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Abstract: Poland is the largest European Union producer of Rubus idaeus. This species provides
insects with nectar and pollen from June to September. The rationale behind the present research is
the increasing commercial production and the use of food attractants for pollinators increasing fruit
yields. The intensive search for phytochemicals applicable in industry and phytotherapy together
with the unavailability of data on anther epidermis and endothecium structure justify undertaking
these investigations. The pollen mass, the content of elements, protein, and fat, as well as the
composition of amino acids and fatty acids in the pollen of six R. idaeus cultivars were compared. In
terms of pollen production, the cultivars ranked as follows: 'Pokusa’ < ‘Polana’ < ‘Glen Ample’ <
‘Polka’ < ‘Radziejowa’ < ‘Laszka’. The protein content (26-31%) in the pollen indicates its good
quality and high attractiveness. Exogenous amino acids, including those with dietary importance,
constituted a substantial proportion (33-39%). The content of MUFAs and PUFAs was 32—47% and
3.7-9.1%, respectively. The presence of elements that determine the nutritional value and proper
development of pollen was detected in the mineral composition of the exine. The data on the epi-
dermis and endothecium structure provide new information about the micromorphology, anato-
my, ultrastructure of and generative organs and auxiliary criteria in the taxonomy of related spe-
cies.
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1. Introduction

The production of raspberries has recently doubled due to the high value and in-
creased interest in this product [1,2]. Global commercialization has contributed to a rapid
increase in R. idaeus cultivation [3,4]. Poland is the largest in the European Union, the
second in Europe, and the fifth in the world producer of raspberries (FAO 2019) [5].
Given the profitability of production of this plant, the area of cultivation of biennial
fruiting cultivars is increasing in favor of repeated fruiting cultivars (approximately
40-60%). The most popular biennial fruiting cultivars are ‘Glen Ample’, ‘Laszka’, and
‘Radziejowa’, whereas ‘Polana’, ‘Polka’, and ‘Pokusa’ are the most popular repeated
fruiting cultivars [6,7]. Raspberry shrubs provide pollinating insects with pollen and
nectar [8].

Pollen is a rich source of various biologically active chemical compounds with
health-enhancing values and phytotherapeutic effects [9,10]. The health-promoting prop-
erties of pollen confirm the relevance of its use in pharmaceutical, cosmetic, and food in-
dustries [11-13]. Considerations of the potential use of pollen as a component of func-
tional food should take into account the structure of the anther, which serves as a pro-
tective and nutritional function for maturing pollen grains as well as the structure of the
pollen grain wall, mainly the sporopollenin-saturated exine [14-18].
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1.1. Anther Epidermis and Andothecium

Epidermis. Stamens are important in phylogenesis. During development, anther
epidermis cells undergo modifications before differentiation into adaxial and abaxial
epidermis [14,19]. Cutin, waxes, and polysaccharides are constituents of the anther epi-
dermis cuticle. Cutin is formed by polymerization of hydroxylated and epoxylated fatty
acids, i.e., palmitic, stearic, and ferulic acids. Waxes contain long-chain fatty acids, al-
kanes, alkenes, and alcohols. In turn, polysaccharides form the fibrillar structure of the
cuticle [20-23].

Lipid precursors formed in tapetum cells participate in cuticle biosynthesis and are
then transported to the surface of the anther epidermis and microspores. The transloca-
tion of fatty compounds is regulated by tapetum genes, some of which are involved in
pollen—pistil interactions and participate in the oxidative pathway of v-hydroxy fatty
acids (palmitic and stearic) or regulate the formation of anther cuticle and pollen exine
sculpture [23-28].

Endothecium. Anther maturation involves complex metabolic pathways and is as-
sociated with dehiscence and release of pollen grains [14,29,30]. These transformations
are determined by auxins, jasmonic acid, and lignification of secondary cell walls of the
endothecium. The function of auxins is regulated by the gene encoding transcription
factor MYB26 in the lignin biosynthetic pathway. Lignification of endothecium walls is
accompanied by disappearance of the middle layer and tapetum cells as well as for-
mation of characteristic thickenings and the activity of phosphotransfer proteins
[29,31,32]. These histidine proteins participate in the multi-step cytokinin-signaling
pathway as phosphorelay mediators. In turn, the chloroplast cystathionine p-synthase
protein CBSX2_regulates the concentration of H20;, thioredoxin, and jasmonic acid, as
well as the formation of wall evaginations [30,33]. These transformations are mediated by
the ROT VU-B SENSITIVE4 gene encoding a protein with DUF647 domain of undefined
function, which influences the expression of secondary endothecium cell wall genes [34].

1.2. Pollen as a Source of Nutrients

Protein. The total protein content in pollen of various Rubus species ranges between
15 and 37% [35—41]. Pollen of zoophilous and entomophilous species is richer in protein
(39.3%) than anemophilous ones (25.8%) [41,42]. Pollen grain proteins are located on the
surface of the exine, in intine layers, and in the cytoplasm. Intine proteins are released
with enzymes through pores. They participate in the mutual recognition of pollen grains
and stigma. Arabinogalactan proteins present near the pores and in the pollen tube are
involved in the formation of the pollen tube wall [43—45]. In turn, other proteins exert an
impact on pollen—pistil and plant—pollinator interactions. They are also engaged in pollen
adhesion to the pistil stigma [42,45].

Proteins involved in the germination and pollen tube growth are encoded by re-
spective genes; they activate cell membrane hydrogen ATPase required for these pro-
cesses [46,47]. Various enzymes are responsible for penetration of the stigma surface,
clearing the way of the pollen tube through the pistil style and providing the pollen tube
with nutrient supply. These functions are positively correlated with the concentration of
enzymes and proteins in pollen [42]. The Rab Geranylgeranyl Transferase enzyme to-
gether with proteins ACT11, AtRGTB1, and SFH3 are involved in the molecular stages of
generative reproduction, as they support the germination and elongation of the pollen
tube and the transport of sperm cells to the ovule [48].

Amino acids. The amino acid composition determines the flavor of pollen products
and thus regulates insect visits to flowers. The total content of amino acids in pollen
grains of species from the subfamily Rosoideae, Potentilla erecta, Rosa canina, and Rubus
fruticosus, is in the range of 32.8-35% [36,38]. Arginine, histidine, lysine, tryptophan,
phenylalanine, methionine, threonine, leucine, isoleucine, and valine are essential for the
development of honeybees. Some amino acids, including valine, leucine, and isoleucine
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influence the behavior and preferences of honeybees as well as the choice of pollen flow
by other insects [42,49]. In addition to their nutritional role, amino acids are also an im-
portant tool helpful in the differentiation of honey types [50].

Lipids. Pollen is a rich source of unsaturated fatty acids, which are important die-
tary components [51,52]. In frozen and dried pollen containing 89.9% of Rubus sp. grains,
the total fat content was estimated at 3.7 and 4.4%, respectively [52]. The dominant fatty
acids in Rubus sp. pollen were a-linolenic (25.8-28.8%), linoleic (20.8-24.8%), and pal-
mitic (20.2-28.8%) acids [53]. In turn, in bee pollen baskets with Rubus-type pollen grains
accounting for 5.4-27.8%, 19 fatty acids were distinguished, with predominance of lino-
lenic acid (24.6%), isopalmitic acid (23.2%), palmitic acid (16.4%), oleic acid (8.8%), and
linoleic acid (8.1%) [51]. Pollen rich in oleic and palmitic acid is very important in hon-
eybee nutrition. Pollen grains with high contents of linoleic, linolenic, myristic, and do-
decanoic acids largely inhibit the growth of Paenibacillus larvae and Melissococcus plutonius
and other microorganisms causing infectious bacterial disease in brood [54]. Certain li-
pids may serve as ligands for allergenic proteins. The atopic reaction is associated with
the presence of saturated and unsaturated fatty acids, glycophospholipids, sphin-
golipids, sterols, and oxylipids as well as lipopolysaccharides from the microbiome on
the pollen surface [55]. The fatty acid profile in pollen plays an important role in plant
chemotaxonomy, and behenic acid and isopalmitic acid are characteristic of Rubus sp.
pollen grains.

Mineral elements and other selected active compounds. Considerable concentrations of
mineral elements, especially K, Ca, Mg, Zn, Fe, Mn, and Cu, which can supplement the
diet, were found in pollen grain samples of various species [56,57]. These elements may
serve as a valuable dietary supplement. Sugars (6.7%), including glucose (21%) and
fructose (23.2%), are important components of Rubus pollen [38,51]. Additionally, Rubus
pollen contains flavonoids, phenolic acids, sterols, carotenoids, vitamins, and polyphe-
nols [58-61]. The rationale for the undertaken research is the increasing commercial
production of R. idaeus and the need to use food attractants for pollinators increasing the
fruit yield. The search for natural bioactive substances applicable in various industries
and in the prophylaxis and phytotherapy of certain diseases as well as the unavailability
of data on the content of protein, amino acids, fatty acids, and mineral elements in pollen
grains and on pollination-determining pollen production in widely cultivated red rasp-
berry varieties justify undertaking the present investigations. The study also addresses
the fact that the available literature provides fragmentary reports on the micromorphol-
ogy and ultrastructure of the epidermis and endothecium of some anther wall layers
protecting the important site of microspore formation.

The aim of the report was to: (i) determine the micromorphology, (ii) anatomy, and
(iii) ultrastructure of the epidermis and anther endothecium, (iv) compare pollen mass,
(v) total protein content, (vi) total fat content, (vii) qualitative and quantitative composi-
tion of amino acids and (viii) fatty acids, and (ix) determine the content of selected ele-
ments in the exine of pollen grains in six R. idaeus cultivars.

2. Materials and Methods
2.1. Plant Material

The research was carried out in 2016-2018 on Rubus idaeus: three biennial (‘Glen
Ample’, ‘Laszka’, and ‘Radziejowa’) and three repeated (‘Polana’, ‘Polka’, and ‘Pokusa’)
fruiting cultivars. The R. idaeus shrubs grew on a commercial plantation located in
Blinow II (50°52'57.03" N; 22°23'2.663" E), Lublin Province (raspberry plantation region),
south-eastern Poland. Flowers were collected at the bud burst stage to compare the pol-
len mass, total protein and total fat contents, the quantitative and qualitative composition
of amino acids and fatty acids, and selected elements in pollen. Moreover, the ornamen-
tation of the surface of the anther epidermis cells, their anatomical and ultrastructural
traits, and the endothecium of the stamen anther were described.
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Meteorological data, i.e., the average daily air temperature and precipitation in the
period from May to August 2016-2018 were presented for the region where the raspberry
cultivars were grown (Figures 1 and 2).
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Figure 1. Average daily values of air temperature and precipitation in May and June 20162018 in Blinow II.
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Figure 2. Average daily values of air temperature and precipitation in July and August 2016-2018 in Blinéw II.

2.2. Fixation of Material for Microscopy

For comparative studies of the micromorphology of the epidermis of filaments and
anthers (n = 10) and the anatomy and ultrastructure of epidermis and anther endothe-
cium cells (n = 10), 10 randomly selected inflorescences and 10 flowers at the initial stage
of flowering were collected from each cultivar. Two stamens were dissected from the
flowers (fragments of filaments and entire closed anthers). The plant material was fixed
in 4% glutaraldehyde for 6 h at room temperature. Next, the samples were transferred to
0.01 M phosphate buffer, pH 7.0, and stored at 4 °C for 48 h. Afterwards, stamen frag-
ments were dehydrated with appropriate solutions depending on the intended use in
light, scanning electron, and transmission electron microscopes.

2.3. Light Microscopy

Fixed filament and anther samples were washed in phosphate buffer twice, con-
trasted in 1.5% osmium tetroxide for 1.5 h, and rinsed with distilled water. Next, they
were transferred to a 0.5% aqueous uranyl acetate solution and kept for 2 h at 20 °C. For
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the light and transmission electron microscopic observations, the plant material was de-
hydrated in a series of ethyl alcohol at the concentrations of 15, 30, 50, 70, 90, 96, and 99.8%
for 15 min in each solution and twice in anhydrous ethanol. The dehydrated sections of the
anthers were embedded in Spurr Low Viscosity resin and polymerized at 60 °C for 48 h.

Semi-thin transverse sections of the fixed material were made for the anatomical
observations under a light microscope. Sections of 0.8-1.0 um thick were cut with a glass
knife using a Reichert Ultracut S microtome (Leica, Vienna, Austria), dried, and stained
with 1% toluidine blue and 1% azure II (1:1) at 60 °C for 5 min. After rinsing with distilled
water and 5% ethyl alcohol, the preparations were dried. The comparative anatomical
observations of anther epidermis and endothecium cells were performed using a Nikon
Eclipse 90i bright field microscope (Nikon, Tokyo, Japan).

2.4. Scanning Electron Microscopy (SEM)

Fixed anther and filament samples from the R. idaeus cultivars were dehydrated in
an acetone series: 15, 30, 50, 70, 90, and 99.5% (for 15 min at each concentration) and twice
in anhydrous acetone. Next, the samples were critically dried in liquid COzin an Emitech
K850 dryer (Emitech, Ashford, UK) and gold sputtered using an Emitech K550X sputter
coater (Emitech, Ashford, UK). The observations of the stamen epidermis surface and
photographic documentation were made using a Tescan Vega II LMU scanning electron
microscope (Tescan, Brno, Czech Republic).

