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Abstract

In this study, aposporic apomictic development and its relation to the different flower development
stages were investigated by light and fluorescence microscopy in Cratacgus tanacetifolia (Lam.) Pers.
(Rosaceae). At pre-anthesis stage, aposporic initial cell differentiated at the somatic nucellus tissue shortly after
the megaspore mother cell formation. The volume of aposporic initial cell increased during the generation of
dyad and megaspore tetrad respectively by regular meiosis. At this stage, linear megaspore tetrad and vacuolated
aposporic initial cell were located side by side into the same ovule. At anthesis stage, before pollination, four
nucleated aposporic embryo sac was formed while sexual development came to end by atrophy of megaspores
completely. At this stage, atrophied megaspores and two nucleated aposporic embryo sac were located side by
side into the same ovule. At post-anthesis stage, pollination still had not begun and ovule contained only eight
nucleated aposporic embryo sac. Mature aposporic embryo sac was composed of two synergid cells and one egg
cell on the micropylar side, three antipodal cells on the chalazal side and a central cell with two polar nuclei in
the middle of the sac. The absence of filiform apparatus in the synergid cells was quite remarkable. No callose
accumulation around the aposporic initial cell was observed in any development stage. Pollination started
shortly after the proembryo formation. Embryo and endosperm developed without fertilization due to the
problems encountered in reaching pollen tubes to the ovary.
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Introduction

Cratacgus tanacetifolia (Lam.) Pers. is an important endemic species to Turkey and, belongs to
subfamily Maloideae of Rosaceac (Campbell et a/, 2007; Uzun and Kaya, 2016). Apomixis is a common
reproductive strategy in family Rosaceae (Khan er a/, 2015). It has been identified in more than 120 genera of
angiosperms and reported in 100 taxa of subfamily Maloideac (Robertson et a/, 2010; Khan er al, 2015).
Apomixis is the ability of a plant to pass through the essential steps (meiosis and fertilization) of the sexual
reproduction to produce fertile seeds (Tang er al, 2016; Hojsgaard and Hérald, 2019). It is divided into 3
subtypes based on the origin of embryo-forming cells ie. apospory, diplospory and adventive embryony
(Priyadarshan, 2019; Zhang et al, 2020). Most apomictic plants belonging to the subfamily Maloideae follow
the aposporic model and, embryo sac with unreduced nuclei is formed by somatic nucellar cell (Musial and
Koscinska-Pajak, 2013). In contrast to sexually reproducing plants, most apomictic plant is not required to be
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fertilized for embryo formation. Generally, fertilization of the polar nuclei is necessary for endosperm
formation in most apomictic plants, but the endosperm develops autonomously in some apomictic plants
(Kumar, 2017).

Although apomixis is a genetically controlled mechanism, researchers have put forward various opinions
about the underlying reasons why a plant chooses the apomictic reproduction. It has been thought that the
species choose the apomictic reproductive pattern due to the developmental delays in female gametogenesis
and, the problems encountered during sperm entry into the embryo sac (Yao er al, 2007). Also, delays in
embryo sac development and the absence of the filiform apparatus, that necessary for pollen tube entrance into
the embryo sac, have been associated with apomixis (Koscinska-Pajak and Bednara, 2006). Besides, it has been
suggested that callose plays a key role in determining the reproductive strategy due to the differentiation of the
callose accumulation pattern in the ovule of sexual and apomictic plants (Galla er a/, 2011; Musial et a/, 2015).
Many concrete studies have been conducted and presented to support these ideas. Except for these ideas,
researchers have suggested that flowering and pollination time have a decisive influence on reproductive
strategy (Liu ez al,2014).

In this study, the apomictic developmental model of C. ranacetifolia was elucidated with all the details.
Apomictic development was examined parallelly with different flower development stages, and whether
flowering and pollination time affected apomictic development. Our results could provide useful data for
understanding the relationship between flower developmental stages with apomictic development and, could
improve the information about the apomictic development pattern in plants.

Materials and Methods

Plant material

Flowers of Cratacgus tanacetifolia (Lam.) Pers. were sampled from natural habitats within the borders
of Bolu, Lake Abant Nature Park (Turkey). Flowers were selected from at least 10 healthy trees of same
population and different developmental stages of flowers were determined by stereomicroscope (Olympus
970931). After determination of different developmental stages, flowers were fixed in formalin-glacial acetic
acid-alcohol solutions (40% formalin, glacial acetic acid, 100% alcohol and distilled water at 10:5:50:35 by
volume) (Sass,1958), embedded in paraffin and cut at 5-8 pm by Leica RM2235 rotation microtome. For each
developmental stage, at least 20 flowers were studied.

