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Abstract: Commercially, leguminous crops (Fabaceae) are the second most important group of culti-
vated plants, just after grasses (Poaceae). This study focuses on the analysis of pollen development
and stainability in two species belonging to the Fabaceae family: Vicia faba L. and Lupinus angusti-
folius L. Morphological analysis of the anthers at various stages of flower development allowed us
to trace the processes of microsporogenesis and microgametogenesis. Nine different cell staining
protocols with diverse mechanisms of action, including acetocarmine, Alexander’s dye, aniline blue
in lactophenol, Calcein AM, FDA, MTT, TTC, Lugol’s iodine, and aceto-orcein, were tested for their
suitability in assessing the viability of microspores as well as pollen grains in both species. Among
the applied dyes, four allowed for the discrimination between viable and nonviable microspores in
V. faba, and six dyes allowed for this in L. angustifolius. For mature pollen grains, all dyes enabled
differentiation between viable and nonviable cells in both species. The highest viability indications
for V. faba microspores were obtained with acetocarmine (94.6%), while for mature pollen, aniline
blue in lactophenol, MTT, and aceto-orcein yielded the highest viability indications (90.8-96.3%). In
L. angustifolius, the highest percentages of viable microspores (64.9-66.5%) were obtained with the
acetocarmine, aniline blue in lactophenol, and TTC dyes. For mature pollen, the highest viability
indications (83.4%-92.9%) were obtained with acetocarmine, aniline blue in lactophenol, Lugol’s
iodine, and aceto-orcein. The viability of V. faba pollen grains in an in vitro germination test showed
that the highest pollen germination (61.3%) was observed on the BK medium (rich in minerals with
10% sucrose). In L. angustifolius, the highest pollen germination was observed on the media containing
boric acid and 5% sucrose (70.5%) and on the medium containing 10% sucrose only (74.2%).
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1. Introduction

Leguminous crops, belonging to the Fabaceae family (also known as legumes), are
plants of among the highest commercial importance worldwide, and rank among the top
crops in terms of global production, reaching approximately 190 million tons in 2021 [1-3].
Legumes are important in human nutrition due to the high protein content in their seeds.
Grain legumes such as soybeans (Glycine max), chickpeas (Cicer arietinum), pigeon peas
(Cajanus cajan L.), cowpeas (Vigna unguiculata L.), beans (Phaseolus vulgaris L.), field peas
(Pisum sativum L.), lentils (Lens esculenta Moench), faba beans (Vicia faba L.), and grasspeas
(Lathyrus sativus L.) account for 27% of world crop production and provide 33% of the
dietary protein consumed by humans [4,5]. Seeds of legumes are also rich in carbohydrates
and dietary fiber, and to a lesser extent, lipids, bioactive peptides, and polyphenols, and
for this reason, legumes are also widely used as fodder crops. The most important forage
legumes are alfalfa (Medicago sativa), clover (Trifolium sp.), vetch (V. sativa), and lupin
(Lupinus sp.) [5-7]. Legumes are also important in natural ecosystems and agriculture due
to their nitrogen fixation ability in symbiosis with nodule-forming bacteria [8].
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The high commercial and economic significance of leguminous crops drives the need
for the development of advanced breeding methods focused on creative breeding and
improvement of cultivated varieties (yield, resistance, chemical composition). Biotechno-
logical methods have emerged as a branch of modern plant breeding, allowing for the
acceleration of the breeding process, which is crucial in the context of global environmental
changes and the reduction in cultivation areas [9]. One such method is the production
of homozygous lines through in vitro manipulation in the process of haploidization of
plant materials. Obtained through this process, doubled haploid (DH) plants are highly
significant in plant breeding, as they considerably shorten the breeding process [10,11].
Some haploidization methods rely on manipulations of male gametophyte cells. These
methods include androgenesis (in isolated anther cultures and isolated microspore cultures)
and induction of parthenogenesis through distant pollination or pollination by artificially
inactivated pollen [11-14]. The above-mentioned techniques, as well as conventional plant
breeding processes based on controlled pollination, require precise determination of cell vi-
ability (both microspores and mature pollen), necessitating the optimization of procedures
and the selection of appropriate methods for assessment.

Vicia faba (also known as the broad bean, fava bean, or horse bean) and Lupinus angusti-
folius (also known as narrow-leaved lupin or blue lupin) are plants for which little progress
has been made in the development of haploidization methods, including those based on
the induction of male gametophyte cell development [15-18]. The first step for successful
in vitro manipulation of isolated microspores during haploidization is an efficient monitor-
ing system to determine their viability [19]. Similarly, pollen viability estimation is crucial
during controlled pollination, after inactivation procedures, or in the verification of the
degree of male sterility in plants [20,21]. Therefore, the optimization of methods aiming
at determination of the viability of microspores and pollen grains in plants is needed. In
L. angustifolius and in V. faba, such knowledge would be valuable in terms of gaining a
better understanding of flowering biology and assessing the physiological conditions of
both microspores (i.e., for haploidization) and mature pollen (i.e., for breeding). To the best
of our knowledge, for both species, there are no comprehensive studies on the analysis
of pollen development beginning from pollen mother cells to mature pollen. Moreover,
information on the assessment of microspore viability and comparative studies on pollen
viability testing in either L. angustifolius or V. faba are lacking.

Pollen viability estimation in plants is based on two approaches: chemical staining and
germination testing. Chemical staining is a common technique in the assessment of pollen
viability. This technique is based on colorimetric reactions of dye with cytoplasm proteins
(acetocarmine, Alexander’s dye, benzidine), nuclei (acetocarmine,), cell walls (Alexan-
der’s dye), vacuoles, or secretory cells (neutral red), or with cellular components such as
starch (Lugol’s dye), callose (aniline blue), lipids (Sudan stains), or nucleic acids (aceto-
carmine, 4’,6-diamidino-2-phenylindole (DAPI)) [22-25]. Chemical staining techniques
also determine cell enzymatic activity; i.e., tetrazolium salt (MTT) detects dehydrogenase
activity [26], and fluorescein diacetate (FDA) and calcein are used for detection of esterase
activity within plant cells [27,28]. It should be noted that differences have been reported in
optimal staining techniques, and chemical staining methods are not universal and often
require adaptation to the specific plant species [25,27,29,30]. In contrast, germination assays
determine the actual germination ability of mature pollen (not applicable for microspores)
under suitable conditions. The germination is performed under laboratory conditions and
is greatly influenced by several factors, such as the genotype of the evaluated accession,
the germination medium composition, temperature, and humidity [31,32].

The aim of this study was to trace the processes of microgametogenesis and mi-
crosporogenesis leading to the development of functional male gametophyte cells in V.
faba and L. angustifolius, and to find an optimal method for determining the viability of
microspores and pollen grains in both species, for which similar investigations have not
been conducted so far. In pursuit of the stated aims, cytohistological analyses of microtome
sections of the floral buds of both species at different stages of development were performed
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and selected methods for assessing the viability of microspores and pollen grains were
employed. This involved the application of specific dyes known for their utility in evaluat-
ing cell viability, which operate through diverse mechanisms. Additionally, a set of pollen
germination media with varying compositions was tested to assess their effectiveness in
determining the viability of mature pollen grains in the species under investigation.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Two cultivars (Bartek and Rambos) of Vicia faba and two cultivars (Karo and Regent)
of Lupinus angustifolius were investigated. Donor plants of both species were obtained from
seeds. Seeds were commercial samples. Seeds of V. faba were sown into 12 L pots filled with
compost soil/peat mixture (1:1). Donor plants of V. faba were grown in growth chamber
under controlled conditions of 16/8 h photoperiod supplied using sodium lamps (Lucalox
LU600W /PSL, GE Lighting, Budapest, Hungary). The plants were kept in temperatures of
18-20 °C during the day and 15-16 °C during the night and were optimally irrigated and
fertilized. L. angustifolius plants were grown from April to July and August to October in
open-air experimental plot at Agriculture University in Krakéw (Poland), located in Prusy
near Krakow (50°07'00.6” N, 20°05'13.6” E). The temperatures during cultivation were on
average 18-25 °C during the day, and 15-18 °C during the night. Field-grown plants were
watered as needed and fertilized. Plants of both species started to flower approximately
two months after seed sowing. After being collected from the donor plants, flower buds
and flowers were kept in a vessel with a moistened paper towel to avoid dehydration of
plant material. Plant materials were analyzed on the day of collection.