2.5. Transmission Electron Microscopy (TEM)

Ultrathin sections (70 nm thick) were cut from the fixed and resin-embedded anthers
and stained with 8% uranyl acetate in 0.5% acetic acid for 40 min. After rinsing with dis-
tilled water twice (10 min), the sections were contrasted with Reynolds reagent for 15
min, washed with water again, and dried [62]. The observations of the ultrastructure of
anther epidermis and endothecium cells at the initial stage of flowering were performed
using the Tecnai Spirit G2 transmission electron microscope (FEI Company, Hillsboro,
OR, USA).

2.6. Number and Length of Stamens

The stamens were counted in single flowers at the initial stage of flowering. To de-
termine the number of stamens, 16 inflorescences were randomly selected from different
plants of each R. idaeus cultivar. One flower (n = 16) was taken from an identical site in
each inflorescence and the stamens were counted. The number of stamens is a character-
istic feature of a given variety and is necessary for determination of the mass of pollen
produced by one flower. Additionally, two normally formed stamens with a closed an-
ther were sampled from the outer whorl of each flower and their length was measured (n
=30).

2.7. Pollen Mass

The mass of pollen produced by the R. idaeus flowers was determined with the
modified ether-weight method proposed by Warakomska [63]. The stamens in the flow-
ers of individual cultivars were counted to determine the mass of pollen produced by one
flower in the consecutive years. The pollen mass was calculated for 100 stamens and
converted into 10 flowers. Pollen was collected from the flowers at the bud burst stage
when the shrubs were in full bloom. In the subsequent study years, 12 samples of pollen
were collected from each cultivar. Pollen from 100 well-developed closed anthers col-
lected from 10 randomly selected inflorescences constituted one sample.

2.8. Energy Dispersive Spectroscopy (EDS) Microanalysis of Elements

The microanalysis of elements in pollen grains was performed with the energy dis-
persive X-ray technique using a Bruker X-Flash Energy Dispersive Spectroscopy (EDS)
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detector, model X-Flash 123 eV coupled with a Zeiss Ultra Plus scanning electron mi-
croscope (Zeiss, Oberhofen, Germany). The elemental analyses were performed on the
surface of 25 randomly selected pollen grains from each cultivar at a live time of 120 s, a
dead time of less than 1%, and 20 keV beam energy. At this energy, the electron beam
penetrated the pollen grain wall to a depth of 2 pum. After collecting the spectrum, the
data were collected and converted mathematically using the standardless method; the
results were expressed in weight percent (wt. %).

2.9. Total Fat Content and Qualitative and Quantitative Fatty Acid Composition

Total fat content in the pollen grains was determined using the Soxhlet method. The
quantitative and qualitative analysis of fatty acids was performed after saponification
with a methanolic potassium hydroxide solution in accordance with Polish Standard
PN-EN ISO 12966-1 [64]. Next, esterification was performed by addition of a methanolic
boron trifluoride solution and separation with hexane and a saturated sodium chloride
solution. The hexane layer was collected into a glass vial and dried with the use of an-
hydrous sodium sulfate. The chromatographic analysis was carried out using a Varian
450-GC gas chromatograph (Varian Inc., Temecula, CA, USA equipped with an 1177
Split/Splitless injector (temperature 250 °C) and a Select™ Biodiesel CP9080 for FAME
capillary column (30 m; 0.32 mm; 0.25 um) (Agilent Technologies Inc., Santa Clara, CA,
USA). The stationary phase consisted of Select Biodiesel for FAME Fused Silica, a column
oven with an initial temperature of 100 °C and a final temperature of 240 °C, and an FID
detector (temperature 270 °C). The carrier gas (helium) flow rate was 1.5 mL/min. The
Galaxie™ Chromatography Data System Autosampler 1.9 SP2b software (Varian Inc.,
Temecula, CA, USA) was used for collection, integration, and computation of the results.

2.10. Total Protein Content

The total nitrogen content in the pollen samples (n = 3) from the analyzed cultivars
was determined using the Kjeldahl method [65]. A FOSS Kjeltec 2300 analyzer (FOSS Co.,
Hogands, Sweden) was used for determination of nitrogen. The total protein content was
calculated using the protein ratio of 5.6 [66].

2.11. Qualitative and Quantitative Amino Acid Composition

The qualitative and quantitative amino acid composition in the pollen grains of the
R. idaeus cultivars was determined using the Davies and Thomas method [67]. The pollen
sample (n = 3) was first placed in an analyzer tray (INGOS) and flooded with 6M HCI.
The solution was saturated with nitrogen and hydrolyzed at 110 °C for 20 h, cooled, and
filtered. The hydrolyzate was evaporated using an RVO 400 SD vacuum evaporator at 50
°C, washed with 1 mL of distilled water, and evaporated again. The dry residue in the
vacuum flask was dissolved in 5 mL of citrate buffer, pH 2.2. The sample was dispensed
onto a 35 cm long and 5 mm diameter column filled with ion exchange resin. Amino ac-
ids were separated using an AAA 400 amino acid analyzer (Ingos, Prague, Czech Re-
public) at temperature values T1 =60 T and T2 =63 <. The amino acids were derivatized
into colored amino acid—-ninhydrin complexes. The amino acids were identified with the
use of a photometric detector at a wavelength of 570 nm and 440 nm for proline. The
chromatogram was read in the Chromulan computer program.

2.12. Statistical Analysis of Results

The significance of differences in the size and number of stamens in the flower, mass
of pollen per flower, total protein content, qualitative and quantitative composition of
amino acids and fatty acids in pollen, and mineral content in the pollen grain exine was
statistically analyzed using the integrated statistical and analytical package Statistica 6.0.
One-way analyses of variance (ANOVA) and Tukey’s multiple comparison tests were
performed. Statistical inference was made at the significance level a = 0.05
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3. Results

The stamens in the flowers of the analyzed Rubus idaeus cultivars were located along
the margin of a discoid receptacle (Figure 3A,D). The anthers and filaments were white.
The first pollen-releasing anthers were observed at the white bud burst stage. This pro-
cess progressed from the outer to inner whorl during the subsequent stages of flower
development.

Figure 3. (A-F). Stamens and other floral elements at different stages of flower development (A-D):
‘Glen Ample’ (A), ‘Laszka’ (B), ‘Radziejowa’” (C), ‘Polka’ (D), ‘Polana’ (E), and ‘Pokusa’ (F):
(A)—tightly arranged stamens at the closed-bud stage with folded filaments (f) and closed anthers
(a) arranged around the ovary (o); long pistil styles (st), sepals (se), convex (r') and concave (r?)
receptacle, (B)—white opening bud, closed stamen anthers (a), straightened filaments (f) located
along the margin of the concave receptacle (12), numerous ovaries (o) with long styles (st) on the
convex receptacle (r!), (C,D)—onset of pollen release (double-headed arrow) at the initial flowering
stage of the flower; stamens with filaments (f) straightened in the outer whorl and folded in the
inner whorl and with closed anthers (a) in the pollen release phase (two arrows) or in the
post-pollen release phase (double-headed arrow), sepals (se), convex (r!) and concave (1) recepta-
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cle, (E,F)—dehiscent anthers (two arrows) in the flower at the initial flowering stage (E) and after
pollen release (double-headed arrow) at the full bloom stage (F), straightened filaments (f) sur-
rounding the pistil style (st), corolla petals (p), and sepals (se).

3.1. Number and Length of Stamens

Closed anthers were observed at the closed-bud stage (Figure 3A). A few dehiscent
anthers were sometimes visible at the initial bud burst stage (Figure 4B). The anthers of
stamens located in the outer whorl were the first to release pollen. At the onset of flow-
ering, most anthers exhibited dehiscent stomia (Figure 3C,D). At the full flowering stage,
all stamen anthers were dehiscent (Figure 3E,F). The stamens in the flowers of the R.
idaeus cultivars were located close to each other and formed a dense ring surrounding
numerous ovaries on the convex receptacle (Figure 3A-F). Slits appeared in the apical
part of the anthers after the stomium tissues ruptured at the initial stage of pollen release.
Later, the cracks reached the opposite pole of the anther. The anthers had a conical shape
on both poles. The connective was visible in the longitudinal recess between the elon-
gated anthers (Figure 4A). The filament was attached in the middle of the longer axis on
the adaxial side of the anther (Figure 4B).

Figure 4. (A-F). Micromorphology of the epidermis (A-D) and fragments of cross-sections of sta-
men filaments (E,F) at the initial phase of flowering of R. idaeus flowers: ‘Glen Ample’ (A), ‘Laszka’
(B), ‘Radziejowa’ (C), ‘Polka’ (D), ‘Pokusa’ (E), and ‘Polana’ (F): (A)—surface of the adaxial epi-
dermis of the anther with cracks in the dehiscent anther wall (two arrows), connective (1) between



Agronomy 2021, 11, 1723

9 of 44

the anthers (p), cuticle striation on the surface of epidermis cells (Figure 4A), (B)—striated surface
of the abaxial anther epidermis, stamen filament (f), cuticle striation (Figure 4B), (C,D)—striation of
anther epidermis cuticle—undulating multi-directionally arranged striae (arrow), longitudinal
cross-section of epidermis cells (e) and endothecium (a) with visible thickening of cell walls (dou-
ble-headed arrow) (Figure 4C), (E,F)—cross-section of a filament of stamens arranged in whorls
and a striated surface of stamen filaments (Figure 4E), epidermis cells (e), parenchyma cells (m),
vascular bundle (asterisk).

The determination of the mean number of stamens is necessary to calculate the mass
of pollen produced per flower. The mean number of stamens per flower in the R. idaeus
biennial and repeated fruiting cultivars ranged from 98 (‘Glen Ample’) to 118 (‘Laszka’)
and from 88 (‘Pokusa’) to 116 ("Polana’), respectively. The comparative analysis of both
groups showed that the average value of this trait in 2016-2018 determined in ‘Polka’ was
significantly lower than in “Laszka’ and ‘Polana’ (by 18 and 17%, respectively) (Table 1).

Table 1. Number of stamens per flower in six R. idaeus cultivars.

Year
Cultivars 2016 2017 2018 Mean for
Min.—-Max. Mean Min.—-Max. Mean Min.-Max. Mean 2016-2018
Biennial fruiting cultivars
‘Glen Ample’ 89-107 97.56 + 4.70 aBC 92-111 102.38 + 4.69 2AB 99-125  107.31 £6.042AB  102.42 + 6.47 AB
‘Laszka’ 91-116 109.00 + 6.75 2AB 97-123 112.56 +7.77 aA 107-127  117.94+6.512A 113.17+7.824
‘Radziejowa’ 92-121 106.38 + 8.39 2AB 89-120 104.63 + 7.75 2AB 105-122  113.69 +5.1024 108.23 +8.10 AB
Repeated fruiting cultivars
‘Pokusa’ 75-113 87.56 +10.01 b€ 96-113 104.75 + 4.89 2AB 96-110 103.31 £3.3628  98.29 + 10.01 AB
‘Polana’ 98-124 111.31 £7.50 2A 101-126 109.63 + 7.16 2AB 100-123  115.81+6.412A 11225+7.384
‘Polka’ 88-97 92.56 + 3.27 bC 97-103 100.13 + 2.00 2AB 97-121 105.31 +8.442AB 9333 +7.448B

Explanations: means followed by the same small letter are not significantly different within the cultivar throughout the
years and means followed by the same capital letter do not differ between the cultivars in each year of the study at a sig-
nificance level a = 0.05; SD —standard deviation (number of repetitions in each year n = 16).

The mean length of stamens in the biennial and repeated fruiting cultivars varied
from 3.3 ("Laszka’) to 5.0 mm (‘Glen Ample’) and from 3.5 (‘Pokusa’) to 4.7 mm (‘Polka’),
respectively. There were no statistically significant differences in this parameter between
the individual years, between the cultivars, and between the cultivar groups (Table 2).

Table 2. Length of stamens per flower in six R. idaeus cultivars (mm).

Year
Cultivars 2016 2017 2018 Mean for
Min.—-Max. Mean Min.-Max. Mean Min.-Max. Mean 2016-2018
Biennial fruiting cultivars
‘Glen Ample’ 4-6 4.97 +0.67 22 3-6 4.53 +0.69 2A 3-6 4.77 +0.77 aA 476 +0.73 A
‘Laszka’ 2-6 3.64 +£0.79 A 2-5 3.27 +0.62 24 2-5 3.92 +£0.78 A 35+0.894
‘Radziejowa’ 2-6 3.86 +£0.72 A 2-5 3.39 £0.79 2A 2-6 3.97 £0.73 aA 3.65+0.89 A
Repeated fruiting cultivars
‘Pokusa’ 2-6 3.89 £0.752A 2-5 3.50 + 0.66 A 3-6 447 +0.82 24 3.92+0.754
‘Polana’ 2-5 3.83 £0.67 A 2-5 3.69 +0.64 2A 2-5 3.68 +(0.75 A 3.73+0.73 A
‘Polka’ 2-5 3.78 £0.63 A 2-5 4.04 +0.61 22 3-7 4.67 +0.66 A 4.06 +0.72 A

For explanations, see Table 1 (number of repetitions in each year n = 30).

3.2. Micromorphology of Stamen Epidermis

Anther. Striated cuticular ornamentation was observed on the epidermis surface on
both anther sides (Figure 4A,B). The striae exhibited dense parallel arrangement in var-
ious directions and were strongly undulating. The striae were curved and had arcuate,
semicircular, or loop-like shapes. These structures sometimes overlapped (Figure 4C,D).
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Filament. The cuticle ornamentation on the stamen epidermis surface was formed
by striae arranged in parallel with slight undulations. These structures were tightly ar-
ranged towards the longer axis of the cells. They had a corrugated shape with a slight
arcuate curvature with alternate arrangement (Figure 4E).

