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Features of embryonic development in sugar beet under
apospory and cytoplasmic male sterility

Abstract. The aim of the study was to evaluate the theoretical foundations of the phenomenon
of high seed self-reproduction in substituted lines and to develop a methodology for studying
embryonic development in sugar beet breeding materials with cytoplasmic male sterility (CMS)
of different genetic origins. Experimental investigations included field methods, pollen-free
seed production in CMS breeding materials, laboratory methods, cytological analysis of embryo
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development during apozygoty over 34 days after flowering fixation, and a cytophotometric method
for assessing genome-level ploidy variability in materials with different terms of apozygotic seed
reproduction. The methodology for studying embryonic development during apozygoty in materials
of different CMS source origins was improved, incorporating flowering marking, shoot isolation,
and embryo fixation from 5 to 34 days until complete embryo development. It was established that
apozygoty in sugar beet is characterised by delayed genetically determined development of 4, 8,
or 10 days within the 28-day developmental cycle, depending on the origin of the material, as well
as by polyembryony and a high percentage of degenerated embryos. Adventitious embryogenesis,
apospory, and simultaneous embryo development from integuments and nucellus in both
micropylar and chalazal regions were characteristic of male-sterile lines of different genetic
origins. It was found that substituted lines based on new CMS sources derived from wild species
of the genus Beta L. exhibit the phenomenon of high seed self-reproduction under pollen-free
conditions. The methodology for studying embryo development synchrony was developed to
investigate the nature of apozygoty (generative and somatic embryogenesis) in substituted lines
with introduced sterile cytoplasms, compared with monoecious male-sterile lines carrying
the F. Owen S-vulgaris cytoplasm. The type of apozygoty manifested through gametophytic and
sporophytic embryogenesis and determined the genetic heterogeneity (variability in quality) of
apozygotic seeds. Apomixis using substituted lines and new sterile cytoplasms derived from wild
species of the genus Beta L., combined with a high percentage of apomictic seed reproduction, may
provide significant advantages for the production of new crop hybrids, particularly through the
fixation of heterosis and preservation of the maternal plant genotype

Keywords: adventitious embryogenesis; apospory; new sources of cytoplasmic male sterility; Beta

maritima; Beta patula; cytoplasmic male sterility phenotypes

INTRODUCTION

Apomixis is a process of asexual plant reproduc-
tion that yields seeds in the absence of meiosis
and fertilisation. Since apomictic plants can
produce clonal offspring, preserving the gen-
otype of the maternal plant through seeds, this
process offers numerous agronomic advantag-
es for crop production, namely the fixation of
heterosis, the introduction of new germplasm
from wild species into the breeding process, the
simplification of hybrid seed production, and
positive variation in vegetatively propagated va-
rieties. In sugar beet breeding, the application
of apomixis using substituted lines with new
sources of sterile cytoplasms from wild species
of the genus Beta L., Beta maritima and Beta pat-
ula, consolidates the positive characteristics of
the maternal component controlled by the cy-
toplasmic genome, such as disease resistance,
early carbohydrate accumulation, high adaptive
potential for the development of stubble-free
seed production, the creation of energy hybrids
with a high monosaccharide content, and the
simplification of sterility maintainer breeding.

<)

F. Krahulec et al. (2020) indicated the exist-
ence of various modes of seed reproduction as
intra-population polymorphism of reproduc-
tive traits. Y. Xu et al. (2022) note that apomixis
can duplicate genotypes corresponding to the
maternal plant, and that it has important ap-
plications for genotype fixation and acceler-
ation of the breeding process. D. Li et al. (2021)
concluded that apomixis occurs in more than
400 plant species but remains insufficiently
studied among major agricultural crops. How-
ever, A. Schmidt (2020) indicates that achieving
practical application of apomixis in breeding
requires in-depth theoretical investigation of
the epigenetic regulation of genes using meth-
ods for analysing the genetic basis of their ex-
pression. P. van Dijk et al. (2020) investigated
the dominance of the parthenogenesis allele in
dandelions and the complex nature of auton-
omous perisperm formation. Based on experi-
mental results, K. Wang et al. (2021) concluded
that the developmental characteristics of em-
bryos during apozygoty remain insufficiently
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studied, as in some cases they may clone the
genotype, or have a recombinant basis and de-
velop from embryo sac cells. Based on the re-
search of M. Roik et al. (2024), high economic
interest and prospects for profit are already
determining competition among the world’s
leading agricultural corporations (Syngen-
ta, Pioneer Hi-Bred International, Rijk Zwaan
Zaadteelt B.V, Partec GmbH, and others). Em-
bryological investigations play a primary role
in establishing the nature of embryos - spe-
cifically gametophytic reduced and unreduced
parthenogenesis - but require the refinement
of methodologies for studying the synchrony
of apomictic and hybrid embryo development
using genetic selective markers. Using embry-
ological investigations, the authors established
that, depending on the mode of embryo sac for-
mation, the nature of apozygotic embryo devel-
opment is determined by the type of apomixis:
diplospory, apospory, adventitious embryogen-
esis, and parthenogenesis. In diplospory, the
embryo sac develops from an unreduced me-
gasporocyte. In some cases, meiosis may be
replaced by mitosis or the second division may
be absent. Cytoembryological investigations
showed that in aposporous embryo sacs of this
type, parthenogenetic embryos form and de-
velop to the globular stage, after which further
development does not occur due to the absence
of endosperm.