2.2. Anatomical Examination of Anthers

For anatomical examination, flower buds of both species and each cultivar in different
developmental stages (based on different bud sizes, approximately 2-8 mm and >9 mm)
were collected and fixed in Carnoy’s fluid (3 volumes absolute ethanol and 1 volume
glacial acetic acid). Fixation was performed for at least 48 h in a fridge at a temperature of
6 + 1 °C. After fixation, samples were subjected to dehydration in graded ethanol series
(70%, 80%, 90% (v/v), kept 15 min in each) and then left overnight in absolute ethanol. On
the next day, buds were submerged and embedded in Technovit® 7100-embedding resin
(Kulzer, Hanau, Germany) according to protocol provided by manufacturer. Blocks of poly-
merized resin containing plant samples were cross-sectioned into 4 pm slices using Leica
RM?2145 rotary microtome (Leica Microsystems, Wetzlar, Germany) equipped with carbide
blade (Leica TC-65, KAWA.SKA, Zalesie Gorne, Poland). Cross-sections were then stained
with 1% (w/v) toluidine blue (Sigma-Aldrich, Darmstadt, Germany), and mounted with
Entellan™ (Merck, Darmstadt, Germany). Microscopic examination of anthers and pollen
development was performed using Axio Imager M2 (Carl Zeiss, Gottingen, Germany)
microscope in bright field mode.

2.3. 4,6-Diamidino-2-phenylindole (DAPI) Staining

DAPI staining was performed prior to rapid assessment of pollen developmental stage in
collected buds and flowers. Various lengths (4-8 mm and >9 mm) of V. faba and L. angustifolius
flower buds were collected and then anthers were subsequently isolated. Dissected anthers
were macerated on a glass slide in a drop of DAPI solution (2.5 ug mL.~! DAPI, 7.7 mM
Tris-HCl, 10 mM spermine tetrahydrochloride, 10 mM NaCl, 2.2% (v/v) hexylene glycol, and
0.25% (v/v) Triton™ X-100) and mixed with glycerine in equal proportion. The DAPI solution
was kept in a dark glass bottle and stored at 4 °C. After maceration, the remains of the anther
tissue were gently removed and the slides were covered with a coverslip. All the slides were
analyzed under Axio Imager M2 (Carl Zeiss, Gottingen, Germany) microscope equipped with
fluorescence mode with the appropriate filter set for DAPI (Zeiss filter set 02; Ag, = 365 nm,
ALm > 420 nm). In this experiment, a minimum of 300 cells per slide was counted (with one
slide per bud/flower and 3-5 buds/flowers for each explant size and for each cultivar).
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2.4. Cytological Staining of Microspores and Pollen

Flower buds and flowers of both species and studied cultivars were collected over
morning hours and kept in a vessel with a moistened paper towel. For microspore and
pollen viability assessment, various staining methods were employed. The slide preparation
procedure was the same for all dyes and consisted of the isolation of anthers from flower
buds of proper lengths (established based on DAPI analysis) for microspores and opened
flowers for mature pollen analysis. Then, excised anthers were macerated in a drop of
the dye. After removing the remaining anther tissue, the slides were covered with a
coverslip. Slides were analyzed after 10 min incubation or after 24 h (depending on staining
protocol) under Axio Imager M2 (Carl Zeiss, Gottingen, Germany) microscope in bright
field mode or under Leica Dmi8 (Leica Microsystems, Wetzlar, Germany) microscope in
fluorescence mode (for visualization of Calcein AM and fluorescein diacetate) at 150 x or
300x magnification.

For each stain, a minimum number of 100 cells per slide was counted (with one
slide per bud/flower and 4-6 buds/flowers for each cultivar). For cells stained with
acetocarmine, Alexander’s dye, aniline blue in lactophenol, Lugol’s iodine, 2,5-diphenyl
tetrazolium bromide (MTT) staining, 2,3,5-triphenyl tetrazolium chloride (TTC) staining,
and aceto-orcein, viability was expressed as the percentage of viable pollen. For cells
stained with fluorescent dyes (Calcein AM and FDA), the percentage of viable cells was
estimated as the proportion of cells emitting fluorescence in relation to all observed cells.

2.4.1. Acetocarmine Staining

To determine viability of microspores and pollen, 2% (w/v) solution of acetocarmine
(Sigma-Aldrich, Poznan, Poland) containing 10 g of carmine in mixture of 225 mL glacial
acetic acid and 275 mL distilled water was employed. To prepare solution, carmine powder
was first dissolved in acetic acid, then boiled in flask for 30 min, cooled, and filtered through
filter paper (medium-quality type 289, Ahlstrom Germany GmbH, Barenstein, Germany).
The stain was kept in dark glass bottles at room temperature (RT). Slides were observed
after 10 min incubation at RT in the dark. Acetocarmine stains viable cells pink to red,
while nonviable cells are transparent.

2.4.2. Aceto-Orcein Staining

Working solution of aceto-orcein consisted of 1 g of orcein (Sigma-Aldrich, Poznan,
Poland), 22.50 mL glacial acetic acid, and 27.50 mL distilled water. This solution was
prepared by pouring boiling acetic acid over orcein powder. Then, the solution was cooled
and filled with distilled water and filtered through filter paper (medium-quality type 289,
Ahlstrom Germany GmbH, Barenstein, Germany). The solution was stored in dark glass
bottles at RT. Stained slides were observed after 10 min incubation at RT in the dark. Viable
cells stained dark pink, and nonviable cells were colorless.

2.4.3. Alexander’s Staining

The Alexander’s staining test is based on differential staining of cytoplasm and cell walls.
Dye was prepared by mixing 10 mL of 95% (v/v) ethanol, 10 mg malachite green, 50 mL
distilled water, 25 mL glycerol, 5 g phenol, 5 g chloral hydrate, 50 mg acid fuchsin, 5 mg
orange G, and 2 mL glacial acetic acid [33]. The stain was kept in dark glass bottles at RT.
Slides were observed after 10 min incubation at RT in the dark. Alexander’s dye stains viable
cells pink to dark purple. In nonviable cells, the cell interiors remain transparent, while cell
walls stain green/blue.

2.4.4. Aniline Blue in Lactophenol Staining

In aniline blue in lactophenol staining test (Lactophenol Cotton Blue), ready-to-use
reagent (Sigma-Aldrich, Poznan, Poland, 61335) containing 100 mL of aqueous solution
(50 mg aniline blue, 25 g phenol, 25 g L(+)-lactic acid and 50 g glycerol) was employed.
The stain was kept in dark glass bottles at RT. After preparation, slides were kept in the
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dark at RT for 24 h and then observed. Viable cells stained blue, while nonviable cells
were colorless.

2.4.5. Calcein Acetoxymethyl (Calcein AM) Staining

Calcein AM (Calbiochem, Merck, Warsaw, Poland) was made up as a stock solution
in dimethyl sulfoxide (DMSO) at 1 mg x mL~!. Stock solution was stored at 4 °C in
aliquots. The working solution was made fresh before every use by diluting 1 uL of
stock solution in 1 mL of liquid medium used as solvent. The medium consisted of micro-
and macronutrients and vitamins according to Gamborg et al. [34] supplemented with
10 mg x dm~3 ascorbic acid, 2 mg x dm ™2 glycine, 250 mg x dm~ casein hydrolysate,
10 mg x dm—3 reduced glutathione, 30 g x dm—3 sucrose, and 90 g X dm—3 maltose. Slides
were incubated in the dark at RT for 10 min. Viability of cells was then analyzed using
fluorescent microscopy (Apy =495 nm, Ar,, = 515 nm). Calcein is a membrane-permeable
dye. After entering the cell, intracellular esterases cleave acetoxymethyl ester group,
yielding fluorescent calcein. Under fluorescent microscopy, viable cells emit yellow-green
fluorescence, while nonviable cells have no fluorescence [35].

