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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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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 

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
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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 

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 A4 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 maritimа and Beta patula with 
apozygotic seed reproduction and high seed 
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productivity, comprising the following breeding 
accessions: No.  15/1BC2S (Greece), No.  15/2BC2S 
(Greece), No.  15/3BC2S (Greece), No.  16/1BC2S 
(Greece), No.  16/2BC2S (Greece), No.  16/3BC2S 
(Greece), No.  3/1 dihaploid, F1S clones (Turkey) 
in vitro, No.  3/2 dihaploid, F1S clones (Turkey) 
in vitro, No.  1/17BC3S patula, No.  2/7BC3S 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 0-type; breeding accessions: BC6S mar-
itima (Turkey)  – c.2/1, c.4/1, c.5/1; BC6S patula 
(Portugal, Madeira Island)  – c.1/4, c.3/4, c.4/4, 
c.3/7; BC6S maritima (Turkey) – c.5/1, c.7/2, 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 F.  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 5  ×  12.5, 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):

X =  ∑M� − х
𝑛𝑛𝑛𝑛

  ,                                      (1)

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; M̄ 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):

𝑚𝑚𝑚𝑚 = ծ
√𝑛𝑛𝑛𝑛

  ,                                        (2)

where ծ 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 (A2), 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).
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The results of apomictic embryo devel-
opment in the best A4 progenies of sugar beet 

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

Figure 1. Embryogenesis of embryos from apozygotic progenies, day 28, А2
Note: A2 – apomictic pollen-free development of the second reproduction cycle
Source: compiled by the authors

Note: A4 – apozygotic progeny of the fourth reproduction cycle
Source: compiled by the authors

Complete embryo development 3.3%

Degenerated 1/2 embryo sac 
embryos stage 24.3%

16.3%  

3/4 embryo sac 
stage 23.3%

83.7% with 
developed Polyembryony 

embryos 32.7%

Breeding 
accession

Embryos 
examined, n Unfertilised, %

Number of 
embryos with 

developmental 
delay, %

Anomalous embryo 
position, %

Type of apozygoty
From 

nucellus
From 

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 c.52 69 11.6 40.4 – 48.0 apospory

12-138MS 70 8.6 48.4 43.0 – adventitious 
embryogenesis

12-153MS 72 12.5 45.8 41.7 – adventitious 
embryogenesis

Table 1. Analysis of embryogenesis and characterisation of apozygoty types  
in the best apozygotic progenies A4 of sugar beet

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 
4.5% to 12.5%. Embryos with polyembryony 
were not observed in A4, which may be associ-
ated with the stabilisation of monoecism over 
four cycles of reproduction. Optimisation of the  

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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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 BC3S patula 
A1 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 

Note: degenerated embryos as a proportion of 30 analysed per breeding accession
Source: compiled by the authors

No. Breeding accession

Developmental stages, fixation date, % Number with 
polyembryony

Degenerated club stage sphere stage heart stage heart = 
globular

n % n % n % n % n % n %
1 2 3 4 5 6 7 8 9 10 11 12 15 16
1 No. 15/1B2CS (Greece) 5 16.7 4 13.2 10 33.4 16 20 5 16.7 5 16.7
2 No. 15/2B2CS (Greece) 7 23.3 2 6.7 7 23.3 11 36.7 3 10.0 4 13.2
3 No. 15/3B2CS (Greece) 10 33.4 1 3.2 9 30.0 10 33.4 – – 3 10.0
4 No. 16/1B2CS (Greece) 6 20.0 – – 10 33.4 10 33.4 4 13.2 5 16.7
5 No. 16/2B2CS (Greece) 9 30.0 2 6.6 9 30.0 5 16.7 5 16.7 4 13.2
6 No. 16/3B2CS (Greece) 5 16.7 5 16.7 10 33.4 10 33.4 – – 3 10.0

7 No. 3/1 dihaploid, F1S 
clones (Turkey) in vitro 4 13.2 – – 2 6.8 24 80.0 – – – –

8 No. 3/2 dihaploid, F1S 
clones (Turkey) in vitro 4 13.2 – – – – 26 86.8 – – 6 20.0

9 No. 1/17B3CS patula 4 13.2 2 6.7 14 46.7 10 33.4 – – 12 40.0
10 No. 2/7B3CS patula 2 6.7 4 13.2 19 53.4 5 16.7 – – 10 33.4

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
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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 BC2S (Greece) 
A1, 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 BC2S 
(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: 5 × 12.5