Light microscopy

Sections were stained with Delafield” s hematoxylin for general structures, Coomassie Brillant Blue
(CBB) for proteins (Fisher et a/, 1968), and Periodic-Acid Schiff (PAS) for insoluble polysaccharides (Feder
and O’Brien, 1968). Preparations were photographed with KAMERAM colour camera and attached to
Olympus BX-51light microscope. Images were analysed though KAMERAM scientific image processing and

analysis software.

Fluorescence microscopy

Sections were stained with Aniline Blue for callose accumulation (Kenrick and Knox, 1985) and 4°,6-
diamidino-2-phenylindole (DAPI) for nucleus disorders (Schweizer, 1976). Preparations were investigated by
Olympus BX-51 fluorescence microscope at respectively 455 nm and 365 nm wavelengths and, photographed
by KAMERAM fluorescence camera.
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Results

Determination of developmental stages

Flower development was divided into three successive stages (pre-anthesis, anthesis, and post-anthesis)
correlated with some morphological markers such as colour, the position of calyx and corolla, anther
dehiscence, and the absence or presence of pollen on the stigma. In the stage of pre-anthesis, flower buds were
ovoid with calyx covering half or all the bud. At the anthesis stage, flowers were fully opened with their
clongated petals. Although flowers were at the anthesis stage, there were no pollen grains on the stigma, because
the anthers were still indehiscent. At the post-anthesis stage, the colour of the petals turned to brown, however,
anthers were still indehiscent and there were no pollen grains on the stigma. Embryo sac development were
investigated parallelly with pre-anthesis, anthesis and post anthesis stages. Pre-anthesis, anthesis, and post-
anthesis stages were also referred as the pre-pollination stages due to the pollination did not begun. The stages
in which pollen grains were seen on the stigma were referred as the pollination stage. Embryo and endosperm
formation were investigated parallelly with pre-pollination and pollination stages.

Formation of sexual and apomictic embryo sacs

In early stage of ovule development, concomitant with the differentiation of integuments, an
archesporial cell differentiated and developed directly into the megaspore mother cell (MMC) (Figure 1a).
Shortly after the MMC formation, an aposporic initial cell with a big nucleus and dense cytoplasm
differentiated at the somatic nucellus tissue that adjacent to the chalazal side of the MMC (Figure 1b). It was
determined that usually two aposporic initial cells differed (Figure 1b). While MMC generated dyad and
megaspore tetrad respectively by regular meiosis, the volume of aposporic initial cell increased and, a large
vacuole was formed within the cell. At this stage, linear megaspore tetrad and vacuolated aposporic initial cell
were located side by side into the same ovule (Figure 1c). In this stage, flowers were at pre-anthesis and, anthers
contain microspore tetrads indicating that microsporogenesis and megagametogenesis were performed
simultaneously.

During further development, aposporic initial cell gave rise two nucleated aposporic embryo sac by
mitosis (Figure 1d). The nuclei of megaspore tetrad began to atrophy and, atrophied megaspores and two
nucleated aposporic embryo sac were located side by side into the same ovule (Figure 1e). In this stage, although
the flowers were at anthesis, pollination did not start. While the second mitotic division resulted in four
nucleated aposporic embryo sac, the sexual development came to end by atrophy of megaspores completely
(Figure 1f). In this stage, although the flowers were still at anthesis, they had not entered the pollination stage.

As a result of the third mitosis, while the eight nucleated aposporic embryo sac was formed, the ovule
took its final shape and became anatropous (Figure 1g). The ovule contained only eight nucleated aposporic
embryo sac at this stage (Figure 1h). Although flowers had entered the post-anthesis, pollination did not start
yet. It was determined that although usually two aposporic initial cells differed, but only one of them formed a
mature aposporic embryo sac. However, rarely two aposporic initial cells developed and two mature aposporic
embryo sacs (4%) occurred. In such cases, the aposporic initial cells usually developed synchronously and,
mature aposporic embryo sacs became almost the same size (Figure 1i).