D. Li et al. (2021) and K. Wang et al. (2021)
demonstrated that haploid parthenogenesis oc-
curs in reduced embryo sacs whose cells were
formed as a result of meiotic division. They
showed that haploid embryos, if diploidisation
does not occur, are not viable; their proportion
amounts to only 1-2%, and this phenomenon
has been described in a range of species (Datu-
ra, Nicotiana, Triticum, Oryza, Hordeum, Bras-
sica, Crepis, Solanum, Zea, Gossypium, and oth-
ers). The proportion of haploid parthenogenesis
and haploid embryos in certain species, such
as the alloplasmic line of Triticum aestivum,
can reach 90%. It has been established that
seeds of sugar beet breeding materials formed
without pollination, by virtue of polyembryo-
ny, are characterised by genetic heterogenei-
ty and the presence of two or three seedlings
in certain schizocarpic fruits. B. Heidemann et
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al. (2025) concluded that low seed productivity is
characteristic of many other cultivated plant
species, including sugar beet, regardless of the
type of apozygoty, and represents one of the un-
resolved challenges for the broad application of
this new mode of seed reproduction in breed-
ing. Y. Xu et al. (2022) note that in most species,
nucellar and integumental embryogenesis is
combined with generative parthenogenesis and
with embryos that penetrate the embryo sac
from outside. The simultaneous presence of a
haploid embryo derived from reduced cells and
an adventitious embryo derived from somatic
cells is entirely possible. Among their principal
differences are: differing ploidy levels of embryo
sac cells (aposporous and meiotic); differences
in embryo genome structure (with the maternal
genome, as in adventitious embryogenesis, or
recombinant, derived from reduced and unre-
duced embryo sac cells). The majority of studies
on apozygoty in sugar beet are ambiguous and
contradictory, and require additional experi-
mental data using methods of genetics, embry-
ology, and cytogenetics.

The aim of this article was to investigate the
characteristics of embryonic development of
embryos under pollen-free conditions in sugar
beets with different sources of sterility derived
from wild species of the genus Beta L., Beta mar-
itima, and Beta patula, and to refine the meth-
odology for analysing the synchrony of embry-
ogenesis stages in maternal components with
sterile cytoplasms of different genetic origins,
with a view to identifying breeding accessions
with a high rate of apozygotic seed set.

MATERIALS AND METHODS
The investigations were conducted during the
period 2016-2023. Experimental material for
embryological studies was selected on the ba-
sis of phenotypic traits: monoecism, sterili-
ty under apozygoty, and genome ploidy level.
The following source material was used: the
best apozygotic progenies A, of sugar beet for
embryogenesis analysis and characterisation
of apozygoty types - 12-136MS, 12-157MS, 12-
222MS, 12-138MS, 12-153MS; substituted sugar
beet lines based on sterile cytoplasms of wild
species Beta maritima and Beta patula with
apozygotic seed reproduction and high seed
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productivity, comprising the following breeding
accessions: No. 15/1BC,S (Greece), No. 15/2BC,S
(Greece), No. 15/3BC,S (Greece), No. 16/1BC,S
(Greece), No. 16/2BC,S (Greece), No. 16/3BC,S
(Greece), No. 3/1 dihaploid, F,S clones (Turkey)
in vitro, No. 3/2 dihaploid, F,S clones (Turkey)
in vitro, No. 1/17BC,S patula, No. 2/7BC,S patu-
la; substituted lines of the third, fourth, fifth,
and sixth backcross cycles were studied under
pollen-free conditions in comparison with the
development of hybrid embryos of Beta vulgar-
is cmS O-type; breeding accessions: BC,S mar-
itima (Turkey) - c.2/1, c.4/1, c.5/1; BC,S patula
(Portugal, Madeira Island) - c.1/4, c.3/4, c.4/4,
¢.3/7; BC,S maritima (Turkey) - ¢.5/1, c7/2, c.6/3,
c.7/5, for studying the seed productivity of new
plasmotypes.