3.3. Anatomy of Stamens

Filament. In cross-section, the basal part of the filaments was ellipsoidal, spherical,
or slightly flattened. Consequently, they were slightly elongated towards the adjacent
stamens in the whorl. The anther epidermis cells were smaller than the neighboring pa-
renchyma cells. The latter were arranged concentrically, forming 4-7 layers around a
centrally located vascular bundle (Figure 4E,F).

Anther. At the white bud burst stage, the cross-section of the anthers showed that the
outer epidermal cell wall was thicker than the other epidermal cell walls (Figure 5A,B). The
outer wall of the epidermal cells formed elevations covered by a cuticle layer correspond-
ing to the cuticle striae. The epidermis and endothecium cells were vacuolated (Figure
5B-E).

Figure 5. (A-G). Fragments of transverse and longitudinal sections of anthers at the white bud
burst stage in R. idaeus ‘Glen Ample’ (A), ‘Laszka’ (B), ‘Radziejowa’ (D), ‘Polana’ (E), ‘Polka’ (F),
and ‘Pokusa’ (G): (A)—epidermis cells (e), endothecium cells (a), visible pollen grains (asterisk),
(B)—thick outer cell wall (cw) of the epidermis (e), cuticle striae (arrow), endothecium cells (a),
ledge-shaped wall thickenings (double-headed arrow), middle layer cells (p), pollen grains (aster-
isk), (C), (D)—outer cell wall (cw) of the epidermis with numerous evaginations (arrows), large
vacuole (v), thickening of endothecium walls (double-headed arrow), pollen grains (asterisk),
(E)—evaginations (arrows) of the epidermis (e) cell wall (cw), cuticle layer (c), thickening of endo-
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thecium (a) cell walls (double-headed arrow), (F,G)—thickenings of cell walls in the form of par-
allel ledges (two arrows)—longitudinal section (Figure 5F), regularly arranged semicircular evag-
inations (arrowheads)—cross-section (Figure 5G).

The endothecium cells were much larger than the epidermis cells. The endothecium
cell wall exhibited ledge-shaped thickenings in the longitudinal section (Figures 4C and
5B,F) or regularly arranged semicircular evaginations visible in the cross-section (Figure
5C-E,G). The thickenings were regularly located on both sides of the anticlinal and peri-
clinal walls. Pollen grains were visible in the anthers (Figure 5A-D).

3.4. Ultrastructure of Anther Cells

Epidermis. The cross-section of the anther epidermis cells showed a strongly
thickened outer cell wall. These cells had a parietal cytoplasm and a large vacuole (Figure
6A-C). The cytoplasm contained numerous mitochondria, plastoglobules, and some-
times pleomorphic plastids (Figure 6D). The surface of the outer periclinal cell wall was
undulating. The wall formed evaginations of various shapes and sizes. They were ar-
ranged perpendicular to the anther surface (Figure 6B,D-G) or obliquely near the anti-
clinal walls of adjacent cells (Figure 6B,C). The cuticle layer was distributed homogene-
ously on the epidermis surface (Figure 6B—H). The lamellar cuticle proper and the outer
and inner layers of reticulate cuticle were observed in this multifunctional part of the cell
wall (Figure 6E-H).
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Figure 6. (A-H). Fragments of epidermis (A-H) and endothecium (A) cells in R. idaeus ‘Glen Am-
ple’ (A), ‘Laszka’ (B), ‘Radziejowa’ (C), ‘Polka’ (D), ‘Polana’ (B), and ‘Pokusa’ (D): (A)—thick outer
cell wall (cw) of small vacuolated epidermis cells (e), large endothecium cells (a) with thick evagi-
nations (asterisk) of the inner periclinal and anticlinal walls, (B,C)—epidermis cells (e), cell walls
(cw), evaginations of the outer wall (arrows), cuticle proper layer (cp), the other part of the cell wall
(pcw), parietal cytoplasm (double-headed arrow), vacuole (v), (D)—evaginations of the cell wall
(arrow), a band of cuticle proper (cp) with homogeneous thickness and lamellar structure, reticu-
late cuticle layer (cl), the other part of the cell wall (pcw), mitochondria (m), plastoglobules (pg),
amorphous plastid (p), (E-H)—evaginations of the cell wall (arrow) with varied height (E,F), visi-
ble lamellar cuticle proper (cp), outer (ocl) and inner (icl) reticulate cuticle layer, the rest of the cell
wall (pcw); (A-F)—TEM.

Endothecium. The endothecium cells were substantially larger than the epidermis
cells (Figure 6A). In the cross-section, the periclinal and anticlinal walls of the endothe-
cium exhibited characteristic thickenings corresponding to the strengthening ledges vis-
ible in their longitudinal section (Figures 6A and 7A-D). The evaginations of the walls of
adjacent cells were regular on both sides. They were perpendicular to the wall, vesicular,
and tapered at the base. They were arranged in series in one cell and oppositely or al-
ternately in adjacent cells (Figure 7C,D).
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Figure 7. (A-D). Epidermis (A) and anther endothecium (A-E) cells in R. idaeus ‘Glen Ample’ (A),
‘Laszka’ (A), ‘Radziejowa’ (E), ‘Polka’ (c), ‘Polana’ (B), ‘Pokusa’ (D): (A)—epidermis (e) and endo-
thecium (a), visible thick outer epidermis cell wall (cw), regular thickenings of the endothecium cell
walls (asterisks), vacuole (v), (B)—endothecium cells, visible anti- and periclinal cell walls (cw)
with characteristic thickenings (asterisks), vacuole (v), (C,D)—epidermis (e) and endothecium (a)
cells, visible thickenings (asterisk) of the endothecium cell wall (cw), vacuole (v); (A-E)—TEM.

3.5. The Mass of Pollen Produced

Pollen and nectar from the flowers of the analyzed R. idaeus cultivars were collected
mainly by honeybees and bumblebees. The mass of pollen produced by one stamen was
converted into a value per 100 stamens and per flower. In 20162018, the mean mass of
pollen from 10 flowers of the biennial fruiting cultivars and the repeated fruiting culti-
vars ranged from 24.8 (‘Glen Ample’) to 35.7 mg (‘Laszka’) and from 22.5 (‘Pokusa’) to
26.3 mg (‘Polka’), respectively. In the first group of cultivars, the pollen mass in ‘Laszka’
was substantially higher than in “‘Radziejowa’, whereas lower values were recorded in
‘Glen Ample’ in comparison with the latter cultivar. The value of this parameter in the
cultivars from the second group, i.e., ‘Polana’” and ‘Polka’, was comparable to the pollen
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mass in ‘Radziejowa’ from the first group but considerably exceeded the mass of pollen
produced by ‘Pokusa’. In terms of the differences between the pollen mass of each culti-
var in the individual years, it was shown that the pollen mass ‘Radziejowa’ and ‘Laszka’
in 2017 was significantly higher compared to the values noted in 2016 and 2018. In ‘Glen
Ample’, it was lower in 2018 than in 2016-2017. Moreover, in 2018, the pollen mass in
‘Pokusa’ and ‘Polka’ was clearly higher than in 2016-2017, whereas the value of this pa-
rameter in ‘Polana’ in 2016 markedly exceeded the values recorded in 2017-2018. In
terms of the differences between the cultivars in 2016, it was found that ‘Laszka’ and
‘Polana’ were characterized by significantly higher pollen mass than the other cultivars,
and a lower value of this parameter was found in ‘Pokusa’. Simultaneously ‘Radziejowa’
produced greater amounts of pollen than ‘Polka’” and ‘Glen Ample’. In 2017, the highest
pollen mass was recorded in ‘Laszka’, and the lowest value was detected in ‘Pokusa’. In
turn, the parameter in ‘Radziejowa’ had a higher value than in ‘Glen Ample’, ‘Polana’,
and ‘Polka’. In 2018, ‘Laszka’ produced the greatest amounts of pollen, whereas ‘Glen
Ample” and ‘Polana’ were characterized by the lowest value of the parameter (Figure 8).

2016 m 2017 m 2018 B Mean 2016-2018

mg/10 flowers
cubtHnBHLELE LS

'Glen Ample' 'Laszka' 'Radziejowa' 'Pokusa’ "Polana’ Polka' Cultivars

Figure 8. Mass of pollen produced by 10 flowers of R. idaeus cultivars. Explanations: means followed by the same small
letter are not significantly different within the cultivars for the years and means followed by the same capital letter do not
differ between the cultivars in each year at a significance level a = 0.05; (number of repetitions in each year n = 10). Bars
indicate standard deviation.
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3.6. Total Protein Content

In 2016-2018, the mean protein content in the pollen grains of the analyzed R. idaeus
cultivars was from 25.5 (‘Glen Ample’) to 33.4% (‘Laszka’) in the biennial fruiting group
and from 24.9 (‘Polana’) to 30.7% (‘Pokusa’) in the repeated fruiting group. In the group
of the biennial fruiting cultivars, the pollen from ‘Laszka’ had significantly lower protein
content in 2016 than in the subsequent study years. The pollen from ‘Radziejowa’ was
characterized by a significantly lower value in 2017 and a similar value of this parameter
in 2018, compared to that recorded in 2016. The protein content in the pollen grains from
the repeated fruiting cultivars did not change statistically significantly in the subsequent
years, with the exception of the significant increase in this parameter in 2017 compared to
2016. In terms of the differences between the cultivars in each study year, in 2016, a sig-
nificantly higher concentration of protein was determined in the ‘Radziejowa’ pollen
grains than in ‘Glen Ample’, ‘Laszka’, ‘Polana’, and ‘Polka’. In turn, in 2017, a signifi-
cantly higher value of this parameter was determined in ‘Laszka’ in comparison with
‘Radziejowa’ and ‘Polana’. In 2018, ‘Laszka’ had higher pollen protein content than ‘Po-
lana” and ‘Polka’. According to the mean protein content in the pollen grains in
2016-2018, the cultivars were ranked as follows: ‘Polana’ (26.1%) < ‘Polka’ (27.7%) < ‘Glen
Ample’ (28.1%) < ‘Pokusa’ (29.3%) < ‘Radziejowa’ (29.7%) < “‘Laszka’ (31.3%). The com-
parative analysis of the two groups showed a significantly higher concentration of pro-
tein in the pollen of ‘Laszka’ than ‘Polana’ (Table 3).

Table 3. Percent content of total protein in pollen from six R. idaeus cultivars.

Study Year
Cultivars 2016 2017 2018 Mean for
Min.-Max. Mean Min.-Max. Mean Min.-Max. Mean 2016-2018
Biennial fruiting cultivars
‘Glen Ample’  23.43-28.13 25.53+2.39®  2637-31.97 29.45+2972A8  26.08-32.16 28.96+3.05*F  28.08 +3.12 AB
‘Laszka’ 26.13-29.87 27.94+1.87" 30.05-33.84 32.27+1.982*  30.71-3591 33.67+2.672A 31.29+3.214
‘Radziejowa’  29.86-32.63 31.27+1.39°* 26.02-28.35 2743 +1.24%8C 27.81-32.91 3049+256A8  29.73 +2.36 AP
Repeated fruiting cultivars
‘Pokusa’ 25.89-29.91 27.90+2.01*AB  27.31-33.92 30.65+3.313AB  26.04-31.34 29.45+2.963°B  29.34 +2.71 AP
‘Polana’ 23.53-26.93 2493+1.78* 2531-27.08 26.13+0.89°¢ 26.31-28.02 27.32+0.90°® 26.13+1.678
‘Polka’ 25.42-27.03 2646+0.90"® 27.92-31.51 29.58+1.81A  24.96-28.32 27.05+1.82F 27.70+1.98 2B

For explanations, see Table 1 (number of repetitions in each year n = 3).

3.7. Qualitative and Quantitative Amino Acid Composition

The pollen of the R. idaeus cultivars contained 15 amino acids: six exogenous amino
acids (phenylalanine, isoleucine, leucine, lysine, threonine, and valine) and nine endog-
enous amino acids (alanine, arginine, glycine, histidine, aspartic acid, glutamic acid,
proline, serine, and tyrosine).

Exogenous amino acids. The mean percentage proportion of exogenous amino acids
in the total amino acid content in the pollen of the R. idaeus cultivars ranged from 32.7
('Polka’) to 38.8% (‘Radziejowa’). Leucine, lysine, and valine dominated in all examined
cultivars. Leucine, isoleucine, and valine represent the branched-chain amino acid
(BCAA) complex. The mean content of leucine, isoleucine, and valine (mg-g™) in the
pollen analyzed in 2016-2018 ranged as follows: 22 (‘Glen Ample’)—33.6 (‘Radziejowa’),
17 (‘Glen Ample’)—21.5 (‘Laszka’), and 21.5 (‘Glen Ample’)—25 (‘Laszka’) in the group
of the biennial fruiting and 25.5 (‘Polka’) —27.5 (‘Pokusa’), 15 (‘Polana’)—19 (‘Polka’), and
18 (‘Polana’)—22 (‘Polka’) in the repeated fruiting cultivars, respectively (Figure 9A-F).

The mean leucine content was significantly higher in the ‘Radziejowa’ pollen than in
the other cultivars and substantially higher in ‘Pokusa’ than in ‘Glen Ample’. Generally,
the level of this amino acid in ‘Glen Ample’, ‘Laszka’, and ‘Polka’” was markedly lower in
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2017 and 2018 than in 2016. In turn, no clear differences in the value of this parameter
were found for the other cultivars during the consecutive study years (Figure 9A).

