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Abstract

In the last 10 years, kiwifruit vine artificial pollination became a widespread practice use-
ful to increase fruit quality. Kiwifruit size is directly proportional to the number of seeds,
i.e., to the number of fertilized ovaries. However, artificial pollination efficiency depends
on many parameters such as pollen quality (germinability, humidity, and conservation),
pollination system (dry or liquid), coadjuvants, and flowering stage. Those parameters
were well defined in Actinidia in recent studies, however, they remain quite undefined
for other anemophilous pollinated trees such as olive tree, hazelnut, pistachio, and palm.
In these plants, the flowers are very small and extremely numerous, so the pollination
was difficult to study. In addition, there are incompatibility factors (genetic and physic),
long lap time from pollination to fertilization, and alternate bearing, lower economic gain
for these fruits, low agronomic input, and low innovation level in the field. All these
aspects had reduced the application of pollination technique for these cultivations. The
experiences developed in kiwifruit lead to define a new model crop fruit set that could
be applied to anemophilous pollinated plants such as olive tree, where the fruit set are
lower than 2%. The first experiences have shown a great potential and have encouraged
the development of this technique.

Keywords: kiwifruit, olive, pollination, equipment, quality, flowering stage,
germinability, humidity

1. Introduction

Pollination of crop plants is often the major requirement in achieving sufficient crop set [1, 2].
Insufficient pollination has been found to be one of the important causative factors of low yield and
low quality in many fruit tree species [3]. Supplementary pollination is a valid support to increase
productivity in crop species such as strawberry [4, 5], olive [6], kiwifruit [7, 8], almond [9, 10],
pistachio [11, 12], hazelnut [13], macadamia [14, 15] and date palm [16, 17]. Artificial pollination
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leads also to increase final set, weight, kernel recovery, and, in many cases, fruit quality in terms
of nutritional characteristics and shelf life [4]. Moreover, in olive tree, a greater pollination and
fruiting cause a slower ripening of the drupes, and consequently harvest times are more suitable to
the improvement of olive and oil quality. In many cases, natural pollination (both wind and bee)
is often unsatisfactory or not constant in the years (Figure 1), because it can be affected by climatic
factors, wrong synchronization of male and female flowering, and low attraction for bee since the
absence of nectar in the flowers of wind-pollinated (anemophily) plants.

Kiwifruit artificial pollination was first studied by Dr. Hopping in 70 years [7, 18, 19] in New
Zealand and in Italy, in collaboration with Dr. Cacioppo and Dr. Galimberti in Latina, in 1987
(Figure 2).

Kiwifruit (Actinidia chinensis var. deliciosa and A. chinensis var. chinensis) is a dioecious plant,
and, in order to have good pollination, in orchard, there are female and male plants in 6:1
ratio. The pollination is mainly anemophilous (wind-pollinated), and the fruits size depends
on the number of seeds: a 100 g fruit has more than 1000 seeds, and it is estimated that about
10fold pollen grains are necessary to reach this seed number [21, 22]. Also, an increase in
male:female ratio to 1:1 (Figure 3) was not enough, in many cases, to optimize the pollination.

Moreover, in many specialized orchards, there are installed anti-hail net or plastic tunnel to
protect the plants from climate injuries or from the bacterial disease Pseudomonas syringae
pv. actinidiae [23]. These installations reduce the ventilation and indeed pollen movement.
Furthermore, in yellow flesh kiwifruit (but also in green ones), often male plants were not
planted in the orchard in order to have a higher yield (male occupy 16% of the surface) and
an easier management of the plants (treatments for plant protection due the higher disease
susceptibility of male, pruning, fertilization, and irrigation). In the cases where male plants
are absent in the orchard, pollen are kept from specialized male orchards or buy on market
(following plant protection rules to avoid diseases contaminations).

o'y

Figure 1. Kiwifruit with opposite size due to the pollination efficiency (left), perfect pollination with many pollinated
ovules (center), and abundant pollination in olive (right).
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Figure 2. M. E. Hopping who developed, in New Zealand, artificial pollination in kiwifruit (left). Hopping’s group of
researchers during the experiment of spray pollination in Latina in 1987 (right) [20].

Figure 3. A. deliciosa cv. Hayward in T-bar orchard in Verona with the male permanent leader in the middle. Despite this
configuration, ideated by Tacconi Lorenzo in 1987, the pollination efficiency is low and is necessary in collecting and
distributing pollen to obtain fruits with good size.

Kiwifruit artificial pollination is nowadays a consolidate technique to increase kiwifruit quality
and size [8, 24]. However, pollination not always reacts with maximum efficiency: the results
could change in different years and depend on the pollen harvesting system, pollen storage
technique, pollination system (dry or wet), added substance to dilute pollen (dry or liquid) or
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to help the germination, pollination equipment, moment of pollination, floral stage of applica-
tion, and economic impact of the operation (cost and gain). The analysis of these aspects could
be applied to other crops and could be summarized in a flowchart where physiological aspects
and human practices/decisions are integrated (Figure 4). Given the optimal pollen quality and
optimal agronomical management (irrigation, fertilization, pruning), the results could vary in
relation to the choice of the floral stage of intervention in relation to the type of pollination.
In the reported studies, many parameters were analyzed alone and in interaction in different
environments in Italy and for many years: pollen quality, pollination system, and flowering
stage.

High-quality pollen is basic for good results: germinability, germination energy, and humid-
ity were evaluated under different conditions of pollen harvesting, conservation at different
temperatures and time of exposition at different temperatures, and manipulation before and
during pollination in different pollination systems (dry and liquid).

The interaction of the pollination systems and the flowering stage were also evaluated.

