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abstract

European hazel is one of the most important fruit tree crop in the world and since the demand of nuts is

growing, the cultivation area of this species has extended outside its native range. Many hazel cultivars
are self-incompatible and the flowering period of male and female flowers in different cultivars only par-
tially overlaps, so hazel requires genetically compatible pollinizer cultivars in order to obtain a good yield.
For these difficulties and since the male and female flowering can vary from year to year in response to
climate variability, artificial or supplementary pollination can be used to improve the final yield and opti-

mize the cross-pollination, in particular outside the native range, where the wild type is absent. Therefore,

the aim of this work is to evaluate the best temperature conditions (20, 4, — 30 -C) for a long-term storage

of pollen in order to maintain a high viability level. Pollen coming from three cultivars (Tonda Gentile
delle Langhe, Tonda di Giffoni and Tonda Gentile Romana) and wild hazel were collected during two win-
ters. Several methods (in vitro pollen germination, 2,3,5-triphenyltetrazolium chloride test, fluorescein
diacetate and propidium iodide solution) were used to obtain a reliable estimation of pollen viability and

germinability. All methods, although highlighting differences among cultivars, demonstrated that the —
30 -C temperature storage condition is the best in order to maintain a high viability level (>40-50%) at

150 days from harvesting.

1. Introduction

European hazel, Corylus avellana L. (Betulaceae), is one of the
most important fruit tree crop in the world. This species is monoe-
cious, dichogamous, and wind-pollinated. Worldwide, there are
about 400 cultivars mainly selected in Italy, Turkey, USA and
Spain (Mehlenbacher, 1991) to obtain high-quality nuts useful
for industry requirements. The major world producers of hazels
are Turkey and Italy with additional production in Azerbaijan,
the United States, Georgia, Spain, Iran, China, and France (Food
and Agriculture Organization of the United Nations, 2011). Nev-
ertheless, the demand of nuts is growing in all the world and the
cultivation area of this species has extended outside its native
range, where the natural pollinizers can be absent.

Pollination is one of the most important factors in management
of hazel orchards in order to obtain a good yield and reduce blank
nuts. However, hazel is self-incompatible and the male and female
flowering periods in different compatible cultivars, even if the flow-

ering is very long lasting, do not always overlap. Pollen—stigma
incompatibility in hazel is of the sporophytic type (Mehlenbacher,
2014) and controlled by a single locus, designated the S-locus, with
multiple alleles (haplotypes), and the stigmatic surface is the site
of the incompatibility reaction (Thompson, 1979a, 1979b).

For this reason, hazel requires genetically compatible pollinizer
cultivar, but pollination remains an uncertain process dependent
on numerous factors, such as rainfall, humidity, wind, which can
affect this phenomenon in different ways (Ellena et al., 2014;
Novara et al., 2016) both during the catkins elongation and pollen
dispersion. Moreover, male and female flowering of compatible cul-
tivars should overlap in order to ensure a correct pollination, but
flowering can vary from year to year and the response of male and
female flowers to interannual variation can be different (Crepins‘ek

et al., 2012; Ellena et al., 2014). For all these reasons, artificial or
supplementary pollination can be used to improve the yield.

The aim of the present study is to evaluate the best condi-
tions for long-term hazel pollen storage in order to maintain a
high viability level for the use of stored pollen in artificial or sup-
plementary pollination. To this aim, in vitro pollen germination,
2,3,5-triphenyltetrazolium chloride (TTC) and fluorescein diacetate
and propidium iodide staining were used to assess a more objective



estimation of pollen viability. These three methods were compared
to assess the germinability and viability of pollen stored at three dif-
ferent temperature conditions (20, 4 and —30 -C) in order to point
out the best conditions for long-term conservation during the first

5 months after harvesting.

2. Materials and methods

2.1. Plant materials

The samplings were performed in 2015 and 2016 winter in hazel
orchards located in Langhe Region, Piedmont (Italy), where ten
hazel trees for three different cultivars were selected in the field.