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 ВС3S patula; e) degeneration of one of the embryos in line ВС3S 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 ВС2S (Greece) А1; i) normal embryo development 
in line 1/16 ВС2S (Greece) А1, corresponding to the zygotic pattern on day 32 after flowering fixation
Source: photo by the authors

a

d

g

b

e

h

c

f

i

The characteristics of embryonic develop-
ment during apozygoty were studied in substitut-
ed lines BC3, BC4, BC5, and BC6 under pollen-free 
conditions, in comparison with the development 
of hybrid embryos of Beta vulgaris cmS 0-type 
(Table  3). The analysis of embryo development 
presented in Table  3 was conducted taking into 

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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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.

No. Breeding accessions
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 %
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2 
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 %

3/
4 

em
br

yo
 sa

c 
st

ag
e,

 %

Co
m
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et

e 
em

br
yo

 
de

ve
lo

pm
en

t, 
%

1 2 3 4 5 6 8 9 10 11 12 13

2 Beta vulgaris CMS-0302

16 30 – – – – 30 – – –
20 30 – – – – – 30 – –
24 30 – – – – – – 30 –
28 30 – – – – – – 30 –

3 B3CS No. 3 (Greece) 16 44 2.27 22.73 – 56.81 18.19 – – 36.4
4 B3CS No. 5 (Greece) 38 58 12.07 20.69 – – 8.62 58.62 – 22.4
5 B6CS No. 7 (Greece) 38 43 4.65 – – – 30.23 – 65.12 69.7
6 B4CS No. 4 patula 20 40 10 – – 60 – 30 – 40
7 B4S No. 5 patula 28 41 26.83 – – 43.90 29.27 – – 48.7
8 B5CS No. 11 (Turkey) 24 45 20 – – 17.78 40 22.22 – 51.1
9 B6CS No. 13 (Turkey) 28 50 28 – – 32 – 40 – 40

10 B4CS No. 1 (Turkey) 38 29 41.38 – – – 24.14 13.79 20.69 –
11 B4CS No. 2 (Turkey) 38 30 56.67 – 16.67 – – 10 16.66 –
12 B3CS No. 5 (Turkey) 38 32 31.26 9.37 – – 9.37 – 50 9.4

Note: BC6S 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

Table 3. Embryonic development of embryos in breeding materials  
with apomixis of different genetic structure in substituted lines

Breeding accession Origin Number of fruits per 
10 cm segment, X ± m

Of these, %
Developed Degenerated

1 2 4 5 6
BC6S** maritima (Turkey), c.4/1 Amb. No. 17224 36 ± 0.22 92.5 7.5

BC6S maritima (Turkey), c.5/1 Amb. No. 17224 32 ± 0.1 46.2 53.8
B6CS maritima (Turkey), c.2/1 Amb. No. 17224 21 ± 0.2 39.1 60.9

BC6S patula (Portugal, Madeira Island), c.1/4 Amb. No. 17222 32 ± 0.3 45.7 54.3
BC6S patula (Portugal, Madeira Island), c.3/4 Amb. No. 17222 38 ± 0.42 51.3 48.7
BC6S patula (Portugal, Madeira Island), c.3/4 Amb. No. 17226 37 ± 0.21 50.5 50.0
BC6S patula (Portugal, Madeira Island), c.3/7 Amb. No. 17226 37 ± 0.29 68.8 31.2

BC6S maritima (Turkey), c.5/1 Amb. No. 17224 28 ± 0 79.3 20.7

Table 4. Seed productivity of new plasmotypes under apozygoty A1, based on introduced sterile 
cytoplasm of Beta patula and Beta maritima under pollen-free conditions
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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. Burgess et al. (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-
lò  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 

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 BC6S 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 ± 0.42, depend-
ing on the origin of the breeding accessions. In 
the BC6S patula Line, the number of apozygotic 
seeds set was characterised by stable values of 
32 ± 0.3 to 38 ± 0.42, whilst the proportion of de-
generated embryos ranged from 31.2% to 54.3%. 
For the BC6S 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 BC6S 
maritima (Turkey) c.4/1 and c.5/1, as well as those 
on the Beta patula L. (Madeira Island) cytoplas-
mic background under breeding accessions 
BC6S 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 

Note: pollen-free conditions ensured by spatial isolation and the use of parchment isolators; BC6S** – substituted 
lines of the sixth backcross cycle
Source: compiled by the authors

