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Abstract: This study investigated key aspects of the reproductive potential of C. sativa cv.
Helena. It focused on the development of male and female gametophytes, embryos, and
endosperm formation. The developmental stages of pollen grains, embryo sacs, and their
formation were revealed. The anther and development of the male gametophyte were as
follows: tetrasporangiate anther, (whose wall is developed by the Dicotyledonous type and
consists of the epidermis, fibrous endothecium, two middle layers, and glandular tapetum)
and two-celled mature pollen. The ovule and development of the female gametophyte were
characterized by an upper unilocular ovary containing two anatropous, crassinucellate,
bitegmic ovules. The female gametophyte follows the Polygonum (monosporic) type. The
development also includes nuclear endosperm formation and the presence of an embryo
sac haustorium. A high pollen and seed viability was estimated. This fact, combined
with the normal running of the processes of formation and development of the female
gametophyte, embryo-, and endospermogenesis provide high reproductive potential for
the studied cultivar of C. sativa. These findings contribute to a better understanding of
C. sativa reproductive biology and provide valuable insights for breeding programs aimed
at optimizing cultivar selection.

Keywords: Cannabis sativa; male and female gametophyte; embryo; endospermogenesis;
pollen; seed viability

1. Introduction
Cannabis sativa (hemp) is a dioecious annual plant native to Central Asia belonging

to the extremely small family Cannabaceae and is the sole representative of its genus
(Cannabis). The species has long been of interest because of its industrial, agricultural,
chemical, and medicinal importance. The flower, fruit, and seed of C. sativa have been in-
vestigated and discussed by many authors [1–11]. The species exhibits a sexual dimorphism
occurring in a relatively late stage of plant development. The nature, origin, ratio, and
significance of sex in C. sativa are questions which have been extensively investigated and
discussed since the 19th century [1–11], including sexual differentiation at the molecular
level [12–14]. Canabis sativa contains hundreds of specialized metabolites with various
types of bioactivity, including cannabinoids, terpenes, and flavonoids. These compounds
are produced and accumulated in the glandular trichomes, which are highly abundant
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especially on female inflorescences [15–18]. While the glandular trichomes are found in
various plant parts of hemp, the highest concentration per area is found in female flower
bracts [19,20]. Male inflorescences also synthesize and accumulate a significant number of
terpenes and cannabinoids in relatively high concentrations [21].

Because the inflorescence is the main plant part used for the production of medici-
nal compounds, elucidating the morphophysiological and genetic mechanisms of flower
and inflorescence development is of high scientific and practical importance. Detailed
studies of the formation and development of flowers (florogenesis) of C. sativa are limited.
The morphology of the pistillate (female) flower and inflorescence of the Cannabaceae
was revealed by Zinger [22]. An investigation on C. sativa inflorescence, organography,
organogeny, structure of megasporangium, female gametophyte, microsporangium, and
male gametophyte was carried out by Briosi and Tognini [23]. Montemartini [24] pub-
lished work on the morphology of the ovary and ovule of C. sativa with emphasis on the
vascular supply of these plant parts in order to interpret their origin. In 1904, Prain [25]
published the results of investigations on the morphology, teratology, and diclinism of
the flowers of India-grown Cannabis. The author described normal flowers, listing the
abnormalities observed, and discussed the nature of the ovary and the origin of the ovule.
Modilewsky [26] studied and compared the embryo development in C. sativa and a number
of Urticaceae species. A detailed morphological description of C. sativa floral organs and
their development was made in 1914 by Reed [27]. In another study, Ram [28] investigated
the development and structure of endosperm in C. sativa. Information on the structure
of micro- and macrosporangia in this species is limited and primarily derived from the
cytoembryological characterization of the Cannabaceae family provided by Davis [29] and
Poddubnaya-Arnoldy [30]. Several studies have focused on different aspects of anther
development and structure, and the microsporogenesis and development of the male ga-
metophyte. Meiosis within the microsporangium of C. sativa was studied by McPhee [31],
Heslop-Harrison [32], and Asanova [33]. The development and structure of the tapetum
layer of the anther were investigated by Heslop-Harrison [34,35]. Additionally, the charac-
teristics of the exine in mature pollen grain of the species were described by Bradley [36]
and Punt and Malotaux [37]. The complete process of anther and pollen grain formation in
two C. sativa varieties was detailed by Galán-Ávila et al. [38]. The anatomy of both male
and female flowers has also been described by Miller [39], Wu et al. [40], the United Nations
Office on Drugs and Crime (UNODC) [41], and Raman et al. [18].