2.4.6. Fluorescein Diacetate (FDA) Staining

FDA (Sigma-Aldrich, Poznan, Poland) was prepared as a 0.5% (w/v) acetone stock
solution. Stock solution was stored at 4 °C in aliquots. To prepare a working solution, 15 pL
of stock solution was taken and diluted in 0.985 puL of liquid medium used as solvent. The
medium used here was the same used for the calcein preparations (see Section 2.4.5.). Then,
50 pL of prepared working solution was diluted in 4 mL of liquid medium. The working
solution was made freshly before use. The slides were incubated in the dark at RT for
10 min. Viability of cells was then analyzed using fluorescent microscopy (Ary = 485 nm,
Agm = 515 nm). FDA is a membrane-permeable fatty acid ester. Inside living cells, FDA is
hydrolyzed by esterases into fluorescent fluorescein. Under fluorescent microscopy, viable
cells emit yellow-green fluorescence, while nonviable cells are nonfluorescent [36].

2.4.7. Lugol’s Iodine Staining

Ready-to-use reagent of Lugol’s iodine solution (COEL, Krakow, Poland) containing
10 mg iodine and 20 mg potassium iodide in 1 g of water solution was used in this protocol.
The solution was stored at RT. For staining, samples were put in a drop of Lugol’s iodine
solution and analyzed immediately. Lugol’s iodine detects the presence of starch in the
cell’s cytoplasm, and viable cells stain dark brown to black, while nonviable cells are
colored yellow to bright brown.

2.4.8. 2,5-Diphenyl Tetrazolium Bromide (MTT) Staining

For the cell viability analyses, 1% (w/v) solution of MTT was employed. Working
solution consisted of 1 g of MTT (Sigma-Aldrich, Poznan, Poland) dissolved in 100 mL
water—sucrose solution. Water—sucrose solution was prepared by dissolving 5 g sucrose in
100 mL distilled water. The stain was kept in dark glass bottles in a fridge at 6 °C. Slides
with stained samples were kept in the dark at RT for 24 h and then observed. The dark
pink to dark purple color of cells signaled dehydrogenase activity while the colorlessness
of cells showed lack of activity of these enzymes; therefore, pink- to purple-colored cells
were considered as viable and colorless cells as nonviable.

2.4.9. 2,3,5-Triphenyl Tetrazolium Chloride (TTC) Staining

For the cell viability analyses, 1% (w/v) solution of TTC was employed. Working
solution was produced by dissolving 1 g of TTC (Sigma-Aldrich, Poznan, Poland) in water—
sucrose solution. Water—sucrose solution was prepared by dissolving 12 g of sucrose in
20 mL distilled water. The stain was kept in dark glass bottles in a fridge at a temperature
of 6 °C. Similar to MTT staining protocol, slides with stained cells were kept in the dark
at RT for 24 h before being observed. The pink- to red-colored cells signaling the activ-
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ity of dehydrogenases were considered as viable, while colorless cells were considered
as nonviable.

2.5. In Vitro Pollen Germination

For pollen germination test, flowers were collected from the same plants that were used
for cytological staining. Analysis was performed on flowers during anthesis containing mature
pollen. Pollen germination testswere initiated just after harvesting the flowers. The assessment
of pollen germinability was undertaken on the following media: (1) 5% (w/v) sucrose-water
solution; (2) 10% (w/v) sucrose-water solution; (3) BK medium [37] containing 720 mg dm >
Ca(NO3); x 4 Hy0, 200 mg x dm~3 MgSO;4 x 7 H,0, 200 mg x dm 3 KNO3, 20 mg x dm ™3
H;3BO; and supplemented with sucrose in concentration 10% (w/v); (4) medium according
to Gaaliche et al. [38] containing 5 mg x dm~3 H3BOj; and supplemented with sucrose in
concentration of 5% (w/v) (marked as ‘G medium’ in this paper). Each of four different
germinating media was solidified with agar (Plant Propagation Lab-Agar, Biocorp, Warsaw,
Poland) in concentration of 1% (w/v). For germination test, a drop of germinating medium
was applied on the surface of a microscope slide using glass rod and left approximately 10
min for solidification. Then, pollen was gently distributed on the surface of germinating
medium. Slides were then transferred into a humid chamber (Petri dish @ 150 mm, with a
moistened filter paper on the bottom) and incubated for 24 h in the dark at a temperature
of 26 + 1 °C. After incubation, slides were analyzed under Axio Imager M2 (Carl Zeiss,
Gottingen, Germany) microscope using phase contrast technique. Pollen grains with clearly
distinguishable pollen tubes exceeding the diameter of the pollen grain were classified as
germinated, while pollen grains with no pollen tubes were classified as non-germinated.

In this experiment, a minimum of 300 pollen grains on each medium per single cultivar
was counted (with one slide per flower and 3 flowers for each cultivar).

2.6. Statistical Analysis

Mean values and standard errors of the means (SEMs) were calculated for each pa-
rameter. The overall effect of treatments was assessed using two-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference (HSD) test at p < 0.05. Statistical
analyses were performed using software R version 4.2.1 (R Core Team, Vienna, Austria,
2022). Experiments on microspores and pollen viability and germination were carried out
in three repetitions.

3. Results
3.1. Anatomical Examination of Anthers and Tracking of Pollen Development
3.1.1. Vicia faba

In floral buds of 2-3 mm, anthers were approximately 0.5 mm (Figure 1A) and con-
tained pollen mother cells (PMCs) (Figure 1B). PMCs were characterized by their irregular,
slightly spherical shape and were surrounded by a thick layer of callose. The nuclei in the
PMCs were located in the centers of the cells or were shifted to their peripheral part. The
distinct tapetum layer was clearly delineated and consisted of elongated cells and clearly
defined large cell nuclei (Figure 1B, asterisk). In buds of 5 mm, anthers became yellowish
and were nearly 1 mm (Figure 1C). The anthers contained tetrads (Figure 1D). Tetrads are
the cells at the last stage of microsporogenesis following meiotic division of the pollen
mother cell. The tetrads of V. faba were surrounded by callose, and under microscopic view,
three cells could be clearly observed, while the fourth was located beneath. The tapetum
layer was also clearly visible, and the cells with centrally located large nuclei took on a
more cubic form than in anthers containing PMCs (Figure 1D, asterisk). In 6-7 mm buds,
anthers were approximately 1-1.5 mm (Figure 1E). These anthers contained uninucleate
microspores (Figure 1F). The microspores were separated from one another and were
spherical or slightly elongated and contained large, centrally located nuclei. In 6.5-7 mm
flower buds, anthers contained cells with polarized nuclei. The tapetum layer started to
degenerate and individual cells started to be seen as separated (asterisk in Figure 1F). In
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flower buds larger than 8 mm, the anthers exceeded 1.5 mm (Figure 1G). The majority of
the cells observed in such anthers had an elongated shape and exhibited two round nuclei.
The tapetum layer was completely degenerated and was not present under microscopic
view. Furthermore, in the microscopic image, the anther wall did not display such distinct
layering as was observed in younger anthers. Endothecium cells at that stage were clearly
distinguishable, and they were larger compared with the epidermal cells and thickened by
cellulosic deposits, stained light blue with toluidine blue (‘en” in Figure 1H).