Mature aposporic embryo sac was composed of two synergid cells and one egg cell on the micropylar
side, three antipodal cells on the chalazal side and a central cell with two polar nuclei in the middle of the sac.
The absence of filiform apparatus in the synergid cells was quite remarkable (Figure 1h). The cells of nucellus
cap had low content of organic matter and, obturator was non-secretory (Figure 1g).
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Figure 1. Sexual and apomictic embryo sac formation in C. tanacetifolia
a Archesporial cell, b Megaspore mother cell and aposporic initial cells, ¢ Vacuolated aposporic initial cell and linear
megaspore tetrad, d Metaphase at first mitosis of aposporic initial cell and degeneration of megaspore tetrad, e Two
nucleated aposporic embryo sac and degenerating megaspore tetrad in the same ovule, f Four nucleated aposporic
embryo sac and the remnant of megaspore tetrad, g Mature anatropous ovule, h Eight nucleated mature aposporic
embryo sac, i Two mature aposporic embryo sac in a mature ovule. ARC: Archesporial cell, II: Inner integument, AIC:
Aposporic initial cell, MMC: Megaspore mother cell, MT: Megaspore tetrad, TAE: Two nucleated aposporic embryo
sac, DMT: Degenerated megaspore tetrad, FAE: Four nucleated aposporic embryo sac, RMT: Remnant of megaspore
tetrad, OB: Obturator, C: Chalaza, M: Micropyle, AN: Antipodal cell, PN: Polar nuclei, EC: Egg cell, SYN: Synergids,
MAE: Mature aposporic embryo sac. Bar: 10 um.

The developmental processes of sexual and aposporic embryo sac were investigated comparatively with
the flower development stages and presented in Table 1.
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Table 1. The comparison of sexual and aposporic embryo sac development with different flower
developmental stages in C. ranacetifolia

Development Sexual embryo Aposporic embryo
stage Sac development Sac development
Differentiation of archesporialcell | e
. Differentiation of MMC Differentiation of aposporic initial cell
Pre-anthesis - — .
Dyad formation Vacuolization of aposporic initial cell
Megaspore tetrad formation Vacuolization of aposporic initial cell
Anthesis Beginning of megaspore tetrad degeneration Two nucleated aposporic embryo sac
Completely degeneration of megaspore tetrad Four nucleated aposporic embryo sac

S Eight nucleated mature aposporic embryo
Post-anthesis 8 posp oy
sac

Callose depositions during formation of sexual and apomictic embryo sacs

Callose was initially clearly detectable at the chalazal pole of MMC as a crescent-like band (Figure 2a)
and then completely surrounded the cell (Figure 2b). It indicated that development of Polygonum type sexual
embryo sac, which functional megaspore occurred at the chalazal pole. However, without active megaspore was
determined, the sexually developing embryo sac was atrophied. During dyad and tetrad stage, callose was
principally located as a thick plate on the transverse wall separating each of the cell (Figure 2¢, d). However, no
callose accumulation was observed on the wall of aposporic initial cell in the any course of development.

—b

Figure 2. Callose depositions during formation of sexual and apomictic embryo sacs in C. tanacetifolia

a Callose accumulation (arrow) on the chalazal pole of megaspore mother cell and no callose accumulation around the
aposporic initial cell (into the red circle), b Megaspore mother cell surrounded by callose (arrow), ¢ Callose
accumulation (arrow) on the transverse wall of dyad cell, d Callose accumulation (arrows) on the transverse wall
separating each of the tetrad cells (into the green circle) and no callose accumulation around the vacuolated aposporic

initial cell (into the red circle). MMC: Megaspore mother cell, DYD: Dyad cells, MT: Megaspore tetrad. Bar: 10 pm.

Formation of embryo and endosperm

Embryo and endosperm formation were investigated parallelly with pre-pollination and pollination
stages. Egg cell of mature aposporic embryo sac with unreduced chromosome numbered underwent successive
mitosis to give rise proembryo, globular embryo, heart shaped embryo, torpedo shaped embryo and mature
embryo successively. Because of the flowers had not entered the pollination stage, there were no pollen grains
on the stigma of flowers which contain mature 8 nucleated aposporic embryo sac (Figure 3a, b). During
proembryo formation, polar nuclei merged to form secondary nucleus (Figure 3¢, d). At this stage, pollination
started. There were a lot of pollen grains on stigma, but only a few of them were germinated. However,
germinating pollen tubes could not extend into the style (Figure 3e), indicating that embryo develops without
fertilization, before the pollen tubes reached the ovule. While embryo was globular, secondary nucleus
underwent successive mitosis to form free nucleated endosperm (Figure 3f, g). Currently, there were a lot of
germinated pollen grains on the stigma, but there were no pollen tubes extending into the style (Figure 3h).
This indicated that endosperm develops autonomically without fertilization. Endosperm which was free
nucleated at the beginning of development, continued successive mitosis and transformed into the cellular type
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at the heart-shaped embryo stage or at the beginning of torpedo-shaped embryo (Figure 3i). At this stage,
although the pollen tubes were entered into the style, embryo and endosperm already formed (Figure 3j). The
findings related to embryo and endosperm development with the stages of pollination were presented in Table