Breeding accession Origin Number of fruits per 
10 cm segment, X ± m

Of these, %
Developed Degenerated

BC6S maritima (Turkey), c.7/2 Amb. No. 17224 27 ± 0.32 96.4 3.6
BC6S maritima (Turkey), c.6/3 Amb. No. 17224 24 ± 0.27 95.7 4.3
BC6S maritima (Turkey), c.7/5 Amb. No. 17224 24 ± 0.29 88.5 11.5

Table 4, Continued
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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 development in 
both the micropylar and chalazal regions, adven-
titious embryogenesis, and apospory. Embryon-
ic development under pollen-free conditions 
was studied in substituted lines BC3, BC4, BC5, 
and BC6, in comparison with the development 
of hybrid embryos of Beta vulgaris  cmS 0-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 BC6S patula Line, the num-
ber of apozygotic seeds set was characterised by 
stable values of 32  ±  0.3 to 38  ±  0.42, 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 
BC6S maritima (Turkey) c.4/1 and c.5/1, as well as 
those on the Beta patula L. (Madeira Island) cyto-
plasmic background under breeding accessions 
BC6S 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 further research 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.

ACKNOWLEDGEMENTS
The authors would like to express their sincere 
gratitude to the staff of the Yaltushkivska Re-
search Breeding Station for their fruitful collab-
oration and significant contribution to this joint 
endeavour.

FUNDING
Research into apomixis is funded from the 
Ukrainian State Budget.

CONFLICT OF INTEREST
None.



Roik et al.

Plant and Soil Science 17(2) 75

REFERENCES
[1]	 Burgess, M.B., Cushman, K.R., Doucette, E.T., Talent, N., Frye, C.T., & Campbell, C.S. (2014). Effects 

of apomixis and polyploidy on diversification and geographic distribution in Amelanchier 
(Rosaceae). American Journal of Botany, 101(8), 1375-1387. doi: 10.3732/ajb.1400113.

[2]	 Convention on Biological Diversity. (1992, June). Retrieved from https://surl.li/ysysep.
[3]	 Convention on the Trade in Endangered Species of Wild Fauna and Flora. (1973, March). Retrieved 

from https://zakon.rada.gov.ua/laws/show/995_129#Text.
[4]	 Gerashchenkov, G., Yasybaeva, G.R., Rozhnova, N.A., & Chemeris, A. (2015). Isolation of promoters 

and fragments of genes controlling endosperm development without fertilization in arabidopsis 
and engineering of the antisense constructions. European Journal of Molecular Biotechnology, 
8(2), 56-62. doi: 10.13187/ejmb.2015.8.56.

[5]	 Hand, M.L., Vít, P., Krahulcová, A., Johnson, S.D., Oelkers, K., Siddons, H., Chrtek, J.J., Fehrer,  J., 
& Koltunow, A.M.G. (2015). Evolution of apomixes loci in Pilosella and Hieracium (Asteraceae) 
inferred from the conservation of apomixes-linked markers in natural and experimental 
populations. Heredity, 114, 17-26. doi: 10.1038/hdy.2014.61.

[6]	 Heidemann, B., Primetis, E., Zahn, I.E., & Underwood, C.J. (2025). To infinity and beyond: Recent 
progress, bottlenecks, and potential of clonal seeds by apomixis. The Plant Journal, 121(4), article 
number e70054. doi: 10.1111/tpj.70054.

[7]	 Hojsgaard, D., Klatt, S., Baier, R., Carman, J.G., & Hörandl, E. (2014). Taxonomy and biogeography 
of apomixis in angiosperms and associated biodiversity characteristics. Critical Reviews in Plant 
Sciences, 33(5), 414-427. doi: 10.1080/07352689.2014.898488.

[8]	 Kovalchuk, N., Roik, M., Gadzalo, Ya.M., Nediak, T., & Zinchenko, O. (2019). Improvement of the 
technology of obtaining stable (di)haploid regenerants from embryonic culture of apomictic 
sugar beet (Beta vulgaris) breeding material without the use of colchicine. Agricultural Science 
and Practice, 6(2), 3-17. doi: 10.15407/agrisp6.02.003. 

[9]	 Krahulec, F., Krahulcová, A., Urfus, T., & Doležal, J. (2020). Populations of Pilosella species inruderal 
habitats in the city of Prague: Consequences of the spread of P. aurantiaca and P. rothiana. Preslia, 
92(2), 167-190. doi: 10.23855/preslia.2020.167.

