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Abstract

Daphne tangutica Maxim is a perennial evergreen shrub with significant ornamental and economic value,
but its low fruit set rate restricts its development and utilization. To improve breeding and conservation
strategies, there is an urgent need to clarify its gametophyte development process and the causes of
abortion. Using wild populations as materials, paraffin sectioning and microscopic observation were
employed to systematically conduct cytological observations and descriptions of megasporogenesis
and microsporogenesis, male gametophyte development, the type of anther wall development, and
embryo sac formation, among others. The microspores of D. tangutica are tetrahedral in shape, and
mature pollen is mainly of the bicellular type; the anther wall shows basic-type development. The
megaspore develops into a Polygonum-type and ultimately forms a Polygonum-type embryo sac,
indicating that the female gametophyte functions are basically intact. During the late stage of pollen
development, residual material appears in the tapetum (forming continuous or semi-continuous band-
like structures along the inner wall of the anther), accompanied by partial anther abortion and the
production of non-viable pollen, resulting in a reduced number of fertile pollen grains. Environmental
stresses at high altitude, such as low temperatures, strong winds, a short growing season, and restricted
pollinator activity, may exacerbate the occurrence of developmental asynchrony and pollen abortion.
This study systematically elucidates for the first time the developmental processes of the megaspores
and male and female gametophytes of D. tangutica, revealing that pollen abortion associated with
asynchronous male development and delayed tapetum degradation is one of the main factors leading to
low fruit set, whereas the female gametophyte is generally normal. The research findings provide a
theoretical basis for embryological studies of Thymelaeaceae plants and offer support for determining
appropriate pollination timing, improving propagation and breeding schemes, and further investigating
the mechanisms of abortion.

1.Introduction

Daphne tangutica Maxim is a perennial, evergreen small shrub belonging to the genus Daphne Linn. of
the family Thymelaeaceae. The plant is 60—100 centimeters tall, with clustered, disorderly branches.
Leaves are simple, alternate, lanceolate, with revolute margins. Inflorescences emerge with the new
leaves; the flowers are bisexual. Its floral morphology is distinctive and brightly colored: the corolla
margin is often pale purple, while the inner side is usually white. The drupes are typically red at maturity,
ripening between July and August. This species is mainly distributed in Shaanxi, Gansu, Qinghai and the
Tibet Autonomous Region of China, occurring at forest edges, mountainous areas, valleys and
shrublands at altitudes of about 3,000 meters2. As a rare evergreen shrub of the cold, sparsely vegetated
belt in northwest China, the yellow-flowered daphne plays a key role in local soil conservation and water
resource retention3. D. tangutica contains a variety of chemical constituents, such as coumarin
derivatives®®, lignans, flavonoids”# and diterpene and triterpene esters® ', and exhibits pharmacological
activities including anti-inflammatory, antibacterial, antimalarial, antihypertensive, sedative and hypnotic
effects™.
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Gametophyte formation is a fundamental prerequisite for sexual differentiation and has been extensively
characterized in numerous plant species. Sexual flower development is often accompanied by selective
abortion of reproductive organs. For instance, in Chloroluma gonocarpa (Sapotaceae), staminate flowers
are unisexual due to underdeveloped stigma/style and ovule abortion following meiosis'?. In Ginkgo
biloba, pollination suppresses programmed cell death (PCD) in the nucellus, promoting proper
megagametophyte development'?. Detailed investigations of megasporogenesis have been conducted
in Liparis elliptica'4, while studies on Epidendrum denticulatum and Epidendrum orchidiflorum revealed
extensive embryo degeneration, likely attributed to late-acting genetic incompatibilities'®. In Meliaceae,
staminate flowers of female plants produce inviable pollen grains due to tapetal necrosis, resulting in
coalescence of pollen into an amorphous mass within anthers'®. Similarly, megasporogenesis and
microsporogenesis abnormalities have been documented in Pilostyles berteroi. However, the
developmental timing of floral organ degeneration in D. tangutica remains poorly characterized and
warrants further investigation.

