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Abstract: Norwegian pear production is low due to climatic limitations, a lack of well-adapted
cultivars and suitable pollinizers. However, nowadays it is increasing as a result of newly introduced
and bred pear cultivars. Since cross pollination is necessary for high yields and good fruit quality,
the aim of this investigation was to find the most suitable pollinizers for the pear cultivars “Ingeborg”
(“Conference” x “Bonne Louise”) and “Celina” (“Colorée de Juillet” x “Williams”). Self-pollination
of “Ingeborg” and “Celina”, together with “Conference”, “Belle Lucrative”, “Anna”, “Clara Frijs”,
“Herzogin Elsa”, “Kristina” and “Fritjof” as potential pollinizers, were studied in this experiment
during the 2017 and 2018 seasons in Norway. The success rate of each pollinizer was tested under field
conditions, while the monitoring of pollen tube growth was done using the fluorescence microscopy
method. All reproductive parameters (pollen germination, number of pollen tubes in the upper part
of the style, pollen tube number in the locule of the ovary, number of fertilized ovules, initial fruit set,
and final fruit set) in all crossing combinations were higher in 2018 due to much warmer weather.
Based on the flowering overlap and success rate of each individual pollinizer and fruit set, the cultivars
“Anna” and “Clara Frijs” can be suggested as pollinizers for the cultivar “Ingeborg”, while “Fritjof”,
“Anna”, “Kristina” and “Herzogin Elsa” for the cultivar “Celina”. An even distribution of two
compatible pollinizers having overlapping flowering times with the main commercial pear cultivar is
a general recommendation for commercial pear production.
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1. Introduction

Pear (Pyrus communis L.) cultivation has a long tradition in Norway. In 2018, the total acreage
was only 62 ha with an average yield of 9 tons per ha [1]. Pear production has declined in recent
decades, mainly due to climatic limitations, a lack of well-adapted cultivars and suitable pollinizers.
Unfavorable environmental conditions for pear pollination during the Nordic spring can have a very
negative effect on yield quantity in the pear orchards [2,3]. The “Ingeborg” pear (“Conference” X
“Bonne Louise”) was developed at Balsgard-SLU (Swedish University of Agricultural Sciences) and is
currently the most important commercial pear variety grown in Norway in terms of yield tonnage.
The cultivation of “Ingeborg” is mainly located in the Hardanger district, western Norway. Although
“Ingeborg” possesses good pomological traits and is suited for cultivation under Nordic conditions,
fruit set and subsequent yields of this cultivar tend to vary between orchards and can be significantly
lower than for other pear varieties grown in Norway [3,4].
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Nowadays, there is increasing interest in pear production due to introducing of new pear varieties
resulting from the Norwegian breeding program started in 1984 [5]. The cultivar “Celina” QTee®
(“Colorée de Juillet” x “Williams”) is the most promising one and it was released in 2010. In Norwegian
orchards, this cultivar flowers medium to late and produces attractive fruits with red blush and good
fruit quality, storability and shelf life. In Norwegian climatic conditions it ripens in the beginning of
September. The process of commercialization and planting has been started throughout European
countries, especially Belgium, Switzerland and Spain and other temperate regions of the world, such as
South Africa [6]. Significant acreage is planted in Norway too [7]. Insufficient cultivar adaptation to
changes in environmental conditions, as well as the lack of suitable pollinizers affects the success of the
cultivation of these pear cultivars in specific climatic conditions in Norway [8]. The cultivar “Celina”
has been included in the assortment of some European countries and has shown better adaptability to
local climatic conditions and gives large yields in combination with appropriate pollinizers [5].

Since pear is an allogamous species, for obtaining higher yields and profitable production,
it is necessary to have adequate pollinizers. The pollen donors must have annual flowering and
should produce viable pollen at the most fertile stage for the recipient in order to have effective
pollination and fertilization of the flowers [9,10]. The effectiveness of pollination depends on several
factors: pollen viability [11], stigmatic receptivity [12], ovule longevity, the effective pollination
period [13], the considerable reduction in female fertility of some triploid selections [14] and the
diversity, abundance and efficiency of pollinators in relation to orchard design [15]. In addition to
these factors, in vitro pollen germination and the efficiency of the pollen tube growth in the style and
ovary tubes/progamic phase of fertilization can indicate the best pollinizers in tested combinations of
pollination [16]. In addition, the pollen germination and pollen tube growth in the pistil are highly
genotype-dependent in pears [17,18].