Many aspects are in common with olive (Olea europaea L.) and can be applied to its pollina-
tion. Olive fruit set are very low, less than 2% of flowers, which in Northern Italy means about
10 kg of fruit per plant [25]. The main problems are self-incompatibility, scarce pollen from
wild, wrong pollinator cultivars in the orchard, pollen quality and quantity, lack of coinci-
dence of blooming period, and adverse climate conditions.

This observation leads to define kiwifruit pollination as a new model for crop fruit pollina-
tion that could be applied in other wind pollination (anemophily) trees such as olive tree,
hazelnut, and pistachio that were studied but without a practical application (Figure 4)
[6, 12, 13].

This chapter does not want be a review on biology of the pollination in kiwifruit and olive but
an update of the research applied in the field supported by scientific data. Here, publicized
works but also original researches data are reported.

Temperature Temperature Pure pollen Adjuvants
Humidity Humidity Lycopodium mix man-hour ectares/h Climatic conditions
man-hour g/h man—houi’ hectares/h man—hoir hectares/h Sef—\lfe Flowering Temperature
humidity
filter cyclone Dry pollination Liquid pollination stage

Compatibility
(% \, / Cross pollination

% . . 5 If-i tibli
Collecting system - Spreading system - Pollination -Fertilization self-incompatiblity

' " alternate bearing
Z Temperature 4°C/-20°C Germinability % Fruit set —s -[fruitlet drop
storage Pollen humidity P Germination energy ... abortion, absiscion
) Culture management
Days/Years Tube length €
Temperature ‘.’

Fruit yield

Figure 4. Flowchart of the main phases ranging from pollen collection to pollination and critical points analyzed in this
chapter. Physiological aspects, climatic conditions, and human practices are integrated.
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2. Pollen quality for kiwifruit pollination

The first parameter that is considered to define the pollen quality is the germinability. Pollen
could germinate but stop early in the tube growth: must it be considered right for pollination
or not? Many grains germinate, but in different ways due to their different germination ener-
gies (germinability related to the time or germination tube length), and it is evident recording
pollen germination under microscope (Figure 5 and related movie). Other parameters must
be considered in order to evaluate pollen quality, as humidity and germination energy [26].

These parameters were evaluated under different conditions of pollen harvesting, conservation
at different temperatures and different times, exposition at different temperatures, and manip-
ulation before and during pollination. For example, stresses against pollen during harvest and
manipulation result in decrease of germination energy more than decrease of germinability.

2.1. Materials and methods

The experiment was performed on Actinidia deliciosa cv. Hayward (female) and cv. Tumuri (male)
in the Tacconi Lorenzo’s farm in Verona (North Italy), on a plantation built in 1982, (T-bar system,
4.5 x 3 m) having a permanent corded male suspended in the middle of the inter-row (Figure 3).
The pollen samples were collected in two seasons (2008 and 2009) having opposite conditions of
high relative humidity (RH) and low temperatures and low RH and high temperatures, respec-
tively. Pollen samples were collected with two different systems (Figure 6): filter separator (Aspir@
Polline TR Biotac, Verona, Italy, www.biotac.it) and cyclone separator (AspiraPollineMini2 Biotac,
Verona, Italy). The pollens were extracted from the machine and placed at 4°C every 45 min.

The germination temperature test was made with fresh Tumuri pollen (collected with Aspir@
Polline TR Biotac) on standard substrate (sucrose 85 g/1, boric acid 0.5 g/1) by taking a photo of
the same field of view under microscope every minute for 14 h. The temperatures considered
were 18, 24, and 30°C. To test the in vitro germination conditions, the germination of two
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Figure 5. Time lapse during pollen germination at 20°C: the number indicates hours.
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Figure 6. Schematic representation of the operating principle of the two pollen separation systems and related critical
points.

pollen samples (collected with Aspir@Polline TR and AspiraPollineMini2, Biotac) on differ-
ent agar growth media was compared (Table 1). The germination was observed at intervals
of about 1 h for 15 h under the microscope (Olympus BX51 microscope at 200 magnifications
with Olympus DP50 camera). The germination was made at a constant temperature of 20°C
in a growth chamber (Sanyo Gallenkamp PLC, Loughborough, UK) with RH 100% and with
cold light. The germination was calculated as percentage of germinated pollen counting about
100 pollen grains in three different optical field; tube length was evaluated using UTHSCSA
ImageTool software and reported as fold grain diameter (D, about 30 micron).

2.2. Results and discussion
2.2.1. Germination: effect of temperature and growth media

Germination latency period and tube length are inversely proportional to the temperature of
germination (Figure 7). During pollen application in field lower temperature is useful due the

filter system cyclone system
germ. start 2h 12h germ. start 2 12h
M. growth media concentr. | minute % tube % tube minute % tube % tube
lenght lenght lenght lenght
1 |water >15h 0 0 0 0[>15h 0 0 0 0
2 |sucrose +boric ac. 85+0.1g/1 120 22 1.1 88 14 120 8 0.9 90 8.5
3 |Biotac sol. 20 mi/l 60 60 1.9 95 8.5 60 20 1.4 72 5.6
4 |Arabic gum 0.05 g/l >15h 0 0 0 0[>15h 0 0 4 0
5 |Biotac sol.+ arabic gum |{as above) |*15h 0 1] 1] 0|=15h 1] 1] 1] 0
6 |PollenAid 20 mi/l 40 86 3.3 95 12 40 63 3 a8 10
7 |Biotac sol. 40 mi/f1 60 74 2.9 94 12 60 58 2.7 a8 10

Table 1. Percentage of germination and germination energy of pollen collected with different systems and germinated
on various media.
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Figure 7. Dynamic of pollen germination at different temperatures and tube elongation.

observation that the pollen tube length is higher if the germination appends at about 18-24°C,
whereas at higher temperature (30°C), the germination stops early and tube length is lower.
Moreover, the suspension of pollen in water must be sprayed before the germination starts, in
practical within 40 min, to avoid pollen damage.