2016 m 2017 2018 B Mean 2016-2018

aC_ __aB p aBC aC
ab C

'Glen Ample'  'Laszka' 'Radziejowa’ 'Pokusa’ "Polana’ Polka' Cultivars

Figure 9. (A-F). Content of exogenous amino acids in the pollen of R. idaeus cultivars. For explanations, see
Figure 8 (number of repetitions in each year n = 3).

The average content of isoleucine in ‘Laszka’ was comparable to that found in
‘Radziejowa’ and significantly higher than in the other cultivars. Its amount in
‘Radziejowa’, ‘Glen Ample’, Pokusa’, and ‘Polka’ significantly exceeded the levels de-
tected in ‘Polana’. The content of this amino acid in ‘Glen Ample’, ‘Laszka’, ‘Polka’, and
‘Pokusa’ was markedly higher in 2017 and 2018 than in 2016. The comparison of the dif-
ferences between the cultivars in the study years revealed a significantly higher level of
isoleucine in ‘Laszka’ and ‘Radziejowa’ than in the other cultivars in 2016. In turn, in 2017
and 2018, its content was clearly higher in ‘Laszka’ than in the other cultivars, whereas
‘Polana’” was characterized by substantially lower levels of this amino acid in comparison
with ‘Glen Ample’, ‘Radziejowa’, ‘Pokusa’, and ‘Polka’ (Figure 9B).

The pollen of ‘Laszka’ had significantly higher valine content than ‘Glen Ample’,
‘Pokusa’, ‘Polka’, and ‘Polana’, with the lowest amount of this amino acid in ‘Polana’. A
markedly lower valine amount was determined in the pollen from ‘Laszka’, ‘Pokusa’,
and ‘Polka’ in 2016 than in 2017 and 2018. The comparison of this amino acid content
between the study years demonstrated its lower level in the second year in ‘Radziejowa’
and in the third year in ‘Polana’. In terms of the differences between the cultivars in the
individual years, the valine concentration was higher in ‘Laszka’” and ‘Radziejowa’ than
in the other cultivars. Furthermore, its content in ‘Polana’ was significantly lower than in
‘Pokusa’, ‘Polka’, and ‘Glen Ample’ (Figure 9C).

The mean content of lysine, threonine, and phenylalanine (mg-g™) in the pollen of
the biennial fruiting cultivars analyzed in 2016-2018 was in the following range: 22 (‘Glen
Ample’)—29 (‘Radziejowa’), 19.0 (‘Glen Ample’)—22.5 (‘Laszka’), and 18.6 (‘Glen Am-
ple’)—19.4 (‘Laszka’), respectively. The levels of these amino acids (mg-g™) in the re-
peated fruiting cultivars were in the range of 22 (‘Polka’)—25 (‘Polana’), 16.0 (‘Pola-
na’)—19.0 (‘Polka’), and 15.8 ("Polana’) —17.6 (‘Pokusa’), respectively (Figure 9D-F).

A significantly lower level of lysine was detected in the pollen from ‘Glen Ample’
and ‘Polka’ than from ‘Radziejowa’. The content of this amino acid declined substantially
in ‘Radziejowa’ in 2017 and 2018, compared with 2016, and increased markedly in the
‘Polana’ cultivar between 2017 and 2018. The comparative analysis between the cultivars
in the individual years showed significantly higher lysine content in ‘Radziejowa’ in
2016, whereas significant differences were found in 2017-2018 only between
‘Radziejowa’ and ‘Glen Ample’ (Figure 9D).

The pollen from the ‘Laszka’ contained a significantly higher amount of threonine
than ‘Pokusa’ and ‘Polana’. Its content in ‘Radziejowa’ was substantially higher in 2018
than in 2016 and 2017. ‘Pokusa’ had a significantly lower level of threonine in 2016 than in
2017, and ‘Polka’” was characterized by a clearly higher amount of this amino acid in 2018
than in 2016. The analysis of the differences between the cultivars in the individual study
years showed substantially higher threonine content in “‘Radziejowa’ than in the repeated
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fruiting cultivars in 2016, whereas the level of this amino acid in 2017 was markedly higher
in ‘Laszka’ than in ‘Radziejowa’ and ‘Polana’. In turn, in 2018, its content was significantly
higher in ‘Laszka’ than in ‘Glen Ample’, ‘Pokusa’, and ‘Polana’. Simultaneously, the thre-
onine level in ‘Polana’ was significantly lower than in ‘Glen Ample’ (Figure 9E).

The pollen from ‘Polana’ contained significantly lower mean amounts (2016-2018) of
phenylalanine than the biennial fruiting cultivars. In 2018, its level was significantly
higher in ‘Polana’ and lower in ‘Polka’ compared to the previous year. The content of this
amino acid in ‘Pokusa’ in 2016 was evidently below the amounts recorded in 2017 and
2018. In 2016, the phenylalanine content in the biennial fruiting cultivars markedly ex-
ceeded the values recorded for the repeated fruiting cultivars, with its evidently higher
level in ‘Polka’” than ‘Pokusa’ and ‘Polana’. In 2017 and 2018, there were no distinct dif-
ferences in the phenylalanine content between the studied cultivars, except the lower
amount of this amino acid in ‘Polana’ in 2017 and ‘Polka’ in 2018 (Figure 9F).

Endogenous amino acids. Aspartic acid, proline, and glutamic acid were the dom-
inant endogenous amino acids in the pollen of the studied R. idaeus cultivars; considera-
ble amounts of alanine, serine, and arginine were detected as well. The mean content of
aspartic acid, proline, and alanine (mg-g™) in the pollen analyzed in 2016-2018 was in the
range of 44.6 (‘Glen Ample’)—51.5 (‘Radziejowa’), 24.9 (‘Radziejowa’) —28.7 (‘Laszka’),
and 24.2 (‘Glen Ample’)—26.7 ("Laszka’), respectively, in the biennial fruiting cultivars.
In turn, their content in the repeated fruiting cultivars (mg-g') was in the following
range: 43.5 (‘Polana’)—44.2 (‘Polka’), 22.8 (‘Polana’)—33 (‘Polka’), and 22.36 (‘Pola-
na’)—24.9 (‘Pokusa’), respectively (Figure 10A-C).
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Figure 10. (A-I). Content of endogenous amino acids in the pollen of R. idaeus cultivars. For explanations, see Figure 8
(number of repetitions in each year n = 3).

The average aspartic acid level in ‘Laszka’ was higher than the amounts noted for
the other cultivars, whereas its content in ‘Radziejowa’ was comparable to the other
values of the parameter. The aspartic acid content in the pollen of ‘Glen Ample” was sig-
nificantly higher in 2017 than in 2018. In ‘Laszka” and ‘Polana’, it was markedly lower in
2016 than in 2018. In turn, ‘Radziejowa’ exhibited considerably lower levels, whereas
‘Pokusa’ and ‘Polka’ had higher content of this amino acid in 2017 than in 2016 and 2018.
The comparative analysis between the cultivars showed that the aspartic acid content in
‘Laszka’ and “Radziejowa’ in 2016 and 2018 did not differ significantly but was substan-
tially higher than in the other cultivars. In turn, the highest amount of this amino acid in
2017 was detected in ‘Laszka’ (Figure 10A). The level of proline was significantly higher
in the pollen of ‘Polka’ than ‘Radziejowa’ and ‘Polana’ and lower than in the other culti-
vars. In 2016, its content in ‘Radziejowa’, ‘Polana’, and ‘Polka” was much lower than in
2017-2018. In “Pokusa’ in 2017, it was clearly below the values recorded in 2016 and 2018.

The analysis of the differences between the cultivars in 2016 showed that the proline
content in ‘Radziejowa’” and ‘Polana’ was lower than in the other cultivars. Moreover, the
level of this amino acid in ‘Polka’ was significantly higher than in ‘Pokusa’, and compa-
rable to that in ‘Glen Ample’ and ‘Laszka’. It was also found that the proline concentra-
tion in the pollen of the biennial fruiting cultivars in 2017 was clearly lower than in
‘Pokusa’ and ‘Polka’, but higher than in ‘Polka’. In turn, in the last year of the experiment,
‘Polka’ was characterized by a lower level, whereas ‘Polana’ exhibited a higher amount of
this amino acid than the other examined cultivars (Figure 10B).

The average alanine level in the ‘Polana’ pollen was significantly lower than in the
other cultivars. Its concentration in ‘Laszka’ in 2017 was clearly higher than in 2016 and
2018; it was lower in ‘Pokusa’ and ‘Polka” in 2016 than in 2017-2018, and significantly
lower in ‘Radziejowa’ in 2018 than in 2016-1017. The comparative analysis between the
cultivars in the first year of the experiment showed distinctly lower alanine content in
‘Laszka’ than in ‘Radziejowa’, but greater amounts than in the other cultivars. In the
second year of the studies, the amounts of this amino acid detected in the pollen of ‘Glen
Ample’, ‘Radziejowa’, ‘Polka’, and ‘Pokusa were substantially lower than in ‘Laszka’ but
higher than in ‘Polana’. In turn, in the last year of the experiment, there were no signifi-
cant differences in the proline level between the analyzed cultivars (Figure 10C).

The mean content of glutamine, serine, and arginine (mg g™) in the pollen of the
biennial fruiting cultivars was in the range of 22.1 (‘Radziejowa’) —23.4 (‘Laszka’), 22.1
(‘Radziejowa’)—23.37 (‘Laszka’), and 22.1 ('Radziejowa’)—22.13 (‘Laszka’), respectively.
The following range of the content of these amino acids (mg g') was determined in the
group of the repeated fruiting cultivars: 19.5 (‘Polana’)—21.8 (‘Pokusa’), 19.5 (‘Pola-
na’)—21.8 (‘Laszka’), and 18.0 ('Polana’)—21.4 mg g (‘Polka’), respectively (Figure
10D-F).

The content of glutamine in the pollen of ‘Pokusa” and ‘Polana’ in 2016 was consid-
erably lower than that in 2017 and 2018. Its level in ‘Laszka’ in 2017 was markedly higher
than in 2016 and 2018, whereas in ‘Radziejowa’, it was clearly lower in 2018 than in 2016
and 2017. The analysis of the differences between the cultivars showed that the pollen of
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‘Laszka’” and ‘Radziejowa’ in 2016 contained a significantly higher amount of this amino
acid than the other cultivars. The content of glutamine in ‘Glen Ample’ was comparable
to that in ‘Polka’” and significantly higher than in “‘Pokusa’” and ‘Polana’. In 2017, the con-
tent of this amino acid in ‘Laszka’ was significantly higher than the level detected in
‘Glen Ample’, ‘Radziejowa’, ‘Pokusa’, and ‘Polka’, and the content in ‘Polana’ was
markedly lower than in the other cultivars. In 2018, the glutamine content in ‘Glen Am-
ple’, ‘Pokusa’, and ‘Polka’ was significantly lower than in ‘Radziejowa’ (Figure 10D).

There were no significant differences in the mean pollen serine content between the
cultivars. The analysis of the differences in the content of the amino acids between the
study years showed a markedly lower level of serine in ‘Laszka’ in 2017 than in 2016 and
2018. The content of this amino acid in ‘Pokusa’ was higher in 2017 and 2018 than in 2016.
In turn, in 2016, the serine content was substantially higher in “‘Radziejowa’ and lower in
‘Polana’ in comparison with the value recorded in 2018. As for the differences in the
serine content between the cultivars, in 2016, the biennial fruiting cultivars exhibited
significantly higher values of this parameter than the repeated fruiting group, except for
‘Glen Ample” and ‘Polka’, which had similar serine content. In 2017, the highest level of
this amino acid was recorded in the pollen of ‘Laszka’. In 2018, considerably higher levels
were determined in ‘Glen Ample’ and ‘Pokusa’, compared with the other cultivars (Fig-
ure 10E).

The mean content of arginine in the pollen of Pokusa” and ‘Polana’ was significantly
lower than in ‘Glen Ample’ and ‘Radziejowa’. The amount of this amino acid in ‘Polana’
and ‘Polka’ recorded in 2016 was distinctly lower than in 2018. In turn, ‘Pokusa’ was
characterized by significantly higher arginine content in 2017 than in 2016 and 2018, and
‘Laszka’” had a clearly lower amount of this compound in 2018 than in 2016-2017. In
terms of the differences between the cultivars in the subsequent years, the arginine con-
tent in 2016 was clearly lower in ‘Polana’ than in ‘Glen Ample’, ‘Laszka’, ‘Radziejowa’,
and ‘Polka’” but comparable to that in ‘Pokusa’, and the level of this amino acid in
‘Pokusa’ was clearly lower than in ‘Laszka’” and ‘Radziejowa’. In 2017, the level of argi-
nine in ‘Polana’ was lower than in the other cultivars. The value of this parameter in 2018
was higher in ‘Glen Ample’, ‘Radziejowa’, and ‘Polka’ than in Laszka” and ‘Pokusa’,
whereas the content in ‘Polana’ was comparable to that in the other cultivars (Figure 10F).

The mean content of glycine, tyrosine, and histidine (mg g™) in the pollen of the bi-
ennial fruiting cultivars in 2016-2018 was in the range of 17.3 (‘Glen Ample’)—20.5
('Laszka’), 12.5 (‘Glen Ample’)—14.4 (‘Laszka’), and 8.5 (‘Glen Ample’)—9.9 (‘Laszka’),
respectively. Their content (mg g) in the repeated fruiting cultivars was in the range of
16.1 ('Pokusa’)—18.6 (‘Polka’), 11.8 (‘Polana’)—13.1 (‘Pokusa’), and 8.7 (‘Polana’)—9.0
("Pokusa’), respectively (Figure 10G-I).

