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Abstract

Most flowering plants, including important crops, require double fertilization to form an embryo and endosperm,
which nourishes it. Independence from fertilization is a feature of apomictic plants that produce seeds, from which the
plants that are clones of the mother plant arise. The phenomenon of apomixis occurs in some sexual plants under specific
circumstances. Since the launch of a fertilization-independent mechanism is considered a useful tool for plant breeding,
there have been efforts to artificially induce apomixis. We have been able to produce fertilization-independent endosperm in
vitro in Arabidopsis over the last few years. This paper demonstrates the methods of improving the quality of the endosperm
obtained using plant and mammalian steroid hormones. Additionally, it shows the study on the autonomous endosperm
(AE) formation mechanism in vitro.

This paper examines the effect of exogenous steroid hormones on unfertilized egg and central cell divisions in culture of
unpollinated pistils of Arabidopsis Col-0 wild-type and fie-1 mutant. All media with hormones used (estrone, androsterone,
progesterone, and epibrassinolide) stimulated central cell divisions and fertilization-independent endosperm development.
The stages of AE development followed the pattern of Arabidopsis thaliana wild type after fertilization. Subsequent stages
of AE were observed from 2-nuclear up to cellular with the most advanced occurring on medium with 24-epibrassinolide
and progesterone. The significant influence of mammalian sex hormones on speed of AE development and differentiation
was noticed. Using restriction analysis, the changes in methylation of FIE gene was established under in vitro condition.
The authors of this paper showed that Arabidopsis thaliana has a high potency to fertilization-independent development.
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Introduction

Autonomous endosperm

In sexually reproducing Angiosperms such as Arabi-
dopsis, double fertilization is required for the formation
of the embryo and endosperm from fertilized egg cell
and central cell, respectively [1]. The other reproductive
strategy, devoid of meiosis (or meiosis is disturbed, depend-
ing on apomixis type) and fertilization of the egg cell, is
apomixis, where the progeny are clones of the mother [2].
Molecular mechanism of apomixis has been investigated
for many years, and several genes have been discovered
that may contribute to the initiation of apomictic devel-
opment. According to the recent theory, the mechanism
of apomixis was developed from sexual reproduction by
hybridization and polyploidization, under the influence of
the environment [3]. Research on apomixis is focused on

* Corresponding author. Email: joanna.rojek@biol.ug.edu.pl

Handling Editor: Elzbieta Bednarska-Kozakiewicz

the mechanisms responsible for the disruption or inhibition
of meiosis in megaspore mother cell, and on examination of
the factors stimulating unfertilized egg cell and central cell
development. dyad, mell (argonaute) mutations allow the
formation of unreduced gametes, thus imitating diplospory
[4,5]. Among the genes controlling seed development, FIS
genes are well known and their products form part of the
polycomb repressive complex 2 (PRC2). The FIS-PRC2
cooperates closely with MET1 and controls the expression
of genes related to seed development [6]. In fis mutants the
autonomous endosperm (AE) is partly developed despite
being fertilization-independent, resembling the apomictic
pathway. In addition, a combination of fis and met] muta-
tions allows, in the absence of fertilization, further (more
advanced) development of autonomous endosperm in planta
and more frequent occurrence of autonomous endosperm
(fie-1 mutant plants carrying an MET1 antisense silencing
construct [7]; mea-1/MEA; met1-3/ MET1 mutant [6]). A
similar phenomenon was observed in in vitro cultured
unfertilized ovules (inside ovaries) of wild Arabidopsis
genotypes [8,9] and in met] mutant, in which AE induction
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does not or was very sporadically noted in planta [10]. AE
development was studied on modified MS medium (with
6% sucrose) supplied with auxin and cytokinin [10].

Steroid hormones

Brassinosteroids (BRs) have been discovered in more
than 58 plant species in stems, roots, buds, pollen grains,
and seeds [11]. Their content in plant cells is very low,
which corresponds with the physiological activity of the
hormone in concentrations of about 1000 times smaller
than other previously known hormones [12]. BRs regulate
root development, anther and pollen development and
formation, stem elongation, vascular tissue differentiation
and cellulose biosynthesis. Furthermore, the physiological,
cellular and molecular mechanisms by which BRs regulate
plant development suggest that the biological functions of
BRs are far beyond promoting cell elongation [13]. BRs are
involved in plant reproductive growth, specifically in regulat-
ing male fertility [14,15]. In addition, fruit size was increased
with the exogenously applied BR or by overexpression of BR
synthetic genes in cucumber and tomato, indicating that
fruit development [16,17] and flowering [18] are regulated
by BRs. They also contribute in response to various stresses,
such as very low or very high temperatures, drought, high
osmotic pressure, and pathogen attack [19,20].

In the field of in vitro cultures, where many species and
varieties require specific composition of the media, there is
a high demand for new growth and development regulators.
BRs are being increasingly used as a replacement or together
with the previously most used auxins and cytokinins and
their derivatives. BR support growth of callus and stimulate
the embryogenesis and organogenesis in many species,
including cultivars [20]. In suspension cultures of Arabi-
dopsis thaliana 24-epibrassinolide replaced the cytokinin
action in the culture media used for multiplication cell
proliferation [21].

Male and female mammalian sex hormones (MSHs),
which include androgens, estrogens and progesterone are
involved in reproduction in mammals. The presence of sex
hormones in plants was postulated as early as the 20th cen-
tury [14], and although the presence of a majority of them is
questionable, literature confirms the presence of mammalian
steroids in 128 species from over 50 families [22]. In 2005,
The membrane protein MSBP1 was discovered in the cells
of Arabidopsis, which resembles the animal receptor binding
progesterone and binds the plant progesterone and other
plant steroid hormones [23]. MSBP1 functions as negative
regulator of cell elongation in Arabidopsis [23].