The different media used in vitro can give useful indications for pollen suspensions in the case
of liquid pollination and for analysis. The different media showed a different percentage of
germination and germination energy (given by start time of germination and final lengths of
pollen tubes; Table 1).

The analyses carried out show how the result evaluation of germination could vary according
to the growth media used and depending on the moment in which the observation is made.
Furthermore, a media that is too nutritious (i.e., n. 6 and 7) could overestimate the real germina-
tion that would occur in vivo in field condition, whereas a less stimulating substrate (i.e., n. 2)
would be more useful as it highlights any weakness (less germination energy). PollenAid and
Biotac solution could be useful in liquid pollination because they encourage germination [26].

2.2.2. Pollen harvest systems, pollen humidity, and pollen viability

Different pollination machines are available in the market, and these fall in two categories
basing on the separation system: filter and cyclone (centrifugation). The comparison of these
systems in two different climatic conditions during pollen collection, in particular relative
air humidity (RH), reveals some differences in the pollen quality. Regarding cyclone system,
pollen RH increases with air RH increasing (RH), whereas in the case of filter system, pollen
RH is about 10% independently to the air RH (Figure 8). This difference is due to the lower
pressure inside the filter system and, therefore, lower temperature in comparison to external
one, such that water vapor in the air is condensed and extracted.

The humidity of the pollen is important for pollen long-term storage. One advantage of arti-
ficial pollination is the possibility to store pollen at —~18°C for years maintaining its viability.

65



66 Pollination in Plants

Year 2003 2004 100
” . =
Cliadin Filter |Cyclone| Filter |Cyclone RH 9.8%
g system 50
airT°C —e—RH 205%
during 23 29 80
collecting 70
average 2
air T°C 176 229 T 60
=]
= 50
average o]
air RH% 85.6 63.9 E 40
3
minimum g"ﬂ 30
air RH% 55.3 259 20
e 10
insiden 18 23 21 29
filter 0
Pollen 0 1 2 3 4 5 6 7 8 9 10
e W% B | e | year after collection

Figure 8. Pollen humidity related to collecting systems and environmental conditions (left) and effect of pollen humidity
on germination during years of storage at —18°C (right).

For this purpose, pollen RH must be about 10-12%; in other ways its germinability decreases
in direct proportionality with RH and years (Figure 8). For practical usage, it could be con-
sidered that pollen can be stored about 3 years if its humidity is low or after drying with
silica gel.

2.3. Conclusion

The highest pollen quality was obtained when the pollen was picked up from the collecting
machine frequently during the day (about every hour), to avoid any stresses, and stored at
4°C for no more than 7 days. Pollen can be stored at -18°C up to 3 years, better with low
humidity or pre-dried to 10-12% with silica gel at 4°C. A recent method to estimate pollen
viability was developed and is based on physical analysis of the single cells by impedance
flow cytometry [27], and it could be interesting to compare the two methods especially during
pollen storage.

3. The interaction between pollination systems and flowering stage
in Actinidia

High-quality pollen is essential for good pollination, but pollination efficiency depends also
on the equipments used and the time of application: dry pollination with pure pollen or
diluted with lycopodium, liquid pollination in water suspension with adjuvants, handing
application, or with mechanized tools [8]. In this paragraph, the interaction between pollina-
tion systems and the flowering stage will be elucidated, in order to understand which is the
best flowering stage in relation to the pollination system adopted.
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3.1. Materials and methods

All the experiments were performed on Actinidia deliciosa cv. Hayward in field condition with
three repetitions per treatment, among 5 years (2009-2013) in three different environments:
Cuneo (NO Italy), Verona (NE Italy), and Latina (Central Italy).

The comparing of pollination-systems (Figures 9 and 10) was conducted in collaboration with
Agrion (Cuneo, www.agrion.it); the pollination was carried out with 90% of flowers at the
stage of petal fall (with white pistils) with 600 g of pollen per hectare with a single-step distri-
bution. The experimental design was a randomized block in standard orchards (female:male
rate 1:6) with T-bar (Verona and Cuneo) and pergola (in Latina) trellis systems. The liquid
distribution was 12 g/l of pollen in deionized water and 5 ml/I of activator PollenAid (Kiwi
Pollen, New Zealand) for a total of 50 I/ha of water suspension. The machines used in the pol-
lination system’s comparative test were reported in Figure 9.

The role of Lycopodium was evaluated in 2013 in Verona by comparing two systems of dry
pollination with and without Lycopodium added. Lycopodium was added to pollen in dry pol-
lination as inert in some machines like Speedy. Experimental design consisted of three theses
(two rows each): pollination with the Soffi@Polline system with pure pollen, pollination with
SoffiaPolline with pollen:Lycopodium mixture (55%:45%), and pollination with Speedy with
pollen:Lycopodium mixture (55%:45%).

To understand the relation between flowering stage and the type of pollination, dry or liquid,
just before pollination the flowers were labeled according to their flowering stage (Figure 11).
The signed stages were, according to BBCH scale [28] are the following: closed flower (55—
59), white petals (60-64), ocher petals (65-66), early petal fall (67), and petal fall (68) with
most of the pistils white and stigmas viscous, just before pistils dry and ovary increasing
(69). To understand the success of the pollination, about 100 fruits for three biological rep-
licates were weighed at harvesting time (end of October). This experiment was repeated for
4 years (2010-2013) in Verona, Cuneo, and Latina using Soffi@PollineZ for dry pollination and
“ElettroEASY” (or similar diaphragm pump) for liquid pollination.