All plants were ten years old, four meters tall, trained to a free vase
and 4 x 4,5 m spaced. The manual removal of suckers was carried
out once a year. The orchard was watered only ones or twice a year,
during summer, following necessities. The understory was mowed
three times each year. The chemical treatments were only aimed

at limiting the hazel gall mite.

Samples of pollen of Tonda Gentile delle Langhe (TGdL), the
dominant hazel cultivar (cv.) in north-west Italy, Tonda di Giffoni
(TdG), Tonda Gentile Romana (TGR) and wild hazel (WH) were col-
lected during the flowering peak, which varies from the beginning
of January for TGdL to the beginning of February for TdG, TGR and
the wild type.

The analyzed pollen was collected in the field shaking the
catkins directly in sterile Falcon tubes during sunny days, in the cen-
tral hours of the day in order to collect samples with a low humidity
percentage.

2.2. Storage

In order to evaluate the best temperature condition for long-
term storage to maintain a high pollen viability, three different
storage temperature were tested. Pollen was dehydrated over sil-
ica gel at room temperature (20 -C) and the petri dishes were then
sealed and stored at room temperature (20 -C), in a fridge at 4 -C and
in a cooled incubator at =30 -C. Samples were divided into several
aliquots in order to reduce the stress linked to thawing.

2.3. Pollen viability and germination experiments

Each test was composed of two repetitions for each sample of
TGdL, TdG, TGR and WH pollen, as in other pollen viability tests
(Wang et al., 2015). Every repetition had a minimum of 300 ana-
lyzed pollen grains. The number of the repetitions and analyzed
pollen grains is due to the very high sampling effort.

2.3.1. TTC pollen viability test

The TTC experiments were carried out in 2015 and 2016. Pollen
was rehydrated by placing the samples in humid chambers for a
measured time (60-90 min) before performing the tetrazolium test.
This test is based on the reduction of soluble colorless tetrazolium
salt to reddish insoluble precipitate in the presence of dehydro-
genase activity in the pollen grain cells. The pollen grains were
incubated in 1% TTC diluted in a solution of 50% sucrose (Shivanna,
2003 modified) for 24 h in dark and humid chambers at room tem-
perature. Following incubation, each sample was observed through
the microscope (250%) by locating ten random fields and pollen
grains that presented a red color were scored as viable. Grains with
smaller and different morphology (anomalous grains) were also
scored. Each test was repeated every week from the 3rd (or 10th)
day for the first month from harvesting and every fifteen-days from
the second month for a total of 150 days from harvesting (DfH) for
each cultivar and WH.

2.3.2. In vitro pollen germination

Preliminary tests were performed to assess the best germina-
tion medium. Three different germination substrates were tested:
Brewbaker and Kwack (1963), Heslop-Harrison (1988), Potenza
et al. (1994).

Two tests were run for each germination medium, including
three replicates for each pollen batch. The experiments were car-
ried out in 2016 by using the hanging-drop method (Deng and
Harbaugh, 2004; Dutta et al., 2013; Shivanna and Rangaswamy,
1992; Stanley and Linskens, 1974) and the grains were rehydrated
before testing. Each sample was observed in brightfield microscopy
(Leica DFC420) in ten random fields (250%) and scored in order
to evaluate the percentage of germinated grains. When the pollen
tube length was greater than the diameter of the pollen grain, a
germination event was considered. The inclusion of polyethylene
glycol (PEG) in the liquid medium improved both pollen germina-
tion and tube growth as referred by Calic’ et al. (2013), so PEG was
used in all our subsequent experiments.

In conclusion, the preliminary tests identified the best germina-
tion substrate (Heslop-Harrison, 1988) ad this was used for all the
subsequent experiments.

For germination assays, pollen stored at room temperature
(20 -C), 4 -C and —30 -C was rehydrated and treated with the same

method (hanging-drop) described for the preliminary tests.

For all the cultivars and wild hazel each test was repeated every
fifteen-days, for TdG and WH from the 45th to the 115th day from
harvesting, for TGR from the 31st to thelOlst day from harvesting
and for TGdL from the 66th to the 136th day from harvesting.