Selected mammalian steroids, exogenously deposited,
stimulate plant cell division, the maturation of pollen as
well as growth and flowering [24]. Progesterone, estrone
and androsterone induce in vitro flowering in Arabidopsis
thaliana [25]. Exogenous application of MSHs activate the
oxidative enzymes under non-stress conditions [26]. The
latest results obtained in spring wheat after drought treat-
ment [24] suggest that progesterone and its putative receptors
contribute in processes regulating plant interactions with
the environment. Thus, exogenous application of MSHs
may be used to increase the plant resistance to negative
environmental conditions.

5-azacytidine as demethylating factor

5-azacytidine (5-azaC) is an analogue of pyrimidine
nucleoside, which inhibits CG and methylation, and induces
hypomethylation in plant and animal genome [27,28]. The
treatment of plant and animal cells with 5-azaC solutions
leads to direct (by incorporating analogue of cytosine into
DNA during replication) and indirectly (by inhibiting DNA
methyltransferase) DNA demethylation.

5-azaC is one of the most widely used demethylating
agents in experimental systems. In animal cultures of es-
tablished cell lines, 5-azaC is used, inter alia, to investigate
the effects of the chemotherapeutic agent in the treatment
of tumors [29-31]. In plants, 5-azaC is helpful in under-
standing the mechanisms that control the gene silencing
[32]. Active DNA demethylation occurs in plant genome in
response to biotic and abiotic stresses suggesting that DNA
methylation/demethylation control the mechanisms of plant
stress response [33]. A study by Ruiz-Garcia and coauthors
[34], using AFLP technique has shown that 5-azaC causes
drastic demethylation. The effect of demethylation was the
greater, the higher concentration of 5-azaC was applied to
Arabidopsis seedlings. Treatment of seeds and seedlings
of certain Arabidopsis mutants and Thlaspi arvense with
5-azaC induces premature flowering [35]. In turn, overex-
pression of an antisense transcript of DNA methyltransfer-
ase [antisense-cDNA methyltransferase (MET1)] induces
flowering and reduces FLC gene expression, which is one
of the main inhibitors of flowering in Arabidopsis [32]. The
use of 5-azaC as DNA demethylating agent in experimental
conditions allows the study on the regulation of the activity
of the genes responsible for flowering (FLC, VIN, VRN) and
seed development (like FIE [36]) through the mechanism
of methylation/demethylation [32].

Some questions were raised since successfully induced
process of the fertilization-independent central cell de-
velopment into endosperm by the authors of this paper
in Arabidopsis. (i) If the endosperm in wild genotypes of
Arabidopsis thaliana appears in all (up to now) of media
used is this a feature specific to this species? (ii) Is the
mechanism of induction of autonomous endosperm the
same, despite different ways of induction (by mutation or
by the action of the in vitro condition)? Is this mechanism
also the same in apomicts? (#ii) Is it possible to initiate in
vitro or in planta development of haploid embryo in wild
genotypes of Arabidopsis?

We started a wide range of planned experiments based
on the knowledge of the crucial role of FIS-POLYCOMB
group and MET1 in sexual reproduction, and the results of
the first part of the experiments are showed in this paper.

Using new steroid hormones and demethylating factor in
the experiment to investigate Arabidopsis thaliana unfertil-
ized central cell and the egg cell divisions in unpollinated in
vitro cultured ovules, following elements were expected: the
induction of autonomous endosperm formation, increase
in the frequency of ovules with AE and advancement in AE
development. This research confirms the supposed genetic
ability of sexually reproducing Arabidopsis to endosperm
development according to autonomous apomictic pattern.
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Material and methods

Plant material and growth conditions

Plants were grown from Col-0 seeds [NASC ID (ABRC):
22625] and fie seeds (fie-1; obtained from Prof. Nir Ohad;
unavailable from NASC or ABRC [37]), in a glasshouse
under cold fluorescent light (120 pmol/m?/s) at 21°C and
70% humidity under long days (16 h light) until flowering
and seed setting.

The fie genotypes were verified by molecular analysis;
additionally, fie genotypes were recognized by silique phe-
notype (see, e.g. [38]).

The PCR protocol for distinguishing the WT FIE allele
from the mutant allele 547 was based on amplification of
genomic DNA with PCR, followed by restriction analysis.
The mutant allele (line 547 TTTAAA) was restricted with
Dral, while the WT allele (TCTAAA) was not restricted
(one band of 866 bp from the WT allele and another two
bands of 374 bp and 492 bp from the mutant allele after
restriction with Dral). Primers were as follows: 3143 (R)
5'CCTATATGGCAACAGAAAAT 3'and 2277 (F) 5 GCTT-
GTGGTTCGTTTGTATG 3’ (Integrated DNA Technologies
- ITD, Inc.; Genomed, Poland).

Invitro culture

The explants for in vitro culture were unpollinated pistils
removed from flower buds 1.0-1.4 mm in length (Fig. la,b).
In this stage anthers are before anthesis preventing bud pol-
lination [10]. Buds were sterilized in 3% hydrogen peroxide
and 95% ethanol (1:1 v/v) for 5 min, then rinsed in distilled
water 3 times for 5 min each. Pistils were placed on MS [39]
medium solidified with agar (8 g1'; MP Biomedicals) with
addition of myoinositol (0.01 g 1), sucrose 6% (suc6%;
w/v; 60 g1™'; M1 - control) and different steroid hormones.
Media were supplemented with estrone (Estr; 1 uM - M2),
androsterone (Andr; 1 uM - M3), progesterone (Prog; 1 uM
- M4) and 24-epibrassinolide (epiBL; 1 uM - M5; Tab. 1).
All chemicals were bought from Sigma-Aldrich (Poland).
The steroid hormone stock solutions were prepared at a
concentration of 2 mg/ml in 50% ethanol and stored at
—20°C. The concentration of absolute ethanol added to the
media never exceeded 0.01% (v/v) and these concentrations
did not influence on the experimental results. Hormones
were sterilized through 0.22 um syringe filter (Millipore)
and added the media after autoclaving.