Understanding the regulation of flower development in D. tangutica has significant implications for
germplasm innovation and horticultural advancement. Therefore, this study aimed to: (1) systematically
characterize the morphological development of floral organs, and (2) investigate male and female
gametophyte development to identify the critical period(s) of reproductive organ degeneration. Through
comprehensive analysis of megaspore, microspore, and gametophyte development, this work
contributes to enhanced taxonomic understanding of the genus.

2.Materials and Methods
2.1. Plant Material and Study Site

For each developmental stage, at least 25 ovules were randomly collected from different trees and
processed. Ovules were fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) (10x
PBS: 1.3 mM NacCl, 70 mM Na,HPO,, 30 mM NaH,PO,; pH 7.4) with vacuum infiltration, followed by
overnight incubation in fixative at 4°C. Samples were subsequently dehydrated through a graded ethanol
series (30%, 50%, 70%, 85%, and 95% in distilled water, 1 h per step), followed by substitution with a
graded xylene series (25%, 50%, 75%, and 100%, 1 h per step). Xylene was then gradually replaced with
Paraplast Plus (Fisher Scientific), with solvent changes performed daily. Embedded ovules were stored
at 4°C until sectioning. Serial sections of 10 pm thickness were cut using a Leica RM2125RT microtome.
Sections were deparaffinized and rehydrated, then stained with 1% safranin for 30 min, followed by
counterstaining with 0.5% fast green for 2 min. Observations and imaging were performed using a
Shenzhen AOSVI T2-3M180 stereo microscope.

2.2. Sampling and Sample Collection

At each analysis stage, a minimum of 25 ovules were randomly collected from different plants for
processing. The ovules were fixed using vacuum infiltration in phosphate-buffered saline (PBS)
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containing 4% (w/v) paraformaldehyde (10xPBS formulation: 1.3M NaCl, 70 mM Na,HPO,, 30mM
NaH,PO,; pH 7.4), followed by overnight preservation in the fixative at 4°C. The next day, the samples
were dehydrated through an ethanol gradient (30%, 50%, 70%, 85%, and 95% ethanol in sterile distilled
water, 1 hour per step), followed by ethanol replacement with a xylene gradient (25%, 50%, 75%, and
100%, 1 hour per step). Finally, xylene was gradually replaced with Paraplast Plus (Fisher Scientific) by
changing once daily. The embedded ovules were stored at 4°C until processing, and 10-um-thick
sections were cut using a Leica RM2125RT microtome. After dewaxing and rehydration, the slides were
stained with 1% safranin for 30 minutes, followed by counterstaining with 0.5% fast green for 2 minutes.
Imaging and observation were performed using a Shenzhen AOSVI T2-3M180 stereomicroscope.

3.Results
3.1. External Morphology

The inflorescences of D. tangutica are terminal or axillary capitula with short pedicels. The development
of the inflorescence occurs simultaneously with the emergence of new leaves and lateral shoots

(Fig. 1A-B). Each inflorescence is composed of 9-11 small flowers (Fig. 1C-E). The corolla is cross-
shaped and radially symmetrical, typically with four petals. The outer petals are purplish-red, and some
petals are light purple (Fig. 1C). The inner side of the petals is white, and the petal blades are lanceolate
(Fig. 1D). Basal bracts of the inflorescence axis number 8—15; the basal bracts are pointed and scale-
like, hard and resilient, yellow-green, with fine, elongated hairs on the outer surface.