The characteristics of apozygotic seed re-
production in substituted lines were deter-
mined using a modified methodology for eval-
uating embryogenesis in sugar beet, adjusted
with respect to flowering timing (Kovalchuk et
al., 2019). Selection based on sterility and mo-
noecism traits was carried out in group iso-
lators and in the plant-breeding glasshouse
complex at Yaltushkivska Research Breeding
Station, in accordance with the classification
of E Owen (1945). Monoecism was determined
by characterising fruits on central shoots. Mi-
croscopic examination of preparations was
performed using Carl Zeiss (Germany) and Pol-
am (Poland) microscopes at a magnification
of 5x12.5, and MBS-11 stereomicroscopes. The
ploidy level of experimental apomictic materials
was stabilised using the flow cytophotometry
method and a Partec ploidy analyser.

The efficacy of embryo staining on embry-
ological preparations was assessed on days 16
and 28 after flowering marking. Stains applied
included: 0.03% methylene blue, iodine solu-
tion, and bromophenol orange. Seed set under
pollen-free conditions in substituted lines was
studied over a 10 cm segment in 5 replications
per seed-bearing plant. Breeding accessions
were evaluated in relation to one another by or-
igin. Data were processed according to statisti-
cal analysis methods (Prysiazhniuk et al., 2016).
For each seed-bearing plant, the mean value of
embryo development per 10 cm segment was
determined using formula (1):

o)

x = ZMox (1)
n
where X is the mean number of developed seeds
per 10 cm segment under apozygoty; x is the
number of seeds per 10 cm segment for each
breeding accession; M is the mean number of
developed seeds for each seed-bearing plant
across 5 replications per 10 cm segment; n is the
total number of seeds from each seed-bearing
plant across all 5 replications.
The standard error of the arithmetic mean is
determined by formula (2):

-0
m=_, )

where 6 is the standard deviation of the arithme-
tic mean for each measurement variant, namely
the number of fruits per 10 cm segment; n is the
total number of fruits for each breeding acces-
sion (seed-bearing plant).

The investigations were conducted in ac-
cordance with the ethical standards of the Con-
vention on Biological Diversity (1992) and the
Convention on the Trade in Endangered Species
of wild Fauna and Flora (1973).

RESULTS AND DISCUSSION

To refine the methodology for differentiating
early stages of embryogenesis during apozy-
goty, fixation of ovules in Carnoy’s solution (3:1)
was applied, along with various maceration and
staining techniques for studying embryo sacs.
Embryo development in sugar beet is geneti-
cally determined (Kovalchuk et al., 2019). The
characteristics of embryonic development of
apomictic embryos in male-sterile lines of sugar
beet at Yaltushkivska Research Breeding Station
were studied. Thus, in apomictic embryos of the
second cycle of apomictic reproduction (4,), de-
generation on day 28 after fixation occurred in
16.3% of cases. By day 28, a normal hybrid em-
bryo should have been fully developed. Such de-
velopment was observed in only 3.3% of ovules.
Instead, ovules with embryo development at the
1/2 ES stage accounted for 23.3%, and at the 1/4
ES stage for 24.3%. This indicates a developmen-
tal delay of 8-10 days. The phenomenon of poly-
embryony - the development of two embryos -
was also observed; the proportion of such plants
was high and amounted to 32.7% (Fig. 1).

Plant and Soil Science 17(2)
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Complete embryo development 3.3%

Degenerated
embryos
16.3%

83.7% with
developed
embryos

1/2 embryo sac
stage 24.3%

3/4 embryo sac
stage 23.3%

Polyembryony
32.7%

Figure 1. Embryogenesis of embryos from apozygotic progenies, day 28, A,
Note: A, - apomictic pollen-free development of the second reproduction cycle

Source: compiled by the authors

The results of apomictic embryo devel-
opment in the best A, progenies of sugar beet

obtained under pollen-free conditions are pre-
sented in Table 1.

Table 1. Analysis of embryogenesis and characterisation of apozygoty types

in the best apozygotic progenies A, of sugar beet

Number of Anomalous embryo
Breeding Embryos .. . | embryos with position, %
accession examined, n | Unfertilised, % | 4o elopmental ETo From Type of apozygoty
delay, % nucellus | integuments