Previous reports on the reproductive characteristics of C. sativa are summarized in
Table 1. Most of the literature has focused on different aspects of the reproductive capacity
such as (1) florogenesis (architecture and timing of initiation and differentiation of the
inflorescence and individual flowers) [11]; (2) morphology of male flowers [11,42,43] and its
genetic regulation (determination of sex expression) [44–46]; (3) development of molecular
markers and genetic variability in vegetative and reproductive characteristics [47–49];
(4) understanding sexual dimorphism in juvenile plants [50]; and (5) the terminology for
phenological stages of C. sativa development and flowering [18,51,52].

Table 1. Data on morphology, phenological development, and sex differentiation in C. sativa.

Authors Data

Zinger [22] Morphology of the pistillate flower and inflorescence
of Cannabaceae;

Briosi and Tognini [23]
C. sativa inflorescence, organography, organogeny, structure of
megasporangium, female gametophyte, microsporangium and
male gametophyte;
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Table 1. Cont.

Authors Data

Montemartini [24] Morphology of the ovary and ovule of C. sativa, including their
vascular supply and discussion on the origin of these parts;

Prain [25] Morphology, teratology, and diclinism of the C. sativa flowers,
describing abnormalities, nature of ovary, and origin of ovule;

Modilewsky [26] Female gametophyte, fertilization, embryo development in C. sativa;

Reed [27] Morphological descriptions of C. sativa floral organs and
their development;

Ram [28] Development and structure of endosperm in C. sativa;

Davis [29] Onagrad-type embryo with two-celled suspensor;
suspected apomixis;

Poddubnaya-Arnoldy [30] Double fertilization of premitotic type; polyembryony;
McPhee [31]; Heslop-Harrison [32];
Asanova [33] Meiosis in the microsporangium;

Heslop-Harrison [34,35] Development and structure of tapetum anther layer;
Bradley [36]; Punt and Malotaux [37] Exine formation and characteristics of pollen grains;

Galán-Ávila et al. [38]
Microsporogenesis, and microgametogenesis and correlated
microgametophyte developmental stages;

Miller [39]; Wu et al. [40]; United Nations
Office on Drugs and Crime (UNODC) [41];
Raman et al. [18]

Anatomy of male and female flowers;

Spitzer-Rimon et al. [11] Architecture and timing of initiation and differentiation of the
inflorescence and individual flowers of different C. sativa cultivars;

Hammond and Mahlberg [42]; Spitzer-Rimon
et al. [11]; Livingston et al. [43] Morphology of male flowers;

Mandolino et al. [44]; Sakamoto et al. [45];
Kausal [46] Genetic sex determination;
Shao et al. [47]; Mendel et al. [48] Development of molecular markers for sex expression in C. sativa;

Araméndiz-Tatis et al. [49] Genetic variability in vegetative and reproductive characteristics,
sexual dimorphism in juvenile plants;

Farag and Kayser [51]; Mishchenko et al. [52];
Raman et al. [18] Terminology for phenological stages of C. sativa development;

The available literature contains incomplete or missing data on key aspects of the
reproductive biology of the species, including the development of the female gametophyte,
and the quality of the pollen and seeds produced, which are crucual for crop productivity.
This study examines the structure and development of male and female gametophytes,
along with an evaluation of pollen and seed viability in C. sativa, cv. Helena. The cultivar
Helena (known as ‘Novosadska konoplja’ in Serbia) is a dioecious cultivar belonging to the
so-called Southern Hemp groups. It was developed by Janoš Berenji and Vladimir Sikora
at the Institute of Field and Vegetable Crops in Bački Petrovac in Serbia (Figure 1A–C). The
cv. Helena was created by individual selection of monoecious plants over five years from
variable material originating from the crossing of the local population and the Ukrainian
monoecious variety USO-31. The ideotype of the multipurpose variety was conceived on
the basis of a potential seed yield of 1 t ha−1, stalk yield of 10 t ha−1, and fiber content
in the stem over 30%. This cultivar has been selected as a model plant because (1) the
embryological characteristics in most plants are rather conservative traits, and (2) cv.
Helena has been widely adopted, grown, and made available not only in Europe but also
in North America.
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2. Materials and Methods
Cannabis sativa cv. Helena was the model plant utilized in this study. The plant was