[10]	 Li, D.X., Chen, S.J., & Tian, H.Q. (2021). Advances in the study of zygote activation in higher plants. 
Zygote, 29(1), 12-19. doi: 10.1017/S0967199420000568.

[11]	 Matzk, F., Meister, A., & Schubert, I. (2000). An efficient screen for reproductive pathways 
using mature seeds of monocots and dicots. The Plant Journal, 21(1), 97-108. doi: 10.1046/j.1365-
313x.2000.00647.x. 

[12]	 Niccolò, T., Anderson, A.W., & Emidio, A. (2023). Apomixis: Oh, what a tangled web we 
have! Planta, 257, article number 92. doi: 10.1007/s00425-023-04124-0. 

[13]	 Owen, F.V. (1945). Cytoplasmically inherited male sterility in sugar beet. Journal of Agricultural 
Research, 71, 423-440.

[14]	 Prysiazhniuk, O.I., Karazhbei, H.M., Leshchuk, N.V., Tsyba, S.V., Mazhuha, K.M., Brovkin,  V.V., 
Symonenko, V.A., & Maslechkin, V.V. (2016). Statistical analysis of agronomic research data in the 
Statistica 10 package. Kyiv: Nilan-LTD.

[15]	 Rodriguez-Leal, D., & Vielle-Calzada, J.-P. (2012). Regulation of apomixes: Learning from sexual 
experience. Current Opinion in Plant Biology, 15(5), 549-555. doi: 10.1016/j.pbi.2012.09.005.

[16]	 Roik, M.V., Kovalchuk, N.S., Zinchenko, O.A., Sinchenko, V.M., Bekh, N.S., Manziuk, Ya.V., 
Fedoroshchak, L.G., & Vlasiuk, V.I. (2024). Prospects for the use of the apospotic method of seed 
reproduction in the development of new sugar beet hybrids. Innovative Agrotechnologies, 12(2). 
doi: 10.47414/na.12.2.2024.305033.

[17]	 Schmidt, A. (2020). Controlling apomixis: Shared features and distinctcharacteristics of gene 
regulation. Genes, 11(3), article number 329. doi: 10.3390/genes11030329.

[18]	 Seilova, L., & Sedlovskiy, A. (2000). Sugar beet apomixes and its use in breeding. Sugar Tech, 2, 
31-32. doi: 10.1007/BF02995583.

https://doi.org/10.3732/ajb.1400113
https://zakon.rada.gov.ua/laws/show/995_030#Text
https://www.researchgate.net/publication/281413084_Isolation_of_Promoters_and_Fragments_of_Genes_Controlling_Endosperm_Development_Without_Fertilization_in_Arabidopsis_and_Engineering_of_the_Antisense_Constructions
https://doi.org/10.1038/hdy.2014.61
https://doi.org/10.1111/tpj.70054
https://doi.org/10.1080/07352689.2014.898488
https://doi.org/10.15407/agrisp6.02.003
https://doi.org/10.23855/preslia.2020.167
https://doi.org/10.1017/S0967199420000568
https://doi.org/10.1046/j.1365-313x.2000.00647.x
https://doi.org/10.1046/j.1365-313x.2000.00647.x
https://doi.org/10.1007/s00425-023-04124-0
https://www.scirp.org/reference/referencespapers?referenceid=975997
https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=rAqnvRQAAAAJ&cstart=100&pagesize=100&sortby=pubdate&citation_for_view=rAqnvRQAAAAJ:ye4kPcJQO24C
https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=rAqnvRQAAAAJ&cstart=100&pagesize=100&sortby=pubdate&citation_for_view=rAqnvRQAAAAJ:ye4kPcJQO24C
https://doi.org/10.1016/j.pbi.2012.09.005
https://doi.org/10.47414/na.12.2.2024.305033
https://doi.org/10.3390/genes11030329
https://doi.org/10.1007/BF02995583


Features of embryonic development...

Plant and Soil Science 17(2)76

[19]	 Szkutnik, T. (2010). Apomixis in the sugar beet reproduction system. Acta Biologica Cracoviensia: 
Series Botanica, 52(1), 87-96. doi: 10.2478/v10182-010-0011-y.

[20]	 Van Dijk, P.J., den Camp, R.O., & Schauer, S.E. (2020). Genetic dissection of apomixis in dandelions 
identifies a dominant parthenogenesis locus and highlights the complexity of autonomous 
endosperm formation. Genes, 11(9), article number 961. doi: 10.3390/genes11090961.