Although some European pear (Pyrus communis L.) cultivars, like “Abugo” and “Ceremefio”,
were discovered to be self-compatible [19], most of them are completely self-incompatible or partially
self-compatible [20]. In pear and other species of the Rosaceae family, there is a gametophyte system of
incompatibility (GSI) that is controlled by a single polymorphic locus (S-locus) [21]. Pollen tube growth
is inhibited in the style when the S-allele of the pollen grain matches one of the S-alleles of the style.
In these crosses, pollen tube growth stops somewhere along the style length and practically no pollen
tubes can be observed at the base [22,23]. Self-incompatibility is one of the most efficient mechanisms
to promote out-crossing in plants but could be a problem for fruit production [24]. So far, 19 S-RNase
alleles have been cloned and sequenced for European pear, which can be used to characterize more
than 130 cultivars [25].

Climatic factors, such as temperature and humidity, greatly affect the factors listed above [26].
Both the male and female organs of the flower are especially sensitive to temperature fluctuations
both during their development, before and during flowering and in the post-pollination stage [27].
This phenomenon is bounded with gradual changes in the distribution of cultivars, by favoring those
better adapted in reproductive behavior to certain air temperatures [28]. Therefore, planting one or
more cultivars in an orchard is needed in order to provide satisfactory yields. Although some cultivars
have a certain level of parthenocarpic fruit set, cross pollination is always favored [29].

In this study, we assessed the efficiency of pollen tube growth (from the pistil up to the ovule) of
different pollinizers and fruit set of the pear cultivars “Ingeborg” and “Celina” under specific ecological
factors for the Nordic climate. The aim of this investigation was to find the most suitable pollinizers
for these two cultivars to be planted within the same orchard in order to provide high and stable yields
of good fruit quality.
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2. Material and Methods

2.1. Plant Material

The pear cultivars “Ingeborg” and “Celina” were used as pollen recipients. As pollen donors/pollinizers,
the cultivars “Conference”, “Belle Lucrative”, “Anna”, “Clara Frijs”, “Herzogin Elsa”, “Kristina” and
“Fritjof” were used, in addition to the self-pollination combination of “Ingeborg” and “Celina”.
The studies were conducted in an experimental pear orchard at Njos Fruit and Berry Center Leikanger,
Western Norway during 2017 and 2018.

The orchard was established in 2012, with all cultivars grafted on the rootstock “Quince Adams”.
The tree spacing was 4 X 1 m and trees were trained as slender spindle trees. Trees used for the
experiment were selected for uniformity of flowering and represented the average bloom intensity and
tree size of the orchard. Orchard floor management consisted of grass in the inter-rows and a 1-m wide
vegetation-free strip in the intra-row space. The trees were irrigated by drip irrigation when water
deficits occurred.

2.2. Climate Conditions Phenology

The typical climate for this part of western Norway is an average annual air temperature of 6.6 °C
and an annual rainfall of 994 mm. Unfavorable environmental conditions, cold temperatures and rain
during spring can have a negative effect on pear pollination in some years. Daily temperatures (mean,
max and min) and precipitation (mm) during the flowering period in both experimental years are
presented in Figure 1.
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Figure 1. Two-year average of daily temperature and precipitation during the flowering of all studied
pear cultivars. MDT—mean daily temperature.

2.3. Flowering and Fruit Set

The phenophase of flowering of each individual cultivar was recorded according to the “Biologische
Bundesanstalt, Bundessortenamt und CHemische Industrie” (BBCH) scale [30]. The beginning of
flowering (BBCH stage 61) was reported when approximately 10% of flowers were open, full bloom
(BBCH stage 65) was noted when 50% of flowers were open, while end of flowering was documented
when the majority of petals were fallen (BBCH stage 67). The overlapping of the flowering periods for
“Ingeborg” and “Celina” and the other pollinizers are presented in Figure 2.

In all crossing combinations, together with open pollination in both cultivars, the percentage initial
fruit set was assessed approximately one month after full bloom (before the “June drop”), while final
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fruit set was determined just prior to the harvest. Both initial and final fruit sets were calculated as
follows: Initial fruit set percentage/final fruit set = (number of developing fruitlets/total number of
flowers) x 100. Since “Ingeborg” is a triploid cultivar, the number of parthenocarpic fruits was not
counted in the fruit set.
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Figure 2. Flowering phenophases of all studied pear cultivars in 2017 and 2018.

2.4. Pollen Germination In Vitro

The anthers at the late balloon stage (BBCH code 60) of each cultivar were collected and left to
dehisce for 24-48 h at room temperature (—22 °C). For the estimation of in vitro pollen germination
in all tested pollinizers, pollen was placed in Petri dishes with artificial medium (1% agar and 14%
sucrose), which were kept at 20 °C for 24 h. The number of germinated pollen grains was determined
for the total of three microscopic observation fields under a Leica DM LS microscope. Pollen grains
with pollen tubes exceeding their radius were considered as germinating.