The pollen grains of ‘Laszka’” and ‘Radziejowa’” had a higher mean level of glycine
than the other cultivars. As shown by the analysis of the glycine content in the cultivars
in each year, in 2017, ‘Glen Ample’, ‘Polana’, and ‘Pokusa’ were characterized by signif-
icantly higher levels of this amino acid than in 2016 and 2018. The glycine content in
‘Laszka’ was markedly lower in 2016 than in 2017 and 2018, and ‘Polka’ had clearly
higher values of this parameter in 2018 than in 2016-2017. In 2016, the pollen grains of
‘Radziejowa’ had the highest glycine content. Furthermore, the amount of this amino acid
in ‘Laszka’ was quite similar to that in ‘Polka’ and clearly greater than in ‘Glen Ample’,
‘Pokusa’, and ‘Polana’. No significant differences between the cultivars in the glycine con-
tent were reported in 2017, but in 2018, its level in ‘Polka’” was markedly lower than in
‘Laszka’ and higher than in ‘Glen Ample’, ‘Radziejowa’, ‘Pokusa’, and ‘Polana’ (Figure
10G).

The tyrosine content found in ‘Laszka’ and ‘Polana’ in 2016 was comparable to the
level detected in 2017 and clearly lower than in 2018. In turn, its amount in ‘Pokusa’ was
significantly lower in 2016 than in 2017-2018, whereas ‘Polka” had a markedly higher
level of this amino acid in 2017 than in 2016 and 2018. The tyrosine level in the pollen of
the biennial fruiting cultivars in 2016 was higher than in the repeated fruiting group. In
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2017, the content of this amino acid was significantly lower in ‘Polana’ than in the other
cultivars. In 2018, the level of tyrosine was significantly higher in ‘Laszka’ and
‘Radziejowa’ and lower in ‘Polka” in comparison with the other cultivars (Figure 10H).

The content of histidine in the individual cultivars in each study year was signifi-
cantly lower in ‘Radziejowa’ in 2016 than in 2017-2018. ‘Polka’ exhibited significantly
higher content of this amino acid in 2017 than in 2016 and 2018. In turn, its level in ‘Glen
Ample’, ‘Pokusa’, and ‘Polana’ in the first and second years of the study was comparable,
but in the third year, the content clearly declined in ‘Glen Ample’ and ‘Pokusa’ and in-
creased in “‘Polana’. In terms of the differences between the examined cultivars in 2016,
the hidstidine content in ‘Radziejowa’ was comparable to that in ‘Laszka’ and signifi-
cantly exceeded the amounts found in ‘Glen Ample’, ‘Pokusa’, ‘Polka’, and ‘Polana’. In
2017, there were no significant differences in the content of this amino acid between the
cultivars. In 2018, Radziejowa’ and ‘Polana’” were characterized by markedly higher his-
tidine content than ‘Glen Ample’, ‘Pokusa’, and ‘Polka (Figure 10I).

3.8. Total Fat Content

The average total fat content in the pollen grains of the biennial and repeated fruit-
ing R. idaeus cultivars analyzed in 2016-2018 was in the range of 3.5 (‘Glen Am-
ple’)—4.4% (‘'Radziejowa’) and 2.8 ("Polka’) —3.6% (‘Polana’), respectively. In the former
group of cultivars, the value of this parameter in ‘Laszka’ was lower than in ‘Radziejowa’
but higher than the fat content in ‘Glen Ample’. At the same time, the total pollen fat
content in ‘Glen” Ample” was comparable to that determined in ‘Pokusa” and ‘Polana’,
and ‘Polka’ exhibited a significantly lower value than ‘Polana’ (Figure 11).

—

W

—g

'‘Glen Ample' 'Laszka' 'Radziejowa’ Pokusa’ 'Polana’

Polka' Cultivars

Figure 11. Average total fat content in pollen grains of R. idaeus cultivars. Explanations: means followed by the same letter
do not differ between the cultivars at a significance level a = 0.05; (number of repetitions n = 3). Bars indicate standard

deviation.

3.9. Fatty Acid Content in Pollen

Saturated fatty acids (SFAs). The content of total saturated fatty acids in the fat ex-
tracted from the pollen of the biennial and repeated fruiting R. idaeus cultivars was in the
range of 40.7 (‘Glen Ample’)—46.4% (‘Laszka’) and 32.7 (‘Polka’) —44.8% (‘Polana’), re-
spectively (Figure 12). ‘Glen Ample’, ‘Radziejowa’, and ‘Pokusa’ had significantly higher
content of SFAs than ‘Polka’” and a lower level than ‘Laszka’ and ‘Polana’. The pollen of
all six cultivars contained myristic, stearic, and palmitic acids. Their concentration was in
the range of 0.4 (‘Polka’)—1.7% (‘Laszka), 5.1 (‘Polka’)—8.95% (‘Laszka” and ‘Polana’),
and 26.3 (‘Polka’)—33.0% (‘Polana’), respectively (Figure 12, Table 4).
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Figure 12. Percentage content of saturated fatty acids (SFAs), monounsaturated fatty acids
(MUFAs), and polyunsaturated fatty acids (PUFAs) in the fat extracted from pollen grains of R.
idaeus cultivars. Explanations: means followed by the same letter are not significantly different
within the cultivar for SFAs, MUFAs, and PUFAs at a significance level a = 0.05; (number of repe-
titions n = 3). Bars indicate standard deviation.

Table 4. Profile of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids
(PUFAs) in the pollen of R. idaeus cultivars (%).

Fatty Acids Biennial Fruiting Cultivars Repeated Fruiting Cultivars
‘Glen Ample’  ‘Laszka’  ‘Radziejowa’  ‘Pokusa’ ‘Polana’ ‘Polka’
Saturated fatty acids (SFA)
hexanoic acid (caproic acid) C6:0 0.18 £0.01° nd nd nd nd 0.89 +£0.07
octanoic acid (caprylic acid) C8:0 0.15+0.01> 0.64+0.04= 0.07+0.00 < nd nd 0.03+0.004
decanoic acid (capric acid) C10:0 0.10+0.022 0.06+0.012 nd nd nd nd
n-dodecanoic acid (lauric acid) C12:0 0.17+£0.02¢  0.60+0.082 0.14+0.02¢ 0.16+0.02¢ 0.30+0.04° nd
tetradecanoic acid (myristic acid) C14:0 0.88+0.17¢ 1.73+0.14» 0.73+0.10c 0.76+0.08< 1.02+0.20®> 0.37+0.054
pentadecanoic acid (pentadecylic acid) C15:0 0.22+0.05> 0.33+0.072 nd nd nd nd
hexadecanoic acid (palmitic acid) C16:0 28.06+0.844 30.42+1.29¢ 31.50+0.97 4 31.16+1.08b 32.98+1.142 26.25+0.63 ¢
octadecanoic acid (stearic acid) C18:0 833+£0.362 894+0252 837+0542 822+0.232 895+0472 5.12+0.284
eicosanoic acid (arachidic acid) C20:0 043+0.04> 1.00+0.132 nd nd 0.57 nd
docosanoic acid (behenic acid) C22:0 1.73+£0.24» 205+0412 0.38+0.084 0.46+0.069 0.93+0.04¢ nd
tetracosanoic acid (lignoceric acid) C24:0 044+0.05> 0.61+0.092 036+0.04> 0.19+0.03¢ nd nd
Monounsaturated fatty acid (MUFA)
cis-9-hexadecenoic acid (palmitoleic acid) C16:1n7 234+0.23b 219+0.15° 262+055> 286+0.67> 241+030b> 3.72+0452

cis-9-octadecenoic acid (oleic acid) C18:1n9c¢ +
trans-9-octadecenoic acid (elaidic acid) C18:1n9t
Polyunsaturated fatty acid (PUFA)
cis-9,12-octadecadienoic acid (linoleic acid) C18:2n6¢ +
trans-9,12-octadecadienoic acid (linoelaidic acid) C18:2n6t
cis-9,12,15-octadecatrienoic acid (a-linolenic acid)
C18:3n3(alpha)
cis-13,16-docosadienoic acid (docosadienoate) C22:2n6 044 +0.03> 0.61+0.05 044+0.02> 0.24+0.03c 048+004> 0.71+0.062
Explanations: data are expressed as mean percentage + SD, values in the same row that do not share the same superscript
letter are significantly different according to the analysis of variance and Tukey’s post hoc test at a significance level a =
0.05; (number of repetitions n = 3); nd —not detected (below the level of detection LOD; < LOD = 0.016).

41.24+1522 37.77+1.74> 4439+2072 4410+2942 42.12+2.382 28.30+1.90

3.81+033¢ 456+027> 532+0292 552+0302 324+026c 3.40+0.26¢

0.36+0.07> 213+0.352 nd nd nd nd

The pollen of ‘Polka’ was characterized by significantly lower content of palmitic
acid in comparison with the other cultivars. The content of this acid in ‘Laszka’ was
comparable to its level in ‘Glen Ample’ and substantially higher than in ‘Pokusa’,
‘Radziejowa’, and ‘Polana’. The content of palmitic acid in the ‘Polana’ cultivar was
comparable to that in ‘Radziejowa’” and considerably higher than in the other cultivars. Its
concentration in ‘Radziejowa’ was similar to the level in ‘Pokusa’.

The level of stearic acid in the pollen of ‘Polana’” was distinctly lower than in the
other cultivars. The pollen of the analyzed cultivars (except for ‘Polka’) contained lauric
and behenic acids in a concentration range of 0.2 (‘Pokusa’)—0.6% (‘Laszka’) and 0.4
(‘Radziejowa’)—2.1% (‘Laszka’), respectively. The content of lauric acid in the pollen of



Agronomy 2021, 11, 1723

23 of 44

‘Polana’ was significantly lower than in ‘Laszka’ and higher than in ‘Glen Ample’,
‘Radziejowa’, and ‘Pokusa’.

Four of the six analyzed cultivars contained lignoceric acid in their pollen: ‘Laszka’,
‘Radziejowa’, ‘Glen Ample’, and ‘Pokusa’. The pollen of the biennial fruiting cultivars
contained caprylic acid; its level in ‘Glen Ample’ was significantly higher than in ‘Laszka’
and lower than in ‘Radziejowa’. Additionally, capric, pentadecanoic, and arachidic acids
were detected in the pollen of ‘Glen Ample’ and ‘Laszka’, whereas caproic acid was
contained in the pollen of ‘Glen Ample’ and ‘Polka’ (Figure 12, Table 4).

Monounsaturated fatty acids (MUFAs). The total monounsaturated fatty acids ac-
counted for 43.6, 40, and 47% in the pollen of ‘Glen Ample’, ‘Laszka’, and ‘Radziejowa’,
respectively, and 47, 44.5, and 32% in ‘Pokusa’, ‘Polana’, and ‘Polka’, respectively. A
clearly lower MUFA level was determined in the pollen of ‘Polka’, whereas ‘Radziejowa’
and ‘Pokusa’ exhibited a higher amount of these acids than the other cultivars. At the
same time, the value of this parameter in ‘Laszka’ was significantly lower than in ‘Glen
Ample’ and ‘Polana’ (Figure 12). MUFAs contained in the pollen of the analyzed cultivars
were represented by palmitoleic, oleic, and elaidic acids. Palmitoleic acid constituted
from 2.2% (‘Laszka’) to 3.7% (‘Polka’). Its content in ‘Laszka’” was considerably higher
than in the other cultivars. The sum of oleic and elaidic acids was in the range of 28.3
('Polka’) —44.4% (‘Radziejowa’). In ‘Laszka’, this value was significantly higher than in
‘Polka’ and lower than in ‘Glen Ample’, ‘Radziejowa’, ‘Pokusa’, and ‘Polana’ (Figure 12,
Table 4).

Polyunsaturated fatty acids (PUFAs). The proportion of polyunsaturated fatty acids
in the fat extracted from the pollen of the biennial and repeated fruiting cultivars was in
the range of 4.6 ('Glen Ample’)—5.8% (‘Radziejowa’) and 3.7 ("Polana’)—9.1% (‘Polka’),
respectively. ‘Polka’ had a clearly higher PUFA level than the other cultivars. The value
of this parameter in ‘Laszka’ was significantly higher than in ‘Glen Ample’ and ‘Polana’,
and the latter cultivar had clearly lower PUFA content than in ‘Radziejowa’” and ‘Pokusa’
(Figure 12). The pollen grains of the analyzed cultivars also contained
cis-13,16-docosadienoic, linoleic, and linoelaidic acids. The content of
cis-13,16-docosadienoic acid was in the range of 0.24 (‘Pokusa’)—0.71% (‘Polka’). The
level of this acid in ‘Glen Ample’, Radziejowa’, and ‘Polana’ was higher than in ‘Pokusa’
and lower than in ‘Laszka’ and ‘Polka’. The sum of linoleic and linoelaidic acids ranged
from 3.24% (‘Polana’) to 5.52% (‘Pokusa’). The value of this parameter in the ‘Laszka’
cultivar was lower than in ‘Radziejowa’ and ‘Pokusa’ and higher than in ‘Glen Ample’,
‘Polana’, and ‘Polka’. Moreover, ‘Glen Ample’ and ‘Laszka’ contained a-linolenic acid;
the content of this acid was substantially lower in the former cultivar than in the latter
(Figure 12, Table 4).