In D. tangutica, individual flowers are bisexual, with eight stamens and one pistil. The eight stamens are
arranged in two whorls (upper and lower); because the filaments are extremely short, the anthers of the
upper whorl are located near the mouth of the corolla tube while those of the lower whorl are positioned
in the middle of the corolla tube, and the distance between the upper and lower whorl anthers is 1.430 +
0.23 mm (Fig. 2A). Due to the extremely short style, the pistil is located at the base of the corolla,
beneath the anthers of the lower whorl of stamens; the hairs on the stigma of the pistil are covered with
a mucilage that can adhere to the anthers. During the bract-splitting stage, the outer side of the petals
turns light purple and the petals open slightly; in the early flowering stage, the inner side of the petals is
white and fully expanded, and at this time four yellow anthers of the upper whorl can be observed at the
mouth of the corolla tube (Fig. 2B-C). From the early flowering stage to the full bloom stage, the petals
change from green to purple; from the full bloom stage to the late flowering stage, the ovary at the base
of the corolla tube is green and ovoid (Fig. 2E), and the petals wither and curl, with the color gradually
changing from light purple to yellow-green, and finally to light brown (Fig. 1E).

3.2 Development of anther wall

Through observation it was found that D. tangutica is monoecious; a single flower has eight stamens,
each stamen bearing four microsporangia, and the microsporangia are butterfly-shaped (Fig. 3L), The
two microsporangia are connected by a septum. In the flower bud differentiation stage, flower buds
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form; at this time a group of cells with a high capacity for division is produced, and the apices of the
stamen primordia differentiate to form anther primordia. The outer side of the anther primordium is a
single layer of epidermal cells, while the inner side is mainly meristematic tissue. At the four corners on
the inner side of the epidermis, sporogenous cells undergo periclinal divisions to form two layers of
cells: the outer cells become primary wall cells, peripheral marginal cells, and the inner cells form larger
primary sporogenous cells (Fig. 3A-C). After the primary wall cells continue to divide, inner and outer
two-tier secondary wall cells are formed (Fig. 3C-D). At this stage the anther wall is composed of one
layer of endothecium lining the locule, two middle layers (two cell layers) and one layer of tapetum,
respectively (Fig. 3E). According to Davis's criteria for anther wall development in angiosperms, an

anther wall with a two-layered middle layer corresponds to the basic type'”.

From the early flowering stage to the full bloom stage, a series of changes occurred in the anther wall;
The developmental stages of the anther wall corresponded to the developmental stages of the
microspores. During this period, the primary sporogenous cells underwent multiple mitotic divisions to
develop into microspore mother cells. The early tapetum cells were uninucleate and arranged in an
orderly manner, with dense cytoplasm in the tapetal cells (Fig. 3F-H). By mid-April when the anther wall
differentiation was complete, the tapetum cells became enlarged and appeared binucleate or
multinucleate. The innermost layer of tapetum cells exhibited irregular arrangement, while the middle
layer cells appeared flattened (Fig. 3H). At the beginning of April, during the early stage of anther
development, the cells are arranged in an orderly manner. After entering the bicellular pollen stage, the
epidermal cells exhibit an irregular, wavy arrangement (Fig. 3H-I). In the full bloom stage, its cuticular
protective units (epidermal cells) contract and degenerate, then undergo programmed cell death,
disappearing by the time the pollen matures (Fig. 3L). The middle-layer cells initially have a double-
layered structure; by the uninucleate microspore marginal stage the outer (external) layer lyses and
disappears (Fig. 31), callose deposition appears in the intercellular spaces, and the inner layer cells
enlarge and compress the middle-layer cells (Fig. 3H-J). From the full bloom stage to the end of the late
flowering stage., the middle-layer cells disappear (Fig. 3G-K). During the early flowering stage of D.
tangutica, the endothecium cells elongate longitudinally (Fig. 3G-I). At the full flowering stage, localized
band-like thickenings occur in the cell walls. At this mature stage, only the fibrous layer remains in the
anther wall, and the pollen sacs rupture to release pollen grains (Fig. 3J-K). From the early flowering
stage to the full bloom stage, during the tetrad to free microspore stage the tapetal cells at the cell walls
are clearly visible; as the inner wall of the anther locule thickens and the middle layer cells disintegrate,
the well-developed tapetal cells also begin to disintegrate (Fig. 3G). The tapetum is contracted at the
tetrad stage; at this time the tapetum cell cytoplasm becomes dense and the number of nuclei increases
(Fig. 3H). During the reproductive cell division stage at the early flowering stage of D. tangutica (Fig. 3F-
H), the tapetum cell cytoplasm extends into the inner wall of the locule (Fig. 31). From full bloom to the
end of flowering stage, the anthers develop and mature, and their structure undergoes a series of
changes to facilitate pollen release. At this stage, the inner wall cells of the locule exhibit pronounced
fibrous thickening, forming a fibrous layer that provides the mechanical force for anther dehiscence; the
middle layer cells have completely degraded and the tapetum has largely completed degradation, but in
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portions of the tapetum that have not detached from the anther wall it has not fully disintegrated and still
shows filamentous remnants. Epidermal cells were markedly thickened, and the outer epidermis
exhibited irregular protrusions (Fig. 3J). The four microsporangia undergo structural reorganization
following degradation of the tapetum: the septal tissue between two adjacent pollen sacs on each side
gradually differentiates, causing them to fuse into two larger pollen sacs (Fig. 3K). Subsequently, the
pollen sac splits open at the middle, releasing mature pollen. As the anther ages further, its opening
continues to enlarge to ensure the pollen is released smoothly (Fig. 3L).