2.5. Pollination Treatments In Vivo

At the balloon stage, branches with flowers of the cultivars “Ingeborg” and “Celina” were
chosen and tagged. Open flowers were eliminated and the rest were emasculated. Approximately
250-300 flowers were prepared (emasculated and tagged) for each crossing combination. For hand
pollination, “balloon” flowers were collected, and anthers were extracted in the Petri dishes that were
kept open at an ambient temperature in order to dry and start shedding pollen grains. After pollen
was released, dishes were kept closed and refrigerated at +4 °C. Pollination was performed 24 to 72 h
after emasculation, in the early hours, when mother trees were in full bloom (flowers on surrounding
branches were wide open and anthers started to change color) and when stigma secretion was evident.
Before pollination, closed dishes were shaken in all directions to cause vibration throughout the whole
area, to cause anther breakage and pollen grains release. The hand pollination of emasculated flowers
was done first by dipping a finger into the Petri dish with pollen and then by touching the exposed
stigma two times. Pollination was considered successfully done when yellowness was observed on
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the stigma. For the purpose of this study, the following combinations were done: self-pollination
in “Ingeborg” and “Celina” and cross-pollination of these two cultivars with the following cultivars:

“Conference”, “Anna”, “Clara Frijs”, “Herzogin Elsa” and “Kristina”. The cultivar “Belle Lucrative”
was also included as a pollinizer for “Ingeborg”.

2.6. Pollen Tube Growth In Vivo

A total of 30 pistils (three repetitions x 10 pistils) of each crossing combination were collected and
fixed 3, 6, 9, and 12 days after pollination (DPA) in FPA (70% ethanol, propionic acid and formaldehyde,
90:5:5 percentages by volume). Fixed materials were kept at +4 °C until staining with aniline blue
according to the Preil [31] and Kho and Baér [32] method. To prepare pistils for microscopic examination,
the styles were separated from the ovary. The styles were squashed, while the ovary was cut across
with a razor blade to detect the penetration of pollen tubes in the parts of the ovary. Pollen tubes
were determined in the upper third of styles and the ovary for each crossing combination after 3, 6
and 9 days after pollination (DAP). For the pistils fixed 12 DAP, ovules were removed from the ovary
locule in order to observe the penetration of the pollen tube into the ovules [33,34]. This study was
done under the fluorescence microscopes Leica DM LS (Leica Microsystems, Wetzlar, Germany) and
Olympus BX61 (Tokyo, Japan).

2.7. Statistical Analysis

The data obtained for the pollen germination test, the number of pollen tubes in the upper part of
the style and ovary and fruit set were statistically analyzed using Fisher’s model of two-factor analysis
of variance (ANOVA). The significances of the individual differences for the investigated factors
(cultivar, year and interaction of cultivar X year) were determined using the Least Significant Difference
(LSD) — test, with 0.05 = 95% confidence. Correlations among the parameters were determined by
correlation analysis and Pearson’s correlation coefficients. Statistical analyses were conducted using
STATISTICA for Windows 6.0 (StatSoft Inc., Tulsa, Okla).

3. Results

3.1. Air Temperature, Rain Precipitation and Time of Flowering

The temperature registered during the month of May, when all the investigated pear cultivars
flowered, was on average 4 °C higher in 2018 (15 °C compared to that of 2017 (11 °C)). Warm and dry
weather during the flowering period is completely unusual for this location in Norway. The mean
daily temperature during the flowering period (from the beginning of flower opening in the earliest
cultivar until the petal fall of the latest cultivar studied herein) was 11.2 °C in 2017 (Figure 1), while the
following year’s mean daily temperature was 4.0 °C higher (15.2 °C). The average temperature during
the 7-d post-bloom period in 2017 was 12.5 °C (with a maximum daily temperature of 21.7 °C), whereas
in 2018, it was 16.3 °C (with a maximum daily temperature of 25.6 °C). The precipitation was much
higher in May of 2017 (52.6 mm) compared to 2018 (15.0 mm), but most of it was concentrated in 3 to
4 days, thus not disrupting the pollination of pear flowers, which on average lasted more than ten days
in 2017. During the period of flowering in 2017, the mean daily precipitation was 1.6 mm. Unlike in
the previous year, in 2018, there was no rain during the period of flowering.

The cultivar “Ingeborg” had a 12-day flowering interval and the onset of full bloom (>50%
open flowers) was 14 May, two days earlier than in the cultivar “Celina” in 2017 (16 May) (Figure 2).
Both cultivars, “Ingeborg” and “Celina”, had long overlaps with all the pollinizers studied herein,
except with “Conference”. This pollinizer started flowering five days later than “Ingeborg” and three
days later than “Celina”. In this year, “Ingeborg” overlapped with “Conference” for only three days.
In 2018, “Ingeborg” had an 8-day flowering interval with the onset of full bloom on 14 May, one day
earlier than in the cultivar “Celina” (15 May). The pollinizers “Belle Lucrative” (8 days), “Anna” (7 days)
and “Kristina” (7 days) mostly overlapped during the flowering period of “Ingeborg”. In “Celina”,
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the situation was different, only the cultivar “Fritjof” had the same overlap during the flowering time
(7 days). In this second year, the cultivar “Conference” overlapped with both mother cultivars.