For molecular analysis of methylation level changes in FIE
gene, pistils of Col-0 were cultured on M1 medium and M6

Fig. 1 Invitro culture of unpollinated pistils on selected steroid hormones induce grow and development. a-b The unpollianted
pistil of Arabidopsis thaliana (Col-0) at inoculation. c—f At 7th day; significant enlargement of pistils and ovules (arrows) inside
ovaries on M2 medium with androsterone (c-d) and M3 medium with epiBL (e-f). Note most enlarged ovaries and ovules on
M3 (f). Scale bar at a fits also for ¢ and e. Scale bar at b fits also for d and f.
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Tab. 1 The induction of autonomous endosperm (AE) in unpollinated ovules of Arabidopsis thaliana on media with steroid

hormones and on hormone-free medium (M1 - control).

No. of analyzed viable explants at 7th

day of culture

Percentage of AE induction

Medium Ovaries Ovules  Ovules/ovary’ Ovaries (%) Ovules (%)
Col-0
M1 MS+suc6% 50 866 17 £0.19 8 (16.0) 8 (0.9)
M2 MS+suc6%+Estr 1 uM 50 1397 28 +0.17 14 (28.0) 19 (1.4)
M3 MS+suc6%+Andr 1 uM 50 1751 35 +0.23 14 (28.0) 19 (1.1)
M4 MS+suc6%+Prog 1 uM 50 1700 34 +0.19 20 (40.0) 27 (1.6)
M5 MS+suc6%-+epiBL 1 uM 50 1400 28 +0.37 17 (34.0) 28 (2.0)
fie-1/FIE
M1 MS+suc6% 50 908 18 £0.15 40 (80.0) 249 (27.4)
M2 MS+suc6%+Estr 1 uM 50 1386 28 £0.15 28 (56.0) 387 (27.9)
M3 MS+suc6%+Andr 1 uM 50 1593 32 +0.15 48 (96.0) 502 (31.5)
M4 MS+suc6%+Prog 1 uM 50 1700 34 +0.17 42 (84.0) 709 (41.7)
M5 MS+suc6%-+epiBL 1 uM 50 1396 28 £0.39 50 (100.0) 655 (46.9)

! Average frequency ovules per ovary *+SE,,.

medium (MS + suc6% + 0.1 mg 1™ NAA + 2 mg 1" BAP).
Both pistils and seedlings were cultured on M7 medium with
5-azacytidine — demethylating factor (MS + suc6% + 50 uM
5-azaC). Explants cultured on 5-azaC were twice transferred
on fresh medium, during the 7-days culture.

NAA, BAP and 2,4D were added to media prior to auto-
claving. 5-azacytidine (Sigma) was dissolved into 1% acetic
acid, stored in stock (15 mg/ml) at —70°C and sterilized
through 0.22 pm filters (Millipore).

All cultures were maintained under a 16 h photoperiod
at 21 +3°C. Light was supplied by cool white fluorescent
tubes (avg. 70-100 M photons m™'s"?). Pistils were cultured
for 7 days.

The viability of pistils and ovules was examined at 7th
day of culture. The morphological analyses were performed
under the stereoscopic microscope. Firmness of tissues (of
the ovaries and ovules), the intensity of coloration and size
were compared with control material.

Embryological study

Embryological processes were analyzed in flower buds
at inoculation and in unpollinated pistils cultured in vitro.
Pistils cultured on different media (Tab. 1) were fixed on
the 3rd, 5th, and 7th day of culture in either acetic alcohol
(glacial acetic acid : 96% ethanol, 1:3, v/v), or FAA (40%
formalin : glacial acetic acid : 70% ethanol, 5:5:90, v/v/v).
Fixed material was prepared and analyzed as described by
Rojek et al. [10].

Statistical analysis

The obtained percentage frequency of AE data were
arcsine-transformed for further statistical analysis. Statis-
tical analysis were carried out to describe: the differences
in relative proportion of induction of AE for two study
genotypes on different type of medium; the differences in

relative proportion of induction of AE in four developmental
stages on different types of medium within Col-0 and fie-1/
FIE genotypes, respectively. Two-way ANOVA with three
replications was performed separately for the following
factors: (i) genotype expression (Col-0 versus fie-1/FIE) and
type of medium (M1: MS + suc6%; M2: MS + suc6% + Estr
1 uM; M3: MS + suc6% + Andr 1 pM; M4: MS + suc6% +
Prog 1 uM; M5: MS + suc6% + epiBL 1 uM); (ii) relative
proportion of AE in four developmental stages (AE1 — few-
nuclear AE; AE2 — multinuclear AE; AE3 - multinuclear
AE just before cellularization; AE4 - cellular AE) and type
of medium (M1-M5) for Col-0; (iii) relative proportion
of AE in four developmental stages (AE1-AE4) and type
of medium (M1-M5) for fie-1/FIE. To identify significant
differences between treatment groups we used a post-hoc
Tukey’s HSD test at P<0.05 level (results were presented in
two ways — as homogeneous groups, as well as significant
differences). The increase of AE induction in study genotypes
in different types of medium and also in four developmental
stages of AE in different types of medium for Col-0 and
fie-1/FIE genotypes were illustrated by interactions graphs
(Appendix S2, Appendix S3). All described analysis were
performed with the program package STATISTICA v. 10
[40], according with standard procedures.