[21]	 Wang, K., Chen, H., Ortega-Perez, M., Miao, Y., Ma, Y., Henschen, A., Lohmann, J.U., Laubinger, S., & 
Bayer, M. (2021). Independent parental contributions initiate zygote polarization in Arabidopsis 
thaliana. Current Biology, 31, 4810-4816. doi: 10.1016/j.cub.2021.08.033.

[22]	 Xu, Y., Jia, H., Tan, C., Wu, X., Deng, X., & Xu, Q. (2022). Apomixis: Genetic basis and controlling 
genes. Horticulture Research, 9, article number uhac150. doi: 10.1093/hr/uhac150.

Микола Роїк
Доктор сільськогосподарських наук, професор
Інститут біоенергетичних культур і цукрових буряків
03110, вул. Клінічна, 25, м. Київ, Україна
https://orcid.org/0000-0001-7221-6247
Наталія Ковальчук
Кандидат сільськогосподарських наук, старший науковий співробітник
Інститут біоенергетичних культур і цукрових буряків
03110, вул. Клінічна, 25, м. Київ, Україна
https://orcid.org/0000-0002-7194-715X
Олеся Зінченко
Кандидат сільськогосподарських наук, старший науковий співробітник
Інститут біоенергетичних культур і цукрових буряків
03110, вул. Клінічна, 25, м. Київ, Україна
https://orcid.org/0000-0002-1381-8659
Ярослав Манзюк
Аспірант
Інститут біоенергетичних культур і цукрових буряків
03110, вул. Клінічна, 25, м. Київ, Україна
https://orcid.org/0009-0006-9156-7919
Роман Спряжка
Кандидат сільськогосподарських наук, старший викладач
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0000-0001-7434-084X

Особливості ембріонального розвитку зародків 
заміщених ліній буряків цукрових при апозиготії  

і цитоплазматичній чоловічій стерильності

Анотація. Метою дослідження було оцінити теоретичні основи феномену високої 
саморепродукції насіння у заміщених ліній та розробити методику ембріонального розвитку у 
селекційних матеріалів буряків цукрових з цитоплазматичною чоловічою стерильністю (ЦЧС) 
різного генетичного походження. Для експериментальних досліджень були використані 
методи польові, безпилкове отримання насіння у селекційних матеріалів у ЦЧС, лабораторні, 
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цитологічний аналіз розвитку зародків при апозиготії впродовж 34 діб після фіксації цвітіння, 
цитофотометричний метод мінливості рівня геному за плоїдністю у матеріалів з різним 
терміном репродукції апозиготичного насіння. Було вдосконалено методику дослідження 
ембріонального розвитку при апозиготії у матеріалів різного походження джерел ЦЧС, а саме 
відмітка цвітіння, ізоляція пагонів, фіксація зародків за терміном від 5 до 34 діб, до повного 
розвитку зародка. Було проаналізовано, що при апозиготії у цукрових буряків спостерігається 
відставання генетично-детермінованого розвитку 28 діб на 4, 8, 10 діб залежно від походження 
матеріалу, поліембріонією, високим відсотком дегенерованих зародків. Адвентивна ембріонія, 
апоспорія та розвиток зародків з інтигументів і нуцелусу в мікропілярній і халазальній частині 
одночасно були характерними для пилкостерильних ліній різного генетичного походження. 
Було встановлено, що у заміщених ліній на основі нових джерел ЦЧС від диких видів роду 
Beta  L. спостерігається феномен високої саморепродукції насіння у безпилкового режиму. 
Методика вивчення синхронності розвитку зародків розроблена для дослідження природи 
апозиготії (генеративний, соматичний ембріогенез) у заміщених ліній з інтродукційними 
стерильними цитоплазмами, в зрівнянні з роздільноквітковими пилкостерильними лініями з 
S-vulgaris цитоплазмою Ф. Оуена. Тип апозиготії проявлявся в гаметофітному та спорофітному 
ембріогенезі і визначав генетичну неоднорідність (різноякісність) апозиготичного насіння. 
Апоміксис з використанням заміщених ліній і новими стерильними цитоплазмами від диких 
видів роду Beta L. та високим відсотком апоміктичної репродукції насіння, може забезпечити 
багато переваг для виробництва нових гібридів сільськогосподарських культур, а саме 
фіксацію гетерозису і збереження генотипу материнської рослини

Ключові слова: адвентивна ембріонія; апоспорія; нові джерела цитоплазматичної чоловічої 
стерильності; Beta maritima; Beta patula; фенотипи цитоплазматичної чоловічої стерильності