3.2. Pollen Germination In Vitro

The testing of pollen germination in vitro is one of the main indicators of pollen functional viability.
Statistical analyses of the data of pollen germination in vitro revealed the existence of significant
differences between cultivars, experimental years and their interactions (Figure 3). In all pollinizers
except “Belle Lucrative”, the germination of pollen in vitro was higher in 2018 than in the previous year.
On average, in all the cultivars studied, the highest percentage of pollen germination was recorded
in “Fritjof” (77.7%) and the lowest in “Belle Lucrative” (7.3%). “Conference” showed the largest
differences in pollen germination in vitro by year (2.6% in 2017, and 88% in 2018).
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Figure 3. In vitro pollen germination (%) of nine pear cultivars in 2017 and 2018. (Different letters
above the bars denote a significant difference between clones according to the LSD test, p < 0.05).

3.3. Pollen Tube Growth in the Pistil

Pollen tube growth in all combinations of pollination begins with the germination of pollen grains
on the surface of the stigma (Figure 4a). After the penetration of the style cells, pollen tubes progressed
through the “transmitting tissue”, which extends along the whole length of the style (Figure 4b,c).
The number of pollen tubes decreased gradually from the stigma surface to the base of the style
(Figure 4d). In the ovary, pollen tubes continued their growth through the locule and penetrated the
ovules (Figure 4ef).

The upper part of the styles and ovary represent main regions for assessing the efficiency of
pollen tube growth. The number of pollen tubes in these parts of the pistil differed between crossing
combinations, years of study and their interaction (Figure 5).

The average number of pollen tubes in the upper part of the style and the ovary was higher in 2018
compared to 2017, except in “Ingeborg” x “Herzogin Elsa”. These differences were mostly pronounced
in some crossing combinations (up to five times higher). The highest average number of pollen tubes in
the upper part of the style was recorded in “Celina” x “Fritjof” (9.4) and “Ingeborg” x “Herzogin Elsa”
(6.0) in 2017. In the following year, the self-pollination of “Celina” (52.5) and “Ingeborg” x “Clara Frijs”
(43.8) had the highest average number of pollen tubes in the upper style of the pistil. The average
number of pollen tubes in the locule of the ovary showed a similar tendency as in the previous traits.
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Figure 4. Pollen germination in the upper part of the style with the stigma—"Celina” x “Kristina”,
3 DAP (a); Pollen tube growth through separate styles—"Celina” x “Fritjof”, 6 DAP (b); Pollen tubes
entering the basal part of the styles—"Ingeborg” x “Anna”, 9 DAP (c); Incompatible pollen tubes in
the upper part of the style—"Ingeborg” x “Conference”—6 DAP (d); Penetrated pollen tubes into the
locules of the ovary—"Ingeborg” x “Clara Frijs”, 9 DAP (e); Fertilized ovules—"Celina” x “Kristina”,
12 DAP (f).

The higher number of pollen tubes in the upper part of the style and locules of the ovary occurred
in all crossing combinations of “Celina” in relation to “Ingeborg”. In “Celina”, the highest average
number of pollen tubes in the ovary was detected in the crossing combinations “Celina” x “Kristina”
(2.3) in 2017 and “Celina” X “Conference” (6.9) in 2018. The highest average number of pollen tubes
that was recorded in the ovary of “Ingeborg” was observed in the combinations with the pollinizers
“Fritjof” (3.8) in 2017 and with “Anna” (4.2) in 2018.
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Figure 5. Average number of pollen tubes in the upper part of the style and ovary in the pear cultivars
“Ingeborg” and “Celina” in different combinations of pollination in 2017 and 2018. (Different letters
below the bars denote a significant difference between clones according to the LSD test, p < 0.05).
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The dynamics of pollen tube growth in all crossing combinations with “Ingeborg” and “Celina”

are shown in Figures 6 and 7. The highest percentages of pistils (100%) with pollen tubes that
penetrated the locule of the ovary in “Ingeborg” were recorded in “Ingeborg” x “Clara Frijs” and
“Ingeborg” x “Herzogin Elsa” 9 days after pollination (DAP) in 2017. The following year, the highest
percentage of pistils (100%) with pollen tubes that penetrated the locule of the ovary were recorded in
”, “Ingeborg” x “Kristina”, “Ingeborg” x