3.10. Omega-3, Omega-6, and Omega-9 Acids

Palmitoleic acid and oleic + elaidic acid represented the omega-9 group of MUFAs
identified in the pollen of the R. idaeus cultivars. Their content was in the range of 2.2%
(‘Laszka’)—3.7% (‘Polka’) and 28.3 (‘Polka’)—44.4% ('Radziejowa’), respectively. The
level of omega-9 fatty acids was clearly higher in the pollen of ‘Radziejowa’ and ‘Pokusa’
and lower in ‘Polka’, in comparison with the other cultivars. In turn, their level in
‘Laszka’ was markedly lower than in ‘Glen Ample’ and ‘Polana’.

In the group of PUFAs, omega-6 acids in the analyzed pollen were represented by
linoelaidic acid and 13,16-docosadienoic acid. Their content was in the range of 3.7 ("Po-
lana’)—9.11% (‘Polka’) and 0.24 (‘Pokusa’)—0.71% (‘Polka’), respectively. ‘Polka” had a
substantially higher concentration of omega-6 acids than the other cultivars. The value of
this parameter in ‘Polana’ pollen grains was significantly higher than in the case of
‘Laszka’, ‘Radziejowa’, and ‘Pokusa’ and comparable to the content detected in ‘Glen
Ample’. Omega-3 acids were represented by a-linolenic acid, which was detected in
‘Glen Ample’ and ‘Laszka’ (0.4% and 2.1%, respectively). The acid was not detected in the
other cultivars (Figure 13, Table 4).
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Figure 13. Percentage content of essential fatty acids in the pollen grains of six R. idaeus cultivars. Explanations: means
followed by the same letter are not significantly different within the cultivar for the omega-3, omega-6, and omega-9 fatty
acids at a significance level a = 0.05; (number of repetitions n = 3). Bars indicate standard deviation. Omega-3, total
amount of a-linolenic acid (C18:3n3 alpha); Omega-6, total amount of linoleic acid (C18:2n6c), linoelaidic acid (C18:2n6t),
cis-13,16-docosadienoic acid (C22:2n6); Omega-9, total amount of palmitoleic acid (C16:1n7), oleic acid (C18:1n9c¢), elaidic

acid (C18:1n9t).

3.11. Content of Selected Minerals in Pollen Exine

The EDS microanalysis of elements present in the pollen exine in the R. idaeus cul-
tivars demonstrated that the average content of C and O2 in 2016-2018 measured at the
electron penetration depth of 2 um was in the range of (wt.%) 67.2 (‘Radziejowa’) —70.4
('Polka’) and 26.6 (‘Glen Ample’)—28.1 (‘Radziejowa’), respectively (Figure 14A,B). The
mean content of K, P, Ca, Mg, S, Mn, and Cl in the pollen of the examined cultivars in
2016-2018 was in the following range: (wt.%) K—1.15 (‘Polka’)—1.79 ("Pokusa’), P—0.52
(‘Laszka’)—1.5 (‘Glen Ample’), Ca—0.38 (‘Polka’)—0.60 (‘Laszka’), Mg—0.31
(‘'Radziejowa’)—0.84 (‘Pokusa’), S—0.45 (‘Polka’)—0.69 (‘Laszka’), Mn—0.050 (‘Pola-
na’)—0.083 (‘Laszka’), and C1—0.058 ("Polana’)—0.093 (‘Radziejowa’) (Figure 14C-I).
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Figure 14. (A-I). Content of selected elements in the pollen exine in six Rubus idaeus cultivars. Explanations: for each el-
ement, means followed by the same small letter are not significantly different within the cultivar for the years and means
followed by the same capital letter do not differ between the cultivars in each year of the study at a significance level a =
0.05; (number of repetitions in each year n = 25). Bars indicate standard deviation. The content of elements was deter-
mined with the use of energy dispersive X-ray spectroscopy (EDS).

The analysis of the differences in the mean content of potassium in the pollen exine
between the cultivars showed that ‘Pokusa’ exhibited the highest content of this element,
whereas significantly lower values were found in ‘Radziejowa’ and ‘Laszka’, but the
lowest levels were determined in ‘Polana’ and ‘Polka’ (Figure 14C). The lowest amount of
phosphorus in the pollen exine was recorded for ‘Laszka’, while considerably higher
content was found in ‘Polka’ followed by ‘Polana’. The highest level of this element was
shown in ‘Glen Ample’, ‘Radziejowa’, and ‘Pokusa’, whereas there were no significant
differences between these three cultivars (Figure 14D). The mean content of calcium in
‘Glen Ample” was much higher than in ‘Polka’, and a distinctly higher value of this ele-
ment was recorded in ‘Laszka’, ‘Radziejowa’, ‘Pokusa’, and ‘Polana’ (Figure 14E). The
magnesium level in the outer layer of the pollen grain of ‘Glen Ample’ and ‘Polka” was
significantly higher than in ‘Radziejowa’. Considerably higher content of this element
was shown for ‘Laszka’ and ‘Polana’, while the highest level was detected in ‘Pokusa’
(Figure 14F). The lowest amount of sulfur was found in ‘Polka’, while ‘Laszka” had the
highest S content, with quite comparable levels of this element in the other four cultivars
(Figure 14G). The chlorine content in ‘Radziejowa’ significantly exceeded the value rec-
orded for ‘Glen Ample’ and ‘Pokusa’. Even higher amounts of this element were shown
for ‘Laszka’, while the highest levels were recorded in ‘Polana’ and ‘Polka’ (Figure 14H).
The average manganese content in the exine of ‘Glen Ample’, ‘Pokusa’, ‘Polana’, and
‘Polka’” was quite similar and was below the value recorded for ‘Radziejowa’. The latter
cultivar had a distinctly lower level of Mn than ‘Laszka’ (Figure 14I).

4. Discussion
4.1. Micromorphology of Stamen Epidermis

The six Rubus idaeus cultivars studied have striated ornamentation of the anther
epidermis cuticle with characteristic multidirectional arrangement of undulating striae.
In turn, literature reports on other species from the genus Rubus indicate that the surface
of the anther epidermis is smooth in Rubus ambulans, R. ellipticus, R. fasciculatiformis, R.
perlongus, and R. stohrii and slightly hairy in R. ramachandrae [68,69]. The varied charac-
teristic pattern of the cuticle ornamentation of the epidermis of floral elements in closely
related taxa is of key importance for cuticle function. The multifunctional cuticle layer
regulates fluxes of gases and water with dissolved substances into stamen cells and con-
stitutes an integral protective layer against damage and mechanical stress [19,70,71]).
Additionally, it protects the genetic material against biotic and abiotic environmental
factors [24], and indirectly protects developing pollen grains [72]. Our study revealed
that mature pollen grains in the six raspberry cultivars were released in the initial stage of
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pollen release through a slit enlarging towards the opposite pole at the anther apex. This
is consistent with the results reported by Endress and Stumpf [73], who found that most
species in the order Rosales release pollen grains through longitudinal anther slits in
dorsal stamens with a narrow connective and a zone of transition of the anther into the
filament located in a deep base or furrow.

4.2. Number and Size of Stamens

In the present study, the number of stamens in the flowers of the biennial and re-
peated fruiting R. idaeus cultivars was within the range of 102 (‘Glen Ample’)—113
(‘Radziejowa’) and 93 (‘Polka’)—112 (‘Polana’), respectively. The number was higher
(except ‘Polka’” and ‘Glen Ample’) than the values of this parameter reported by other
authors for the following cultivars of red raspberry: ‘Polka’ (83-88) and ‘Meeker’ (88-93)
[74,75]. The average number of stamens in a single flower of the six raspberry cultivars
examined also exceeded the value of 14-90 described in other Rubus species, i.e., R. ben-
guetensis, R. cumingii, R. declinis, R. heterosephalus, R. macilentus, R. mearrsii, R. moorei, R.
nebulosus, R. nessensis, R. novoguineensis, R. royenii, R. scissus, R. sengorensis, and R. sun-
daicus [76-80]. At the same time, the average number of stamens obtained in the present
study coincided with the range of 24-185 reported for R. elongatus, R. glomeratus, R. kele-
terios, R. lineatus, and R. moluccanus flowers [76]. However, it was lower than the number
of stamens (115-230) described in R. alceifolius, R. becardii, R. divaricatus, R. grabowskii, R.
insularis, R. laciniatus, R. lidebergii, R. pedemontanus, R. polyanthemus, R. pyramidalis, R.
radula, R. rolfei, R. sprengelii, R. vestitus, R. vigorosus, and R. wahlbergii [76,78] (Table 5).



Agronomy 2021, 11, 1723 29 of 44
Table 5. Number of stamens in flowers of selected Rubus species.

No. Species/Cultivar Staljnu:ln:/::vier Author No. Species/Cultivar Staljnu?n:/:i:vaer Author
1. R. alceifolius 160-230 28. R. malvaceus 100-200 [76]
2. R. becardii 115 29. R. mearrsii 6090
3. R. benguetensis 50-80 [76] 30. R. megacarpus 30-185 [77]
4. R. chrysophyllus 50-100 31. R. moluccaanus 30-185 [76]
5. R. cumingii 60 32. R. moorei 40-50 [79]
6. R. diclinis 18-40 [77] 33. R. nebulosus 45-60
7. R. divaricatus 120 [78] 34. R. nessensis 77 [78]
8. R. elongatus 80-125 [76] 35. R. novoguineensis 14-20 [77]
9. R. glomeratus 24-120 36. R. pedemontanus 193
10. R. grabowskii 171 78] 37. R. plicatus 106 78]
11. R. hartmanii 105 38. R. polyanthemus 200
12.  R. heterosephalus 70-90 [76]  39. R. pyramidalis 172
13 R. idaeus ‘Glen Ample’ 102 PS] 40. R. pyrifolius 40-100 [76]
14. R idaeus ‘Laszka’ 113 41. R. radula 134 [78]

. , , 42. R. rolfei 120-140 [76]

15. R. idaeus ‘Meeker 88-93 [74] ey R. royenii 4060
16. R.idaeus ‘Pokusa’ 98 44. R. royenii ‘Hispidus’ 14-20
17.  R. idaeus ‘Polana’ 112 [PS]  45. R. royenii ‘Ikilimbu’ 45-60 771
18.  R.idaeus ‘Polka’ 3 39—38 P 73] 46. R. royenii ‘Royenii’ 2040
19. R. idaeus ‘Radziejowa’ 108 [PS] 47. R. scissus 47
20. R. infestus 102 78] 48. R. sengorensis 20 [81]
21. R. insularis 205 49. R. sosogenensis 100 [76]
22. R. keleterios 85-125 [76] 50. R. sprengelii 125 [78]
23 R. laciniatus 152 78] 51. R. sundaicus 65 [76]
24. R. lidebergii 172 52. R. vestitus 217
25. R. lineatus 50-150 [76] 53. R. vigorosus 132 [78]
26. R. luzonenesis 50-100 54. R. wahlbergii 170
27. R. macilentus 60-90 [80] 55.  Rubus subgenus Rubus Watson ‘Gazda’ 103-125 [75]

Explanation: present study (PS).

The length of the stamens in the flowers of the biennial and repeated fruiting culti-
vars examined in the present study ranged from 3.5 (‘Laszka’) to 4.8 mm (‘Glen Ample’)
and was similar to the values (3—6.9 mm) reported in R. clementis, R. ideaus ‘Polka’, R.
moorei, and R. nebulosus [75,77,79]. At the same time, these values were higher than the
range of 1.0-3.01 mm measured in the flowers of R. chrysophyllus, R. ellipticus, R. fraxini-
folius, R. lineatus, R. macilentus, R. moluccanus, R. rosifolius, R. royenii ‘Hispidus’, and R.
sengorensis [77,80-82]. However, they were lower than the range of 4.8-12 mm reported
for Rubus sp., R. benguetensis, R. cordiformis, R. diclinis, R. laconensis, R. lineatus, R. lu-
zoniensis, R. megacarpus, R. pyrifolius, R. pyrifolius, R. saxatilis ‘Gazda’, R. sorsogonensis, and

R. sundaicus [76,77,82,83] (Table 6).
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Table 6. Length of filaments and anthers and height of stamens in flowers of selected Rubus species.

. ) Length Height
No. Genus/Species/Cultivar Filament & Anther Stang1en Author
1. R. alcelifolius nd nd 4.0 [82]
2. R. benguetensis 5 05-0.8 5.5-5.8 [76]
3. R. chamaemorus nd nd 4.0 [84]
4. R. chrysophyllus nd nd 2.2 [82]
5. R. clementis 2.5 1-1.5 3.5-4.0
6. R. cordiformis 7 1-1.5 8-8.5 [77]
7. R. diclinis 4.5 0.6-1.0 5.1-5.5
8. R. ellipticus nd nd 2.7 [82]
9. R. elongatus 2-2.5 0.8-2.3 2.8-4.8 [76]
10. R. fraxinifolius nd nd 1.9 [82]
11. R. idaeus ‘Polka’ nd nd 3.6-6.9 [75]
12. R. laconensis nd nd 6-10 [83]
) 4 0.8-1 4.8-5.0 [76]
13. R. lineatus d d 14 [83]
14. R. luzoniensis 4.5 0.5 5.0 [76]
15. R. macilentus nd nd 3.2 [80]
16. R. megacarpus 10 2 12 [77]
17. R. moluccanus nd nd 3.0 [82]
18. R. moorei 2.5-3.5 0.5-1.5 3.0-50 79]
19. R. nebulosus 2.5-3.5 0.5-1.5 3.0-50
20. R. novoguineensis 2.5 1 35 [77]
o 6.5 0.5-0.8 70-73 [76]
21. R. pyrifolius d d 13
22. R. rosifolius nd nd 25 [82]
23. R. royenii ‘"Hispidus’ 1.5 1 25
24, R. royenii ‘Ikilimbu 2.5 1.2-1.5 3.7-40 [77]
25. R. royenii “Royenii’ 25 1 35
26. R. saxatilis ‘Gazda’ nd nd 59-69 [75]
27. R. sengorensis nd nd 1-2 [81]
28. R. smithii 3 1.5-2.0 45-50
29 R. sorsogonensis 8 0.8 88 [76]
30. R. sundaicus 45 0.3-0.8 48-53

Explanation: not described (nd).