3.3. Microspore Formation and Development

Microspore mother cells originate from the spore-forming cells of the sporogenous tissue; At the bract-
splitting stage, the spore-forming cells within the sporogenous tissue differentiate to produce primary
sporogenous cells (Fig. 4A-B); These primary sporogenous cells subsequently divided and differentiated
to form microspore mother cells (Fig. 4C). The microspore mother cells were characterized by relatively
large nuclei, densely distributed organelles, and normal cellular structure.

When the microspore mother cells enter meiosis, the nuclei of the adjacent tapetum layer become
polyploid. The microspore mother cells complete the separation of homologous chromosomes during
meiosis |, forming binucleate cells (Fig. 4B, D), and then rapidly enter meiosis II, during which sister
chromatids separate (Fig. 4E-F). During meiosis Il, the chromosomes move toward the poles along the
spindle fibers (Fig. 4G).As the nucleus divides, cytokinesis occurs simultaneously in the cytoplasm,
partitioning it into four haploid cells and thus forming a tetrad of microspores (Fig. 4G-H). From the early
flowering stage to the full bloom stage, microspores are released from the tetrads and develop into male
gametophytes.

Microspore mother cells formed from sporogenous cells through multiple mitotic divisions; the early
tapetal cells are uninucleate with dense cytoplasm. The longitudinal view of the tapetum from the
microspore tetrad to the free microspore stage is clearly observed (Fig. 5A) and corroborated by (Fig. 3F-
H): The developed tapetum cells begin to disintegrate. After the tetrads release microspores, the
tapetum becomes multinucleate with dense cytoplasm; tapetum cells gradually vacuolate and form
large vacuoles, and the inner tangential walls of the tapetum begin to dissolve. At the mature anther
stage, the anther wall is reduced to only the fibrously thickened inner wall of the locule and residual
epidermal cells; the tapetum and middle layer cells are completely disintegrated, and the epidermal cells
show no obvious thickening (Fig. 5F-G). Epidermal cells are arranged neatly at the early stage; during the
bicellular pollen stage the epidermal cells are arranged in a wavy, irregular pattern, then gradually shrink
and degenerate, disappearing when the pollen matures (Fig. 3A-L). Observation of Fig. 5C indicates that
some microspores are at different stages during development.