cultivated in the experimental field of the Institute for Field and Vegetable Crops in Novi
Sad—Alternative Crops Department in Baški Petrovac, Serbia (45◦19′28′′ N 19◦39′10′′ E),
using certified seed. The production technology recommended for the cultivation of in-
dustrial hemp in the region of Southeast Europe was applied. The main morphological
characteristics of the cv. Helena include medium obovate yellow cotyledon, weak plant
anthocyanin coloration, medium intensity of leaf green color, medium time of male flower-
ing, absent or very low (less than 0.2%) inflorescence THC content, medium proportion
of hermaphrodite male and female plants in population, plant natural height up to 3 m,
medium stem thickness up to 30 mm, medium 1000-seed weight of 15 g, gray brown seed
color testa with weak marbling (Figure 1C).

2.1. Embriologycal Analyses
2.1.1. Male and Female Structures

For the study of the structure of reproductive organs in the male and female individu-
als, flower buds and flowers/50 flower buds and flowers at different stages of development
per male and female individuals/were harvested from the cv. Helena and fixed in a mixture
of FAA (formalin/glacial acetic acid/70% ethanol in correlation 5:5:90 parts). Subsequently,
the fixed material was washed, processed by consecutive runs in a series of alcohol with
an increasing percent, xylol, and embedded in paraffin. Microtome sections were cut
5–15 microns in thickness. The stains used were Heidenhain’s hematoxylin [53]. Based on
the structures observed on the prepared microscope slides, the stages of development of the
male and female gametophytes were determined. The description of the structure and de-
velopment of the male and female gametophytes was made on the basis of the descriptions
in the embryology of flowering plants by Poddubnaya-Arnoldi [54] and Batygina [55].
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2.1.2. Pollen Viability

Pollen viability was estimated using the Acetocarmine test [56] on temporary slides,
evaluating mature pollen grains from 30 anthers collected from flowers of different individ-
ual plants. According to the test, the cytoplasm and nuclei of viable pollen grains stain in
red, while nonviable and sterile ones remain unstained. The mature pollen grains in the
anthers were counted within the visible field of a light microscope at 100× magnification.
A total of 7200 pollen grains were examined.

2.1.3. Seed Viability

For estimation of seed (embryo) viability, a quick tetrazolium test completed
within 24 h [57] was applied. According to methods described in the literature [57],
100 mature seeds were soaked in water at 30–35 ◦C for 24 h. Then, the seeds’ coat was
cut up at the micropylar end and seeds were incubated in a diluted 1% solution of
2,3,5-triphenyltetrazolium chloride for 24 h at 25 ◦C. During the test, the initially colorless
tetrazolium solution turned red in contact with the hydrogen from the respiratory enzymes
in the seeds. Embryos were isolated from the seeds and their viability was assessed: em-
bryos with active respiratory activity were stained red by the tetrazolium solution and
considered viable (the more intense the staining, the more active the respiratory activity of
the seed), while unstained embryos were considered nonviable. The percentage of seed
viability is calculated as the average of two viability tests performed.

Observations were made with a light microscope “Olympus” CX21 (Olympus Corpo-
ration, Shinjuku, Tokyo, Japan). Images were taken with a digital camera, “Infinity lite”,
1,4 Mpx mounted to the microscope (Lumenera Corporation, Ottawa, ON, Canada).

2.2. Statistical Analysis

Pollen and seed viability data were processed using descriptive statistics for Windows
10. Average values and standard deviation (±SD) were calculated.