3.2. Result and discussion
3.2.1. Comparison of equipments for pollination

Usually, the best pollination method considered is the manual method of pon-pon but
because of its considerable employment of labor is rarely used in commercial orchards. As
shown in Figure 10, it was overcome by Soffi@PollineZ pollinator, probably because with
pon-pon some flowers were not touched, whereas the pollen powder blown reaches all the
canopy. Analogously, with Speedy some flowers were not pollinated and, in addition the
role of Lycopodium, will be analyzed in another experiment. Good results were also obtained
with liquid pollination applied 2 days before the other when the 90% of flowers at the stage of
petal fall. In other terms, it seems that liquid pollination could be better before petal fall. The
following experiments will elucidate this aspect [8].
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Figure 9. The commercial available equipments used in the pollination system’s comparative test and their working
capacity. (A) “speedy” (Dall’Agata, Forli, Italy) is a battery dry distributor for pollen: Lycopodium (45-55%) mix (5-7 h/
ha); (B) “ElettroEASY” (Volpi, Mantova, Italy) is a battery diaphragm pump for liquid pollination (4 h/ha); (C) “Soffi@
PollineZ” (Biotac, Verona, Italy) is an engine blower with dry distributor for pure pollen for dry pollination (1 h/ha); (D)
“Spruzz@Polline TR” (Gerbaudo, Cuneo, Italy) is a sprayer with fogger-type nozzles attached to the tractor, for liquid
pollination (2 h/ha); (E) “pon-pon” (homemade ball covered with velluto) for flower-to-flower manual dry pollination)
(25 h/ha); and (F) “Ventole” (Romani, Verona, Italy) consists of two fans attached to the tractor for air and pollen shuffling
(0.5 h/ha).

3.2.2. Role of Lycopodium in pollination

The low pollination rate observed using the pollen-Lycopodium mix Speedy machine (Figure 9A)
is due to the drying effect of the Lycopodium on pistils and does not depend on the machine: the
addition of Lycopodium to the Soffi@Polline gave the same results.

The fruit size obtained in the thesis pollinated with pollen-Lycopodium mixture was lower than
the thesis pollinated with pure pollen: average weight 96 g with the addition of lycopodium,
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Figure 10. Average weight of the fruit pollinated with different equipments. Blue color is for liquid pollination systems:
Spruzz@Polline TR 2x means double pollen dose, and Spruzz@Polline TR-2 means that the application was made 2 days
before the other pollination. Yellow color is for dry pollination system: Green color is for natural pollination (control).
Different letters indicate statistically significant differences (ANOVA Tukey P 0.05).
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Figure 11. Fruits marked at the time of harvesting with the ribbon attached during pollination in order to go back the
original flowering stage during pollination.

106 g with pure pollen, and 75 g free pollinated fruit (data not shown). That result indicates
that the presence of this inert may adversely affect fertilization, regardless of the distribution
system.

3.2.3. Flowering stage

After the first evidence where liquid pollination appears more efficient before petal fall, the inter-
action between flowering stage and pollination system was investigated. Actinidia flowering is
scalar, and the same flower is viable for about 4 days, in normal climatic condition, after that the
pistil degenerates and starts the fruit set (Figure 11 and related movie). Regarding liquid pol-
lination, the best results were at full bloom and at early petal fall (Figures 11 and 12A), whereas
for dry pollination, the best results were reached at petal fall (Figures 1 and 12B) before pistil
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Figure 12. Average weights of the fruits pollinated by spray pollination system (A) and by dry pollination system (B).
This experiment was repeated for 4 years in Verona, Cuneo, and Latina using Soffi@PollineZ for dry pollination and a
sprayer diaphragm pump for liquid pollination. Different letters indicate statistically significant differences (ANOVA
Tukey P 0.05).

senescence [8]. The pollination efficiency is evident at the harvest but could be useful approxi-
mately within 30 days after pollination (see related movie). In this period there are endosperm cel-
lularizations that define the final fruit size and are important to proceed with the thinning of the
bad pollinated fruit to avoid loose of energy and favorite the growing of the best pollinated fruit.

The flowering stage is easily described observing the petals, but it reflects more important aspect
of the flower and in particular the pistil exudate, essential for pollen adhesion, germination, and
the ovary receptivity. The pistil's exudate production increases during flower life and, in cv.
Hayward, is maximum at the petal fall stage (Figure 13). For yellow flash kiwifruit, it is less evi-
dent, and the flower has a lower self-life compared with Hayward and evolves within 1-2 days to
late flowering stages. In this case, it is not possible to wait that all flowers reach the petal fall stage

Figure 13. Easy test for the evaluation of pistil exudate production: the maximum dry pollen receptivity is at early
morning with flowers at the petal fall stage when almost all ovules are receptive (left). Longitudinal section of the fruit
showing lack of seeds on the tip due to not fertilized ovules because of an early pollination (right).
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and the artificial pollination must be done every 1-2 days, depending on the climate conditions.
It is notable also that, due to physical properties, the pistil’s exudate increases the pollen attached
if it is powder, whereas decreases pollen adhesion if it is conveyed with water. Moreover, in dry
pollination the fruit size is higher with respect to liquid pollination (Figure 12). This observation
indicates indeed the receptivity of the ovules in the flower that is maximum just before pistil
senescence (change from white to brown color) after petal fall. Often, early pollination leads to
ovary-growing and pistil senescence even if not all ovules were fertilized, thus precluding the
possibility of a complete pollination of the fruit. This phenomenon is visible observing the longi-
tudinal section of the fruit (Figure 13) because, excluding phenomena of water stress, the ovule’s
maturation is not simultaneous and starts from the petiole side to the tip side of the flower.