3.4. Development of Male Gametophytes

From the full bloom stage to the late flowering stage, after microspore formation the callose wall
dissolves and microspores separate from the tetrads to produce free uninucleate microspores. At this
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time the microspore cells just separated from the tetrads increase in volume, causing uneven thinning of
the cell wall; the position of the nucleus within the microspore cell changes and the nucleus enlarges
(Fig. 31). Subsequently, due to peripheral depletion and increased internal pressure causing cytoplasm
accumulation and formation of a large central vacuole, the nucleus in the microspore moved with the
cytoplasm from the center to one side of the cell (Fig. 6A), and the nucleus was squeezed toward the
pollen side (Fig. 3K). The nucleus closer to the vacuole is the vegetative nucleus, while the one near the
pollen wall is the generative nucleus (Fig. 3I). The larger vegetative cell with thick cell wall and dense
cytoplasm undergoes cytokinesis, while the smaller generative cell is adjacent to the vegetative cell
(Fig. 6A\). The vesiculated tapetum begins to dissolve, with tapetal cell cytoplasm gradually being
released into the anther locule (Fig. 6B). At this stage, some pollen grains mature into abnormal pollen
with internal blank spaces (Fig. 3J) or exhibit obvious deformities leading to pollen abortion (Fig. 3K).

The callose wall of the microspore tetrad begins to dissolve, and the tetrad microspores gradually
separate, forming free uninucleate microspores (Fig. 7A). Early uninucleate microspores are enlarged
and have dense cytoplasm (Fig. 7B); the nucleus is centrally located and relatively large. Subsequently,
the cytoplasm vacuolates and continuously acquires nutrients from the tapetal cells, gradually forming a
large central vacuole; the nucleus is pushed to one side of the pollen grain, forming the uninucleate
peripheral stage, and microspore divisions are asynchronous within the same anther (Fig. 7B-C). After
the cytoplasmic filling of the uninucleate pollen grain is complete, a mitotic division follows, forming two
nuclei (Fig. 7E-F); the nucleus near the central vacuole is the vegetative nucleus, and the one adjacent to
the pollen wall is the generative nucleus. At this stage the nuclei of the two cells are distinct, the
vegetative cell is larger in volume, and the generative cell detaches from the wall and is free within the
vegetative cell. At this time the cytoplasm was sparse (Fig. 6A), the region containing the reproductive
cells was located at the end away from the germ pore, and the pollen was nearly spherical. Mature pollen
showed three germ pores, thick cell walls, and dense cytoplasm; some pollen had sparse cytoplasm,
lacked inclusions, and had lost viability (Fig. 6B).

3.5. Megaspore Formation

D. tanguticais a plant with bisexual flowers; it has one carpel, a unilocular ovary, a single ovule, and the
ovule is attached to the base of the ovary chamber. The ovule primordia at the base of the locule develop
into nucellar tissue, and sporogenous cells appear beneath the nucellar epidermis. Compared with
surrounding cells, the sporogenous cells have dense cytoplasm, a conspicuous nucleus, and a large cell
size (Fig. 8A). Peripheral cells and sporogenous cells arise from the periclinal divisions of archesporial
cells, and the megaspore mother cell is further formed from the sporogenous cells (Fig. 8B). Inner and
outer integuments gradually form around the nucellar tissue (Fig. 8C). Proliferation of peripheral cells
causes the megaspore mother cell to separate from the nucellar epidermis, resulting in the formation of
a thick-nucellus ovule (Fig. 8C-D). After meiosis, a tetrad of megaspores appears (Fig. 8E); the
megaspores increase in cell volume through differentiation, at which time the nuclei are easily observed
(Fig. 8F). The non-degenerated megaspore moves to the micropylar end to form a functional megaspore
(Fig. 8G), which then develops into a mononucleate embryo sac (Fig. 8H).
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3.6. Female Gametophyte Development

From the early flowering stage to the late flowering stage, the uninucleate embryo sac undergoes three
mitotic divisions to become a 2-nucleate embryo sac (Fig. 9A), a 4-nucleate embryo sac (Fig. 9C), and an
8-nucleate embryo sac (Fig. 9D). In the two-nucleate embryo sac, the sac is slightly centrally located
(Fig. 9B); in the four-nucleate embryo sac, the embryo sac cavity is enlarged (Fig. 9C). During the mitotic
transition from a 4-nucleate embryo sac to an 8-nucleate embryo sac, cellularization was completed
rapidly; 7-celled, 8-nucleate mature embryo sacs were observed on serial sections of the same material
(Fig. 9D-F), D. tangutica forms a mature Polygonum-type embryo sac structure, i.e., the female
gametophyte is functionally complete.