3. Results
Since C. sativa is a naturally dioecious species, the unisexual flowers (male and female)

were located on different individuals (male and female plants; Figure 2). Unisexual flowers
are bored in inflorescences that are terminal at an earlier stage, and terminal or lateral in
a later stage (Figure 2B,E). The staminate (male) flowers (Figure 2C) are composed of a
segmented perianth and five stamens/anthers (Figure 2B). The pistillate (female) flowers
(Figure 2F) consist of agamophyllous inconspicuous perianth closely embracing an ovoid
ovary (Figure 2E).
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mation of the microspore tetrads. At the stage of mature pollen grains, the epidermis, 
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Figure 2. Cont.



Agronomy 2025, 15, 474 6 of 14

Agronomy 2025, 15, x FOR PEER REVIEW 6 of 15 
 

 

 

Figure 2. Staminate and pistillate inflorescences: (A–C): staminate inflorescence: (A) staminate in-
florescence, (B) longitudinal section of staminate inflorescence, (C) staminate (male) flower; (D,E) 
pistillate inflorescence: (D) pistillate inflorescence, (E) longitudinal section of pistillate inflo-
rescence, (F) pistillate (female) flower; ant—anther, ova—ovary. Scale bar: for (A,C,D,F) = 50 µm; 
for (B,E) = 100 µm. 

3.1. Anther and Development of Male Gametophyte 

The anthers were tetrasporangiates (Figure 3A), whose wall develops by the Dicot-
yledonous type according to the Davis classification [29]. Its structural layers, namely, the 
epidermis, endothecium, two middle layers, and tapetum, were uniform at the beginning 
of microsporogenesis, except for the tapetum, which exhibited distinct characteristics 
even at this stage (Figure 3B). However, during the anther ontogenesis, these layers 
changed as the epidermal cells enlarged tangentially and rounded up outside. In con-
trast, the middle layers were ephemeral and degenerated at about the second (homeo-
typic) division of meiosis in microspore mother cells (MMCs). Only remnants of these 
middle layers remained when the pollen matured (Figure 3D). The cells of the endothe-
cium enlarged radially and, after the stage of the microspore tetrads, developed fibrous 
thickenings (Figure 3D). The initially one-nucleated tapetum cells, as a result of mitotic 
divisions, became two-nucleated. The tapetum layer began to degenerate after the for-
mation of the microspore tetrads. At the stage of mature pollen grains, the epidermis, 
endothecium, and the degenerating remains of one middle layer were observed in the 
anther wall (Figure 3D). The sporogenous tissue was multi-layered, composed of small 
cells with dense cytoplasm that initially fitted closely with each other. However, as anther 
ontogenesis progressed, the cell rounded up separately, and differentiated into MMCs. In 
the MMCs, the processes of meiotic division and pollen development proceeded regu-
larly within all observed anthers. Simultaneous cytokinesis occurred after meiotic divi-

Figure 2. Staminate and pistillate inflorescences: (A–C): staminate inflorescence: (A) staminate inflo-
rescence, (B) longitudinal section of staminate inflorescence, (C) staminate (male) flower; (D,E) pistil-
late inflorescence: (D) pistillate inflorescence, (E) longitudinal section of pistillate inflorescence, (F) pis-
tillate (female) flower; ant—anther, ova—ovary. Scale bar: for (A,C,D,F) = 50 µm; for (B,E) = 100 µm.

3.1. Anther and Development of Male Gametophyte

The anthers were tetrasporangiates (Figure 3A), whose wall develops by the Dicotyle-
donous type according to the Davis classification [29]. Its structural layers, namely, the
epidermis, endothecium, two middle layers, and tapetum, were uniform at the beginning
of microsporogenesis, except for the tapetum, which exhibited distinct characteristics even
at this stage (Figure 3B). However, during the anther ontogenesis, these layers changed as
the epidermal cells enlarged tangentially and rounded up outside. In contrast, the middle
layers were ephemeral and degenerated at about the second (homeotypic) division of meio-
sis in microspore mother cells (MMCs). Only remnants of these middle layers remained
when the pollen matured (Figure 3D). The cells of the endothecium enlarged radially and,
after the stage of the microspore tetrads, developed fibrous thickenings (Figure 3D). The
initially one-nucleated tapetum cells, as a result of mitotic divisions, became two-nucleated.
The tapetum layer began to degenerate after the formation of the microspore tetrads. At the
stage of mature pollen grains, the epidermis, endothecium, and the degenerating remains
of one middle layer were observed in the anther wall (Figure 3D). The sporogenous tissue
was multi-layered, composed of small cells with dense cytoplasm that initially fitted closely
with each other. However, as anther ontogenesis progressed, the cell rounded up separately,
and differentiated into MMCs. In the MMCs, the processes of meiotic division and pollen
development proceeded regularly within all observed anthers. Simultaneous cytokinesis
occurred after meiotic division, and as a result, tetrahedral microspore tetrads were formed
(Figure 3C). The mature pollen grains were two-celled.
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3.2. Ovule and Development of Female Gametophyte