12-136MS 67 4.5 55.2 40.3 _ adventitious
embryogenesis

12-157MS 75 6.7 66.7 26.6 _ adventitious
embryogenesis

12-222MS 80 12.5 43.8 - 43.7 apospory

12-4652-12-12-

2-4MS ¢.52 69 11.6 404 - 48.0 apospory

12-138MS 70 8.6 48.4 43.0 _ adventitious
embryogenesis

12-153MS 72 12.5 45.8 41.7 _ adventltlous'
embryogenesis

Note: A, - apozygotic progeny of the fourth reproduction cycle

Source: compiled by the authors

According to Table 1, the materials under
study were characterised by a high proportion
of embryos with anomalous positioning (up to
48.0%). The anomalies observed were repre-
sented by embryos of integumental (26.6% to
43.0%) and nucellar (up to 48.0%) origin. The
number of underdeveloped embryos varied
between accessions in this group from 40.4%
to 66.7%. Unfertilised embryos ranged from
45% to 12.5%. Embryos with polyembryony
were not observed in A,, which may be associ-
ated with the stabilisation of monoecism over
four cycles of reproduction. Optimisation of the
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embryogenesis methodology under apozygo-
ty was carried out using substituted lines with
a high apozygotic seed set rate, with new cmS
sources derived from the wild species Beta mar-
itima and Beta patula L., propagated as clones
under an in vitro system. Ovules were fixed on
day 10. Using the modified methodology, em-
bryo sacs were studied from day 10 to day 16,
and cytological investigations of embryo devel-
opment in the micropylar, chalazal, and central
regions, as well as perisperm development, were
conducted from day 16 to day 38 after flowering
marking. Data are presented in Table 2.
(>
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Table 2. Indicators of embryonic development of apomictic embryos
under pollen-free conditions on day 16 after flowering marking in backcross progenies
with new sterile cytoplasms from wild species Beta maritima and Beta patula

Developmental stages, fixation date, % ;:::;l:;r‘;vgt:y
B Szl e Degenerated | club stage | sphere stage | heart stage faL
globular
n % n % % n % n % n %
1 2 3 4 5 6 8 9 10 11 12 15 16
1 No. 15/1B,CS (Greece) | 5 16.7 4 |13.2| 10 334 16 20 5 16.7 5 16.7
2 No. 15/2B,CS (Greece) | 7 23.3 2 6.7 233 11 36.7 3 10.0 4 13.2
3 | No.15/3B,CS (Greece) 10| 33.4 1 |32 30.0 10 | 334 - - 3 10.0
4 No. 16/1B,CS (Greece) | 6 20.0 - - 10 334 10 33.4 4 13.2 5 16.7
5 No. 16/2B,CS (Greece) | 9 30.0 2 6.6 9 30.0 5 16.7 5 16.7 4 13.2
6 No. 16/3B,CS (Greece) 16.7 5 |16.7| 10 33.4 10 33.4 - - 3 10.0
7 dosnanenaars 1o 2 | | |2 s | w mo| - | - -
N 835/ %Tﬂmslﬁi:'v IF;; 4 132 | - | - | - | - | 26 |88| - | - | 6 | 200
9 No. 1/17B,CS patula 4 13.2 2 6.7 14 46.7 10 33.4 - - 12 40.0
10 No. 2/7B,CS patula 2 6.7 4 [13.2| 19 53.4 5 16.7 - - 10 33.4

Note: degenerated embryos as a proportion of 30 analysed per breeding accession

Source: compiled by the authors

Male-sterile seed-bearing clones obtained
by in vitro deposition and rooted under pot con-
ditions differed from one another in various
anomalies of apomictic embryo development
compared with hybrid embryos. Thus, for breed-
ing accessions No. 15/1, No. 15/3, and No. 16/3 on
the Beta maritima L. cytoplasmic background,
originating from Greece, on day 16 the devel-
opment of embryos at the “sphere” and “heart”
stages was predominant, reaching a combined
value of 53.4-60%, compared with 16.7-33.4% of
degenerated embryos. For some breeding ac-
cessions, developmental delay on day 16 was
considerable: embryo development at the “club”
stage was observed in 16.7% of cases, and at the
“sphere” stage in 33.4%. For dihaploid line No. 3
(Turkey), embryos were delayed in development
by 8 days and were characterised by relative-
ly stable values of 80% to 86.8% at the “heart”
stage. The proportion of degenerated embryos
differed between breeding accessions and sub-
stantially exceeded the values recorded for hy-
brid embryos. In certain backcross progenies on
the sterile Beta patula cytoplasmic background,
a particularly high proportion of embryos with

)

polyembryony and developmental delay in the
micropylar region compared with the chalazal
and central regions were observed.

On days 10-12 from the onset of flowering,
following maceration, washing, and staining,
embryo sacs were obtained showing embryo
development from synergids at the “club” stage,
degeneration of the egg cell, and two unfused
polar nuclei. Only by means of a methodolo-
gy that involves shifting the embryo fixation
date by 8-10 days under apozygoty is it possi-
ble to assess polyembryony and its progression
throughout embryogenesis. The efficacy of em-
bryo staining on days 16 and 28 after flowering
marking is illustrated in Figure 2 (a, b, c). Based
on embryological investigation results, polyem-
bryony in the apomictic line No. 2/7 BC,S patula
A, was observed in the experimental material at
a proportion of 33.4%.