New histological analysis is under way in order to study the relationship between flower stage
and ovary maturation. The process from pollen adhesion to fertilization could be observed
in vivo by staining the pollen with aniline blue under UV light (Figures 14 and 15).

In Actinidia, fertilization appends within only 6 h after pollination (Figure 15), and this aspect
facilitates the study of the relation between the moment of pollination and the flower stage.
The Actinidia floral biology could be useful as model of wind-pollinated trees in field condition.

3.3. Conclusion

Kiwifruit artificial pollination, in conventional orchard, increases the production up to 30%
(Figures 10 and 12) due to bigger fruit size. Pollen is collected from male plants, and to maintain
its viability is necessary to avoid high temperature and high humidity. In practice it is picked
up from the collecting machine every 45 min and stored at 4°C for ready usage (up to 7 days)
or for long storage at —18°C (3 years if its humidity is lower than 12%) (Figure 8). Both liquid
and dry pollinations are effective if done at the right flowering stage: liquid pollination not later
than early petal fall stage, dry pollination, with pure pollen, at petal fall stage (in cv. Hayward)
when the pistils exudate is maximum (Figures 11-13), at early morning with high air humidity.
In order to pollinate early and late flowering flowers, the pollination must be done in two steps
or more in particular in yellow flash kiwifruit. In any cases, dry pollination seems to be most
suitable because it is applied when the number of mature ovaries in the flower is maximum.

Figure 14. (A) Male flower, (B) pollen during germination under optical microscope (40x), and (C) magnification of
germinated pollen stained with aniline blue under UV light (100x).
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Figure 15. (A) Female flower, (B) schematic section and flower organs, (C) section of flower under optical microscope
(40x), (D) magnification of ovules (100x), and (E) the same section stained with aniline blue under UV light 6 h after
pollination.

4. Artificial pollination in olive tree

Olive trees (Olea europaea L.) bear both hermaphrodite and staminate flowers [29, 30] in the
form of panicles [31]. Hermaphrodite flowers generally have two stamens and a bilocular
ovary with a short style and stigma. Artificial pollination seems particularly suited also to
olive tree because of a wind-pollinated crop, hermaphrodite but with many flowers special-
ized for pollen production, and in many cases self-incompatible [32]. In staminate flowers,
the pistil is either rudimentary or absent. The flowers are not entomophilous pollinated, in
fact they produce large quantity of pollen and don’t have nectaries [33, 34]. The problems
linked to pollination/fertilization olive cultivation are numerous: the blooming period of male
and female trees does not overlap, and pistillate flowers are usually unable to receive pollen
grain [35]; adverse climatic conditions during fruit set; compatibility relationships among
cultivars; pollinizers could be bad oriented and/or in a non-satisfactory ratio with the cultivar
of interest; and even if pollen is abundant, it could have low viability [35] and can be scarcely
retained by the stigma surface. Moreover, depending on the cultivar, the environmental con-
ditions, the specific tree and shoot, and ovary abortion could occur many weeks after pol-
lination [36]. Shedding of staminate flowers begins just after full bloom [37] and partially
overlaps the abscission of unfertilized flowers, triggered by pollination and fertilization of
adjacent flowers. It takes place in the days after petal drop [38]. Most fertilized ovary abscis-
sion, occurring after 2 weeks and until about 6 weeks after full bloom, is affected by substrate
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competition among growing fruits and other sinks [39]. After petal fall, about 25% of the ova-
ries are retained, but only a small percentage of fruits reach maturity. It was estimated that a
good commercial yield could be reacted if at least 1% of the total number of flowers set fruits
and remaining until harvest [31].

4.1. Materials and methods

Many steps of pollination were optimized, and many parameters were evaluated during the
experimentations. Artificial pollination was tested by taking advantage of previous expertise
developed in artificial pollination of Actinidia, using Aspir@PollineMini2 (Figure 16) to suck
pollen and Soffi@PollineZ (Figures 9C and 16) (Biotac, Verona, Italy). Pollen was stored at 4°C
for short-term usage and at low temperature (-20 and -80°C) for long-term usage. The influence
of the time of distribution was evaluated using a completely randomized block design, with
four replicates on cv. Leccino. Pollen germinability was evaluated as described for Actinidia.
The pollination experiment design will be aimed at understanding: the influence of the pol-
linizer on productivity of fruit, the influence of artificial pollination on alternate bearing, the
optimization of distribution in relation to the flowering stage, and the influence of the amount

Figure 16. Mr. D’Isola during pollen sucking from olive tree varieties compatible with Leccino (left) and during
pollination (right).
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of pollen spread (standard application was 2 g per plant). To get a detailed experimentation,
many parameters must be taken into account. During pollen collection the data recorded were
air temperature and RH, amount of pollen per hour, cultivars collected, germinability, and pol-
len RH. Regarding pollination, the data were number of flowers per panicle, number of panicle
per twig, position of the twig on the branch, position of the branch in the canopy, and cardinal
orientation. In particular, two levels in the canopy and one shoot in each cardinal point per tree
were considered. These parameters were recorded just before flowering and during all flower-
ing time every day and once a week after the end of flowering for 6 weeks to take in account
abortion and fruitlet abscission. The pollination was made one time in the early morning with
moderate air temperature and higher RH, at the middle of flowering when 95% of flowers
were open and many corollas were fallen down but with white pistils. After pollination other
parameters were recorded: shoot length in order to evaluate the vegetative and reproductive
competition and number of growing ovaries and fruits twice the time in the season. In order to
evaluate the influence of the fruit, the number on the fruit quality, at harvesting was measured:
harvesting time, total fruit collected per tree, fruit diameter, average weight, and oil yield. All
these parameters were recorded also for some pollinizer plants in order to understand the
influence of pollen collection in the hypothesis of a yield reduction due to pollen subtraction or
not. Open-pollinated plants were used as control in all the experiments.