DNA methylation analysis

The degree of methylation was analyzed on FIE gene
(AT3G20740.1; The Arabidopsis Information Resource TAIR
database) of Col-0 in 6 experimental variants, including
control (unppollinated pistils at inoculation): (i) ovaries
analyzed at 7th day of culture on M1 (MS + suc6%); (i) on
M6 (MS + suc6% + 0.1 mg I"' NAA + 2 mg 1! BAP); (iii)
on medium with demethylating factor (M7; MS + suc6% +
5-azaC 50 uM); (iv) 7th-day seedlings cultured on M1, and
(v) on M7 medium.
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A genomic DNA isolation was performed using stan-
dard kit (A&A Biotechnology). Analysis was done by (i)
digesting the total DNA of a pair of restriction enzymes
(izoschizomers) Hpall (New England Biolabs) and Mspl
(Fermentas); (ii) PCR reactions using primers specific to
certain locations in the studied gene. For PCR a RedTaq™
polymerase (Sigma) and MgCl buffer (1.5 mM) were used. A
first (FIE I - positive control; no sites of digestion) and third
pair of primers (FIE IIT) FIE gene were selected for proper
analysis of the methylation; (iii) separation of the PCR prod-
ucts by agarose electrophoresis. Primers for FIE (no digestion
site): FIE I forward: 5 GCATTGCAATCCTATGCTGA 3’
and FIE I reverse: 5 TGTGGGGAATTTTGATGGAT 3’
(Genomed, Poland). Primers for FIE (one digestion site): FIE
III forward: 5 GCTTGTGGTTCGTTTGTATG 3’ and FIE
III reverse: 5 CCTATATGGCAACAGAAAAT 3'(Genomed,
Poland). A protocol was used for PCR amplification: the
initial denaturation round (95°C for 5 min) was followed
by thirty cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for
50 s. The final round used 72°C for 5 min.

Results

Stage of female gametophyte development

in unfertilized ovules at inoculation

In unfertilized ovules different stages of female game-
tophytes (FGs) were observed starting from 4-nucleate
to mature 7-celled female gametophyte. The mature FG
consisted of an egg apparatus on micropylar pole, antipo-
dals at chalazal pole and central cell with 2 polar nuclei or

secondary nucleus formed after fusion of polar nuclei simi-
larly as previously described by Rojek et al. [10]. In analyzed
ovules, mature female gametophytes occurred with highest
frequency (~80%), confirming that the mature FG was the
best stage for autonomous endosperm induction. Embryos
and endosperm were not observed in analyzed ovules.

Vitality of pistils and ovules during in vitro culture

Pistils cultured on the media with the addition of steroid
hormones were conspicuously enlarged on the 7th day
when compared to the size of pistils at inoculation (Fig. 1).
Also, their viability was high reaching more than 84%
(Appendix S1).

Steroid hormones added to the culture media promoted
growth and intensive proliferation of pistil tissues in sub-
sequent days of culture. Ovaries, despite the significant
overgrowth of the lower part, immersed in the medium,
were green and viable (Fig. le,f). Proliferation of the ovaries
was accompanied by enlargement of the ovules. On the 7th
day of culture, the most enlarged ovules were located in the
lower part of the ovary. The increase in ovule size resulted in
a decrease in the number of ovules, as compared to ovules
number at inoculation (50 +0.19 ovules per ovary). The
average number of ovules inside each ovary was between
28 and 35 at 7th day of culture (Tab. 1).

Female gametophyte and autonomous endosperm development

During in vitro culture with estrone (M2), androsterone
(M3), progesterone (M4) and epiBL (M5) both FGs and
autonomous endosperm development were noted (Fig. 2-
Fig. 6).

Fig. 2 Female gametophytes at 7th day of in vitro culture. Longitudinal paraffin sections of Arabidopsis thaliana Col-0 ovules
inside unpollinated ovaries, cultured in vitro. A mature female gametophyte at 7th day on M2 (a), M3 (b) and M5 (c); an egg cell
(ec), synergids (sc) and secondary central cell nucleus (scn) are visible. Scale bar at a fits also for other figures.
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Fig. 3 Few-nuclear autonomous endosperm (AE1) induced in vitro. Longitudinal paraffin sections of Arabidopsis thaliana Col-0
(a-d,f,g) and fie-1/FIE (e) ovules inside unpollinated ovaries, cultured in vitro on M2 (a-d), M3 (f), M4 (e) and M5 (g) for 7
days. The early stages of autonomous endosperm development. a,b 2-nucleate AE. Few-nucleate AE; big nuclei clustered in dense
mass of cytoplasm (c,d) or in cytoplasmic strands (f,g). AE nuclei indicated by arrows. Scale bar at a fits also for other figures.

In ovules inside 7-day-old ovaries, still viable FGs were
observed containing central cell with secondary nucleus and
intact egg apparatus (Fig. 2a—c) or sporadically two polar
nuclei in central cell.

Autonomous endosperm was observed in ovules cul-
tured on all steroid hormone-enriched media, in two study
genotypes, with the expected higher AE frequency in fie-1
genotype, due to the presence of mutation (Fig. 7). As the
autonomous endosperm showed various degrees of advance-
ment in the development, it was divided into four develop-
mental stages: (i) AE few-nuclear (AE1); (if) AE multinuclear

(AE2); (iii) AE multinuclear just before cellularization (AE3)
and (iv) AE cellular (AE4; Tab. 2, Fig. 8, Fig. 9).

Few-nuclear AE (AE1) consisted of 2-10 nuclei, very
often close to each other clustered in the mass of cytoplasm
in the middle part of FG (Fig. 3¢,d) or near the wall, where
the FG banded and created a characteristic horseshoe
shape (Fig. 3a,b,e). Sometimes the regular arrangement of
AE nuclei in the whole FG was noted (Fig. 3f,g). The first
category of AE was dominant on control (M1) medium for
both genotypes and on M2 medium for wild-type (Tab. 2,
Fig. 8 and Fig. 9).
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N

Fig. 4 Multinuclear autonomous endosperm (AE2) induced in vitro. Longitudinal paraffin sections of Arabidopsis thaliana
Col-0 (d) and fie-1/FIE (a-c) ovules inside unpollinated ovaries, cultured in vitro on M2 (d), M3 (b) and M4 (a,c) media, for 7
days. a,b Multinuclear stage of AE with characteristic feature for fie-1 phenotype, at micropylar pole of FG; differences in size of
AE nuclei are visible. ¢ AE nuclei grouped into 2 or 3 nuclei and surrounded by dense cytoplasm. d Small AE nuclei positioned
around central vacuole. AE nuclei were indicated by arrows; v — vacuole. Scale bar at a fits also for other figures.