Simultaneous embryo development in both
the micropylar and chalazal regions is shown
in Figure 2 (d). During the course of investiga-
tions, degeneration of one of the embryos was
frequently observed - more often that of the
adventitious one (Fig. 2 (e)). Within the embryo

Plant and Soil Science 17(2)
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sac, alongside the development of an apomictic
embryo from the egg cell, an embryo from the
synergids develops, lagging behind the hybrid
by 8 days (Fig. 2 (f)). In line 1-16 BC,S (Greece)
A, alongside normal embryo development cor-
responding to the hybrid pattern, ovules were
present with embryo development in both the

micropylar and chalazal regions (Fig. 2 (g)). A
developmental delay of embryos from genera-
tive cells of 8-10 days relative to the zygotic em-
bryo is shown in Figure 2 (h). Complete develop-
ment of the apomictic embryo in lines 1/16 BC,S
(Greece), corresponding to the zygotic pattern,
lags by 10 days (Fig. 2 (i)).

Figure 2. Study of embryonic development of apozygotic embryos using lines
with high apozygotic seed self-reproduction. Magnification: 5x12.5
Note: a) embryo staining with 0.3% iodine solution; b) staining of apomictic embryos with bromophenol orange;
c) response of apomictic embryos to methylene blue staining; d) development of apomictic embryos with
polyembryony in line BC,S patula; e) degeneration of one of the embryos in line BC,S patula; f) developmental
delay of embryos on days 16-20 after flowering marking; g) development of haploid embryos at the “club” stage
from synergids; h) developmental delay of an embryo in line 1/15 BC,S (Greece) A,; i) normal embryo development
in line 1/16 BC,S (Greece) A,, corresponding to the zygotic pattern on day 32 after flowering fixation

Source: photo by the authors

The characteristics of embryonic develop-
ment during apozygoty were studied in substitut-
ed lines BC,, BC,, BC,, and BC, under pollen-free
conditions, in comparison with the development
of hybrid embryos of Beta vulgaris cmS O-type
(Table 3). The analysis of embryo development
presented in Table 3 was conducted taking into
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account the previously established developmen-
tal delay in sugar beet, with the fixation period ex-
tended to 10 days. Based on the results of cytolog-
ical analysis, polyembryony in the majority of the
lines under study was observed both on day 24
after flowering marking and on day 38, depend-
ing on the genetic origin of the breeding material.
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Table 3. Embryonic development of embryos in breeding materials
with apomixis of different genetic structure in substituted lines

) Developmental stages =
% § X i Q Q Q g.\° § g
-~ @ ° o >
] g | B 3 2 S8 2 B _‘g 2 |85
= S ® @ 2 oR| or o R ‘S
No. | Breeding accessions g ° s 8 S § |82 25| 25| o8 > g x
o 2> s 2 wo B oY 2 & L5 |9 =
S = [ £ 2 " Ecg| Ea Ewm @20 (228
d £ T o = rof| of oY =S |E2
g8 2 |8 | = ¢ g% |8 | I Eg 22
£ s | = |85 (% |F 8373
1 2 3 4 5 6 8 9 10 11 12 13
16 | 30 - - - - 30 - - -
20 | 30 - - - - - 30 - -
2 | Bet Igaris CMS-0302
eta vulgaris 4 30 - - - — 30 -
28 | 30 - - - - - - 30 -
3 B,CS No. 3 (Greece) 16 44 2.27 22.73 - 56.81 | 18.19 - - 36.4
4 B,CS No. 5 (Greece) 38 58 12.07 | 20.69 - - 8.62 58.62 - 22.4
5 B.CS No. 7 (Greece) 38 43 4.65 - - - 30.23 - 65.12 69.7
6 B,CS No. 4 patula 20 40 10 - - 60 - 30 - 40
7 B,S No. 5 patula 28 41 26.83 - - 43.90 | 29.27 - - 48.7
8 B,CS No. 11 (Turkey) 24 45 20 - - 17.78 40 22.22 - 51.1
9 B,CS No. 13 (Turkey) 28 50 28 - - 32 - 40 - 40
10 B,CS No. 1 (Turkey) 38 29 41.38 - - - 24.14 | 13.79 | 20.69 -
11 B,CS No. 2 (Turkey) 38 30 56.67 - 16.67 - - 10 16.66 -
12 B,CS No. 5 (Turkey) 38 32 31.26 9.37 - - 9.37 - 50 9.4

Note: BC,S No. 7 (Greece) - polyembryony was observed in all studied ovules with complete embryo development
in the chalazal region and a 1/2 embryo sac developmental delay in the micropylar region on day 38 after the onset

of flowering
Source: compiled by the authors

A distinctive characteristic of breeding ma-
terial with apozygoty, in comparison with hybrid
embryos, is the high proportion of degeneration,
amounting to 41.38% and 56.65%, at a fixation
period of 38 days across all breeding accessions
studied. However, low degeneration values of
4.65% and 12.07% were observed in backcross
progenies at different embryo developmental

stages in material on the Beta maritima (Greece)
cytoplasmic background. The percentage values
for complete embryo development at the adjust-
ed fixation period of 38 days ranged from 16.60%
to 65.12%, depending on the genetic origin of the
material. The seed productivity of breeding ac-
cessions in substituted lines under apozygoty is
presented in Table 4.

