen
viability after an adequate hydration phase support the previously proposed hypothesis
of an acquired adaptive strategy of hazelnut pollen to overcome adverse climatic con-
ditions during winter flowering [28]. Regarding anomalous pollen, always detected at
low and constant levels in the WT accessions during the entire dehydration/rehydration
process, this observation suggests the absence of correlation with metabolic alteration and
cell damage. The anomaly, characterized by reproductive sterility, would be linked to
scanty cytoplasm, accumulation of callose and very thickened intine [37]. Furthermore, the
group of anomalous pollen detected at IFC was always characterized by lower average
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amplitudes, indicative of smaller average dimensions (Figure 2), as suggested by some
authors [23,25,26]. The genetic and non-environmental nature of this category would be
further supported by the results obtained in this study.

The analysis of pollen viability revealed largely similar trends within each cultivar
over three years of observation, suggesting a cultivar-specific trait (Figure 3(A1–C1)).
This hypothesis is confirmed by the analysis of variance, showing that the ‘genotype’
factor played a pivotal role (30 ≤ R2 ≤ 45%) in determining the presence of viable pollen
throughout the entire period (Table 1). Similarly, the variability detected among seasons and
collection fields may reflect exposure to different environmental conditions, as suggested
in the literature [38,39]. Hazelnut is a winter-flowering plant, releasing pollen over an
extended period. Climatic fluctuations occurring during this critical phase can influence
pollen susceptibility [40]. The seasonal trend of pollen viability is therefore the result
of a precise tuning between intrinsic genetic traits of each cultivar and the pedoclimatic
conditions of the growing sites. The ‘genotype’ effect would therefore predispose to certain
levels of viability, while ‘environmental factors’, including soil properties, exposure, and
orchard management practices, modulate these levels to a limited extent.

Although all interaction terms were statistically significant (p < 0.001), data examina-
tion suggests that most variability arises from phenological differences among cultivars
rather than from year-to-year changes. Specifically, while pollen viability percentages
remain relatively stable across seasons and sites for each genotype (Figure 3), flowering
onset varies considerably across locations, with flowering occurring 2–4 weeks earlier in
Viterbo than in northern sites (Figure 4). These results indicate that E × G and E × PP
interactions are biologically significant, mainly reflecting cultivar-specific phenological
responses to local climatic conditions, with small contributions from interannual variability
in pollen viability.

The limited variability observed in the proportion of anomalous pollen grains within
each cultivar further sugests that ‘phenological/climatic’ factors have negligible influence
on the morpho-physiological development of this pollen type. Instead, their occurrence
appears to be predominantly determined by genetic factors. Linear correlation analysis
supported this conclusion, showing that the incidence of anomalous pollen was largely
associated with the genotype (35 ≤ R2 ≤ 52%) rather than environmental conditions
(1.8 ≤ R2 ≤ 4.1%), attributing the origin and formation of this pollen to irregularities occur-
ring during meiosis of the mother cells [30,31]. It has been demonstrated that crossing-over
during meiosis between homologous chromatids can cause significant genomic deletions,
with consequent effects on cellular metabolic balance [41]. Anomalous pollen grains would
therefore be characterized by little or total metabolic inactivity due to the loss of a consider-
able portion of the genome, as reported in Zea mays L. [42] and Typha latifolia [43].

Overall, our results indicate that European hazelnut pollen is highly sensitive to hy-
dration, as reflected in variations of impedance signals. Pollen viability thus depends on an
optimal hydration status, which allows the expression of cultivar-specific genetic potential.
Within this framework, genetic factors serve as predisposing determinants of viability
levels, whereas local pedoclimatic conditions and orchard management practices modulate
the physiological processes that maintain pollen hydration throughout the season. Finally,
a high percentage of anomalous pollen was observed in the main Italian genotypes of com-
mercial interest. This characteristic was found to be strongly dependent on intrinsic genetic
factors rather than specific climatic conditions. The obtained results are expected to have
not only ecophysiological inferences, but also give practical guidelines for future breeding
programs [33] and for the development of finalized artificial pollination technologies [32].
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4. Materials and Methods
4.1. Plant Materials and Study Areas