The ovary was superior, unilocular with two ovules developed in it (Figure 4A–C).
The mature ovule was anatropous, crassinucellate, bitegmic (Figure 4C). Within the still
yang ovule, an unicellular archesporium formed (Figure 5A) that differentiated into a
megaspore mother cell (MMC) (Figure 5B). After meiosis in the MMC, a linear tetrad formed
(Figure 5C). The embryo sac (ES) developed according to the Poligonum (monosporic) type.
The embryo (em) and endosperm (end) formed after porogamous double fertilization.
The first division of the primary nucleus preceded that of the zygote (Figure 6C). The
endosperm was ab initio nuclear and became cellular after the stage of globular embryo.
During the earlier stages of embryo- and endospermogenesis, the chalazal end of the ES
elongated in a radial direction, forming haustorium (Figure 6A). Mature seeds contain the
embryo, which occupies the largest volume of the seeds and remnants of endosperm in a
thin strip below the seed coat (Figure 6B).
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3.3. Pollen Viability

The application of the acetocarmine test technique showed a high pollen viability. A
large amount of pollen grains was present in all the tested anthers (Figure 7A) and the
majority of them were colored in red (Figure 7B,C). The estimated pollen viability was
95.73 ± 0.21%.
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Figure 7. Pollen viability testing: (A,B) anther locule with pollen grains after acetocarmine staining;
(C) viable (stained in red) and nonviable (unstained) pollen grains; pg—pollen grain, al—anther
locule, vpg—viable pollen grain, nvpg—nonviable pollen grain; en—endothecium ep—epidermis.
Scale bar: for A = 100 µm; for B = 50 µm; for C = 20 µm.

3.4. Seed Viability

Based on the results of tetrazolium testing (Figures 8 and 9), the examined seeds
(Figure 8A) were grouped into three classes (Figure 9): Class I: seeds with embryos stained
in red (Figure 8C); Class II: seeds with pink-colored embryos (Figure 8D); and Class III:
seeds with degenerated embryo (Figure 8B). According to the criteria of Moore [58] for
interpreting the resulting coloring from tetrazolium testing, the seeds from Classes I and II
were estimated as viable, and the resulting percent of viable seeds was 92.5 ± 0.12%.
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4. Discussion
Generally, studies on the reproductive structures of C. sativa date back to the late-

19th and early-20th centuries. In this context, this study provides the first comprehensive
analysis of the structure and development of male and female gametophytes in C. sativa
cv. Helena and, by extension, the species as a whole. Furthermore, two fundamental
parameters of reproductive biology, that is, pollen and seed viability, were examined for
the first time, providing crucial insights into assessing population and variety quality. The
different aspects of the development of male and female gametophytes in C. sativa have
also been documented in previous studies. Some of these distinctive features are discussed
below. The descriptions of the structure of the female archesporium in C. sativa given
in the literature are not uniform. Briosi and Tognini [23], Davis [29], and Poddubnaya-
Arnoldi [30] reported a one-celled archesporium that was observed in the present study
as well. Reed [27] observed a multi-celled archesporium in a number of investigated
ovules. According to the latter author, the occurrence of both one-celled and multi-celled
archesporium in the same species may indicate that the plant is shifting its habits.

A noteworthy characteristic revealed by this study is the established development of
two ovules in the one-locular ovary. In the works dealing with the morphology of the pistil
of C. sativa, the presence of more than one ovule in the ovary has not been commented on,
and the presence of only one ovule in the ovary has been noted as typical for the family
Cannabaceae by Poddubnaya-Arnoldi [30].