4.2. Results and discussion

Many data are available in literature about olive flower and fruit set biology; anyway, most
of the knowledge are not adopted in the field. The experimentations started on 2014 thanks to
the resourcefulness of an olive grower, Gianfranco D’Isola, on Lake of Garda (Brescia, North
Italy). His 23 plants had never yielded anything being all Leccino, a self-incompatible cultivar
without other pollinators nearby: the compatible cv. Frantoio was dead because of frost win-
ter. The idea of artificial pollination came from kiwifruit pollination technique. The principle
is simple: taking pollen from compatible varieties and, at the time of flowering, “blow” it on
the target plants (Figure 16). Also, a modest improvement in the percentage of fruit setting
leads to significant production increase [25]. Using the equipment employed in kiwifruit, the
results were surprising: an average yield of 48 kg of olives per plant (Figure 17), an excep-
tional value compared to 10 kg, and the average production of North Italy [25, 40].

Pollen was collected from olive cv. Pendolino, Moraiolo, and Casaliva and stored at 4°C for
a few days until the time of pollination. Pollination was carried out with pure pollen in the
early morning by delivering a total of about 2 g of pollen per plant in two steps within 2 days.

The experiment was successfully repeated in 2016 (Figure 17) [25], whereas in 2017 the extremely
high temperature during olive flowering (the subsequently in weeks) and the absence of rain
until the end of the season have provoked a copious fruit abscission.

These experiments have led to a larger trials on Lake of Garda cultivation conducted by AiPol
(www.aipol.bs.it) in collaboration with CREA and new trials in other regions [40] and in other
countries like in Japan by Associazione Italia Giappone and Biotac (www.biotac.it). Because
these experiments aim to a practical application for farmers, the field trials were done in con-
ventional orchards with pollinizers present in order to evaluate the effective gains given by
the pollination technique in the real situations.
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Figure 17. Result of olive tree pollination on self-sterile cv. Leccino in 2014 (left) and 2016 (right).

Despite the pollen collected during the day when air RH is low, olive pollen has a higher
RH than kiwifruit pollen, and the incubation at 4°C for 24 h with silica gel before storing or
spreading is suitable. Pollen germinability ranges from 35 to 68% and RH from 15 to 26% just
after collection. After dehydration for 12 h at 4°C with silica gel, the RH decreases to 12-15%.
During storing, the germinability decreases about 1.8% per day at 4°C and 3.4% per year dur-
ing 3 years of observation when stored at —18°C. The collected pollen quantity seems not to be
a problem thanks to the abundant production of olive tree in the “charging” season [35, 41]
which are not economically sustainable during “off” season [40]. Anyway, pollen can be easily
stored for several years in domestic fridge with a very low viability decrement. During har-
vesting period it was noted that the pollen collected at the beginning of the flowering is very
low (few grams per hour), while after full blooming, when 20-30% of the corollas drop down,
the amount reaches 100 g/h in many cultivars (also in “olivastro”) and also 200 g/h in Ascolana.

In these experiments, the fruit set improvement ranges from 10 to 30% more than the control
free pollinated. Moreover, the pollinizer plant where pollen was collected, often self-compat-
ible, showed a fruit set about 10% higher than the control (Table 2). It has been hypothesized
that the movement of the braches and the panicles made during pollen suction increases pol-
len dispersion inside the tree.

buds with | buds with | buds not | Total | average | fruit set | average fruit average | average | average
flower shoot | develope shoot flower per| harvested | fruit fruit plant
d lenght panicle wheigth | diamete | vyield
n° n° n° n° cm % n° ke 4 mm ke
pollinated 775 261 538 1574 | 10.45a | 15.05a 113a 798 59a 22.1a 39.9a
pollinizer 533 373 481 1387 | 12.24b | 11.76b 11.1a 597 5.6b 20.3b 29.9b
control 694 265 527 1486 | 12.78b | 3.68¢ 11.2a 184 5.6b 20.7b 9.2c

Table 2. Example of data collected by AiPol on 2016 in sale Marasino (Brescia, IT) in a field trial of 20 plants of cv. Leccino
with five cv. Casaliva as pollinizer. Different letters indicate statistically significant differences (ANOVA Tukey P 0.05).
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4.3. Conclusions

Regarding the practical application, these preliminary results confirm the possibility to
improve olive yield by pollination and aim to understand the better moment for pollina-
tion in relation to the flowering stage during flowering. The pollination technique can also
be used to balance the vegetative-reproductive balance of the plant and mitigate the alter-
nation of production. Of course, the pollination must be inserted in a context of adequate
agronomic management in order to support the greater production. In this sense, plants
with a great fruit set must be “prepared” to support a larger production: fertilization and
irrigation must adequately satisfy the major removal of the plant, pruning must balance
vegetative and reproductive aspects and must be done every year, and, during the sum-
mer, plant protection must be applied in order not to vain all the improvements. Using the
methods described (Figure 4), it is possible to set up experiments that allow to investigate
the pollination process in more detail in order to understand, also at the molecular level
(Figures 14 and 15), the fertilization, the fruitlet drop, and the alternate bearing. These
experiments will help also to elucidate the real cultivar cross compatibility: conflicting
reports about the classification of pollen compatibility exist. Often, these classifications
came from field observation with contradictory results obtained in different locations and
years [33, 34, 36, 42], and one of the main constraints is the overlapping of flowering period.
The possibility to collect and store pollen for many years allows to test the compatibility of
varieties with very different flowering times: it is possible also pollinate an early flowering
variety with the pollen taken from a late flowering ones. Moreover, it is possible to estab-
lish a pollen bank for the farmers and for research purposes and identify some varieties
with the higher compatibility producing the higher amount of pollen and perhaps a uni-
versal pollinizer. It could be interesting to develop also a super-intensive orchard where
mechanized pollen collecting will be possible, analogously to the mechanical fruit harvest-
ing, whereas the pollen spreading could be easily mechanized with blower for the tractor
(already used in kiwifruit as reported in www .biotac.it) or with drones. Unlike happen in
kiwifruit, in olive tree the pollination technique is at the begin but with very interesting
perspectives.