7

the combinations of pollination “Ingeborg” x “Clara Frijs
“Fritjof” and “Ingeborg” x “Anna” 6 DAP. The occurrence of incompatibility and pollen tube arrest in

the upper third of the style was pronounced in the self-pollination of “Ingeborg” for the whole test
period. This combination of pollination had by far the lowest average number of pollen tubes and

pollen tube growth rate in the pistil.
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Figure 6. Dynamics of pollen tube growth through certain pistil parts (3, 6 and 9 DAP) of cultivar

“Ingeborg” in different combinations of pollination in 2017 and 2018.
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In contrast to “Ingeborg”, the highest percentage of pistils with pollen tubes that penetrated the
locule in 2017 was observed in “Celina”, especially in the crossing combinations “Celina” X “Herzogin
Elsa” (100%) 9 DAP (Figure 7). In the following year, the best crossing combinations were “Celina” x
“Conference” (6 DAP) and “Celina x “Kristina” (9 DAP). There was little evidence of incompatibility
in the combinations of pollination. Generally, appearance of incompatibility was evident only in the

self-pollination of “Celina” in 2017.

The percentage of pistils which contained different numbers of fertilized ovules can be used
for estimating the success of progamic phase fertilization in “Ingeborg” and “Celina” in different
combinations of pollination (Figure 8). Twelve DAP, the highest percentage of pistils with fertilized
ovules was found in the crossing combinations “Ingeborg” x “Fritjof” (57.1%) and “Ingeborg” X “Anna”

(50%) in 2017. The following year, the combinations of pollination “Ingeborg” x “Kristina” (100%) and
“Ingeborg” x “Clara Frijs” (79.7%) had the highest percentages of pistils with fertilized ovules.
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Figure 8. Number of pistils with different numbers of fertilized ovules (12th DAP) of the pear cultivars

“Ingeborg” and “Celina” in different combinations of pollination in 2017 and 2018.
For “Celina”, the highest percentage of pistils with fertilized ovules was recorded when “Fritjof”

(100%) and “Kristina” (82.5%) were pollinizers in 2017. In contrast to the first year of study, the percentage
of pistils with the highest number of fertilized ovules was recorded in “Celina” X “Kristina” (100%)

and “Celina” x “Conference” (80%).

3.4. Fruit Set
In both cultivars and all combinations of pollination, both the initial and final fruit set were higher
in 2018 compared to the previous year (Figure 9). Pollinizers, year of study and their interaction,
had a significant influence on the fruit set. In 2017, a large difference between initial (34.0%) and final
set (4.2%) in all combinations of pollination was found in “Ingeborg”. Final fruit set in “Ingeborg”
in all combinations of pollination in the second year was several fold higher than in the first year.
This cultivar had the highest percentage of final fruit set in the combinations “Ingeborg” x “Kristina”

(26.6%), “Ingeborg” x “Fritjof” and “Ingeborg” X “Belle Lucrative” (both 17.2%) in 2018.
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In contrast to “Ingeborg”, in 2017, the highest percentage of initial fruit set was in the crossing
combination “Celina” x “Herzogin Elsa” (37.8%), while the highest final fruit set was obtained in
“Celina” x “Herzogin Elsa” (31.9%), “Celina” x “Kristina” (23.6%) and “Celina” x “Fritjof” (21.8%).
In 2018, the crossing combinations “Celina” X “Anna” (53.3%) and “Celina” x “Kristina” (47.5%)
gave the highest initial fruit set, while “Celina” X “Anna” (47.2%), “Celina” x “Conference” (42%)
and “Celina” x “Kristina” (38.8%) recorded the highest percentages of final fruit set. Final fruit set
in “Celina” was higher in all crossing combinations in 2018 compared to 2017. This cultivar showed
differences in final fruit set in self-pollination in 2018 in relation to 2017. The percentage of final fruit set
in the self-pollination of “Celina” in the second year was 21.3% in comparison to 1.3% in the first year.

Ingeborg
Initial fruit set Final fruit set

55| L

Number of fruit set (%)

B
ANOVA: genotype*, year*, genotype x year® ANOVA: genotype*, year*, genotype x year*

O 2017
Celina B 2013

Initial fruit set Final fruit set
60

Number of fruit set (% )

ANOVA: genotype*, year*, genotype x year* ANOVA: genotype*, year*, genotype x year*

Figure 9. Fruit set of cultivars “Ingeborg” and “Celina” in different combinations of pollination in 2017
and 2018 (different letters above the bars denotes a significant difference between clones according to
the LSD test, p < 0.05).