4.3. Structure of Epidermis and Endothecium Cells

Epidermis. The present study showed that the anther wall in the six R. idaeus culti-
vars studied was composed of four or five cell layers: the epidermis, the endothecium,
one or two rows of middle layer cells, and the tapetum. A similar structure of the anther
wall was described in Agrimonia eupatoria flowers, which had two or three rows of the
middle layer and a secretory tapetum [85]. The anther wall is formed through anticlinal
and periclinal divisions of the primary parietal cells and those surrounding primary
sporogenous cells [86].

In the epidermis cells of the red raspberry stamens, we confirmed the presence of a
thick outer cell wall with perpendicular elevations corresponding to cuticle striae or ar-
ranged obliquely near the anticlinal wall. The present study and literature data showed
that the cuticle exhibited a homogeneously distributed lamellar cuticle proper band and
the outer and inner reticulate cuticular layers [87-89]. The epidermal wall was thickened
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and cutinized. The epidermis cells observed in the present study were smaller than the
endothecium cells. In contrast, Watson and Dallwitz [90] reported that cells of all layers
visible in the cross-section of the C. tanacetifolia anther had a similar size and shape.

Endothecium. A single layer of endothecium cells was observed in the anther wall
of the analyzed R. idaeus cultivars. The cells of this tissue in other species described in the
literature were found to form from one to several layers [91-93]. The endothecium cells in
the red raspberry anthers described in the present study radially elongated, which is
consistent with data reported by Cetinbag and Unal 2015 [94]. These authors found that
these cells developed until the anther dehiscence stage.

The endothecium cells of the studied R. idaeus cultivars had characteristic thicken-
ings with a semicircular outline on both sides of the anticlinal and periclinal walls. As
reported in the literature, already in the tetrad stage, endothecium cell walls had fibrous
thickenings enlarging during anther development [94]. Similar evaginations were ob-
served in anticlinal and inner tangential walls of the microsporangial endothecium in
Prunus species. The cell walls of the anther connective exhibited characteristic evagina-
tions [95-97].

These characteristic thickenings of the endothecium cell walls found in the present
study in R. idaeus and described in the literature for other taxa determine the correct
mechanism of anther dehiscence [29,30,89]. Endothecium wall thickenings composed of
cellulose and lignin are formed after the phase of differentiation of anther cell layers, and
this process is strictly dependent on auxins and jasmonic acid [29,98]. The action of aux-
ins is regulated by a gene encoding the MYB26 transcription factor in the lignin biosyn-
thesis pathway in cell walls. Lignification occurs simultaneously with the disappearance
of middle layer and tapetum cells [29,99]. The evagination of secondary cell walls is reg-
ulated by the TCP24 gene. The fusion of this gene with the EAR motif repressor domain
(SRDX) stimulates the lignification process and, consequently, increases the thickness of
the cell wall and regulates anther endothecium development [100].

The endothecium cells of the anther in the examined red raspberry cultivars were
strongly vacuolated and had a thin parietal band of cytoplasm and lignified walls with
characteristic thickenings. These cells create a fibrous mechanical layer, which generates
stress forces leading to anther dehiscence along the stomium. The structure and devel-
opment of the endothecium differ between the members of the family Rosaceae
[98,101,102].

Our study demonstrated that the stamen filament in the R. idaeus cultivars had a
round, elliptical, or slightly flattened outline. As shown by literature data, the flattened
outline corresponds structurally to the flat stamens in R. adornatus and R. ramachandrae
flowers [68]. In the analyzed R. idaeus cultivars, as in other species described in the liter-
ature, the central part of the filament contains a collateral vascular bundle surrounded by
a multi-layer parenchyma tissue and a single epidermis layer [89].

4.4. Pollen Mass

The mass of pollen collected from 10 flowers of the biennial and repeated fruiting
cultivars (24.8-35.7 and 22.5-28.5, respectively) was higher than the values determined in
red raspberry (11 mg/10 flowers) and R. fruticisus (14.8 mg/10 flowers) but lower than the
amount of pollen produced by R. longobaccus (49 mg/10 flowers) [103]. Moreover, the R.
idaeus pollen mass determined in the present study was higher than in the genus Ribes
(2-4 mg/10 flowers) and Potentilla (1.4-7.2 mg/10 flowers) and comparable to Rosa (36
mg/10 flowers) [103-105]. The pollen mass in the analyzed cultivars was influenced by
climatic conditions, variable air temperature, and varied precipitation rates during the
flowering period. Rubus idaeus pollen is highly similar to that of bramble (R. fruticosus L.)
in both the pellet color and the microscopic features of individual grains. It is a valuable
nutritional source for pollinators. Although raspberry is a self-pollinating plant,
cross-pollination has a clearly beneficial effect [106-108]. The appropriate selection of
compatible pollinators is highly important in mono-varietal cultivation of this species
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under cover, as it ensures a larger fruit size (by approximately 30%) and an increased
number of seeds in the fruit and, consequently, increased yields [109-111]. Literature
data show that the presence of the honeybee in the pollination process is insufficient to
achieve the maximum red raspberry yields. In addition to Apis mellifera, Bombus terrestris
L. and various Osmia spp. are involved in the pollination of R. idaeus in field and green-
house conditions [112,113].

4.5. Biologically Active Chemical Compounds

Protein. The protein content in the pollen of the six R. idaeus cultivars analyzed in
this study ranged from 25 (‘Polana’) to 31% (‘Laszka’). This range was higher than the
level determined in R. fruticosus (15%) [36] and Rubus sp. (19-24%) [38-40,114], similar to
the protein concentration in pollen grains of R. unifolius (26%) [41], R. idaeus var. strigosua
(26%) [35]), and Rubus sp. (28%) [115,116], and lower than the level detected in R. fructicosus
(37%) [37].

In line with the thesis that the protein content determines the quality of pollen grains
[42], the pollen of the analyzed R. idaeus cultivars can be regarded as pollen with high
quality. Literature data show that high protein concentrations in raspberry pollen in-
crease the frequency of visits by insects, e.g., honeybees. In turn, as shown by Klein-
schmidt and Kondos [117], pollen grains containing over 20% of proteins are attractive
for many insect pollinators. Scientific reports indicate that the protein-rich monofloral R.
idaeus pollen with high nutritional value as well as pollen of many other species from
different genera attract insects and enhance their immunity and vitality [38,118,119]. In
honeybees, R. idaeus pollen regulates the expression of genes encoding transferrin and
vitellogenin proteins, which are involved in immune reactions as well as influence the
behavior and social life of these insects [38,120,121]. It has been evidenced that pro-
tein-poor pollen reduces the level of vitellogenin in honeybee hemolymph and lowers the
insect resistance to diseases [122,123]. The synthesis of transferrin, which is a protein re-
sponsible for binding and transporting iron from pollen out of the alimentary tract, is also
a promising basis for effective fight against the Nosema ceranae parasite living in honeybee
guts. This parasite uses honeybee transferrin to uptake iron directly from the pollen for
its own purposes. Improvement of the immune function and survival of N. cer-
anae-infected honeybees can be achieved by reduction of transferrin production and lim-
itation of iron loss [124]. In turn, vitellogenin has antioxidant activity, thus prolonging
the life of queens and workers, and is involved in the hormonal regulation of the forag-
ing behavior. The vitellogenin reserves of the nurse bees determine the health of the
honeybee colony [125,126].

Amino acids. Fifteen amino acids were identified in the pollen of the studied R.
idaeus cultivars. This number was quite similar to that (16-22) recognized in the other
species of the family Rosaceae and in pollen baskets with a diverse species composition
[127-129]. In the present study, the proportion of exogenous amino acids in the total pool
in the R. idaeus cultivars was in the range of 33.4-37.2%. This value was lower than in R.
fructicosus (46.4-65.5%) and other species of the subfamily Rosoideae: Agrimonia eupatoria
(56.7%), Filipendula ulmaria (40.8%), Potentilla anserina (50.6%), P. reptans (55.7%), Rosa ca-
nina (67.2%), and Waldsteinia geoides (57.1%), but higher than in P. erecta (25%) [36,37].
Leucine, lysine, and valine as well as phenylalanine, threonine, and isoleucine were the
dominant exogenous amino acids recognized in the pollen of the examined red raspberry
cultivars. Together with histidine and arginine, they were classified as essential for the
development of bees [130]. In the human diet, the so-called hydrophobic branched-chain
amino acids (BCAAs), i.e., leucine, isoleucine, and valine, constituting approximately
40% of the pool of endogenous amino acids are highly required [131]. BCAA catabolism
is involved in adipocyte metabolism, differentiation, and lipogenesis [132]. Stimulation of
BCAA oxidation by consumption of excess leucine markedly reduced isoleucine and va-
line pools. Isoleucine was recognized as a key regulator of metabolic health and adverse
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metabolic response to dietary BCAAs. Reducing dietary isoleucine is proposed as a new
approach to treating and preventing obesity and diabetes [131,133,134].

In the total pool of amino acids in the pollen of the analyzed R. idaeus cultivars, leu-
cine, lysine, and valine accounted for 5.6-9.2%, 5.6-8.4%, and 4.7-8.6%, respectively.
These compounds serve important metabolic functions. Leucine regulates immune re-
sponse and lysine acts antivirally. Isoleucine and valine increase the availability of suc-
cinyl-CoA and the amount of oxaloacetate and enhance the oxidation of free fatty acids
[135,136]. Threonine participates in the biosynthesis of the mucin protein, which is nec-
essary for lymphocyte proliferation, and phenylalanine catalyzes the synthesis of neuro-
transmitters regulating neuronal function and cellular metabolism [135]. The amino acid
content in the pollen grains of the biennial and repeated fruiting raspberry cultivars was
similar to that proposed in scientific reports as an ideal composition of essential pollen
amino acids (arginine 11%, histidine 5%, isoleucine 14%, leucine 16%, lysine 11%, me-
thionine 5%, phenylalanine 9%, threonine 11%, tryptophan 4%, valine 14%) determined
both for the honeybee and other animals [37].

The highest levels of endogenous amino acids in the pollen of the studied R. idaeus
cultivars were determined in the case of aspartic acid, glutamic acid, and proline,
whereas the detected concentrations of serine and tyrosine were smaller. Aspartic acid
accounted for 12.8-17.2% of the total pool of amino acids. This compound is involved in
reproduction and endocrine processes, mainly in testosterone production [137,138]. As-
partic acid is an important modulator in the central nervous system. As a signaling mol-
ecule, it regulates cytokine production and is a mediator in autoimmune diseases [139].
The concentration of glutamic acid was 12.4-14.6%. Glutamine, serine, and tyrosine act as
neurotransmitters [140,141]. Serine is present in the central nervous system and partici-
pates in the secretion of hormones in the neuroendocrine and endocrine systems [142]. As
a neuromodulator of glutamatergic neurotransmission, this amino acid regulates signal
transmission in the cerebral cortex and participates in the process of memorizing and
learning [140,143,144]. In turn, tyrosine regulates the immune response and cellular me-
tabolism through inhibition of the production of inflammatory cytokines and hydrogen
peroxide [141].

The proline content in the pollen of the studied R. idaeus cultivars was 6.5-9.4%. This
amino acid together with y-aminobutyric acid (GABA) plays a crucial role in sexual re-
production in angiosperms: pollen development, pollination, and pollen tube guidance.
Proline biosynthesis during late stages of microspore development and in mature pollen
grains determines pollen development and fertility. It serves a signaling function and
constitutes a pollen reward for insects. Proline maintains the viability of the protoplast in
pollen grains exposed to drying during transport to the stigma and ensures their hydra-
tion after reaching the destination [145,146]. A high concentration of proline is a marker
of pollen sample freshness. Proline is involved in the maintenance of the cellular redox
potential, DNA synthesis, and gene expression; it also exhibits antimicrobial activity
[147-149].

The endogenous amino acids alanine, arginine, glycine, and histidine were present
in a considerable amount in the studied R. idaeus pollen. In the human organism, alanine
plays a key role in the glucose—alanine cycle. It increases muscle strength and reduces
fatigue during physical activity [150,151]. Alanine is also a mediator in autoimmune
diseases [152]. Glycine is an important component of collagen and keratin. It also sup-
ports calcium absorption and reduces stomach acid secretion. It improves nervous sys-
tem function by supporting memory and concentration and acts as a transmitter in the
central nervous system [153-155]. In turn, another amino acid, histidine, mitigates aller-
gic reactions, dilates blood vessels, participates in acetylcholine release, and modulates
immune response. It also plays an important role in digestion by releasing gastrin. An
important function of histidine is protection against UV radiation and metal binding
[156]. Serine and alanine increase lymphocyte proliferation. These amino acids as well as
arginine, phenylalanine, tyrosine, and proline have antioxidant activity [38,157,158]. The
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concentrations of leucine (6.4-8.7%), valine (5.7-6.3%), lysine (6.2-7.9%), isoleucine
(4.8-5.5%), histidine (2.3-2.7%), and threonine (5.0-5.8%) in the pollen of the analyzed R.
idaeus cultivars fully cover the minimum requirements for these amino acids, i.e., 5.9, 3.9,
4.5, 3, 1.5, and 2.3%, established for humans by Al-Kahtani et al. [129]. This confirms the
validity of using pollen in nutrition as a supplementary ingredient.