Acknowledgements

We thank the cooperation of the following: for kiwifruit trials Graziano Vittone and Luca Nari
(www.agrion.it), Laura Astegiano, Andrea Bonetti, Lorenzo Tacconi, and Ottavio Cacioppo
(www .kiwiinforma.it); for olive trials in Italy Simone Frusca, Nicola Berini, Elena Savoldji,
Emanuele Ghirardelli, Matteo Ghilardi, Elia Belotti, Paolo Zani (www.aipol.bs.it), and
Gianfranco D’Isola; and for olive trials in Japan Yoko Nakajima and Vincenzo Andreacchio
(http://www aisitalia.it/olio-extra-vergine-di-oliva-made-in-japan.aspx#.WlueCjdJnFg). All
the experiments and field trials were done without specific founding, except for the trials
conducted by AIPOL. Parts of the chapter was taken from our previously published papers,
with the permission of the coauthors.



Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

Competing interests

The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Author details

Tacconi Gianni* and Michelotti Vania

*Address all correspondence to: gianni.tacconi@crea.gov.it

CREA Research Centre for Genomics and Bioinformatics, Consiglio per la Ricerca in
Agricoltura e I'analisi dell'economia agraria (CREA), Fiorenzuola d’Arda, Piacenza, Italy

References

[1]

2]

3]

[4]

[5]

(8]

MacDaniels LH. The possibilities of hand pollination in the orchard on a commercial
scale. Proceedings of the American Society for Horticultural Science. 1930;27:370-373

Calderone NW. Insect pollinated crops, insect pollinators and US agriculture: Trend
analysis of aggregate data for the period 1992-2009. PLoS One. 2012;7(5):1-27

Sedgley M. Self-incompatibility in woody horticultural species. Genetic Co. E. G.
Williams AEC RBK, editor. London: Kluwer Academic Publishers, Dordrecht; Boston;
1994. pp. 141-163

Klatt BK, Holzschuh A, Westphal C, Clough Y, Smit I, Pawelzik E, et al. Bee pollina-
tion improves crop quality, shelf life and commercial value. Philosophical Transactions
of the Royal Society B: Biological Sciences. 2013;281(1775):20132440-20132440. Available
from: http://rspb.royalsocietypublishing.org/cgi/d0i/10.1098/rspb.2013.2440

Wietzke A, Westphal C, Kraft M, Gras P, Tscharntke T, Pawelzik E, et al. Pollination as
a key factor for strawberry fruit physiology and quality. Berichte aus dem Jul Kiihn-
Institut. 2016;183:49

Ayerza R, Coates W. Supplemental pollination - increasing olive (Olea europaea) yields
in hot, arid environments. Experimental Agriculture. 2004;40(4):481-491

Hopping ME, Hacking NJ. A comparison of pollen application methods for the artifi-
cial pollination of kiwifruit. Vol. 139, Fruit Set and Development XXI IHC 139. 1982.
pp- 41-50

Tacconi G, Michelotti V, Cacioppo O, Vittone G. Kiwifruit pollination: The interaction
between pollen quality, pollination systems and flowering stage. Journal of Berry Research.
2016;6:417-426

77



78

Pollination in Plants

[]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[22]
[23]

[24]

Vaknin Y, Gan-Mor S, Bechar A, Ronen B, Eisikowitch D. Improving pollination of
almond (Amygdalus communis L., Rosaceae) using electrostatic techniques. The Journal
of Horticultural Science and Biotechnology. 2001;76(2):208-212

Dicenta F, Ortega E, Canovas JA, Egea J. Self-pollination vs. cross-pollination in almond:
Pollen tube growth, fruit set and fruit characteristics. Plant Breeding. 2002;121(2):163-167

Karimi HR, Mohammadi N, Estaji A, Esmaeilizadeh M. Effect of supplementary pollina-
tion using enriched pollen suspension with Zn on fruit set and fruit quality of pistachio.
Scientia Horticulturae (Amsterdam). 2017;216:272-7

Vaknin Y, Gan-Mor S, Bechar A, Ronen B, Eisikowitch D. Effects of supplementary pollina-
tion on cropping success and fruit quality in pistachio. Plant Breeding. 2002;121(5):451-455

Ellena M, Sandoval P, Gonzalez A, Galdames R, Jequier J, Contreras M, et al. Preliminary
results of supplementary pollination on hazelnut in south Chile. Acta Horticulturae.
2014;1052:121-128

Wallace HM, Vithanage V, Exley EM. The effect of supplementary pollination on nut set
of macadamia (Proteaceae). Annals of Botany. 1996;78(6):765-773

Howlett BG, Nelson WR, Pattemore DE, Gee M. Pollination of macadamia: Review and
opportunities for improving yields. Scientia Horticulturae. 2015;197:411-419