Figure 1. Morphology (the left panel) and cross-sections (the right panel) of Vicia faba anthers
in different developmental stages: (A,B)—anthers containing pollen mother cells (PMCs); (C,D)—
anthers containing tetrads; (E,F)—anthers with microspores at uninucleate stage; (G, H)—anthers with
pollen grains. Figure legend: PMC—pollen mother cell, t—tetrads, m—microspores at uninucleate
stage, p—pollen, ep—epidermis, en—endothecium, ml-—middle layer; asterisks indicate tapetum.
Bars in left panel = 1 mm, bars in right panel = 100 um.
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3.1.2. Lupinus angustifolius

In approximately 2 mm flower buds of L. angustifolius, the anthers were near 0.5 mm in
length and were bright green (Figure 2A). Anthers at that stage contained PMCs exclusively
(Figure 2B). These cells were large and irregular in shape, with a distinct cell nucleus
located in the central part of the cell. The PMCs exhibited intensive blue staining, in both
the cytoplasm and nucleus, with toluidine blue. Additionally, in such anthers, the different
layers of the anther wall (epidermis, middle layer, endothecium, and tapetum) could be
clearly distinguished (Figure 2B). In flower buds measuring 3-4.5 mm (Figure 2C), anthers
had a length of approximately 1 mm and became bright orange. Such anthers contained
tetrads, which were surrounded by a brightly stained callose layer (Figure 2D). In cross-
section, distinct layers of anther walls could be clearly observed. At this stage, the tapetum
exhibited a deep blue stain when treated with toluidine blue. In 5-6 mm (Figure 2E) flower
buds, anthers had a length of approximately 1-1.5 mm and possessed a thick cell wall
divided into three layers. The tapetum, however, was not as distinct as in the tetrad stage,
and was observed as a slightly bluish layer irregularly present beneath the middle layer. In
such anthers, uninucleate microspores were mainly found (Figure 2F). They appeared as
large cells with a spherical or near-spherical shape, with a centrally located cell nucleus.
In anthers isolated from buds closer to 6-6.5 mm, the microspores contained polarized
nuclei, shifted to a cell pool. In flower buds longer than 7 mm (Figure 2G), predominantly
two-nucleate pollen grains (Figure 2H) were commonly found. The cells comprising the
final stage of microgametogenesis within the anther displayed irregular shapes, ranging
from triangular to elongated, with dark-stained cell nuclei.. However, the two cell nuclei
were not always clearly contrasted in the microscopic image. The anther wall in such
anthers exhibited differentiated layers in cross-section, while the tapetum was already
completely degraded. The endothecium was clearly distinguishable, and its cells were
thickened by cellulosic deposits (‘en” in Figure 2H).

3.2. Nuclear Stain (DAPI) for Determination of the Stage of Pollen Development

DAPI analysis was performed to determine the relation between floral bud length and
pollen developmental stage, and to validate the anatomic observations. This was important
for the selection of optimal floral bud length for further analyses. In both species, 4-8 and
>9 mm floral buds and flowers were analyzed, and differences in the percentages of certain
pollen developmental stages according to the flower buds’ sizes between tested cultivars
within the species were found.

3.2.1. Vicia faba

The results of the analysis of the stage of pollen development after DAPI staining
in V. faba are presented in Figure 3A-C and Figure 4. In 4-5 mm ‘Bartek’ flower buds,
tetrads (Figure 3A) were found in prevalence (82.5-97.4%). The ‘Rambos’ flower buds of
4 mm in size contained tetrads (74.77%), and uninucleate microspores (Figure 3B) were
predominant (58.24%) in buds of 5 mm in size. The anthers of 6 mm floral buds contained
mainly uninucleate microspores in both cultivars (‘Bartek’—100%, ‘Rambos'—99.67%);
however, in ‘Rambos’ a small number of tetrads (0.33%) was found as well. In 7 mm
floral buds, uninucleate microspores and binucleate cells (Figure 3C) in both cultivars were
observed, though in ‘Bartek’ they were in equal proportions and in ‘Rambos” uninucleate
microspores were in the majority (80%). In the largest analyzed flower buds (8 and >9 mm)
and opened flowers, only binucleate cells were found in both cultivars.
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Figure 2. Morphology (the left panel) and cross-sections (the right panel) of Lupinus angustifolius
anthers in different developmental stages: (A,B)—anthers containing pollen mother cells (PMCs);
(C,D)—anthers containing tetrads; (E,F)—anthers with microspores at uninucleate stage; (G,H)—
anthers with pollen grains. Figure legend: PMC—pollen mother cell, t—tetrads, m—microspores at
uninucleate stage, p—pollen, ep—epidermis, en—endothecium, ml—middle layer; asterisks indicate
tapetum. Bars in left panel = 1 mm, bars in right panel = 100 um.
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Figure 3. The different developmental stages of microspores and pollen of Vicia faba (upper panel)
and Lupinus angustifolius (lower panel) after DAPI staining: (A ,D)—tetrads; (B,E)—uninucleate
microspores; (C,F)—binucleate pollen grains. Bar = 50 pm.
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Figure 4. Distribution of developmental stages of pollen depending on flower bud length in Vicia
faba cultivars Bartek and Rambos.

3.2.2. Lupinus angustifolius

The results of the analysis of pollen development after DAPI staining in L. angustifolius
are presented in Figure 3D-F and Figure 5. In 4 mm ‘Karo’ floral buds, the presence of
tetrads (Figure 3D) was observed sporadically (9.20%). In 4-5 mm floral buds, mainly
uninucleate microspores (90.80-100%) were observed in both cultivars. Floral buds of 6 mm
contained uninucleate microspores (Figure 3E) and binucleate cells (Figure 3F) in different
proportions depending on the cultivar: in ‘Karo’ the percentage of uninucleate microspores
relative to binucleate cells was, respectively, 55.50% to 45.50%, while in ‘Regent’ it was
91.05% to 8.95%. Similar results were observed in 7 mm buds: in ‘Karo’ buds there was an
88.87% proportion of uninucleate microspores and 11.13% proportion of binucleate cells,
whereas in ‘Regent’ there was a 79.51% proportion of uninucleate microspores and 20.49%
proportion of binucleate cells. In ‘Karo’ floral buds that were 8 mm in length, binucleate
cells were predominant (91.31%), but uninucleate microspores (8.69%) were also observed.
In similar ‘Regent’ buds, only binucleate cells were found. In the largest analyzed (9 mm)
flower buds of both L. angustifolius cultivars, binucleate pollens were observed exclusively.
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angustifolius cultivars Karo and Regent.

3.3. Cytological Staining of Microspores and Pollen

In total, nine different staining methods for the evaluation of microspore and pollen
viability in both tested species were employed. The results are shown separately for
each species.

3.3.1. Vicia faba

In V. faba, only four (acetocarmine, Alexander’s dye, FDA, and Calcein AM) out of the
nine tested stains allowed for discrimination between viable and nonviable microspores
(Figure 6). The analysis of the stainability of V. faba cells showed that acetocarmine applied
on microspores stained the cytoplasm bright pink, while the nucleus was clearly visible
and stained red. Nonviable microspores were transparent (Figure 6A). Alexander’s dye
stained the cell walls of viable microspores green-blue and the cytoplasm purple-pink;
however, the staining was not evenly distributed. In most observed cells, the dye was
accumulated within some regions of the cell interior (mostly terminal) and was rarely
observable within the whole volume of the cells. Nonviable microspores had light blue or
transparent cytoplasm and blue cell walls (Figure 6B). Both fluorescent dyes (Calcein AM
and FDA) gave a similar effect and viable microspores emitted yellow-green fluorescence
while nonviable microspores had no fluorescence (Figure 6C,D,1]). In some samples stained
with Calcein AM and FDA, the fluorescent signals were very weak, making the observations
difficult. The remaining stains, i.e., aniline blue in lactophenol, Lugol’s iodine, MTT, TTC,
and aceto-orcein, were ineffective and did not allow for discrimination of viable and
nonviable microspores of V. faba.

The results of cell microspore viability depending on the staining method are presented
in Table 1. The average viability of V. faba microspores, calculated as the mean from all dyes
that discriminated viable and nonviable cells, was 66.21%; however, differences in viability
were observed depending on the stain used. The highest microspore viability (94.57%)
was detected after the application of acetocarmine, lower (80.05%) after the application
of Alexander’s dye. The lowest percentage of viable microspores was indicated using
dyes detecting esterase activity; Calcein AM showed only 16.28% viable microspores
and FDA showed 20.35%, whereas microspore viability indicated using dyes detecting
cytoplasmic content (acetocarmine and Alexander’s dye) was four- to almost six-fold higher
(80.05-94.57%).
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Table 1. Viability of Vicia faba pollen and microspores determined with different staining methods.