e 1 9
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Figure 3. Embryo and endosperm formation in C. ranacetifolia
a Eight nucleated mature aposporic embryo sac, b Aniline Blue stained stigma of the flower containing mature
aposporic embryo sac, ¢ DAPI stained proembryo, d DAPI stained Secondary nucleus, e Aniline Blue stained stigma
of flower containing proembryo and seconder nucleus, f Globular embryo, g Free nucleated endosperm, h Aniline Blue
stained stigma of flower containing globular embryo and free nucleated endosperm, i Heart shaped embryo and cellular
endosperm, j Aniline Blue stained stigma of flower containing heart shaped embryo and cellular endosperm. PN: Polar
nuclei, SYN: Synergid cell, STG: Stigma, PRE: Proembryo, CC: Central cell, STL: Style, GE: Globular embryo, FNE:

Free nucleated endoperm, CE: Cellular endosperm, HE: Heart shaped embryo. Bar:10 pm (d), S0 um (a, b, ¢, ¢,j, £, g
h, i).

Table 2. The comparison of embryo and endosperm formation with the different stages of pollination in
C. tanacerifolia

Stages of Embryo Endosperm .
o Stigma Style
pollination development stages | development stages
. Eighe nucleatec.i ) No pollen grains on No pollen tubes
Pre-pollination mature aposporic Polar nuclei }
stigma throughout the style
embryo sac
Secondary nucleus A fc,w gCl,-mmath pollen No pollen tubes
Proembryo ) grains with short pollen
formation ) throughout the style
tubes on stigma
Globular embryo Free nucleated Germinated Pollen grains No pollen tubes
endosperm on stigma throughout the style
Pollination Heart shaped Germinated pollen grains Elongacion of pollen
Cellular endosperm . tubes throughout the
embryo on stigma
style
. . Elongation of pollen
T h 1l
orpedo shaped Cellular endosperm Germinated POTEREIANS | ibes throughout the
embryo on stigma style
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Discussion

The differentiation time of aposporic initial cells is effective on the reproductive strategy of the plant.
They can differentiate before or after the megasporogenesis or after megagametogenesis. Aposporic initial cells
differentiate shortly after the MMC formation in aposporic Ranunculus auricomus(Nogler, 1984), Hieracium
pilosclloides (Koltunow et al, 1998) and Pennisecum squamulatum (Roche et al, 1999), like in C. tanacetifolia.
The differentiation of aposporic initial cell after MMC suggests that the onset of sexual development could be
a prerequisite for apomixis (Tucker and Koltunow, 2009). Galla ez a/ (2011) have defined the aposporic initial
cells as MMC-like cells and Yao er a/ (2007) have reported that aposporic initial cells can be distinguished
morphologically from other cells like as MMC. In C. tanacetifolia, aposporic initial cell, which was noted for
its similarity to MMC, develops faster than MMC. In Hypericum perforatum L., rapid and remarkable
development of aposporic initial cells has also been reported (Galla er al, 2011). In C. tanacetifolia,
differantiation of MMC and aposporic initial cell were occurred at pre-anthesis stage.

The number of aposporic initial cells may vary between apomictic species. In Eulaliopsis bianataL., more
than one aposporic initial cells differentiate, develop synchronously or asynchronously and 7.9% of mature
ovules contain more than one mature aposporic embryo sac (Li ez al, 2011). In Hypericum perforatumL., 1-4
aposporic initial cells develop asynchronously (Galla er al, 2011). Generally, 2 aposporic initial cells
differentiated and developed synchronously in C. ranacetifolia.

Although sexual and apomictic development coexisted in C. ranacetifolia as well as in aposporic
Eulaliopsis bianata L., sexual development ends in the majority of ovules (Li e a/, 2011). Tucker ez a/ (2001)
have argued that the termination of sexual development or degeneration of the megaspores are not just a simple
mechanical act and Li ez a/ (2011) have suggested that the termination of sexual development is promoted by
a mechanism of aposporic initial cell differentiation. However, sexual and apomictic embryo sacs develop and
are located into the same mature ovule in Cenchrus ciliaris L. (Sharma er al, 2014).

In aposporic Penniserum sp. and Hieracium sp., the atrophy of sexual embryo sac usually occurs at the
MMC or megaspore tetrad stages (Koltunow ez al, 1998). Sexual embryo sac usually degenerates at dyad or
megaspore tetrad stage and the degenerated cells characterized by shrunken and corrupted nuclei in Hypericum
perforatum L. (Galla er al, 2011). This was distinguished in our study as deformations in the atrophied
megaspore nuclei. Atrophy of megaspore tetrad in C. ranacetifolia was most prominent when the aposporic
embryo sac was four nucleated. Also, megaspore tetrad degeneration started and completed at anthesis stage.
Although the flowers were at anthesis, pollination had not started yet.