Multinuclear autonomous endosperm (AE2) consisted of
numerous nuclei dipped in cytoplasm of the central cell. The
size and distribution of AE nuclei in FGs were different. AE
nuclei were positioned in cytoplasmic strands or clustered
in big one multinuclear mass (Fig. 4a) or few-nuclear units
of dense cytoplasm (Fig. 4c). Overproliferation of AE2
at micropylar and chalazal poles of FG was characteristic
of fie-1/FIE genotype (Fig. 4b). Many of ovules of Col-0
possessed few-nuclear clusters or single nuclei, which were
arranged around central vacuole (Fig. 4d).

Multinuclear AE just before cellularization (AE3) showed
characteristic features, which resembled fertilization-derived
multinuclear endosperm just before cellularization. AE
nuclei arranged around central vacuole, parietal and sur-
rounded by cytoplasm forming structures resembling nuclear
cytoplasmic domains. AE nuclei with cytoplasmic strands
looked like stars network (Fig. 5a—c) or like a spider web
with nuclei anchored (Fig. 5d).

The most advanced stage of AE development - cel-
lular (AE4) - resembled the tissue which fills the embryo
sac (Fig. 6a—e). The cytochemical staining of Alcian blue

indicated the presence of walls between AE nuclei. AE tis-
sue was clearly separated from other tissues of the ovules
by integumentary tapeum. Sometimes the autonomous
endosperm was only partially cellular (Fig. 6e).

The intact egg cell and synergids (one or two) accom-
panied AE in many ovules up to AE3 stage. An increased
egg cell was present mostly on medium with progesterone
(M4). In many ovules, the space separating the egg apparatus
from the endosperm was very clear. At the AE4 stage, cel-
lular endosperm was mostly accompanied by degenerated
egg apparatus, which was still clearly separated from the
endosperm space (Fig. 6e).

The frequency of autonomous endosperm

Autonomous endosperm was induced on all the used
media and in each of the three samples within both geno-
types. Statistical analysis revealed that the genotype type
was especially important for the relative frequency of the
occurrence of AE on various media types (Fys = 202.14,
P < 0.001; Appendix S2). As expected, genotype fie-1/FIE,
showed a very high percentage of ovules with AE (between
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Fig. 5 Multinuclear AE just before cellularization (AE3) induced in vitro. Longitudinal paraffin sections of Arabidopsis thaliana
fie-1/FIE ovules inside unpollinated ovaries, cultured in vitro on M3 (a,b) and M4 (c,d) media, for 7 days. a-c AE nuclei arranged
regular and surrounded by “star-like” cytoplasmic network (arrows). d AE nuclei with cytoplasmic strands (arrows) looked like
a spider web with nuclei anchored. AE nuclei were indicated by arrows; it — integument. Scale bar at a fits also for other figures.

27.4% and 46.9%) compared to the wild genotype Col-0
(0.9-2.0%; Fig. 7). Despite the drastic difference in the
overall appearance of the AE frequency between genotypes,
similar and significant differences in frequency for each
media have been shown. The highest percentage of AE was
induced on media M4 and M5 for both genotypes, and the
lowest in the control medium without exogenous steroid
hormones - M1. In the case of Col-0, the difference in the
percentage of AE induction between media was small but in
most cases statistically significant, at P < 0.05 level (Fig. 7,
Appendix S2). The exception was the similar percentage of
AE induction for the M1 and M3 media (0.9% and 1.1%,
respectively; Tab. 1, Fig. 7 and P = 0.835 for HSD post-hoc
test; Appendix S2) and also for the M4 and M5 media (1.6%
and 2.0%, respectively; P = 0.173 for HSD post-hoc test). For
fie-1/FIE genotype, differences between media were much
clearer: for media M4 and M5, AE induction was over 10%
higher than on the M1-M3 media. Moreover, statistical
analysis revealed the significance of the observed differences,
except media M1 and M2 (P = 0.963 for HSD post-hoc test).

The development of AE in different treatments

The relative proportions of the occurrence of subsequent
AE developmental stages were analyzed within two studied
genotypes. The analysis of variance showed a significant
impact of used media (M1-M5) on the degree of advance-
ment in the development of AE (four stages AE1-AE4; Fy, 5,
=52.79, P<0.001 for Col-0 and F,,3, = 520.71, P < 0.001 for
fie-1/FIE; Appendix S3, Appendix S4).

In wild-type Col-0, the youngest stage of AE development
(AE1) was the only one found on M1 (0.9%) and was the
dominant type of developmental stages on M2 (0.7%; Tab. 2,
Fig. 8). Also, post-hoc test exhibited no differences between
the two aforementioned media, for AE1 stage (P = 0.897 for
HSD post-hoc test; Appendix S3). Multinuclear stages of
endosperm (AE2 and AE3) were presented on the M2-M5
media, but similar and significantly higher relative propor-
tions of AE2 stage were observed on M4 and M5 media (0.7%
for the M4 and 0.8% for M5), which was also confirmed by
HSD post-hoc test (P = 1.000).
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Fig. 6 Cellular autonomous endosperm (AE4) induced in vitro. Longitudinal paraffin sections of Arabidopsis thaliana fie-1/
FIE ovules inside unpollinated ovaries, cultured in vitro on M2 (c,e), M4 (d) and M5 (a,b) media, for 7 days. a-e Cellular stage
of AE. The AE nuclei (arrowheads) separated by alcian blue-stained partitions (arrows). e Partly cellular AE accompanied by
degenerated egg apparatus (star). it - integument. Scale bar at a fits also for other figures.