Table 4. Seed productivity of new plasmotypes under apozygoty A,, based on introduced sterile
cytoplasm of Beta patula and Beta maritima under pollen-free conditions

. . .. Number of fruits per Of these, %
Breeding accession Origin
10 cm segment, Xtm | Developed | Degenerated
1 2 4 5 6

BC,S** maritima (Turkey), c.4/1 Amb. No. 17224 36+0.22 92.5 7.5

BC,S maritima (Turkey), c.5/1 Amb. No. 17224 32+0.1 46.2 53.8

B,CS maritima (Turkey), c.2/1 Amb. No. 17224 21+0.2 39.1 60.9

BC,S patula (Portugal, Madeira Island), c.1/4 | Amb. No. 17222 32+0.3 45.7 54.3
BC,S patula (Portugal, Madeira Island), c.3/4 | Amb. No. 17222 38+0.42 51.3 48.7
BC,S patula (Portugal, Madeira Island), c.3/4 | Amb. No. 17226 37+0.21 50.5 50.0
BC,S patula (Portugal, Madeira Island), ¢.3/7 | Amb. No. 17226 37+0.29 68.8 31.2
BC,S maritima (Turkey), c.5/1 Amb. No. 17224 28+0 79.3 20.7

Plant and Soil Science 17(2)
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Table 4, Continued

o n .. Number of fruits per Of these, %
Breeding accession Origin
10 cm segment, Xtm | Developed | Degenerated
BC,S maritima (Turkey), c.7/2 Amb. No. 17224 27+0.32 96.4 3.6
BC,S maritima (Turkey), c.6/3 Amb. No. 17224 24+0.27 95.7 4.3
BC,S maritima (Turkey), c.7/5 Amb. No. 17224 24+0.29 88.5 11.5

Note: pollen-free conditions ensured by spatial isolation and the use of parchment isolators; BC,S** - substituted

lines of the sixth backcross cycle
Source: compiled by the authors

According to Table 4, on day 28 from the
onset of flowering, the highest and most sta-
ble seed set values under spatial isolation con-
ditions were characteristic of seed-bearing
plants of substituted lines with breeding ac-
cessions BC.,S maritima (Turkey) c.7/2, c.6/3.
Seed set values in substituted lines per 10 cm
segment ranged from 39.1% to 96.4%. Fruit set
values varied from 21+ 0.2 to 38 £ 042, depend-
ing on the origin of the breeding accessions. In
the BC,S patula Line, the number of apozygotic
seeds set was characterised by stable values of
32+0.3 to 38 + 042, whilst the proportion of de-
generated embryos ranged from 31.2% to 54.3%.
For the BC,S patula L. line, the number of fruits
per 10 cm segment substantially exceeded the
values recorded for seed-bearing plants on the
sterile Beta maritima L. (Turkey) cytoplasmic
background. Seed-bearing plants with high seed
self-reproduction were identified, notably BC.S
maritima (Turkey) c.4/1and c.5/1, as well as those
on the Beta patula L. (Madeira Island) cytoplas-
mic background under breeding accessions
BC,S patula c.3/4 and c.3/7.