Viability (% + SEM)

Staining Method
Microspores Pollens

Acetocarmine 9457 £0.79 2 84.28 + 1.61 bc
Alexander’s dye 80.05 +2.78 82.84+174°¢
Aniline blue in lactophenol - 96.30 £0.62°
Calcein 16.28 £3.12¢ 31.78 +2.324
FDA 2035+ 1.65¢ 38.81 +2.194
Lugol’s iodine - 85.57 4 1.28 P¢
MTT - 93.67 £0.892
TTC - 86.38 +1.38 b

Aceto-orcein - 90.80 + 1.26 3P
Total 66.21 + 2.43 80.55 + 0.77

Means in column with the same letters are not significantly different according to Tukey’s HSD test (p < 0.05).
The dyes marked with a dash (-) did not allow for discrimination between viable and nonviable cells.

The viability of V. faba microspores depending on the cultivar is presented in Figure 7.
The results showed no difference in the viability of microspores between the tested V.
faba cultivars after acetocarmine (90.90-98.20%) and Calcein AM (13.70-19.50%) staining.
Using Alexander’s method for staining, more viable microspores (90.20%) were detected in
‘Rambos’ compared with ‘Bartek’ (72.40%). However, after applying FDA, higher viability
(28.0%) was detected among microspores of ‘Bartek’, compared with ‘Rambos’ (13.50%).

All nine stains were also used for analysis of the viability of mature pollen. All of them
allowed for the discrimination of viable and nonviable pollens of V. faba (Figure 6). Pollen
grains were stained completely differently using acetocarmine compared with microspores,
as all the cytoplasm of the pollens was stained intense red, and the nuclei were barely
recognizable within the cells. Nonviable pollens stained pale pink (Figure 6E). Alexander’s
dye stained the cytoplasm of viable mature pollen an intense purple-pink with distinctively
blue cell walls. The nonviable pollen grains contained no cytoplasm; therefore, only the cell
walls were stained blue (Figure 6F). Similar to the microspores, the pollen grains stained
with fluorescent dyes (Calcein AM and FDA) emitted yellow-green fluorescence if they
were viable and had no fluorescence if nonviable (Figure 6G,H,L,M). Both the TCC and
MTT dyes detecting dehydrogenase activities stained the interior of the pollens, and these
were considered viable. A lack of dehydrogenase activity resulted in a lack of staining of
the cytoplasm. TTC stained viable pollen grains deep red, while nonviable grains were
transparent (Figure 6K). MTT dye stained viable pollen dark purple to nearly black, while
nonviable grains were transparent (Figure 6N). If starch grains in the cells’ cytoplasm were
detected, Lugol’s iodine clearly stained viable pollen grains dark brown to black. If starch
was not detected in the cytoplasmic content, the cells were stained bright brown, which
provided the distinction between viable and nonviable cells (Figure 60). Aniline blue in
lactophenol is a dye that detects callose in a plant’s cell wall. Mature pollen grains of V.
faba that were stained with this stain were dark blue, and nonviable ones were transparent
(Figure 6P). The observations for the TTC, MTT, and aniline blue in lactophenol stains
were performed 24 h after preparation of the microscopic slides, which was considered
as the most optimal time for the discrimination of viable and nonviable pollen grains.
Longer exposure of cells to these stains decreased the effectiveness of the observations
due to the blurring of differences between viable and nonviable cells and problems with
distinguishing cells from the background (the background became too dark). On the
other hand, too short a period of exposure to the mentioned dyes caused the cells to not
be properly stained (meaning they were unstained and undercolored). The aceto-orcein
detected cytoplasmic content but also visualized clearly the cell nuclei in pollen grains
of V. faba. Viable grains turned dark pink and elongated nuclei were clearly seen, while
nonviable cells were stained pale pink (Figure 6Q).
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Figure 6. Vicia faba microspores (A-D,1,J) and pollen grains (E-H,K-Q) subjected to different staining
methods: (A,E)—acetocarmine; (B,F)—Alexander’s dye; (C,D,G,H)—Calcein method: (C,G)—the
view in fluorescence, (D,H)—the same field of view in bright field microscopy; (IJ,L,M)—FDA
method: (I,L)—the view in fluorescence, (J,M)—the same field of view in bright field microscopy;
(K)—TTC method; (N)—MTT method; (O)—Lugol’s iodine staining; (P)—aniline blue in lactophe-
nol method; (Q)—aceto-orcein staining. Arrows indicate nonviable microspores or pollen grains.
Bar = 100 pum.
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Figure 7. Viability of Vicia faba microspores determined with different staining methods depending
on cultivar. Bars represent means = SEM. Means denoted with the same letters are not significantly
different (HSD, p < 0.05).

The average viability of the V. faba pollen grains, calculated as the mean from all the
applied dyes and cultivars, was 80.55% (Table 1). The highest pollen viability (93-96%) was
detected after application of the aniline blue in lactophenol and MTT dyes. Slightly fewer
viable microspores (90.80%) were detected with the aceto-orcein method. Viability in the
range of 84-86% was observed after application of acetocarmine, Lugol’s iodine, and TCC.
After application of Alexander’s dye, 83% of the cells were detected as viable. Similarly,
as was the case for the microspores, the lowest percentages of viable pollen grains were
detected using Calcein AM and FDA (31.78% and 38.81%, respectively).

Figure 8 presents the pollen viability depending on the cultivar. Significant differences
in pollen viability between ‘Rambos’ and ‘Bartek” were observed after FDA staining (31.46%
and 50.46%, respectively) and the aceto-orcein method (98.60% and 83.0%, respectively).
After the application of other dyes, the differences in viability between the tested cultivars
were slight (acetocarmine, Alexander’s dye, calcein, Lugol’s iodine, MTT, TCC) or the
viability was similar (aniline blue in lactophenol).
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Figure 8. Viability of Vicia faba pollen grains determined using nine different staining methods
depending on cultivar. Bars represent means = SEM. Means denoted with the same letters are not
significantly different (HSD, p < 0.05).
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3.3.2. Lupinus angustifolius

The same set of stains was applied to L. angustifolius microspores and pollens. Analyses
performed on microspores showed that six (acetocarmine, Alexander’s dye, aniline blue in
lactophenol, Calcein AM, FDA, and TTC) out of the nine tested allowed for discrimination
between viable and nonviable cells (Table 2, Figure 9).

Table 2. Viability of Lupinus angustifolius microspores and pollen determined using different staining

methods.
Viability (% & SEM)
Staining Method
Microspores Pollens

Acetocarmine 65.91 £1.94° 85.18 +£1.13 2
Alexander’s dye 54.83 +2.69 P 79.53 +1.71b
Aniline blue in lactophenol 66.51 £2.77 % 9293 £0.93°
Calcein 9.71 £1.72°¢ 33.42 +2.56 4

FDA 573+0.75¢ 34.82 +2.154
Lugol’s iodine - 83.44 + 1.62%

MTT - 68.77 £291°¢

TTC 64.92 +£3.62° 69.00 £ 3.86 ¢
Aceto-orcein - 85.46 & 1.71 2

Total 55.61 &+ 1.52 7229 £1.03

Means in column with the same letters are not significantly different according to Tukey’s HSD test (p < 0.05).
The dyes marked with a dash did not allow for discrimination between viable and nonviable cells.