Cellular stage (AE4) was presented only on the M4 and
M5 media, with higher proportion at M5 (0.3% for M4
and 0.6% for M5; Tab. 2, Fig. 8), but still similar to relative
proportion as on M4 (P = 0.341 for HSD post-hoc test).

The different relationships were received for the mu-
tant genotype (fie-1/FIE) on the studied media, but were
similar to the Col-0 wild-type. The most differentiating
values showed the M4 and M5 media (P < 0.001 for HSD
post-hoc test; Appendix S4). Because of the described
mutation, there no statistically significant differences in
the high-frequency stage AE2 for the M1-M5 media (from
M4-14.0% to M5-18.6%; Tab. 1, Fig. 9), as multinuclear,
undifferentiated autonomous endosperm is characteristic of

unfertilized fie-I ovules. The appearance of the remaining AE
stages was extremely important. The youngest stage AE1 was
observed very often on M5 medium (14.1%) and also was
represented on M1 (7.4%), but their relative proportions were
statistically different (P < 0.001 for HSD post-hoc test). The
frequency of AE3 stage was highly dependent on the used
medium: the least frequently on M1 (1.1%) and the most
commonly on M4 (19.8%; Tab. 2, Fig. 9, Appendix S4). AE4
stage was not present on the control medium - M1. However,
in other cases, frequency of AE4 was the lowest among all
the developmental stages of AE, with the highest percentage
on M4 (4.8%). In fie-1/FIE heterozygote, advanced stages of
AE development (AE3 and AE4) emerged with the greatest
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Fig. 7 Quantification of the total induction of autonomous en-
dosperm in Col-0 and fie-1/FIE genotypes after 7 days of in vitro
culture on M1-M5 media. Each column of the histogram represents
the percentage of ovules with AE. Bars indicate SE,. Statistical
analysis revealed that the type of genotype was especially important
for the relative frequency of the occurrence of AE on various media
types (Fu16 = 202.14, P < 0.001). As expected, genotype fie-1/FIE,
showed a very high percentage of ovules with AE compared to the
wild genotype Col-0. Despite the drastic difference in the overall
appearance of the AE frequency between genotypes, similar and
significant differences in frequency for each media have been
shown. The highest percentage of AE was induced on media M4
and M5 for both genotypes, and the lowest in the control medium
without exogenous steroid hormones — M1. In the case of Col-0,
the difference in the percentage of AE induction between media
was small but in most cases statistically significant, at P < 0.05 level.

2,5%

OAE1 OAE2 DAE3 mAE4
2,0%

1,5%

Percentage
Relative proportion

1,0%
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0,0%
M1 M2 M3 M4 M5
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Fig. 8 Quantification of the occurrence of four developmental
stages of autonomous endosperm development in Col-0, after 7
days of in vitro culture on M1-M5 media. Each column of the his-
togram represents the percentage of ovules that showed particular
developmental stages of autonomous endosperm (AE1-AE4).
Bars indicate SE,,. In wild-type Col-0, the youngest stage of AE
development (AE1) was the only one found on M1 and was the
dominant type of developmental stages on M2. Multinuclear stages
of endosperm (AE2 and AE3) were present on the M2-M5 media,
but similar and significantly higher relative proportions of AE2 stage
were observed on M4 and M5 media (0.7% for the M4 and 0.8%
for M5). Cellular stage (AE4) was present only on the M4 and M5
media, with higher proportion at M5 (0.3% for M4 and 0.6% for
M5), but still similar to relative proportion as on M4 (P = 0.341
for HSD post-hoc test).

Tab. 2 The occurrence of four developmental stages of autonomous endosperm (AE) in unpollinated ovules of
Arabidopsis thaliana on media with steroid hormones and on hormone-free medium (M1 - control).

No. of
analyzed
viable . . . .
ovules at Percentage (%) of ovules with AE developmental stages and accompanied structures
7th day of AE3; before
Medium culture AE1;2-10n AE2; multinuclear cellularization AFE4; cellular
Col-0
Ml 866 8 (0.9) 0 (0.0) 0 (0.0) 0 (0.0)
M2 1397 545! 0.7) 4 (0.3) 5 (0.4) 0 (0.0)
M3 1751 6 (0.3) 8 (0.5) 5 (0.3) 0 (0.0)
M4 1700 2 (0.2) 8+4! (0.7) 5+3! (0.5) 5 (0.3)
M5 1400 2 (0.2) 8+3! (0.8) 6+2! (0.6) 7 (0.5)
fie-1/FIE
Ml 908 50+17" (7.4) 151+10'  (17.7) 10 (1.1) 0 (0.0)
M2 1386 18+5! (1.7) 24349} (18.2) 75+20" (6.9) 17 (1.2)
M3 1593 8 (0.5) 253+7! (16.3) 194 (12.2) 40 (2.5)
M4 1700 54 (3.2) 231+7! (14.0) 316+20' (19.8) 80+1' (4.8)
M5 1396 184+13! (14.1) 249+11! (18.6) 185+5! (13.6) 8 (0.6)

! No. of ovules with AE accompanied by intact egg cell; n - nuclei.
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Fig.9 Quantification of the occurrence of four developmental
stages of autonomous endosperm development in fie-1/FIE, after
7 days of in vitro culture on M1-M5 media. Each column of the
histogram represents the percentage of ovules that showed particu-
lar developmental stages of autonomous endosperm (AE1-AE4).
Bars indicate SE,.. The high-frequency of AE2 stage was the result
of a mutation. The appearance of the remaining AE stages was
extremely important. The most differentiating values showed the
M4 and M5 media (P < 0.001 for HSD post-hoc test; Appendix S3).
Because of the described mutation, there no statistically signifi-
cant differences in the high-frequency stage AE2 for the M1-M5
media, as multinuclear, undifferentiated autonomous endosperm
is characteristic of unfertilized fie-1 ovules. The appearance of the
remaining AE stages was extremely important. The youngest stage
AE1 was observed very often on M5 medium (14.1%) and also
was represented on M1 (7.4%). The frequency of AE3 stage was
highly dependent on the used medium: the least frequently on M1
(1.1%) and the most commonly on M4 (19.8%). AE4 stage was not
present on the control medium - M1. The frequency of AE4 was
the highest percentage on M4 (4.8%). In fie-1/FIE heterozygote,
advanced stages of AE development (AE3 and AE4) emerged with
the greatest frequency on M4.

frequency on M4, in contrast to the wild-type Col-0, where
high frequencies of advanced stages of AE on M4 and M5
media were observed (Fig. 8).