2.3.3. FDA/PI pollen viability test

The fluorescein diacetate (FDA) test assesses the presence of
active esterases in the pollen cytoplasm and the intactness of the
plasma membrane (Shivanna and Rangaswamy, 1992). Propidium
iodide (PI) is a DNA dye that is generally excluded from viable cells,
so it helps to identify dead cells.

TGdL, TGR, TdG and WH pollen was collected in 2016 and was
preliminary placed in a humid chamber for 60 min and then incu-
bated in a 2 mg/ml FDA and 1 mg/ml Propidium Iodide (PI) solution
in acetone and diluted drop by drop in 100 1 of 50% sucrose solu-
tion (Singh et al., 2015).

The pollen samples were centrifuged at 5000 rpm for 1 min;
supernatant was discarded and 5 rinses were done in phosphate-
buffered saline (PBS). The pollen was finally suspended in 50 1 PBS

and mounted in ProLong Gold Antifade (Molecular Probes).

Pollen observation was done using either a confocal or an epi-
fluorescence microscope. The Leica TCS-SP2 confocal microscope
was equipped with a 40x long-distance water immersion objec-
tive; the pinhole was set at 1 Airy unit and 488 nm light from
the Ar laser was used to excite both FDA and PI. Emitted fluores-
cence was recorded at 500-540 nm for FDA and 600-650 nm for
PI. Images were recorded as single optical sections at a resolution
of 1024 x 1024 pixels and included the two fluorescence channels
and a bright field image.

The Nikon Eclipse E400 UV-2A fluorescence microscope was
equipped with 25x objective with G-2A (FDA/PI) filter. Images were
taken using a Nikon Digital Sight DS-U1 camera and pictures were
analyzed with CellProfiler (Bray et al., 2015; Carpenter et al., 2006;
Lamprecht et al., 2007). This software is of common use for quanti-
fying cell number, size and morphology; however, the application
of CellProfiler in palynology is quite new, so we decided to test its
reliability by comparing CellProfiler results with visual analysis of
the images.

Pollen grains were scored as viable when showed bright fluores-
cence. Pollen grains that did not have an intact membrane showed a
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Fig. 1. Viability of pollen grains (%) of wild hazel and of Tonda di Giffoni, Tonda Gentile Romana and Tonda Gentile delle Langhe, over a 150-day experiment assessed through
TTC test under three temperature storage conditions (20 -C, 4 -C and —30 -C) during 2015 (A) and 2016 (B).



uniform background fluorescence, as effect of leakage of fluorescein
from membrane, or red color due to the presence of PI.

For all the cultivars and WH each test was repeated every
fifteen-days, for TdG and WH from the 17th to the 66th day from
harvesting, for TGR from the 17th to the 94th day from harvesting
and for TGdL from the 52nd to the 130th day from harvesting.

2.4. Statistical analysis

At least 300 pollen grains were counted for every repetition of
each viability test.

For all data, explorative analyses were firstly performed in
accordance with Zuur et al. (2009), by using graphical approaches to
assess the presence of extreme values and avoid unusual observa-
tions that could affect the results of subsequent statistical analyses
(Zuur et al., 2009).

The departure from normal distribution (Shapiro test) and
homoscedasticity (Levene test) were preventively tested to identify
the most appropriate test.

Kruskal-Wallis test was applied to preliminary tests performed
to identify the best germination substrate.

The generalized linear models (GLM) procedure was used to
analyze the effect of storage temperature, cultivars and their
interactions through time on pollen viability. When needed, a
zero-inflated, negative binomial model was used to deal with the
over-dispersion of the data (glmmADMB package, Fournier et al.,
2012; Skaug et al., 2016).

Spearman correlation tests were carried out to verify the agree-
ment between the three different methods used to assess pollen
viability.

Finally, the Pearson correlation coefficient was calculated to
compare the results of FDA/PI test as obtained by visual estimation
and CellProfiler software analysis performed on the same prepara-
tion.

All analyses were performed using R software (RCoreTeam,
2014), version 3.2.3.