The analysis showed that acetocarmine stained viable microspores bright red, and
in contrast to V. faba microspores, the nuclei were not visualized by this dye in L. angusti-
folius cells. Nonviable microspores were transparent (Figure 9A). Alexander’s dye clearly
discriminated between viable and nonviable microspores; in the former, the cytoplasm
was stained dark purple with bright blue cell walls. In some microspores, the cytoplasm
was partially stained, but when a larger part of the cytoplasmic content (>3/4 of the cell
volume) was stained, these cells were also treated as viable. Nonviable cells were bright
blue (Figure 9B). Aniline blue in lactophenol stained the cytoplasm of L. angustifolius mi-
crospores dark blue; however, in some microspores the cytoplasm was shrunken and a
transparent border between the cytoplasm and the cell wall was visible. Nonviable cells
were transparent (Figure 9C). TTC stained L. angustifolius microspores very slightly. The
cytoplasm of the viable microspores stained bright red, while nonviable microspores were
transparent (Figure 9D). In this case, accurate distinction between viable and nonviable cells
required careful microscopic observation, as the distinction was not obvious. The effects of
the application of Calcein AM and FDA (fluorescent dyes) to L. angustifolius microspores
were similar. Viable microspores emitted yellow-green fluorescence, while nonviable
ones were not seen under UV light, because of their lack of emission of fluorescent light
(Figure 91-L). Similarly to V. faba, in some samples the fluorescent signals were weak. The
remaining stains, i.e., Lugol’s iodine, MTT, and aceto-orcein, were ineffective and did not
allow for discrimination of viable and nonviable microspores of L. angustifolius.

The average viability of microspores, calculated as the mean from all the dyes that dis-
criminated between viable and nonviable cells, was 55.61%; however, differences depending
on the staining method were observed (Table 2). Similar high microspore viability was
observed after staining with acetocarmine (65.91%), aniline blue in lactophenol (66.51%),
and TCC (64.92%). Lower microspore viability (54.83%) was observed after application of
Alexander’s dye. The lowest indication of microspore viability was given by dyes detecting
esterase activity; the percentages of viable microspores determined using Calcein AM
and FDA were very low in contrast to other dyes employed in this research and were,
respectively, 9.71% and 5.73%, which are nearly 6- to 12-fold lower compared with the other
applied staining methods.
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Figure 9. Lupinus angustifolius microspores (A-D,I-L) and pollen grains (E-H,M-S) subjected to
different staining methods: (A,E)—acetocarmine staining; (B,F)—Alexander’s staining; (C,G)—
aniline blue in lactophenol method; (D,H)—TTC method; (I,J,M,N)—Calcein method: (I, M)—the
view in fluorescence, (J,N)—the same field of view in bright field microscopy; (K,L,O,P)—FDA
method: (K,0)—the view in fluorescence, (L,P)—the same field of view in bright field microscopy;
(Q)—Lugol’s iodine staining; (R)—MTT method; (S)—aceto-orcein staining. Arrows indicate nonvi-
able microspores or pollen grains. Bar = 100 pum.

The interaction between cultivar and staining method on microspore viability was
observed in L. angustifolius (Figure 10). A higher microspore viability for ‘Regent’ in
comparison with ‘Karo” was detected after application of Alexander’s dye (65.54% and
43.65%, respectively) and aniline blue in lactophenol (79.90% and 53.40%, respectively).
Contrast observations were made after application of acetocarmine (75.70% for ‘Karo” and
56.10% for ‘Regent’) and TCC (79% for ‘Karo” and 19.80% for ‘Regent’). Similar to V. faba,
the lowest percentages of viable microspores were detected using Calcein AM and FDA in
both cultivars and they ranged from 5% to 12.3%, which was significantly different than
the percentages of viable microspores determined with other methods.
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Figure 10. Viability of Lupinus angustifolius microspores determined using different staining methods
depending on cultivar. Bars represent means = SEM. Means denoted with the same letters are not
significantly different (p < 0.05).

The analyses of the stainability of pollens of L. angustifolius showed that all tested
dyes discriminate between viable and nonviable pollens (Figure 9). Acetocarmine stained
mature pollen clearly and viable pollen turned red, but contrary to V. faba pollen, the
nucleus was not visualized. Nonviable grains were transparent (Figure 9E). Alexander’s
dye stained the mature pollen of L. angustifolius differently than the microspores, as all
of the cytoplasm was stained equally purple-red, in contrast to the microspores, which
were stained dark purple. In nonviable cells, the cytoplasm was absent and the cell walls
were stained blue (Figure 9F). Aniline blue in lactophenol staining allowed us to clearly
differentiate between viable and nonviable pollen grains. In contrast to what was observed
in microspores, the cytoplasm of mature pollen grains stained equally dark blue, and
cytoplasm shrinkage or a transparent border between the cytoplasm and the cell wall were
not observed. Nonviable cells were transparent or bright blue (Figure 9G). TTC also stained
the mature pollen very clearly, and in general the viable cells turned red. However, some
portions of L. angustifolius pollen stained darker/brighter than the others. The observed
variation in coloration (from dark orange to dark red) of the cells suggests differentiated
dehydrogenase activity, and such cells were all considered as viable. Pollens that were
transparent were classified as nonviable (Figure 9H). Cells stained with Calcein AM and
FDA under fluorescent microscopy emitted yellow-green fluorescence if viable, and did
not emit fluorescence if nonviable (Figure 9M-P). After application of Calcein AM and
FDA, the fluorescent signals in some cells were rather weak (Figure 90). Lugol’s iodine
stained viable pollen grains of L. angustifolius the same as it did the V. faba pollens. Viable
cells were dark brown and nonviable cells were bright brown or dark yellow. The shape of
the nonviable pollen grains was also visually different from that of the viable ones. Viable
cells were slightly triangular or rounded, contrary to the elongated and slightly flattened
nonviable cells (Figure 9Q). After being stained with MTT and TTC, mature L. angustifolius
pollen turned dark pink to dark purple if dehydrogenase enzymes were present in its cells,
which proved their viability. Transparent cells were nonviable (Figure 9R). Aceto-orcein
stained the cytoplasmic content of pollen grains of L. angustifolius dark pink, similarly to the
V. faba pollens. However, unlike in V. faba, the cell nucleus was not visualized. Transparent
or pale pink grains were considered as nonviable (Figure 95).

The average pollen viability, calculated as the mean from all the dyes in L. angustifolius,
was 72.29% (Table 2). The highest pollen viability (92.93%) was observed after staining
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with aniline blue in lactophenol. This was followed by the viability percentages after
application of acetocarmine (85.18%), Lugol’s iodine (83.44%), and aceto-orcein (85.46%).
Viability in the range 68-69% was observed after application of MTT and TCC. The lowest
pollen viability was observed after staining with Calcein AM and FDA (33.42% and 34.82%,
respectively).

The interaction between cultivar and staining method on pollen viability in L. angusti-
folius was also observed (Figure 11). After application of acetocarmine, Alexander’s dye,
aniline blue in lactophenol, Lugol’s iodine, and aceto-orcein, there were no differences in
pollen viability between ‘Karo’ and ‘Regent’ and viability ranged from 77.05% to 93.60%.
The highest difference between cultivars in the rate of viable pollen grains was observed
after application of stains detecting esterase activity. After MTT staining, a 52.21 percent
point (37.21% in ‘Karo” and 89.38% in ‘Regent’) difference in pollen viability between tested
cultivars was observed, and after TTC staining, a 24 percent point (54.93% in ‘Karo” and
78.97% in ‘Regent’) difference in pollen viability between tested cultivars was observed.
The lowest viability (26.27—42.91%) was observed after application of fluorescent dyes
(Calcein and FDA), and the results were similar for both cultivars.
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Figure 11. Viability of Lupinus angustifolius pollen grains determined using different staining methods
depending on cultivar. Bars represent means = SEM. Means denoted with the same letters are not
significantly different (p < 0.05).

3.4. In Vitro Pollen Germination

During the analysis of in vitro pollen germination in V. faba and L. angustifolius, the
following types of pollens were observed: germinated grains with fully developed typi-
cal pollen tubes (Figure 12A,D), germinated grains with deformed pollen tubes (thick or
twisted) (Figure 12B,E), bursting pollen grains with irregular masses of cytoplasm protrud-
ing from the cells, and non-germinated pollens (Figure 12C,F). In this study, all grains with
pollen tubes (typical and deformed) were counted as germinated, while bursting grains
were excluded from the calculations of pollen germinability.