Embryo sacs formed from the archespore
belong to the Polygonum type. The sugar beet
seed reproduction system encompasses all
types of reproduction. The frequency of apozy-
goty in free-pollinating sugar beet popula-
tions is unknown. According to D. Hojsgaard et
al. (2014), the development of diploid plants
under pollen-free conditions proceeds through
adventitious embryogenesis or apospory. T. Sz-
kutnik (2010) established that the appearance
of tetraploid cells in apomictic progenies is con-
ditioned by the formation of an embryo from
an egg cell with an unreduced chromosome set
and by tissue differentiation during ontogenesis
through the phenomenon of endopolyploidi-
sation. Based on embryological investigations
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by L. Seilova § A. Sedlovskiy (2000), apomictic
embryos differ from sexual ones in their mode
of formation and position within the embryo
sac. Additional embryos arise from synergid or
antipodal cells - apogamy. M. Roik et al. (2024)
indicate that embryo formation via adventitious
embryogenesis proceeds from cells of the in-
teguments and nucellus. It was noted that some
apomictic embryos perish during embryogene-
sis. Selection for ploidy level and apozygotic seed
set contributes to enhanced apozygotic tenden-
cy and the identification of apomixis donors.
The influence of polyploidy on trait varia-
tion in Amelanchier (Rosaceae) was described by
M.Burgessetal.(2014). M. Hand et al. (2015) inves-
tigated the evolution of apomixis loci in Pilosella
and Hieracium (Asteraceae) using marker analy-
sis in natural and experimental populations. Re-
search by D. Rodriguez-Leal & J.-P. Vielle-Calza-
da (2012) emphasises that apomixis may be
considered a spatiotemporal deregulation of the
sexual process rather than a wholly independent
mechanism. The authors analyse new evidence
that the regulation of apomixis - particularly
female gametogenesis and seed formation - is
governed by the same epigenetic mechanisms
as sexual reproduction. Similar approaches to
interpreting the molecular regulation of apo-
mixis are presented in the work of T. Nicco-
16 et al. (2023). G. Gerashchenkov et al. (2015)
identified fragments of genes controlling en-
dosperm development without fertilisation in
Arabidopsis using molecular genetics methods.
On cytological preparations, the genetic
heterogeneity of seeds under apozygoty is de-
termined by the development of embryos from
embryo sac cells or from somatic cells of the
ovule. In addition to cytoembryological charac-
terisation, morphological marker traits — such
as recessive hypocotyl colouration - are capable



Features of embryonic development...

of identifying embryos developed via genera-
tive reduced parthenogenesis from heterozy-
gous apomictic plants. Using the embryo culture
method, N. Kovalchuk et al. (2019) isolated hap-
loid and dihaploid lines from apomictic proge-
nies of male-sterile sugar beet lines. Embryo-
logical investigations of apozygoty across cmS
sources of different origins highlighted several
problematic issues: variability in phenotypic
traits of monoecism and sterility in apozygotic
progenies does not conform to Mendel's laws of
genetics, but is determined by the genetic heter-
ogeneity of seeds, which is linked to the differing
nature of embryos developed from both somatic
and generative cells (Matzk et al,, 2000). It was
established that apozygotic lines from different
genetic sources of sterile cytoplasms differed
from one another in their embryonic develop-
ment characteristics. Breeding materials based
on Beta patula germplasm were characterised
by greater capacity for polyembryony. The use
of apomictic lines with a high apozygotic seed
set requires the identification of source material
using genetic markers for the differentiation of
generative and somatic embryogenesis, which
in one case leads to new genetic variability, and
in another to the cloning of breeding materi-
al and the preservation of its principal traits in
subsequent generations.

CONCLUSIONS
Experimental investigations of embryological
development based on different cmS sources
revealed several characteristics of uniparen-
tal seed reproduction in sugar beet. It was es-
tablished that the embryonic development of
apomictic progenies is characterised by various
types of anomalies, a developmental delay of
8-10 days, simultaneous embryo developmentin
both the micropylar and chalazal regions, adven-
titious embryogenesis, and apospory. Embryon-
ic development under pollen-free conditions
was studied in substituted lines BC,, BC,, BC,,
and BC,, in comparison with the development
of hybrid embryos of Beta vulgaris cmS O-type.
Polyembryony was observed both on day 24 af-
ter flowering marking and on day 38, and was
dependent on the genetic origin of the breeding
material. In the course of the cytological exper-
iment, the synchrony of developmental stages

)

of apomixis and sexual plant reproduction was
compared, and the possibility of differentiat-
ing apozygotic progenies by apomixis type was
demonstrated. In the BC,S patula Line, the num-
ber of apozygotic seeds set was characterised by
stable values of 32 + 0.3 to 38 + 042, whilst the
proportion of degenerated embryos ranged from
31.2% to 54.3%. For substituted lines based on the
Beta patula sterility source, the number of fruits
per 10 cm segment substantially exceeded the
values of seed-bearing plants on the sterile Beta
maritima L. (Turkey) cytoplasmic background.
Breeding accessions with high apozygotic seed
reproduction values were identified, notably
BC,S maritima (Turkey) c.4/1and c.5/1, as well as
those on the Beta patula L. (Madeira Island) cyto-
plasmic background under breeding accessions
BC,S patula c.3/4 and c.3/7. Notwithstanding that
polyembryony frequently determines the genet-
ic heterogeneity of apozygotic seeds, generative
reduced parthenogenesis in sugar beet may be
identified in future investigations using mor-
phological marker traits and ploidy stabilisa-
tion techniques. The cytoembryological method,
employed for the first time for the detection of
adventitious embryogenesis, remains to this day
one of the most reliable approaches for studying
both the type of apomixis and the characteristics
of embryonic structure development. Prospects
for furtherresearch lie in the investigation of the
molecular-genetic mechanisms of apomixis, the
identification of genetic markers of generative
and somatic embryogenesis, and the develop-
ment of methods for stabilising apozygotic prog-
enies for practical application in the breeding of
high-yielding sugar beet hybrids.
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Roik et al.