3. Results
3.1. TTC pollen viability test

In both years of the study (Fig. 1A, B) the lower temperature
of storage (—30 -C) represented the best conditions to maintain
a high viability level among different cultivars in a long term
(Tables 1 and 2).

The results showed some differences among cultivars between
the two years of sampling due to interannual variation and the
interaction between cultivar and storage condition. For instance,
in 2015 at day 100 from harvesting the pollen viability of samples
stored at —30 -C was about 60—65% in WH and in TdG, and about
38-40% in TGdL. In 2016 at the same time, the percentages were
generally higher than in 2015 with 80-85% in WH and in TdG and
about 68-75% in TGdL. Only TGR showed a lower level of viabil-
ity (about 8-10%) in 2016 compared with the previous year (about
75-80%). The different cultivars started the pollen season with dif-
ferent percentages of pollen viability. In particular, cv. TGR and
TGdL showed a high degree of variability from year to year. In fact,
cv. TGR varied between 80 and 85% in 2015 instead of 58-75% in
2016 and the cultivar TGdL varied between 70 and 80% in 2015
instead of 80-90% in 2016.

The TTC test provided clear images with easily identification
of red and dark-red dyed (viable) (Fig. 2B) and non-dyed (clear)
(Fig. 2A).

Finally, the percentage of anomalous pollen differed among
cultivars. Anomalous pollen was always non-viable. The higher

Fig. 2. TTC test: non-viable (normal and anomalous grains) (A), normal viable and
anomalous non-viable grains (B).

percentages of anomalous grains were scored in TGdL both in
2015 (mean 36.69% = 3.87) and in 2016 (mean 41.59% + 2.58), while
the lower percentages were scored in WH both in 2015 (mean

3.15% =+ 2.04) and in 2016 (mean 13.44% + 4.40). In TGR the percent-
age of anomalous grains was on average of 26.74% (£6.06) in 2015
and quite higher in 2016 (30.49% + 1.38). In TdG anomalous grains
were on average of 26.68% (+£3.64) in 2015 and 28.59% (+0.46) in
2016.

3.2. In vitro pollen germination

The results of preliminary tests showed that there was not sig-
nificant difference between the three substrates (p-value = 0.07).
Nevertheless, the Heslop-Harrison germination medium showed
a higher mean percentage of germination events 25.34% + 13.3
(Brewbacker 19.43% + 16.3; Potenza 11.40% + 6.8) and so it was
selected for the following experiments.

The —30 -C temperature storage condition showed the higher
percentage of germinated pollen among all the cultivars (mean
33.15%), compared both to 4 -C (mean 4.85%) and room tempera-
ture (0.15%). The lower rate of germination was observed in pollen
stored at room temperature (20 -C). Maximum germination at
—30 -C (69.53%) was observed in WH (Fig. 3A) at 45 days from har-
vesting, and the minimum (0%) was observed at —4 -C in TGR after
only 31 days from the collection of pollen and at room temperature
from the beginning of the experiments (Fig. 3C).

The germination of TGR remained very low (0-10%) for all the
study period in all the storage conditions (Fig. 3C).



Table 1

Parameters of generalized linear model (GLM) fitted on results coming from TTC tests for year 2015. The regression coefficient (

and are reported just for significant variables.

Year 2015

-Estimate), standard error (SE), z statistics

Cultivar TdG
Cultivar TGR

-Estimate SE z p-value
Storage T-30 -C —0.66350 0.32914 -2.02 0.0438 *

0.68563 0.28711 2.39 0.0169 *

3.34365 0.31224 10.71 <0.001 ***
Days from harvesting —0.15481 0.01470 -10.53 <0.001 ***
Interaction Cultivar TdG: T4 -C —0.95351 0.31551 -3.02 0.0025 **
Interaction Cultivar TGR: T4 -C —3.34836 0.33361 —10.04 <0.001 ***
Interaction Cultivar TGR: T-30 -C —3.27470 0.32645 —10.03 <0.001 ***
Interaction Days from harvesting: T4 -C 0.10972 0.01480 7.41 <0.001 ***
Interaction Days from harvesting: T-30 -C 0.15182 0.01468 10.34 <0.001 ***
Interaction Cultivar TGdL: Days from harvesting —0.00581 0.00162 —3.59 0.0003 ***

Table 2

Parameters of generalized linear model (GLM) fitted on results coming from

and p-value are reported just for significant variables.