Analysis of pollen germination of both tested species showed a significant effect of
the germination medium (Table 3). In V. faba, the highest germination rate (61.27%) was
observed on the BK medium. Lower (43.30%) germination was observed on the G medium.
In this species, only 11-17% of pollens germinated on the simplest media containing only
sucrose. In L. angustifolius, the highest germination (70-74%) was observed on the medium
supplemented with 10% sucrose and the G medium. Slightly lower germination (68.03%)
was observed when pollen was applied onto the BK medium. The lowest germination
(59.23%) was observed on the medium with 5% sucrose.
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Figure 12. Phase contrast microphotography of Vicia faba (A—C) and Lupinus angustifolius (D-F) after
in vitro pollen germination: (A,D)—germinated pollen grains with typical pollen tubes; (B,E)—pollen
grains with deformed pollen tubes (indicated by black arrows); (C,F)—non-germinated pollen grains
(indicated by red arrows). Asterisks indicate bursting of pollen grains. Bar = 100 um.

Table 3. Viability of Vicia faba and Lupinus angustifolius pollens determined via in vitro pollen
germination test.

Pollen Grain Germination (% 4+ SEM)

Germination Media

V. faba L. angustifolius
Sucrose 5% 16.90 +2.04 € 59.23 + 3.69 P
Sucrose 10% 10.84 +2.13 ¢ 7422 +2.762
G medium 4330 +2.09P 70.50 +2.38 2
BK medium 61.27 +£2.232 68.03 4 2.49 ab
Total 35.93 4+ 1.88 67.99 + 1.47

Means in column with the same letters are not significantly different according to Tukey’s HSD test (p < 0.05).

In V. faba, differences in pollen germinability between the tested cultivars were ob-
served (Figure 13). For each germinating medium, a higher percentage of germinated
pollen grains was observed in ‘Rambos’ compared with ‘Bartek’; however, statistically
significant differences between the two cultivars occurred in two cases: on the medium
containing 10% sucrose, where the pollen germinability of ‘Bartek” was 5.80% and that
of ‘Rambos’ was 21%, and on the BK medium, for which germinability was highest for
both cultivars (53.30% in ‘Bartek” and 69.20% in ‘Rambos’). On the remaining media, the
difference was slight.

In L. angustifolius, significant differences in pollen germination were observed only
on the medium containing 5% sucrose (Figure 14). The pollen grain germinability was
49.50% in ‘Regent’ (which was the lowest result of germination of the L. angustifolius pollen
grains) and 69% in ‘Karo’. In other combinations (of cultivars and germination media), the
percentages of germinated pollen grains were similar and ranged from 65.30% to 75.30%.
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Figure 13. Viability of Vicia faba pollen grains determined via in vitro pollen germination test depend-
ing on the genotype. Bars represent means + SEM. Means denoted with the same letters are not
significantly different (p < 0.05).
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Figure 14. Viability of Lupinus angustifolius pollen grains determined via pollen germination test
depending on the genotype. Bars represent means == SEM. Means denoted with the same letters are
not significantly different (p < 0.05).

4. Discussion

Pollen development begins in the locules of young anthers and consists of two major
phases—microsporogenesis and microgametogenesis. In brief, microsporogenesis in plants
is preceded by the formation of archesporial cells (ACs). PMCs are formed in the anther
locules following the division of ACs located in the subepidermal position [39]. Further,
meiotic division produces four haploid microspores (tetrads) enclosed within the callosic
cell wall. Later, callose is degraded by the enzyme callase secreted by tapetum, which
leads to the formation of individual microspores, which indicates microgametogenesis.
Microspore development proceeds through a progressive cycle of vacuole biogenesis
which involves fusion and fission events. Enlargement of vacuoles is associated with
polarization of the microspore nucleus against the cell wall. Polarization provides a signal
for asymmetric division (pollen mitosis I) that results in the formation of vegetative and
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generative cells. The generative cell completes mitosis (pollen mitosis II) to form two sperm
cells [40].

Compared with other members of the Fabaceae family, i.e., Glycine sp. [41], Pisum
sp. [42-44], Lens sp. [42], or Medicago sp. [45], relatively little information is available about
microsporogenesis and microgametogenesis in Vicia sp. and Lupinus sp. Mitchell [46] was
the first to analyze macro- and microsporogenesis in V. faba. He observed that microspore
development was initiated before meiosis in the megasporocyte and the microsporocyte
meiosis proceeded through the normal meiotic process and ended with the formation
of tetrads. At the stage of initiation of microsporocyte meiosis, the anther walls con-
sisted of four undifferentiated layers, but as the cells progressed through zygotene and
pachytene, tapetal cells became more distinct. A later study in V. faba revealed that during
microsporogenesis, cytomixis (transmigration of chromatin between neighboring cells)
might occur [47]. Cytomixis results in development of micronuclei or micropollens. The ga-
metes with deficient chromosome numbers might be eliminated or produce aborted pollen,
and gametes with different numbers of chromosomes may result in the formation of aneu-
ploid or large-sized pollens [48]. Spontaneous cytomixis has also been observed in other
legumes such as M. sativa, P. vulgaris, and Lotus sp. [44,49,50]. There is no comprehensive
study on the microgametogenesis in V. faba. Within the species Lupinus, microgametogene-
sis was analyzed with a special focus on anther dehiscence in L. luteus [51]. In L. elegans and
L. mutabilis, only microgametogenesis has been analyzed [52]. To the best of our knowledge,
there are no studies on pollen development in L. angustifolius; therefore, we performed an
analysis of the anatomy of the anthers at different stages of development in both V. faba
and L. angustifolius and validated those findings with DAPI staining.

Our study showed that in V. faba, microgametogenesis initiation exhibited similar patterns
in both genotypes. In 4 mm buds of both cultivars, mainly tetrads were found. A significant
difference was observed in buds of a size of 5 mm, where in ‘Bartek’, tetrads still predominated
(97.44%), whereas in the ‘Rambos’ buds, they occurred in the minority (41.76%) compared
with uninucleate microspores. This indicates variations in the timing of microsporogenesis
initiation among both cultivars of V. faba. On the other hand, in both cultivars of L. angustifolius,
microgametogenesis followed a similar course. Uninucleate microspores were found in flower
buds ranging from 4 to 7 mm, and occasionally in 8 mm buds. As an almost exclusive
developmental stage, they occurred in flower buds of both cultivars at lengths of 4-5 mm.
The range of their occurrence was also broader compared with that of V. faba, as they were
found in flower buds of four and occasionally five different lengths, whereas in V. faba, they
were found as a significant percentage in buds of only two or three lengths. Moreover, our
study showed that both tested species formed tetraedric tetrads, and the released microspores
were an isodiametric, circular shape. Differences were observed among pollens, as V. faba
pollens were elliptic, and L. angustifolius pollens were circular but when fully hydrated were
triangular. Moreover, both species produce bicellular pollen, as we did not observe tricellular
pollens in any of the preparations made from flowers in full bloom. This implies that in both
species the second pollen mitosis (pollen mitosis II) occurs within the growing pollen tube.
Although the majority of flowering plants produce bicellular pollen, many important food
crop plants such as rice, wheat, and maize produce short-lived, tricellular pollen grains [40].