Methylation analysis in FIE gene

In this study we also established how stress in vitro
affects methylation of FIE gene - one of the core genes,
which product, together with other of PRC2 components
act and maintain the paternally expressed genes to be silent
[36]. Using standard media (with auxin and cytokinin)
and 5-azacytidine for culture of unfertilized ovules, we
expected to obtain primary indication for further molecular
investigation.

To analyze methylation in FIE gene we used standard
media for Col-0 unpollinated ovaries culture: M1 medium,
M6 medium with balanced concentration of auxin and
cytokinin (MS + suc6% + 0.1 mg 1! NAA + 2 mg 1™ BAP;
see [10]), and M7 medium with demethylating factor (MS
+ suc6% + 50 uM 5-azaC). Analysis of the methylation
using the restriction method combined with PCR has

shown differences in the level of methylation of explants
cultured on different media. Based on band intensity after
PCR for a specific primer pairs (without cutting and after
cutting of enzymes) of FIE gene, the differences in the
methylation were preliminary (qualitatively) determined
(Fig. 10a,b). Changes in the level of methylation of FIE
gene have occurred under in vitro conditions. The influ-
ence of a particular medium on the degree of analyzed gene
methylation was similar, regardless of the type of explant
(ovaries or seedlings). At the 7th day of in vitro culture, the
methylation level seemed to be increased on M1 medium
without hormones (Fig. 10a; strong band No. 2 visible on
the gel) but decreased (weaker bands) on M6 medium,
which was supplemented with auxin and cytokinin (sample
No. 3). M7 medium with 5-azaC generally gave weaker
(for ovaries) and very weak (for seedlings) bands in the gel
(samples No. 4 and No. 6; Fig. 10a), suggesting decreased
DNA methylation. An ambiguous band image could be
the result of the residue in the reaction mixture of non-cut
copies of FIE. Different (often opposite) intensity of bands
for Hpall and MsplI (Fig. 10a; sample No. 3; band intensity
was lower for the Hpall and greater for Mspl) indicated the
specificity of methylation sites (methylated/demethylated
is the most outer cytosine in the CCGG sequence), and
nonuniform degree of methylation of both DNA strands
(DNA hemimethylation [34]).

Discussion

The present studies are a continuation of our long-term
research on overcoming the fertilization requirement and
inducing the divisions of unfertilized central cell in sexually
reproduced taxa from different genera and families, including
a model plant Arabidopsis thaliana (wild genotypes Col-0,
MET1/MET]I, FIE/FIE and met1 and fie-1 mutants [10]). Asa
universal technique, we preferred the culture of unpollinated
pistils and stimulation by phytohormones [41]. Previously,
a combination of auxins and cytokinins was the best for
fertilization-free endosperm development [10]. Based on
Arabidopsis experiments, we hypothesized that Arabidopsis
represents a good model to investigate the phenomenon
of apomictic model of endosperm development and that
steroid hormones, especially mammalian sex hormones are
promising [42]. In fact, stimulation of secondary nucleus of
female gametophyte to division and further development of
AE were achieved for both kind of hormones, MSHs and
brassinosteroid.

Autonomous endosperm in vitro can fully develop

through steroid hormones stimulation

In Col-0 genotype, the highest frequency of ovaries/
ovules with AE (~60% ovaries / 6% ovules) was noted on
media with combinations of auxin and cytokinin [10] and
supplied with 50 uM 5-azacytidine (M7 medium, 38%/2% of
the ovaries/ovules; Appendix S5, Fig. S1). Although, neither
epibrassinolide nor mammalian sex hormones increased AE
frequency in unpollinated ovules of Col-0, they evidently
improved the frequency of AE occurring in fie-1 mutant
ovules, as was compared with frequency on P1-P3 media,
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Fig. 10 Analysis of DNA methylation in FIE gene. Changes in DNA methylation in FIE gene
of Col-0 seedlings and ovaries analyzed at inoculation (0 day of culture) and after 7 days of in
vitro culture. a PCR analysis for FIE gene; lines 1-6: investigated individual trials/experiments;
other lines: GeneRuler 100bp plus. Hpall/Mspl isoschizomers (sensitive to methylation) were
used to digestion of genomic DNA in FIE. b The positive control for FIE - the lack of digestion
sites for Hpall/Mspl isoschizomers (undigested DNA). Descriptions of the bands: 1 - ovaries
at inoculation; 2 - ovaries cultured on M1 (MS + 6% sucrose); 3 - ovaries cultured on M6
(MS + 6% sucrose + 0.1 mg "' NAA + 2 mg 1™ BAP); 4 - ovaries cultured on M7 with 5-azaC
(MS + 6% sucrose + 50 uM 5-azaC); 5 - seedlings cultured on M1; 6 - seedlings cultured on
M?7. The fluorescent intensity of investigated bands indicate the degree of DNA methylation.
The influence of a particular medium on the degree of analyzed gene methylation was similar,
regardless of the type of explant (ovaries or seedlings). a DNA methylation in FIE changes in
vitro; these changes are different for individuals media (line 2-6). The methylation level of FIE
seemed to be increased on M1 medium (a; strong band No. 2 visible on the gel) without growth
regulator, in comparison to inoculation stage (a; band No. 1), but decreased (weaker bands)
on M6 medium, which was supplemented with auxin and cytokinin (a; sample No. 3). M7
medium with 5-azaC generally gave weaker (for ovaries) and very weak (for seedlings) bands
in the gel (a; samples No. 4 and No. 6), suggesting decreased DNA methylation. An ambiguous
band image could be the result of the residue in the reaction mixture of non-cut copies of FIE.