Lipids. Pollen lipids play a crucial role in sexual reproduction. Fatty acids of mem-
brane lipids are highly required for rapid apical growth of pollen tubes transporting
sperm cells into the ovule. The total amount of pollen grain lipids, relative to the polli-
nation type, greatly varies depending on the family [159].

The values of total fat content in the pollen grains of the six R. idaeus cultivars (3.14
‘Polka’ —4.36% ‘Radziejowa’) were lower than those determined by Di Pasquale et al. [38]
in Rubus sp. pollen grains (6.4%) and in this type of pollen mixed with Castanea and Cistus
pollen (1.7-3.0%) [60]. Moreover, the values obtained in our studies were higher than
those in Rubus sp. pollen reported by other researchers (1.31-2.85%) [115,116]. Literature
reports show that the lipid concentration in frozen pollen dominated by Rubus spp.
(89.6%) was lower (3.74%) than in dry pollen grains (4.39%) [52,160]. It is believed that
entomophilous pollen grains accumulate relatively more storage lipids than
wind-pollinated ones [159]. Farah et al. [161] have shown that lipids, primarily saturated
and unsaturated fatty acids, glycophospholipids, sphingolipids, sterols, and oxylipids, as
well as lipopolysaccharides from the microbiome on the pollen surface can be ligands to
allergenic proteins; therefore, they may be responsible for allergic reaction [55].

Fatty acids. In the pollen of the examined R. idaeus cultivars, saturated fatty acids
(SFAs) accounted for 32.7 (‘Polka’) —44.7% (‘Polana’) of the total FA pool. These values
exceeded the content of these acids, i.e., 25.9, 29, and 29.7%, recorded in samples of pollen
from the family Rosaceae with 5.6, 3.1, and 4.4% of Rubus-type pollen, respectively, and
were lower than the level of SFAs (56.9%) in honeybee pollen with the 4-27.8% amount of
Rubus grains [51,53].

The dominant SFAs in the R. idaeus pollen were palmitic (26.3-33.0%), stearic
(5.1-8.9%), and behenic acids (0.4-2.1%). The level of palmitic acid was higher than its
value (20.2-22.2%) in mixtures of pollen samples containing 3.1-5.6% of Rubus sp. grains.
The pollen also contained capric acid (4.2-8.5%) [53]. In turn, honeybee pollen with a
varied composition (e.g., Rubus sp. pollen constituting 4.7-27.8%) was dominated by
isopalmitic acid (22.3%), palmitic acid (16.4%), tridecanoid acid (1.8%), and lauric acid
(0.4%). The content of monounsaturated fatty acids (MUFAs) was 14.6%, and polyun-
saturated fatty acids (PUFAs) accounted for 32.4% of the sum of all fatty acids [51].

The total content of unsaturated fatty acids (USFAs) in the pollen of the analyzed
raspberry cultivars versus the total fatty acid content was 37.7-56.1%. The range of these
values was similar or within the concentration range of this group of fatty acids
(49.6-58.6%) in a mixture of pollen samples with the confirmed presence of nine botanical
families [53]. Bashir et al. [162] claims that the presence and abundance of USFAs varies
markedly among different species and even varieties. This was confirmed by the pres-
ence of a-linolenic acid in ‘Glen Ample’ and ‘Laszka’, which was not detected in the other
cultivars. In the present study, the red raspberry pollen did not contain very-long-chain
fatty acids (C20-C22), except cis-13,16-docosadienoic acid. Similarly, these acids were not
detected by Hernandez et al. [159] in Olea europaea L., although they were contained in
the pollen grain of other oleaginous species, such as rapeseed, oil palm, and sunflower
[163]. It is believed that PUFAs are precursors of the synthesis of volatile compounds,
which attract pollinators. This thesis seems to be confirmed by the low degree of unsat-
uration of pollen grains of the six red raspberry cultivars analyzed in this study and olive
pollen [159], since both of these species are wind-pollinated. However, the pollen fatty
acid content and composition greatly fluctuate depending on the genotype.

In the present study, MUFAs in the pollen of the six R. idaeus cultivars were domi-
nated by palmitoleic acid (2.3-3.7%) as well as oleic and elaidic acids (28.3-44.4%),
whereas PUFAs were mostly represented by cis-13,16-docosahexaenoic acid (0.2-0.6%) as
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well as linoleic and linoelaidic acids (3.14-5.52%). Feas et al. [53] identified oleic and ei-
cosenoic acids among MUFAs, while linoleic and a-linolenic acids were the dominant
PUFAs. In honeybee pollen, the former group was dominated by oleic and margaroleic
acids, whereas linolenic and linoleic acids dominated in the latter group [51]. Linoleic
acid was the main polyunsaturated fatty acid in pollen lipids in 6 grass species, 2 weed
species, and 14 tree species [162]. Myristic, palmitic, stearic, oleic, linolenic, and arachidic
acids present in pollen are important for the apiculture sector. Linoleic acid inhibited the
growth of harmful pathogens Paenibacillus larva and Melissococcus plutonius. Myristic,
linolenic, and oleic acids have been found to enhance pollen quality in the redgum
(Corymbia calophylla) and improve honeybee longevity [54,164]. Fatty acids are an im-
portant component of functional food with multifarious health-promoting effects
[16,165].

Minerals. In this study, in addition to organogens, the presence of potassium,
phosphorus, sulfur, calcium, manganese, chlorine, and magnesium was detected in the
exine of the pollen grains of the six raspberry cultivars. The mineral composition of pol-
len grains determines their further development and nutritional value [166]. Calcium is
recognized as a critical element that is strongly related to pollen germination and pollen
tube growth as well as interactions between pollen tubes and pistil cells [167]. The role of
calcium in the pollen tube growth consists in regulation of cell growth, vesicular
transport, and intracellular signaling by localized gradients of second messengers and
regulation of ion channels in pollen by calcium-dependent kinases [168].

Phosphorus affects the production and size of pollen grains, pollen reproductive
performance, and pollen tube growth rate [169,170]. Potassium and chlorine channels
play a crucial role in all aspects of osmolarity and are responsible for numerous other
functions in plants, including sexual reproduction. Activation of K*and Cl-release with
the contribution of NPPB ((5-nitro-2-(3-phenylpropylamino) benzoic acid), TEA (tetrae-
thylammonium chloride), and Ba*-sensitive plasmalemma ion channels has key im-
portance for the initiation of pollen germination and regulation of pollen tube growth via
regulation of turgor pressure, membrane potential, and water uptake in the pollen tube
[171-173].

Manganese also plays an important role in pollen germination and pollen tube
growth. As reported by Sawidis et al. [174], the presence of low concentrations of man-
ganese (102-10"M) stimulated pollen germination, whereas high concentrations (>10-
M) inhibited this process. Excess of manganese was believed to cause morphological
anomalies, irregular pollen tube thickening, and tip swelling during tube growth. The
main effect was the anomalous cell wall formation at the tip, in which the presence of
several organelles reduced the number of secretory vesicles, and a loose network of fi-
brillar material and spherical aggregates, mostly in the tip region; this material was pro-
gressively loosened into the surrounding medium.

A key role in the development of pollen is played by magnesium. Among the Mg?*
transporting MGT proteins, the AtMGT5 group located in anther mitochondria acts as a
bifunctional transporter. It participates in the transport of Mg? ions between the cytosol
and mitochondria in plant gametogenesis. Magnesium Transporter 5 (MGT5) plays an
important role in Mg transport from the tapetum to the microspore [175-178]. The es-
sential role of the magnesium transporters in the pollen development process has been
demonstrated. Slow development is believed to be a general mechanism to restore mgts
fertility, which allows other redundant magnesium transporter (MGT) members to
transport sufficient Mg for pollen formation [179].

The knowledge of the mineral composition in pollen is especially important when
the pollen is used to supplement human or bee diet. The content of individual elements
may vary considerably. Some pollen is potassium deficient, whereas some contains very
high concentrations of potassium and sodium [57,180]. Potassium and phosphorus are
required for the proper growth of a bee colony; on the other hand, their excess may lead
to paralysis of adult insects. In turn, high concentrations of zinc may be a cause of colony
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collapse disorder and, consequently, adult worker bees leaving the hive unprotected
[57,181-183].

The present results may be useful not only for specialists in plant biology, agricul-
ture, horticulture, and health sciences, but also for a wider audience interested in func-
tional food, nutraceuticals, and nutracosmetics. This knowledge can help raspberry
growers to understand the importance of pollen reward for pollinators as a factor in-
creasing fruit yields. These data may also be helpful in cultivation work aimed at the
production of new cultivars with high quality traits and the production of pollen as a
nutritional and pharmaceutical ingredient. This information can have practical applica-
tions in apiculture and apitherapy. The data are also important for manufacturers using
natural bee products in food, pharmaceutical, and cosmetic industries and for consum-
ers.

The target in future research should be determination of the pharmacological prop-
erties of R. idaeus pollen, e.g., its antiallergic, antioxidant, anti-inflammatory, and detox-
ifying effects, and the potential application of this product in phytotherapy, molecular
pharmacology, and nanotechnology. The antioxidant activity of pollen has been shown
to be species-specific; therefore, it should be defined more precisely. Moreover, the as-
sessment of pollen activity should be combined with evaluation of characteristic predic-
tive biomarkers. Research on the standardization of the quality of pollen from individual
species is recommended to determine the optimal composition of blends of pollen from
various taxa in terms of biological activity, placing emphasis on the potential occurrence
of allergic reactions. Furthermore, due to the growing interest in the therapeutic proper-
ties of pollen, it is necessary to develop and validate new methods for determination of
its chemical composition and procedures for the detection of microbial contaminants,
which can be a potential source of mycotoxins. It is also important to check the presence
of pollen from transgenic plants in honeybee products and recognize potential side ef-
fects of such pollen on human health. Further research is needed to develop reliable
methods of using pollen grains for micro- and nano-encapsulation. Additionally, anal-
yses of the suitability of single-species pollen as a food product and ingredient of func-
tional food or pharmaceutical and cosmetic recipes are recommended, taking into ac-
count standardization and safety of use.

5. Conclusions

As demonstrated in the present study, the striated cuticle ornamentation of the an-
ther epidermis with the arcuate, semicircular, or loop-like outline of the striae and their
parallel arrangement arcuate shape in both directions on the filaments may constitute
auxiliary signs in the phylogenesis and taxonomy of related species in this genus. The
ultrastructural study of the anther epidermis showed a thick outer cell wall with eleva-
tions corresponding to cuticle striae and a homogeneous cuticle band with the lamella
proper and an outer and inner reticulate layer. Radially elongated endothecium cells
with perpendicular and semicircular evaginations arranged in series increased the ligni-
fication and thickness of the wall and formed a mechanical layer generating bending
forces involved in stomium rupture. The characteristic traits of the stamen structure
represent new data in the biology of the generative organs. In the flowers of the studied
raspberry cultivars, the mean number of stamens in a single flower in the biennial fruit-
ing group and in the repeated fruiting cultivars was 102 ‘Glen Ample’—113 ‘Laszka’ and
93 ‘Polka’—112 ‘Polana’, respectively. In terms of the mass of pollen produced by 10
flowers, the cultivars were ranked as follows: ‘Pokusa’ < ‘Polana‘ < ‘Glen Ample’ <‘Polka’
< ‘Radziejowa’ < ‘Laszka’. In terms of the total protein content in pollen, the following
order of the cultivars was determined: ‘Polana’ < ‘Polka’ < “Glen Ample’ < ‘Pokusa’ <
‘Radziejowa’ < ‘Laszka’. The content of exogenous amino acids, with the greatest
amounts of leucine, lysine, valine, and isoleucine in the total pool, was in the range from
32.7 ‘Polka’ to 38.8% ‘Radziejowa’. The branched-chain amino acids are especially im-
portant in the human diet. Aspartic acid, glutamic acid, and proline were the endogenous
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amino acids present most abundantly. The proportion of MUFAs and PUFAs in the pol-
len of the examined cultivars in relation to the total sum of fatty acids was 3247 and
3.7-9.1%, respectively. Myristic, palmitic, and stearic acids were the dominant SFAs. The
MUFA group was dominated by palmitoleic, oleic, and elaidic acids, whereas
cis-13,16-docosahexaenoic, linoleic, and linoleic acids were the most abundant PUFA.
Aside from cis-13,16-docosadienoic acid, no very-long-chain fatty acids (C20-C22) were
identified in the pollen. The qualitative and quantitative composition of amino acids and
fatty acids indicates good quality of pollen grains, increasing the attractiveness of rasp-
berry flowers to insects. In addition to organogenous elements, the exine of the examined
cultivars contained potassium, phosphorus, sulfur, calcium, manganese, chlorine, and
magnesium. The elemental composition determines the further development of the
grains and their nutritional value. It should be emphasized that in the era of the increas-
ing commercial production of R. idaeus, the analyzed cultivars provide pollinators,
mainly bees and bumblebees, with food of good quality and high attractiveness for a long
time (from May to August). These cultivars can be planted in horticultural ecosystems for
commercial production to increase the species entomophilic diversity, thereby increasing
the fruit yield substantially. Concurrently, the growing demand for raspberry fruit
prompts farmers to look for cultivars with high nutritional and commercial value. The
pollen of the examined cultivars, which are well acclimatized to moderate climate condi-
tions, may enrich genetic diversity, transferring stable fruit quality traits and resistance
necessary in commercial plantations cultivated in variable climatic conditions.
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