The method of embedding tissue in synthetic resin which was performed here enabled
effective analysis of the main stages of microsporogenesis and microgametogenesis, includ-
ing anther development, in both species. According to our results, the walls of the anthers
of V. faba and L. angustifolius consist of four layers: epidermal, endothecium, middle, and
tapetal. At the PMC stage, all four layers were clearly distinguishable and the cells of
the epidermis, endothecium, and middle layer were similar in size. The main observable
difference was the presence of a nutritive tissue, the tapetum, which lined the inner walls
of the anthers. The tapetum’s primary function is to secrete nutrients and provide optimal
conditions for the development of PMCs and microspores. After fulfilling their role, tapetal
cells undergo degeneration through programmed cell death (PCD), and the anther walls
consist of only the epidermis, endothecium, and middle layer [53,54]. In both V. faba and L.
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angustifolius, the tapetum became distinct in the anthers containing PMCs. At this stage,
the tapetal cells were larger compared with the cells or remaining layers of the anther walls.
Moreover, these cells contained large nuclei. The increased size of the tapetal cells and
nuclei in the analyzed species might be a result of endomitosis without cytokinesis and
endoreduplication resulting in polyteny, which was already observed in the tapetal cells of
other legumes [55,56]. At the tetrad stage, the tapetal cells in V. faba anthers were clearly
seen as a distinct layer of cells, enlarged in size and possessing nuclei that were strongly
stainable in toluidine blue. In L. angustifolius anthers, the tapetum stained deep blue and
neither single cells nor the nuclei could be distinguished at this stage. Another difference
was associated with the presence of tapetum and its morphology in the anthers containing
uninucleate microspores. In V. faba, the tapetum was still clearly distinguished from the
remaining anther layers, and its cells were large with centrally located, distinct cell nuclei.
In this species, the tapetum disintegrated after uninucleate microspores went through
mitosis, which is in agreement with the observations of Mitchell [46]. In L. angustifolius
anthers, being at a similar stage of development, the tapetum was already degraded and
appeared as a hazy, shapeless layer with a disorganized structure, located just below the
middle layer of the anther wall. In the anthers containing binucleate pollen grains, the
tapetum in both species was already degraded. These differences indicate a faster initia-
tion of degradation of the tapetum in L. angustifolius compared with V. faba, suggesting a
species-specific progression of this process. According to our observations, both V. faba and
L. angustifolius generate secretory types of tapetum.

Another interesting feature concerned endothecium—a tissue that plays a crucial role
in anther dehiscence and the release of pollen grains [57]. Lignification of endothecium
walls is accompanied by the disappearance of the middle layer and tapetal cells as well as
the formation of characteristic thickening [58], which was clearly observable in our study
in both tested species. The endothecium cells were substantially larger than the epidermal
cells. In the cross-section, the walls of the endothecium exhibited characteristic thickening
corresponding to the strengthening ledges visible in their longitudinal sections.

According to many researchers’ reports, the most reliable criterion of pollen viability
assessment is the ability of pollen to fertilize and then produce a certain number of seeds by
plant [59-61]. However, there are many factors affecting fertilization and seed production,
i.e., genetics (self-incompatibility, control of seed development and dormancy, genetic load,
and embryo abortion), environmental factors (growth conditions, nutrients, photoperiod,
and humidity), the physiological status of the parental plants, hormonal regulation of
flowering and seed development, etc. [62,63]. Thus, the lack of seed formation cannot be
fully explained by the nonviability of the pollen. The in vitro pollen germination method
is based on the simulation of the essential environment for the growth of pollen tubes
under laboratory conditions, and therefore reflects the real capacity of pollen to fertilize
and thus its viability [60]. However, this method is not universal and requires proper
conditions, which vary depending on species in such factors as medium composition, sugar
concentration, temperature, and humidity [62,64,65]. Contrary to pollen germination tests,
staining methods are able to present only the relative viability of pollen or microspores
based on the detection of single cell compounds like cytoplasmic content, enzymes, or
constituents of the plant cell wall, e.g., callose. Thus, the inference concerning cell viability
with this method is based on the presence of a single cell compound that allows us to obtain
only an estimated indication of cell viability.

In this study, nine different chemical staining methods for estimating the pollen and
microspore viability of V. faba and L. angustifolius were employed. For V. faba, there were
four applied staining methods that were suitable for both microspore and pollen grain
viability estimation, whereas for L. angustifolius there were six of them (the same ones as
previously mentioned, as well as aniline blue in lactophenol and TTC). Among the staining
methods employed for estimating V. faba pollen grain viability, five of them (aniline blue in
lactophenol, TTC, MTT, Lugol’s staining, and aceto-orcein) were excluded for microspore
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viability testing, whereas for L. angustifolius microspore viability estimation three of the
methods used were recognized as unsuitable (MTT, Lugol’s staining, and aceto-orcein).

Many researchers have successfully used fluorescent dyes, such as FDA or Calcein
AM, to assess membrane integrity and esterase activity for determining the viability of
mature pollen or microspores in various species, including Cucumis sativus [19], Solanum
lycopersicum [66], Mangifera indica [67], Vitis vinifera [68], Viola tricolor [69], Juglans regia [70],
Annona cherimola, and Olea europaea [71], as well as other species from the Fabaceae family,
such as Phaseolus acutifolium [72], Cicer arietinum [73], and Pisum sativum [74]. The viability
results obtained using FDA in the above-cited studies were relatively high and did not
significantly differ from the results obtained using other methods, such as TTC, MTT, or
in vitro pollen germination, and sometimes even exceeded those values, as observed for
V. tricolor and M. indica. In our study, the use of FDA and Calcein AM for assessing the
viability of microspores and pollens in both species yielded very low viability readings
compared with other applied staining methods and with the in vitro pollen germination
test. Particularly, when compared with the assessment of pollen germination, which is
considered a more reliable and accurate method for pollen viability evaluation, the results
obtained for fluorescent dyes were significantly underestimated. The reasons for this can
be attributed to the morphological structure of the microspores and pollen grains in the
investigated species, particularly the thickness of the exine and intine comprising the cell
walls of these cells. This could affect the mobility of FDA and Calcein AM and consequently
limit the ability of these dyes to penetrate the interior of the cell. Clarke and Kupicha [75]
assessed the cell wall of Vicia pollen as relatively thick, measuring 1.5-1.75 um in the polar
region. On the other hand, Kahraman et al. [76] conducted a morphological analysis of
pollen grains from 11 species belonging to the Vicia genus and indicated that the exine
thickness ranged from 0.92 to 1.50 um, while the intine thickness ranged from 0.69 to
1.15 um. For comparison, the intine thickness of Pisum sativum pollen was reported to
range from 0.222 to 0.414 pm [77]. Due to the uncertainties arising from the mentioned
observations, further investigations and additional analyses are required to identify the
causes of such circumstances. A comprehensive understanding of the ultrastructure of
the cell walls of V. faba and L. angustifolius pollens and microspores may provide valuable
insights and a probable explanation.

The analysis of pollen germination in vitro revealed different germination capacities
among the studied species depending on the medium used. In V. faba, the highest pollen ger-
mination was achieved on the Brebaker and Kwack’s [37] (BK) medium, while other tested
media, particularly those containing only sucrose, significantly reduced the germination
capacity. The BK medium has been successfully employed with other Fabaceae species such
as Cicer arietinum [78), Cajanus cajan [79], Pisum sativum [80], Humboldtia sanjappae [81], and
Swainsona formosa [82] and, as proven by our study, was also suitable for effective in vitro
pollen germination for V. faba. In contrast, in L. angustifolius relatively high percentages of
germinating pollen grains were observed on all tested culture media.

5. Conclusions

Up until now, there has been a lack of available literature concerning the processes of
microsporogenesis and microgametogenesis in V. faba and L. angustifolius, or it has been
limited in scope. The conducted research fills this gap and provides detailed analyses of
how anthers and pollen develop in the studied species. The comprehensive analysis of
microspore and pollen viability revealed that the issue of determining viability is particu-
larly challenging for microspores but not for pollen, as all nine tested dyes proved to be
applicable to pollens but only four were applicable to microspores. Dyes detecting esterase
activity (FDA and Calcein AM) were problematic due to their significant underestimation
of microspore and pollen viability results compared with other methods, including pollen
germination. This highlights the species-specific nature of the issue and calls for the op-
timization and development of effective protocols for applying these dyes in the studied
species. The comprehensive analysis performed in this study addressed the challenges
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related to microspore and pollen viability assessment and opened possibilities for future
developments and progress in understanding the reproductive biology of V. faba and L.
angustifolius and improving their breeding programs through haploidization.
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