In this study, four of the most internationally appreciated Italian hazelnut cultivars,
Tonda Gentile’ sin. ‘Tonda Gentile delle Langhe’ (TG), ‘Tonda Gentile Romana’ (TGR),
‘Nocchione’ (N) and ‘Tonda di Giffoni’ (TdG) were considered, in association with a late-
flowering wild type (WT) accession, identified for each experimental site. Each cultivar was
represented by a pool of 10–15 genetically certified plants. The samples were selected from
three varietal fields located in two different regions of northern and central Italy (Table 3).

Table 3. Area and geographical coordinates of the varietal fields.

Area Field Name Cultivars Analyzed Coordinates

Chieri, Piedmont Tetti Grondana WT, TG, TGR, N, TdG Lat. 45◦02′29′′ N, long.
7◦50′08′′ E, AMSL 327 m

Guarene, Piedmont BO WT, TG Lat. 44◦44′08′′ N, long.
8◦02′25′′ E, AMSL 167 m

Caprarola, Lazio Le Cese WT, TG, TGR, N, TdG Lat. 42◦20′00′′ N; long.
12◦11′00′′ E; AMSL 570 m

The 12-year-old plants in Chieri and Guarene and the 24-year-old plants in Viterbo
were grown according to the multi-stem bush model and planted at a distance of 5 × 4 m.
In Chieri varietal field, no mineral fertilization was carried out and no irrigation was
performed. In Guarene, orchard irrigation was applied with 20 mm every 15 days from
mid-June to the end of July; 500 kg ha−1 of NPK (12:12:17) fertilizer, with the addition in
autumn of mature manure, were applied every two years. In Viterbo varietal field, namely
‘Le Cese’, the orchard was irrigated by a subirrigation system and managed with standard
management techniques, receiving annual applications of nitrogen 90 kg ha−1, phosphorus
60 kg ha−1 and potassium 90 kg ha−1.

The pedological characteristics of the two northern orchards of Chieri and Guarene
are quite similar. Both areas are characterized by a silty-clayey soil with poor skeleton and
a sub-alkaline reaction and medium exchange capacity. According to Regione Piemonte
Soil Map, the content of organic matter for Chieri is 1.28% and for Guarene is 1.15% [44].
Differently, the third varietal field is located near the crater lake of Vico, which originated
following the filling of the polygenic caldera of the volcano with the same name. The
surrounding area is characterized by a sandy-clayey texture with debris from the aquifer,
sands and reworked tuffs [45]. The territory is characterized by an acid/sub-acid pH [46]
and a very compact skeleton, consisting of a dense stratification of lapilli, humidity and
a partial constitution of ignimbrite, rich in lava pebbles and content of organic matter of
1.1% [47–50].

The two study sites are characterized by distinct climates, reflecting the environmental
differences of each region. According to the Köppen–Geiger classification, Chieri falls
within the Cfa (humid temperate) zone, while Viterbo is classified as Csa (hot summer
Mediterranean). At the Chieri site, winters are cold and humid, with minimum tempera-
tures frequently falling below 0 ◦C. Spring and autumn are generally mild, and summers
are hot and humid, with average maximum temperatures often exceeding 30 ◦C in July and
August (https://servizi.regione.piemonte.it/ , accessed on 30 October 2025). In contrast,
Viterbo experiences milder winters, with average minimum temperatures around 3–4 ◦C.
Precipitation is mainly concentrated in autumn and, to a lesser extent, in spring. Summers
are hot and dry, with average daily maximum temperatures exceeding 30 ◦C from June to
August [51].

https://servizi.regione.piemonte.it/
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4.2. Pollen Collection and Conservation

Pollen from each cultivar was collected weekly for three consecutive years, during
the 2021/22, 2022/23 and 2023/24 flowering seasons, from December to March. During
this period, plants were monitored to determine the phenological phases of each cultivar,
following the standardized BBCH scale for hazelnuts [52]. Five/six inflorescences per plant
were collected exclusively from fully elongated catkins, in different parts of the canopy,
according to the different cardinal exposures and selected from at least three different
shrubs per cultivar. Once picked up, catkins were left to dry overnight at room temperature
to facilitate pollen release. The pollen was then collected and mixed in Eppendorf tubes,
according to the field, genotype and collection date. Finally, it was stored at low temperature
(+4 ◦C) to be analyzed in the following days, according to Brandoli et al. [26].