3.5. Correlation among Reproductive Parameters

A correlation matrix obtained for both cultivars and crossing combinations showed correlations
by the tested reproductive parameters (Table 1). A correlation was found between the average number
of pollen tubes in the locule of the ovary, the number of pistils with fertilized ovules and initial and
final fruit set (r = 0.51 *, r = 0.58 * and r = 0.61 *, respectively). The number of pistils with fertilized
ovules showed a positive correlation with final fruit set (r = 0.51 *). In addition, a negative correlation
was determined between pollen germination and final fruit set (r = —0.39 *) and between the number of
pollen tubes in the upper part of the style and final fruit set (r = —0.46 *). Finally, a positive correlation
existed between initial and final fruit set (r = 0.57 *).
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Table 1. Pearson’s coefficient of linear correlation between the reproductive parameters.

Parameter PG STU OVR FOV IFS FFS
PG /
STU ~0.11 (p = 0.244) /
OVR 0.33 (p = 0.062) 0.11 (p = 0.244) /
FOV 0.20 (p = 0.121) -0.07 (p=0.301)  0.51*(p = 0.009) /
IFS ~0.01(p=0393)  —0.30(p=0.088) 058*(p=0005 0.33(p=0.062) /
FFS ~0.39*(p=0038) —046*(p=0021) 0.62*(p=0001) 051*(p=0009) 057*(p=0005 /

* The values are statistically significant at p < 0.05. PG: Pollen germination in vitro; STU: Pollen tube number in
the upper part of the style; OVR: Pollen tube number in the locule of ovary; FOV: Number of fertilized ovules;
IFS: Initial fruit set; FFS: Final fruit set.

4. Discussion

4.1. Pollen Germination In Vitro

Pollen germination in vitro varied from 2.6% (“Conference”) to 71.3% (“Fritjof”) in the first
experimental year and from 11.5% (“Herzogin Elsa”) to 88.0% (“Conference”) in the second. Those data
go are in line with the results obtained by Shafari [35], who studied pear cultivars from the East
Azerbaijan Province of Iran and Bhat et al. [36] and Bieniasz et al. [37], who both studied Asian and
European pear cultivars. The germination test in vitro showed that almost all pollinizers had higher
pollen germination in the second year. In the first year, only three cultivars (“Clara Frijs”, “Celina”
and “Fritjof”) had pollen germination > 30%, while most of the cultivars in the experiment showed
much higher average pollen germination (with the exception of the cultivars “Belle Lucrative” and
“Herzogin Elsa”) in the second year.

Pollen functionality and efficiency of the progamic phase during fertilization are factors that
influence the fertilization success and fruit set. Many factors influence pollen germination: time
of collection, the season, conditions of pollen storage and others. The obtained results indicated
that this trait is under the strong influence of ecological factors, which was previously reported for
other fruit species [35,38]. In this study, it was particularly pronounced in the cultivar “Conference”,
which showed the highest difference in pollen germination in vitro between two years. This variability
may be a result of the interaction between exogenous and endogenous factors during the development
of the pollen grain and the activation/deactivation of certain enzyme systems present in the pollen
grain. The existence of significant and perhaps critical functional differences affects the behavior of
pollen growth both in vitro and in vivo [39].

4.2. Pollen Tube Growth in Pistils

The number of pollen tubes decreased gradually, from the stigma, down to the base of the style
and into the ovary during the progamic phase of fertilization. This reduction can be associated
with the anatomy of the style, ovary and the heterotrophic character of pollen tube growth [40,41].
The pollen—pistil interactions also play an important role in pollen competition and selection during
compatible mating [42,43]. The efficiency of the progamic phase of fertilization is under the
direct influence of pollen performance, which includes pollen germination, pollen tube growth
rate, pollen competition, environmental conditions during flowering and the overlapping of the main
cultivars and pollinizers in full bloom. One of the major factors that might significantly affect the
progamic phase of fertilization is the temperature [44].

In this study, the average number of pollen tubes in the upper part of style and ovary and the
percentage of pistils that contained pollen tubes which penetrated the ovules in “Ingeborg” and
“Celina” varied in relation to pollinizers and the year of investigation. Pollen tube growth in the pistil
was much faster in 2018 compared to 2017 due to higher temperatures during the flowering stage.
The obtained results clearly indicated a specific response of each genotype in relation to temperature
variations [26], which is already proved for other pear cultivars [17,45,46]. The temperature during the
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reproductive phase could act as a selective pressure agent for genotypes that are better adapted to
warm climates [47].

The occurrence of incompatible pollen tubes in the upper part of the style was recorded in the
self-pollination of “Ingeborg” and “Celina”, and in the crossing combination “Ingeborg” x “Conference”
in both experimental years. The combination “Ingeborg” x “Conference” showed typical signs of
incompatibility. In compatible combinations, pollen tubes grew fast, parallel with the transmitting cells
from the stigma to the style towards the ovary. However, in incompatible combinations, pollen tubes
were much slower, made loops, had swollen tips and even stopped growing. The majority of incompatibility
signs were observed in the middle part of the transmitting tissue, which was previously proved to be
typical for Rosaceae, and was described in some pear cultivars by Shaheen et al. [23] and Silva et al. [22].
The cultivar “Ingeborg” is triploid and possesses S-alleles S102, S108 and S121 [2]. Since one of the
“Ingeborg” parents is the cultivar “Conference”, which has the 5108 and 5121 alleles [48], the crossing
combination “Ingeborg” X “Conference” is incompatible, which was also confirmed by our study.