3.7 Timeline of reproductive organ development in D.
tangutica

Based on the flowering period and the developmental stages of the reproductive organs of D. tangutica,
summarize its developmental timing (Fig. 1). Paraffin sections of male and female reproductive organs
at different stages do not represent the development of the pistil and stamen from the same flower; they
should be examined and analyzed separately.

From mid-March to early April, during this period D. tangutica develops from the floral bud differentiation
stage (Fig. 1A1) to the bract-opening stage (Fig. 1B1); the flower buds noticeably enlarge and the outer
bracts split. The inner small flowers show signs of emerging; as the weather warms and conditions
become suitable for development, the leaves deepen in color to a dark green. This stage takes about 20
days. The anther primordium (Fig. 1A2) develops to form a complete anther wall (Fig. 1B2); the pistil
develops from sporogenous cells (Fig. TA3) into a megaspore mother cell (Fig. 1B3). In mid-April, the
external morphology of the flower reaches the early flowering stage (Fig. 1C1), with some of the small
flowers in a cluster beginning to open; this stage lasts approximately 4-6 days. The primary
sporogenous cell undergoes mitosis to develop into a two-celled pollen grain (Fig. 1C2); meanwhile, the
megaspore mother cell begins meiosis (Fig. 1C3). In mid to late April, the external morphology reaches
the full bloom stage stage, all the individual flowers are fully open and the petals completely unfolded.
This period lasts about 8—10 days. The pollen in the pollen sacs is essentially mature, and four smaller
Medicinal septa form two larger Medicinal septa. And the two large pollen sacs showed signs of splitting
and releasing pollen; the megaspore mother cells entered the mitotic stage. By late April, the flowers
have developed to the late flowering stage. After the anther has finished shedding pollen, it begins to
wither and degenerate; meanwhile, the megaspore mother cell has already formed.

4. Discussion

The results showed that the development of D. tangutica involves tetrahedral microspores and bicellular

pollen; the development of the anther wall is of the basic type, similar to plants such as Taraxacum

officinale F.H.Wigg. and Datura stramonium L."®1°. Megasporocyte development is similar to that of
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plants such as Polygonum cuspidatum and Oryza sativa L.?°~2'. We found that within the same flower, in
the same locule of a single anther or among different microsporangia of the same anther, the
developmental stages of male gametophytes were often at different stages. In studies on medicinal
materials such as Pogostemon cablin (Blanco) Benth??, it was found that the microspore mother cells in
the anther were in the same meiotic stage, showing perfect synchrony. In studies of Lilium spp?3,
Asteraceae®, Pennisetum ciliare (L.) Link?®, and Triticum aestivum L.?%, asynchrony in anther
development was found, and the fertilization mode of D. tangutica was determined to be facultative
outcrossing?’. Under such harsh and highly variable ecological conditions, the above strategies
dispersing reproductive risk across time and increasing the chances of successful fertilization, may
constitute a “protective” reproductive measure, that is, increasing the probability of obtaining effective
pollination within a single flowering period in unfavorable environments, thereby enhancing the stability
of the population’s continued reproduction and renewal?. This interesting phenomenon of asynchronous
development may be a reproductive strategy mechanism to appropriately prolong the pollination period
and promote outcrossing, providing assurance for the successful reproduction of the species, and thus
having certain positive significance for its evolution?®=31. The asynchrony in the development of these
anthers may be an adaptive strategy to prolong the pollination period®?734 but it may also reduce fruit
set due to a decline in pollen quality associated with developmental disorders. Structural
abnormalities®°~%7, resource competition®®4%, hormonal imbalance*' ™4, and other mechanisms can
directly or indirectly lead to asynchronous microspore development or even abortion. High-altitude
shrubs may adapt to environmental stress by reducing the allocation of resources to reproduction, and
this resource trade-off exacerbates partial microspore abortion*. D. tangutica is mainly distributed in
western China, growing at an altitude of about 3000 m, and faces environmental stresses such as low
temperatures, strong winds, a short growing season, and restricted pollinator activity*®. Its asynchrony in
late pollen development may also be related to the plateau environment*’ 8. Overall, asynchronous
anther development may serve as a beneficial reproductive strategy by extending the pollination window
and increasing opportunities for outcrossing, but it may also reduce reproductive success due to
developmental abnormalities or environmental stress; therefore, interpreting this phenomenon requires
considering evidence for both its adaptive and pathological aspects. During plant growth and
development, reproduction is a very important part; abortion at any stage will lead to plant
sterility/abortion®®°0. Abortion is generally divided into female abortion®, male abortion®?, and seed