4.3. Study on Pollen Hydration Dynamics

It has been widely reported that pollen viability is strongly influenced by its hydration
state [53–55]. In particular, hazelnut pollen is released with a relatively high moisture
content (30%), which makes it more susceptible to dehydration damage during the winter
dispersal period, resulting in a rapid loss of viability [26]. For this reason, it was essential to
establish the best pollen hydration time before proceeding with the analyses. A preparatory
test was performed using a WT accession. It is known that these accessions in hazelnut
are characterized by high levels of viability, higher than commercial cultivars [25,56].
Furthermore, WT accessions are characterized by low levels of anomalous pollen. These
characteristics together ensured a simpler interpretation of the results by limiting the
classification of pollen into viable and non-viable.

WT pollen, collected during the 2021–2022 flowering season, was mixed in a single
eppendorf and subsequently dehydrated overnight (12 h) on silica gel and the viability
levels immediately analyzed. Pollen viability was subsequently estimated after 2, 4, 6 and
12 h of rehydration in a humidity chamber. For each dehydration-hydration step, viability
determination was performed in triplicate.

4.4. Pollen Viability Analysis

Pollen viability was assessed by using the impedance flow cytometry (IFC) AmphaTM

Z32 instrument, software version 2.1.6 (Amphasys, Technopark Lucerne, Root, Switzerland),
which represents the new frontier for a fast and label-free analysis of pollen grains in various
plant species. This technology, evolved from the studies of Cheung et al. [57], is able to
provide information on the state of viability by exploiting the dielectric properties of pollen.
When each individual pollen grain passes through the electric field at specific frequencies,
it changes the detected impedance signal. This happens since the polarization of the cell
membranes decreases and a variation of the capacitance and conductance of the pollen
can be detected and measured [58]. Before analysis, pollen samples were dry-sieved with
a 50 µm filter to remove any plant debris. After rehydration, pollen was suspended in
1 mL of isosmotic IFC buffer for 5 min (AF6 buffer—Amphasys, Root, Switzerland) to
facilitate the separation of the grains, and further filtered and re-diluted with 1 mL of AF6
buffer in FACS tubes, to avoid any clogging of the chip. Pollen was then pumped into a
120 µm × 120 µm microchannel chip to which an electric field was applied at intermediate
frequencies (1–8 MHz). The flow of analysis was 1000/s pollen grains for approximatively
130,000 pollen grains per sample analyzed. The analysis classifies the data into viable,
non-viable and anomalous pollen. The data obtained were then normalized to 100 after
eliminating all those for which it was not possible to determine a specific category, such
as plant debris, air bubbles and dust. Viability determination was always performed
in triplicate.
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4.5. Data Analysis Procedure

Statistical differences between accessions were assessed using Student’s t-test, ANOVA
and Tukey post hoc test (p ≤ 0.05). A multivariate regression approach using analysis of
variance (ANOVA) was performed for the dataset belonging to commercial genotypes only
for each flowering season to describe the significance (p ≤ 0.001) between environment,
genotype and phenological stage of harvest on the presence of viable and anomalous pollen.
For wild type accessions, a two-way ANOVA test was performed to better recognize the
significance (p ≤ 0.001) of environment and phenological phase of collection. In both case
Pearson’s linearity test was applied to understand the performance of each single parameter
according to Tai [59].

ANOVA analyses were performed using GENSTAT 17th edition software (VSN Inter-
national, Hemel Hempstead, UK).
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