The transition from self-incompatibility to self-compatibility can happen due to either physiological
or genetic changes. The breakdown of the incompatibility barrier may be caused by differences in
S-RNase expression, its abundance in the style, the silencing or deletion (partial or complete) of the
S-locus or the modification of other major genes [49,50]. This indicates that other significant processes
and interactions between the male gametophyte and female sporophyte can occur during pollen
tube growth in vivo [47]. In addition, tree or flower age, flower quality and the application of plant
hormones, together with environmental conditions, can influence self-incompatibility and reduce
it [49]. Seasonal temperatures above the optimum and/or extremes, which can coincide with critical
stages of plant development (especially fertilization), can increase selfing in allogamous species [47].
These kinds of changes are always temporary and cannot be transmitted from one generation to the
next. In 2017, both cultivars “Ingeborg” and “Celina” had very low fruit set after self-pollination
(0.8% and 1.3%, respectively), and both cultivars could be described as self-incompatible. In 2018,
the situation was completely different, with numerous pollen tubes growing from the stigma, through
the pistil and reaching the ovules. This was much more pronounced in “Celina”, which gave 21.3%
fruit set, and could be defined as self-compatible. Thus, we believe that extremely high temperatures
during full bloom in 2018 resulted in self-incompatibility breakdown in both cultivars, especially
“Celina”. This is in line with Sanzol and Herrero [34] and Moriya et al. [51], who showed wholly
contradictory reports for the same cultivars.

4.3. Fruit Set

The weather conditions, activity of pollinators, compatibility and flowering overlap of the
pollinizers represent the main limitation factors in fruit set. The efficiency of the progamic phase of
fertilization is an essential prerequisite, among others. This requires successful pollen transfer to the
stigma, the growth of pollen tubes through the pistil and the fertilization of the ovules [13]. Almost all
parameters of fruit set (percentage of pistils with fertilized ovules, initial and final fruit set) were lower
in 2017 for both “Ingeborg” (33.1%, 34.0% and 4.2%, respectively) and “Celina” (57.4%, 20.0% and
11.7%, respectively) compared to 2018 (44.7%, 14.7% and 13.7%, respectively, and 48.0%, 39.6% and
31.5%, respectively). As shown, final fruit set was threefold higher in 2018 compared to 2017 in both
cultivars. These results can be explained by the fact that the average daily temperature during full
bloom in 2018 was 16.3 °C, which is 4.4 °C higher than the previous year (Figure 1). Hedhly et al. [26]
proved a long time ago that temperature can either speed up or slow down the whole or just part of
the reproductive process.

It is still unknown what temperatures are optimal for high fertilization, bearing in mind that
ovule viability is an important parameter, together with the progamic phase of fertilization [52,53].
The functionality and viability of the embryo sac are major factors, which have a direct influence on
the effective pollination period in apples and pears [54]. If pollination is delayed, fertilization depends
on the ovules remaining receptive until the pollen tubes reach them [55].



Agronomy 2020, 10, 970 13 of 17

The average initial and final fruit set for “Ingeborg” for both years was 24.3% and 8.9%, respectively,
and for “Celina” was 29.8% and 21.6%, respectively, showing that “Celina” had a 2.4-fold higher
final fruit set than “Ingeborg”. This result was expected, since the cultivar “Ingeborg” is triploid,
and those genotypes have a very low fruit set, sometimes even showing no measurable female fertility
at all [14]. All crossing combinations where “Ingeborg” was a mother plant (except for “Ingeborg” X
“Conference”) gave fruits with a commercially accepted size (140-190 g) which were comparable with
“Ingeborg” open pollination, but with just two to three seeds/fruit. A similar situation was noticed in
“Celina”, but the average seed number/fruit ranged from seven (“Celina” X “Herzogin Elsa”) up to 14
(“Celina” x “Anna”) (data not shown).

Generally, all presented data in this study are in accordance with the studies done by Falk Kiithn
and Bertelsen [56], who examined the cultivar “Clara Frijs”, by Sheiki et al. [57], who worked with
pear cultivars native to Iran and by Quinet et al. [58], who studied the cultivar “Conference”, but they
are higher than the results of Shalan [59] who studied the commercial pear cultivar “Leconte” in Iran
and Tatari et al. [60].