abortion39°2,

The male gametophyte is very important in sexual reproduction®, and its normal development ensures
successful plant reproduction. Medicinal plant species such as Pogostemon cablin (Blanco) Benth.>*
and Ginkgo biloba L.>® have been studied, but no systematic embryological study of D. tangutica has

been conducted. Male sterility is mainly due to abnormal development of the tapetum'®3¢, leading to
anther abortion and empty pollen sacs. Tapetum degeneration usually begins during the tetrad stage or

the late uninucleate pollen stage and is completely degraded when the pollen matures °’. In D. tangutica,
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after pollen maturation, the anther wall still shows residual continuous or semi-continuous band-like
tapetum distributed along the inner wall. This phenomenon is inconsistent with the general pattern in
angiosperms whereby the tapetum typically completes programmed degradation before pollen
maturation. Tapetal degradation may be delayed or impeded, thereby affecting pollen development and
maturation and ultimately leading to abortion®8%. The tapetum, as the innermost cell layer of the anther
wall, plays a key role during pollen development, including providing nutrients, participating in pollen wall
formation, and achieving timely extension and delay through programmed cell death (PCD)>%¢". This
interfered with the normal development of the plant. This is consistent with pollen abortion in medicinal
plants such as Salvia miltiorrhiza Bunge®? and Allium sativum L.%3 caused by delayed degradation or
persistence of the tapetum. We linked the developmental status of D. tangutica with time and found that
its developmental stages clearly correspond to the flower’s external morphology. For example, the
development of the anthers and ovules corresponds to the external morphology of the flower. These
distinct stage characteristics will help us infer the developmental stage of D. tangutica based on external
features. According to our observations, pollen maturation and embryo sac maturation are essentially
synchronous, and pollen does not mature at the same time, which increases the window for pollination
and the likelihood of successful pollination. By examining the stages of pollen and embryo sac
maturation, better breeding strategies can be proposed to improve breeding efficiency and quality.

This study represents the first systematic investigation of the development of microspores and
megaspores and the differentiation characteristics of male and female gametophytes in D. tangutica.
The conclusions obtained fill a gap in embryological research on Thymelaeaceae plants and provide an
important theoretical basis for subsequent studies on the reproductive developmental mechanisms of
this family.
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Figure 1

shows the developmental timeline of D. tangutica.: (A 1) Flower bud differentiation period; (A 2)
Sporogenous cell stage; (A 3) Sporogenous cell; (B 1) Bract opening stage; (B 2) Microspore mother cell;
(B 3) Megaspore mother cell; (C 1) Initial flowering period; (C 2) meiotic phase; (C 3) Meiotic phase; (D
1)Full bloom; (D 2) Full bloom; (D 3) Mitotic phase; (E 1) Mature embryo sac; (E 2) Anther dehiscence; (E
3) Mature embryo sac.
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Figure 2

Inflorescence development and floral morphology in D. tangutica. as: (A) Flower bud differentiation and
bract dehiscence stages; (B) Inflorescence pigmentation stage; (C,D) Early flowering stage, showing
lateral and top views; (E,F) Full-bloom stage, showing lateral and top views.