Awad MA. Pollination of date palm {Phoenix dactylifera L. cv. Khenazy by pollen grain-
water suspension spray. Journal of Food, Agriculture and Environment. 2010;8(3-4
PART 1):313-317

Chao CCT, Krueger RR. The date palm (Phoenix dactylifera L.): Overview of biology, uses,
and cultivation. HortScience. 2007;42(5):1077-1082

Hopping ME, Jerram EM. Pollination of kiwifruit (Actinidia chinensis planch.): Stigma-
style structure and pollen tube growth. New Zealand Journal of Botany. 1979;17:233-240

King M]J, Ferguson AM. Collection and use of dry pollen for pollination of kiwifruit.
New Zealand Journal of Crop and Horticultural Science. 1991;19(4):385-389

Cacioppo O. Impollinazione artificiale dell’actinidia con il metodo neozelandese a spru-
zz0 vaporizzato. L'Informatore Agrar. 1992, XL VIII(4)

Costa G, Testolin R, Vizzotto G. Kiwifruit pollination: An unbiased estimate of wind and bee
contribution. New Zealand Journal of Crop and Horticultural Science. 1993;21(2):189-195

Spada G. Note sulla biologia fiorale dell’ Actinidia. Kiwi Informa. 2005;10-12:35-43

Donati I, Buriani G, Cellini A, Mauri S, Costa G, Spinelli F. New insights on the bacte-
rial canker of kiwifruit (Pseudomonas syringae pv. Actinidiae). Journal of Berry Research.
2014;4(2):53-67

Antunes MDC, Oliveira M, Teixeira M, Veloso A, Veloso F, Panagopoulos T. Evaluation
of the effect of complementary pollination on Actinidia deliciosa “Hayward” in north-
west Portugal. Acta Horticulturae. 2007:347-352



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

Aipol. Impollinazione artificiale dell’olivo, una strada praticabile? [Internet]. 2015.
Available from: http://www.teatronaturale.it/strettamente-tecnico/l-arca-olearia/21248-
impollinazione-artificiale-dell-olivo-una-strada-praticabile.htm

Tacconi G, Rizza F. Pollen quality for kiwifruit pollination. Italus Hortus. 2009;15(5):
139-143

Heidmann I, Schade-Kampmann G, Lambalk ], Ottiger M, Di Berardino M. Impedance
flow cytometry: A novel technique in pollen analysis. PLoS One. 2016;11(11):1-15

Salinero MC, Vela P, Sainz MJ. Phenological growth stages of kiwifruit (Actinidia deliciosa
“Hayward”). Scientia Horticulturae (Amsterdam). 2009;121(1):27-31

Ateyyeh AF, Stosser R, Qrunfleh M. Reproductive biology of the olive (Olea europaea 1.)
cultivar “nabali baladi.” Journal of Applied Botany. 2000;74(5-6):255-270

Reale L, Sgromo C, Bonofiglio T, Orlandi F, Fornaciari M, Ferranti F, et al. Reproductive
biology of olive (Olea europaea L.) DOP Umbria cultivars. Sexual Plant Reproduction.
2006;19(4):151-161

Griggs WH, Hartmann HT, Bradley MV, Iwakiri BT, Whisler J. Olive pollination in
California. California Agricultural Experimental Station, Bulletin 869. 1975

Spinardi A, Bassi D. Olive fertility as affected by cross-pollination and boron. The
Scientific World Journal [Internet]. 2012;2012:1-8. Available from: http://www.hindawi.
com/journals/tswj/2012/375631/

Rugini E, Baldoni L, Muleo R, Sebastiani L. The Olive Tree Genome. 1st ed. In: Rugini E,
Baldoni L, Muleo R, Sebastiani L, editors. Springer International Publishing; 2016. http://
www.springer.com/la/book/9783319488868

Olea FP. Trattato di olivicoltura. Edagricole: Bologna; 2003

Mazzeo A, Palasciano M, Gallotta A, Camposeo S, Pacifico A, Ferrara G. Amount and
quality of pollen grains in four olive (Olea europaea L.) cultivars as affected by “on” and
“oft” years. Scientia Horticulturae (Amsterdam). 2014;170:89-93

Fabbri A, Bartolini G, Lambardi M, Kailis SG. Olive Propagation Manual. Collingwood,
VIC: Landlinks Press; 2004

Cuevas J, Rapoport HF, Rallo L. Relationships among reproductive processes and fruit-
let abscission in Arbequina’ olive. Advances in Horticultural Science. 1995;9(2):92-96

Rosati A, Caporali S, Paoletti A, Famiani F. Pistil abortion is related to ovary mass in
olive (Olea europaea L.). Scientia Horticulturae (Amsterdam). 2011;127(4):515-519

Rapoport HF, Rallo L. Postanthesis flower and fruit abscission in Manzanillo olive.
Journal of the American Society for Horticultural Science. 1991;116:720-723

Cantini Claudio. L'impollinazione artificiale dell’olivo, un’opportunita per le annate
di scarica [Internet]. 2017. Available from: http://www.teatronaturale.it/strettamente-
tecnico/l-arca-olearia/24318-1-impollinazione-artificiale-dell-olivo-un-opportunita-per-
le-annate-di-scarica.htm

79



80 Pollination in Plants

[41] Ferrara G, Camposeo S, Palasciano M, Godini A. Comparison between two pollen qual-
ity evaluation methods and germination in Olive (Olea europaea L.). Acta Horticulturae.
2012;949:227-230

[42] Bartolini S, Guerriero R. Self-compatibility in several clones of oil olive cv. Leccino.
Advances in Horticultural Science. 1995;9(2):71-74