Days from harvesting
Interaction Cultivar TGR: T-30 -C
Interaction Cultivar TGdL: T-30 -C

Interaction Days from harvesting: T4 -C

Interaction Days from harvesting: T-30 -C
Interaction Cultivar TGR: Days from harvesting

Interaction Cultivar TGdL: Days from harvesting

TTC tests for year 2016. The regression coefficient (

-Estimate), standard error (SE), z statistics

~0.04491 0.00284 ~15.80 <0.001 ***
0.83647 0.28093 2.98 0.0029 **
0.44466 0.21660 2.05 0.0401 *
0.02409 0.00298 8.07 <0.001 **
0.04584 0.00281 16.29 <0.001 *#*
~0.03439 0.00347 -9.92 <0.001 *+*
—0.00414 0.00170 —2.44 0.0148 *
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days from harvesting

germination test under three storage conditions (20 -C, 4 -C and —30 -C).

3.3. FDA/PI viability test

The viability estimated

through  the

CellProfiler
showed the maintenance of high values (between 65 and 85%) in
TGR during all the experiment and in all the temperature storage
conditions (Fig. 4A), as in the other cultivars. The viability estimated
by visual analysis showed a decreasing trend and the maintenance

of higher values in the —30 -C storage condition (Fig. 4B).
Comparison of data coming from all cultivars and WH by Cell-
Profiler software and visual analysis (Fig. 5A) confirms that the first
method shows the maintenance of higher values on average. There
is a medium correlation between the two analyses (Fig. 5B).

software

days from harvesting

Germination of pollen grains (%) of wild hazel (A), Tonda di Giffoni (B), Tonda Gentile Romana (C) and Tonda Gentile delle Langhe (D), assessed through in-vitro pollen

In both visual and CellProfiler analysis, the degrees of brightness
that varies between images (Fig. 6) determined an ambiguous count
of viable and non-viable pollen grains.

3.4. Correlation between tests

The correlation analysis between TTC and germination test

showed a quite high value (

= 0.78, p-value < 0.001***). On the con-

trary, the correlation between TTC and FDA/PI test, both with visual

estimation (
analysis (

= 0.56, p-value < 0.001***) and CellProfiler software

= 0.42, p-value = 0.004***), was lower.
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Fig. 4. Viability of Tonda Gentile Romana (%) stored at 20 -C, 4 -C and —30 -C through FDA/PI test obtained by CellProfiler analysis (A) and visual analysis (B).

The Spearman correlation test showed a low correlation
between germination and FDA/PI test (Visual analysis: = 0.14, p-
value = 0.66; CellProfiler analysis: = 0.41, p-value = 0.17).

4. Discussion

The results obtained in this study from different viability tests
demonstrated that the best temperature condition for long term
storage was at —30 -C. This temperature represents the most con-
venient storage strategy for efficient conservation of pollen viability
for artificial or supplementary pollination, as the pollen maintained
a high level (>40-50%) of viability at 150 days from harvesting
in both years. This result clearly emerged despite the differences
observed between cultivars and years.

Indeed, the experiments highlighted a certain degree of vari-
ability for each cultivar in terms of loss of viability through time,
depending on the storage conditions. The pollen viability may dif-
fer between years, as observed for TGR and TGdL. This phenomenon
can be attributed to different causes, as referred in literature also
for other cultivated species: unfavorable time of pollen harvesting,
genotype, “on” or “off” year for the yield (i.e. olive), type of twigs,
environmental stress (Ferrara et al., 2007; Asma, 2008; Calic et al.,
2013; Mazzeo et al., 2014; Gallotta et al., 2014; Soares et al., 2015).
Moreover, the analyses revealed a combined effect of cultivar and
temperature storage on pollen viability.