The number of aposporic initial cell's meiotic division is also an important parameter for aposporic
species. Although aposporic initial cell underwent 3 successive mitoses to form 8 nucleated mature aposporic
embryo sacin C. tanacetifolia, initial cells undergo 2 successive mitoses to give rise 4 nucleated mature aposporic
embryo sac in Eulaliopsis binata L. and Cenchrus ciliaris L. (Li et al, 2011; Sharma er al, 2014). In C.
tanacetifolia, when 8 nucleated mature aposporic embryo sac was formed, flowers were at post-anthesis stage.
Although flowers had entered the post-anthesis, they had not entered the pollination stage.

Although it is known that the callose accumulation model that occurs during megasporogenesis in
sexually reproducing plants is effective on in the functional megaspore selection, there are a few studies on the
callose accumulation during aposporic embryo sac development (Tucker et a/, 2001; Bicknell and Koltunow,
2004; Lersten, 2004; Tucker and Koltunow, 2009; Drews and Koltunow, 2011; Galla er aZ, 2011; Musial er
al, 2015). Callose accumulation pattern in apomictic ovule differs from the sexually developing ovule. For
instance, as opposed to the sexually developing ovules, absence of callose accumulation around the MMC has
been demonstrated in diplosporous Elymus rectisetus (Carman et al, 1991), Poa nemoralis, Poa palustris
(Naumova er al, 1993; 1999) and 7Tripsacum sp. (Leblanc er al, 1995). Aposporic species, on the contrary of
diplosporics, have callose accumulation around the MMC. Although the callose firstly began to accumulate on
the chalazal and micropylar wall of MMC in aposporic Hypericum perforatum L., it started to accumulate on
the chalazal wall of the MMC in C. ranacetifolia. However, the callose completely surrounded the MMC at
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progressive stages and callose accumulated between the dyad cells. Callose accumulation was also seen between
the spores of megaspore tetrad. As in C. ranacetifolia, absence of callose accumulation on the wall of aposporic
initial cells is shown in aposporic apomictic species like Poa pratensis (Naumova er al, 1993), Panicum
maximum (Naumova and Willemse, 1995), Pennisetumsp (Peel eral, 1997), Brachiaria decumbens(Dusi and
Willemse, 1999), Hieraciumspp (Tucker et al,2001), H. perforarum (Galla er al, 2011) and Eulaliopsis binata
(Lieral,2011).

Yao er al (2007) have stated that the development of embryo and endosperm without fertilization in
apomictic species may occur due to the problems with sperm entry or problems with female gametogenesis.
Unreduced embryo sac is escaped from the fertilization due to the developmental delay in apomictic Malus
hupehensis and embryo develops without fertilization. Liu er a/ (2014) have defined that phenomenon as
‘Female-Late-On-Date’. Its rate is directly related to the apomictic capacities of species and thought to be
influenced by environmental temperature during flowering and pollination. In some apomictic species
(Pennisetum ciliare), unreduced egg cell is fertilized due to the early pollination and increases the level of
polyploidy (Burson et al, 2002). However, there was no delay in the development of female organ in C.
tanacetifolia, there was a delay in pollination. When eight nucleated embryo sac was formed, pollination had
not started yet. Due to the late pollination, the embryo and endosperm formed before the pollen tube reaches
the embryo sac. Similarly, aposporous sacs develop endosperm through pseudogamy due to the delayed
pollination in Paspalum notatum (Espinoza et al, 2002). An embryological study of aposporic E. binata has
revealed that the embryo and endosperm develop autonomously without fertilization (Yao et al, 2007), as in
C. tanacetifolia. In diplosporic Chondrilla junceaL. (Koscinska-Pajak and Bednara, 2006), pollen tubes cannot
enter synergid cells and thus embryo and endosperm develop autonomously without fertilization. Koscinska-
Pajak and Bednara (2006) have concluded that this could be related to the absence of filiform apparatus in
synergid cells that attract the pollen tubes.

Conclusions

At pre-anthesis stage, aposporic initial cell differentiated shortly after the megaspore mother cell
formation. At anthesis stage, four nucleated aposporic embryo sac was formed while sexual development came
to end by atrophy of megaspores completely. At post-anthesis stage, ovule contained only eight nucleated
aposporic embryo sac. Callose did not accumulate around the aposporic initial cell in any developmental stage.
Pollination started shortly after the proembryo formation. Pollen tubes were delayed in reaching the ovary and
embryo and endosperm developed without fertilization.
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