Figure 3

lllustrates the development of the anther wall in D. tangutica. they should be listed as: (A) Cross-section
of the anther primordium at the archesporial cell stage; (B) Peripheral cells undergoing periclinal division;
(C) Transverse section of the young anther showing the differentiation of four microsporangium; (D)
Developing anther wall alongside early microspore mother cells; (E) Arrows indicate binuclear or
multinuclear tapetum cells; (F) Anther wall with isolated microspores; (G) Disintegration of tapetal cells;
(H) Fibrous thickening of the endothecium wall; (I) Transverse section of the anther displaying fibrous
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thickening of the endothecium and mature pollen grains; (J-L) Stages of pollen grain maturation.
Abbreviations: asc, Archesporial cells; ppc, Primary peripheral cells; ssc, Secondary sporogenous cells;
aw, anther wall; en, Endothecium; ep, Epidermis; ml, Middle layer; mi, Microspore; ta, Tapetum,; fe, Fibrous
endothecium; pg, Pollen grains.
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Figure 4

lllustrates the microspore development process. they should be listed as: (A) Microspore mother cell; (B)
Late Meiosis I; (C) Dyad stage after Meiosis I; (D) Prophase of Meiosis Il; (E) Anaphase Il; (F) Late stage
of Meiosis Il; (G) lllustrates the formation of the partition wall (indicated by arrows); (H) Represents the
tetrahedral tetrad.

Figure 5

lllustrates the microscopic observation of the microspore development process through a longitudinal
section. they should be listed as: (A) Represents microspore mother cells; (B) Indicates late meiosis |;
(C) Marks the end of meiosis [; (D) Denotes prophase of meiosis II; (E) Shows anaphase Il of meiosis; (F)
Depicts late meiosis II; (G) lllustrates the formation of the cell plates; (H) Highlights the tetrad of
microspores (as indicated by the arrows).
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Figure 6

Male gametophyte development. they should be listed as: (A) Indicates the early uninucleate microspore
(marked by an arrow); (B) Denotes generative nucleus division (also marked by an arrow); VN, denotes
the vegetative nucleus; gc, Refers to the generative nucleus; and gp, Indicates the germination pore.

Figure 7

Presents a microscopic observation of the developmental process of the male gametophyte, illustrated
through longitudinal sections. they should be listed as: (A) Shows microspores released from the tetrad,
as indicated by the arrows. (B) Depicts early mononuclear microspores, also marked by arrows. (C)
Mononuclear microspores in the marginal phase are highlighted by arrows. (D-F) lllustrate the process of
generative nucleus, with arrows indicating the relevant structures. (G) Features two-cell pollen, (H)
Presents a mature pollen grain, with arrows pointing to significant features. Additionally, vC Denotes the
nutrient cell, gC Represents the generative nucleus, and gp Indicates the germination pore.
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Figure 8

lllustrates the development of the embryo sac and megaspore.they should be listed as: (A) Archesporial
cells (indicated by arrows); (B) Megaspore mother cell (indicated by an arrow); (C) Nucellar tissue
(indicated by an arrow); (D) Crassinucellate ovule (indicated by an arrow); (E) Megaspore tetrad
(indicated by an arrow); (F) Degeneration of three megaspores (indicated by an arrow); (G) Functional
megaspore (indicated by an arrow); (H) Mononuclear embryo sac (indicated by an arrow).

Figure 9

lllustrates the development process of the female gametophyte. they should be listed as:(A) Indicates a
binucleate embryo sac (shown by the arrow); (B) Represents mitosis (as indicated by the arrows); (C)
Depicts a tetranucleate embryo sac (shown by the arrow); (D) Shows the eight-nucleate stage of the
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embryo sac (arrow); (E) Illustrates a mature embryo sac (shown by the arrow); (F) Also represents a
mature embryo sac (shown by the arrow).
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