as noted by Rojek et al. [10]. This is certainly related to the
higher ovules survival in vitro culture. Also, there is no
doubt that the steroid hormones stimulate the viability of
developing ovules and further AE development till cellular
stage. According to our knowledge, we are the first to use
steroid hormones to stimulate female gametophyte develop-
ment and to induce AE formation (see also [42]), although
brassinosteroids are widely applied in the field of in vitro
cultures [20]. Application of MSHs resulted in stimulation
of development but only in the presence of certain con-
centration [43,44]. To determine the most favorable dose
of particular MSH for the AE induction and development,
other concentrations of hormones should be investigated.
Similar to our previous studies on unfertilized ovules
of Arabidopsis in cultures, AE development was delayed
as compared to findings in planta [8,10] but the successive
stages from 2-nucleate to cellular AE were observed in vitro.
The pattern of in vitro-induced AE development was similar
to that of endosperm of fis mutant in planta [7] and also

to AE produced in unfertilized ovules of metI mutants in
vitro [10]. AE originated from the secondary nucleus and
at binucleate stage two adjacent nuclei were located near the
egg cell or in the place where the embryo sac is bent similar
as in endosperm development in planta after fertilization
[45]. The autonomous origin of AE strongly support the
presence of intact egg cell and/or synergid(s) in the same
ovule. Moreover, the appearance of the ovules containing
AE at a very early developmental stage in fie-1 mutant (AEI
stage, which was very younger than guaranteed by the muta-
tion) indicates induction of endosperm development, which
was independent of fertilization and mutation. The most
important consequence of the action of media with steroid
hormones was the advancement of endosperm development
much further and achieving maturity (AE4 stage — cellular).
The overthrow of the general phenomenon occurring in
fis mutants [1] - the lack of cellularization of autonomous
endosperm - gives hope for finding the key which allows
switching the AE development from nuclear to cellular.
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All tested hormones in the present study and in previous
experiments induced central cell division and AE develop-
ment in unfertilized ovules of Arabidopsis genotypes [8-10].
They did not stimulate divisions of egg cell and haploid
embryo formation although embryo-like structures of
unknown origin were observed on medium with epiBL
and in fie-1/FIE Arabidopsis mutant cultured on M1 (data
not shown). The proper and full development of embryo
is strongly dependent on the cellularization stage of en-
dosperm and sucrose influx from the endosperm [1]. It is
possible that higher concentration of sucrose in vitro (6%)
and steroid hormones are sufficient to induce full endosperm
development, but not yet to develop a parthenogenetic
embryo. To induce unfertilized egg cell development,
steroid hormones other than brassinosteroids have to be
used because the embryo development is brassinosteroid
independent [46].

Changes in DNA methylation as a probable indicator of

apomictic-like development in Arabidopsis in vitro

Analysis of FIE gene showed differences in the level of FIE
methylation in Col-0 explants cultured on different media.
At the moment of inoculation the DNA methylation in genes
was relatively low. Also, analysis of histone H3K9 methyla-
tion showed low level of methylation prior to fertilization
(Appendix S6, Fig. S2). Hormone-free medium, but with a
higher concentration of sugar, seems to affect the greatest
increase of methylation in the gene. However, the effect of
medium with 5-azaC is highly demethylating, provided that
5-azaC has been incorporated into DNA during replication.
Therefore, global methylation after 5-azaC treatment was
significantly lower in seedlings, where the number of cell
divisions is commonly known to be very high [34,47], in
contrast to the mature ovaries and ovules (rare cell divisions
in somatic tissues and in female gametophytes).

The preliminary results indicate changes in methyla-
tion in individual sites cuts of Hpall/Mspl enzymes. If we
considered the general trend of reduction in the level of
methylation in the tissues cultured in vitro, the FIE gene
would exhibit relatively high activity in ovary tissues. In vivo,
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the FIE activity is high before fertilization and just after fer-
tilization [48]. Perhaps regulation of its expression occurs, as
in the case of MEA, by antagonistically acting proteins, viz.,
FIS-PCR2 (for H3K27me3 methylation), methyltrasferase
MET1(for DNA methylation) and demethylase DME [6].
Thus, the low level of methylation FIE of both in vitro and
in vivo may indicate the function of the similarity in the
initiation and development of endosperm after fertiliza-
tion and endosperm formed independently. The effect of
significant enhancement of AE development in Col-0 and
fie-1/FIE induced by steroid hormones applied in vitro could
be synergistic effect of changes in histone modification and
DNA methylation within distinct set of common target
genes involved in autonomous endosperm development,
as was hypothesized for met1-3/MET1; mea-1/MEA [6].
Therefore, the methylation analysis of FIE and MEA in fie-1/
FIE genotype is an urgent task.

Conclusions

Our studies on the initiation of apomictic processes have
focused on the model plant Arabidopsis thaliana, which
belongs to the same family as sexual Brassica napus and apo-
mictic species of Boechera genus. Stimulation of the central
cell to fertilization-free endosperm development induced
by the application of different steroid hormones in culture
of unfertilized ovules confirmed the ability of Arabidopsis
thaliana (Col-0) to switch from sexual to apomictic endo-
sperm development. The effect of steroid hormones should
be further investigated at the cell level with the use of labeled
mammalian steroids to visualize their accumulation site in
ovule tissues. We also demonstrated that changes in envi-
ronmental conditions (in vitro) are sufficient to initiate the
steps of apomixis (production of autonomous endosperm),
at least in Arabidopsis thaliana. The obtained results should
enrich the knowledge of the mechanisms controlling seed
development in Angiospermae and can be used for further
work on introgression of the apomictic mechanisms to the
reproduction of crop species.
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