The type of ovule is a taxonomic feature that characterizes the species, genus, or
entire family. In C. sativa, the ovule has been described as anatropous, orthotropous, and
campylotropous [27]. In the present study, the ovule was observed to be anatropous and
was reported previously as a typical one for the Cannabaceae family by Davis [29] and by
Poddubnaya-Arnoldi [30].

The haustorium observed in C. sativa by different authors and in the present study
is formed from nuclear cells in the chalazal end of the embryo sac (ES). It has been de-
fined by Ram [28] as endospermal haustorium, and by Davis [29] as haustorium of the ES.
Poddubnaya-Arnoldi [30] reported two types of haustorium (endospermal and ES hausto-



Agronomy 2025, 15, 474 11 of 14

rium) as a characteristic feature of the family Cannabaceae. Several haustorial structures
performing nutritive functions for the ES or embryo in the ovule have been described.
They may be formed by the megaspore, ES, synergid, antipodal, endosperm, suspensor,
or pollen tube [59]. Maheshwari [60] cited them among the embryological features of
taxonomic significance, and Poddubnaya-Arnoldi [54] considered the haustorium type as
a phylogenetic and systematic feature. The structure that appears at the chalazal end of
the ES of C. sativa and can be observed at the late stage of embryo formation, when the
endosperm is consumed to a great degree from the embryo, is the same structure reported
as endospermal haustorium and ES haustorium by the authors cited above. Davis [29]
described the ES haustorium as an elongated curved base of the ES. The ES and endosperm
haustoria often occur together in the same family and even in the same species [60].

Due to the importance of hemp as a high-value crop and source for numerous materials
and chemicals, it is necessary to comment on the practical significance of the results of the
present study.

The quantity and quality of pollen produced in each plant species are crucial factors
in pollination and fertilization, directly influencing the production of viable seeds. Pollen
quality is determined by its vitality, i.e., from the amount of viable (fertile) pollen grains.
The high pollen viability established in the present study is a factor contributing to the
effective pollination and fertilization that was evidenced by the strong sexual reproduction
and successful seed formation observed in C. sativa.

In crop breeding practice, it is of great importance to determine the quality of various
varieties as pollinators. The study of the structure, development, and viability of pollen
allows one to determine its quality, that is, the quality of a plant variety as a pollinator. The
importance of understanding the qualities of plants/pollinators has been demonstrated
previously by Tursin [61]. He found that the reason for the low yield in Salvia officinalis
varieties was the high number of male sterile plants and that increasing the number of plants
with fertile pollen increased yields. Thus, the high amount of fertile pollen characterizes
the studied cultivar of C. sativa as a good variety pollinator.

Determining the quality of mother plants is also of great importance in defining the
quality of the plant cultivar. It is determined by the quality of the fruits and seeds produced
as a result of the normal running of processes of development of the female gametophyte,
pollination, and fertilization. The study of the structure and development of the egg cell and
the embryo sac allows one to determine the quality of the cultivar mother. It is important
to note that the development of the male gametophyte, the embryo sac, the pollination
processes, and embryo- and endospermogenesis are influenced by external conditions.
Unfavorable external conditions disrupt the normal course of these processes, which can
be determined by examining them using the cytoembryological method. The established
normal running of the processes of formation and development of the female gametophyte,
embryo- and endospermogenesis, and the high pollen viability provide high reproductive
potential for the target cultivar, and the established high seed viability is evidence of the
high degree of its realization. As this realization depends on the environmental conditions
(soil type, climatic conditions), the results obtained show favorable conditions for the
development of the studied cultivar.

5. Conclusions
In the present study, on the reproductive capacity of C. sativa cv. Helena was evaluated

to assess its quality as a cultivated plant. The established features of the structure and pro-
cesses of the male and female generative sphere define it as a sexually reproducing species,
which ensures a high reproductive potential for its plantations. This high reproductive
potential, in turn, is the basis for creating successful agriculture. The assessed high viability
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of its pollen and seeds shows that, under favorable conditions, this variety can realize its
reproductive ability to a high degree. All this makes C. sativa cv. Helena promising for
cultivation as a crop. Revealing reproductive capacity can be used in crop breeding practice
as an approach to testing the suitability of each variety.
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