Furthermore, the absolute estimate of viability differed among
methods, because each method is affected by different variables
(Dafni and Firmage, 2000).
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Fig. 6. Fluorescein diacetate test (FDA/PI): non-fluorescent pollen grains (A), fluorescent and non-fluorescent pollen grains (B, C) and fluorescent pollen grains (D).



As referred in the literature (Heslop-Harrison et al., 1984;
Sedgley and Harbard, 1993; Shivanna, 2003), TTC overestimates
the pollen viability because the dye of pollen shows a gradation in
color intensity that can affect the objectivity of estimate. Moreover,
this method highlights as viable all the pollen grains in which the
dehydrogenase activity is present and even if there is a correlation
between TTC and germination, the germination values are always
notably lower. Conversely, the lack of a specific protocol to assess
the germinability of hazel pollen leads to false negative results
(Shivanna, 2003). The in-vitro pollen grain germination provides
a controlled experimental system, but it does not fully reproduce
the in-vivo pollen tube growth, where interactions between the
pollen and the stigma surface are more complex. Nevertheless,
both TTC and in vitro pollen germination, agree in highlighting that
the —30 -C storage temperature represented the best conditions to
maintain a high viability level.

Since the FDA/PI method tests two aspects of viability, the
enzymatic activity and the intactness of cell membrane, it mea-
sures the potential for germination, rather than germinability,
so it may overestimate viability (Shivanna and Heslop-Harrison,
1981). Therefore, the present study confirmed the very low cor-
relation between FDA/PI, in-vitro germination and TCC tests as
referred in literature (Sato et al., 1998). Furthermore, the micro-
scope observations of FDA/PI have to be carried out rapidly because
the fluorescence decades quickly and the various degree of fluores-
cence intensity affects the interpretations of the results (Khatum
and Flowers, 1995) (Fig. 6). For this reason, new analyses of images
coming from fluorescent microscopy, i.e. the CellProfiler software,
should be implemented, in order to increase the objectivity of
the counts. Nevertheless, many difficulties in image interpretation
remain also with automated methods, as demonstrated by the low
correlation between visual estimation and CellProfiler analysis of
hazel pollen viability observed in the present study (Fig. 5B).

Therefore, the simultanecous use of several tests should be
supported in order to evaluate the different features of pollen via-
bility (Dafni and Firmage, 2000; Rodriguez-Riano and Dafni, 2000;
Thomson et al., 1994). New applications of microfluidic impedance-
based flow cytometry (Cheung et al., 2010; David et al., 2012) are
highly promising for the evaluation of pollen viability and have to
be considered also for direct applications in agriculture.

The effect of rehydration before testing can have a positive influ-
ence on pollen viability, as referred in literature (Heslop-Harrison
and Heslop-Harrson, 1993; Pacini et al., 1997). High humidity sta-
tus represents the most similar condition to what probably occurs
in vivo, where the pollen meets the humid surface on the stigma
(Edlund et al., 2004), and the loss of pollen viability in several
species has been correlated with water loss (Hanna and Towill,

1995; Heslop-Harrison and Heslop-Harrison, 1985).

Finally, the presence of different percentages of anomalous
pollen, which origin is still poorly investigated, among cultivars
and wild type should be considered when a pollinizer is selected
for artificial or supplementary pollination.

5. Conclusion

The present study demonstrated that —30 -C storage tempera-
ture is the best condition, among those tested here, for a long term
storage of hazel pollen. The methods used to assess the pollen via-
bility can affect the results and leads biased estimates of pollen
viability. So, simultaneous tests can provide different informa-
tion on the pollen viability and germinability during storage. TTC
resulted the most convenient and easy to use method in obtaining
a rapid evaluation of hazel pollen viability.

The results obtained can have a useful application for supple-
mentary pollination: the pollen, which can be easily collected in

high amounts due to the abundant production in hazel, if stored
at =30 -C, maintains, also after 5 months, sufficient viability per-
centages to be used efficiently to increase yield production when
the pollinizers are not sufficient or in young orchards. In difficult
environmental or agronomic conditions, preliminary and promis-
ing results with increasing yields were obtained after the use of
supplementary pollination.
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