4.4. Overlapping in Flowering Time

Based on final fruit set, the cultivar “Ingeborg” showed the longest overlapping period (=50%
open flowers) with the pollinizer “Anna” (6 days), while the shortest with “Conference” (3 days) during
the period of full bloom in 2017. In the next year, the overlapping period was the longest with “Anna”
(7 days) and “Kristina” (7 days). Based on the evidence that “Anna” overlapped and gave the top fruit
set in both years, that cultivar can be recommended as a pollinizer for “Ingeborg”, as was previously
suggested by Gasi et al. [2]. Although “Fritjof” had the best parameters in terms of pollen germination
in vitro and efficiency of the progamic phase of fertilization in combination with “Ingeborg”, it cannot
be recommended as a pollinizer for “Ingeborg” due to a short flower overlapping period.

In both years of study, all crossing combinations with “Celina” had a higher percentage of final
fruit set than “Ingeborg”. In 2017, “Celina” shared the longest overlapping period with the pollinizers
“Fritjof”—9 days, “Kristina”—8 days, “Clara Frijs”"—8 days and “Herzogin Elsa”—7 days. The cultivar
“Conference” overlapped with “Celina” to some extent, but started to flower three days later. In 2018,
the longest coincidental flowering of “Celina” was shared with “Fritjof” (7 days), followed by a 6-day

Za

overlapping with “Conference”, “Clara Frijs” and “Herzogin Elsa”. According to Sensteby et al. [61],
the late blooming pear cultivars “Celina”, “Fritjof” and “Kristina” had a perfect match of blooming
periods in the climate conditions of southeast Norway, but they claimed that “Fritjof” and “Anna” were
the most suitable pollinizers. Although “Fritjof” overlapped the most, in the condition of high spring
temperatures (2018), it showed lower parameters of fertilization and had lower fruit set than “Kristina”,
“Anna” and “Herzogin Elsa”. On the other hand, the controlled crossing combination “Celina” X
“Conference” showed high values for fertilization efficiency and also fruit set in the second year.
However, insufficient overlapping in flowering with “Celina” in some years (like in 2017) indicates
that “Conference” might not be a good pollinizer for this newly bred pear cultivar. On the other hand,
“Kristina” was stable in terms of progamic phase efficiency in both experimental years, which differed
a lot regarding climatic conditions during flowering time (Figure 1).

4.5. Correlation among Reproductive Parameters

In our study;, a significant correlation was found between final fruit set and all other reproductive
parameters. In seeded plants, like pear, successful fruit set and fruit development depend on both
pollination and subsequent fertilization. Since the pollen grain is a key factor in those processes,
it must have good functional ability, which requires adequate vitality and satisfactory germination [62].
A correlation between pollen germination in vitro and final fruit set (Table 1) was previously determined
inapple by Jahed and Hirst [63] and in sweet cherry by Radi¢evic et al. [64]. Accordingto Zhangetal. [65],
low pollen germination influenced the low fruit set, higher nonviable seed ratios and increased numbers
of misshapen fruit in pears.
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Negative relationships were established between final fruit set and both pollen germination and
pollen tube number in the upper part of the style (Table 1). On the contrary, positive correlations
were found between fruit set on one side and pollen tube number in the locule of the ovary and
the number of fertilized ovules on another. This is due to the fact that the stigma can be a host for
hundreds of pollen grains, which germinate and grow toward the ovule. Because of reduced space in
the transmitting tissue, an incompatible reaction, non-matching crossing combinations between distant
plant species or unfavorable ecological conditions, the number of pollen tubes gradually decreases and
the number of pollen tubes that reach the base of the style is much lower. That is why the high number
of pollen tubes in the upper part of the style is not a guarantee for fruit set, while the number of pollen
tubes in the ovary and the number of fertilized ovules are prerequisites for high yields.

5. Conclusions

For achieving good fruit set and high yields, it is necessary to conduct successful pollination
and fertilization, where many processes must take place at the right time. This study evaluated the
main reproductive performances of seven promising pollinizers for the pear cultivars “Ingeborg” and
“Celina” over two years (2017/2018). The results of this study of pollen germination in vitro and the
efficiency of pollen tube growth in the pistil, as well as fruit set, showed that these processes are
temperature-dependent. The values of these parameters were higher in the second year of study with
a higher average temperature during flowering. Taking into account the overlap in flowering time,
the efficacy of the progamic phase of fertilization and fruit set, the cultivars “Anna” and “Clara Frijs”
can serve as the best pollinizers for the cultivar “Ingeborg”, and the pollinizers “Fritjof”, “Anna”,
“Kristina” and “Herzogin Else” for the cultivar “Celina”. These findings are extremely important,
because stable and corresponding flowering between the main cultivar and two to three pollinizers
within the orchard can secure high and stable yields.
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