[IUTOJIOTTYHUIN aHaJIi3 PO3BUTKY 3aPOJIKiB ITPY arl03UTOTil BIPOIOBIK 34 mi6 micsis dircartii 1BiTiHHS,
IUTOGOTOMETPUYHUM MEeTOH, MIHJIUBOCTI piBHA IeHOMy 3a IUIOIZHICTIO y MarepiasyiB 3 pi3sHUM
TepMiHOM penpoAyKLil allo3SUTOTUYHOIO HACiHHA. Bys0o BIOCKOHAJIEHO METOAMWKY [OCIiIKeHHA
eM6pioHaTIPHOTO PO3BUTKY IIPHU all0O3UTOTi] y MaTepiasiiB pi3sHOTo MMoxomsKeHHs mkepen LIUC, a caMme
BiZMiTKa LIBiTiHHS, i3071411ig TTAaroHiB, ¢pikcallis 3apofKiB 3a TepMiHOM Bif 5 10 34 Ai6, 10 TTOBHOTO
PO3BUTKY 3apofKa. Byyio mpoaHasizoBaHo, IO TP alT03UTOTii ¥ LIyKPOBUX O6YPSIKiB CIIOCTEPIraeThCs
BiZlcTaBaHH reHETUYHO-IeTePMiHOBaHOT'O PO3BUTKY 28 1i6 Ha 4, 8,10 16 3aJ1€KHO Bifl TOXOIKEHHS
Martepiay, monieM6pioHier0, BUCOKVM BiICOTKOM [lereHepOBaHUX 3aPO/IKiB. AIBEHTHBHA eMOPioHid,
aroCIopis Ta pO3BUTOK 3aPOJKIB 3 iIHTUT'YMEHTIB i HylleJyCy B MiKpOIIIIAPHil i Xxana3anbHil 4aCTUHI
OIHOYACHO 6y/IM XapaKTEPHUMU JJIS ITUIKOCTEPMJIBHUX JIiHIM Pi3HOTO reHETUYHOTO ITOXOAKEHHS.
Byso BCTaHOBJIEHO, IO Y 3aMillleHUX JIiHiM Ha OCHOBI HOBUX mykepes LIUC Bif OVKUX BUZIB pOOy
Beta L. criocTepiraeTbcs GeHOMEH BHCOKOI CaMOpPENpoAyKIlii HACIHHA y 6e3MUIKOBOIO PEKUMY.
MeTozVKa BUBYEHHS CHHXPOHHOCTI PO3BUTKY 3aPOJKIB PO3p0o6JIeHa I JOCTiIPREHHS IPUPOLU
aro3uroTii (reHepaTUBHUI, COMAaTUYHUN eMbpioreHes) y 3aMillleHUX JIiHiM 3 IHTPOAYKLIMHUMU
CTepUJIBHMMU LIUTOITJIa3MaMU, B 3piBHAHHI 3 PO3A1/IbBHOKBITKOBUMU ITWJIKOCTEpUIBHHUMMU JIiHIAMU 3
S-vulgaris nuTomnasmor ®. OyeHa. THII alT03UTOTIii TPOABIABCA B raMeTOITHOMY Ta ClIOPOQITHOMY
embpiorenesi i BUSHaUaB reHETUYHY HEOTHOPIAHICTD (PI3HOAKICHICTD) arTO3UTOTUYHOTO HACIHHA.
ATIOMIKCHC 3 BUROPUCTaHHAM 3aMillleHUX JIiHiM i HOBUMU CTEPWIBHUMU LIMTOIJIa3MaMU BiZl TUKUX
BUIIB pofy Betd L. Ta BUCOKMM BiZICOTKOM aITOMiKTUYHOI PEeMpOAyKLIii HacCiHHS, MoyKe 3a6e3MeunTn
faraTto repesar A1 BUPOOHUIITBA HOBUX TiOPHZIB CITBCBKOTOCIOZAPCBKUX KyJIBTYp, & caMe
dircatiito reTeposucy i 36epeskeHHS TeHOTUITY MaTePUHCHKOI pOCIUHU

KniouoBi cnosa: amBeHTHBHA eM6PiOHif; artocopis; HOBi AyRepesa HUTOIIa3MaTUYHOI Y0JI0BIiU0l
CTEPUJIBHOCTI; Beta maritima; Beta patula; deHOTUIIY IMTOIIA3MaTUYHOI Y0JIOBIYOI CTEPUIIBHOCTI
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