
636 

AGRICULTURAL BIOLOGY, ISSN 2412-0324 (English ed. Online) 

2016, V. 51, ¹ 5, pp. 636-644 
(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print) 

ISSN 2313-4836 (Russian ed. Online) 
 

Plant breeding: tissue cultures, molecular markers  
 
UDC 633.63:631.52:581.3 doi: 10.15389/agrobiology.2016.5.636rus 

doi: 10.15389/agrobiology.2016.5.636eng 
 

SUGAR BEET (Beta vulgaris L.) HAPLOID PARTHENOGENESIS in vitro: 
FACTORS AND DIAGNOSTIC CHARACTERS  

 

T.P. ZHUZHZHALOVA, O.A. PODVIGINA, V.V. ZNAMENSKAYA,  
E.N. VASIL’CHENKO, N.A. KARPECHENKO, O.A. ZEMLYANUKHINA 

 

A.L. Mazlumov All-Russian Research Institute of Sugar Beet and Sugar, Federal Agency of Scientific Organiza-
tions, 86, VNIISS, Ramon Region, Voronezh Province, 396030 Russia, e-mail biotechnogiya@mail.ru 
Acknowledgements: 
Supported by the grant of the President of the Russian Federation for the Leading Scientific Schools of Russia 
(HIII=5282.2014.4 — project «Development of plant reproduction theory as based on integrity and reliability of bi-
osystems. Polyvalent morphogenesis programs and their effective natural and artificial models») 
Received June 30, 2015   
 

A b s t r a c t  
 

Traditional obtaining of inbred lines and hybrids in sugar beet breeding requires a long time 
and is labour-consuming because of 2-year cycle of plant development, self- and cross-incompat-
ibility, and inbreeding depression. To induce genotypic diversity in initial population, biotechnology 
methods including haploid parthenogenesis are promising. We have shown that, when inducing sugar 
beet (Beta vulgaris L.) haploids in vitro, express-diagnostics using phenotypic and embryological 
characters that are representative of periods of flowering shoots, organs and buds development, and 
stages of embryo sac, ovule and pollen grains formation is effective. The regenerative activity is ob-
served in ovules of bud 1 to bud 25 located on ear part of pleochasium upward from the open flower. 
The nuclei and cells of female gametophyte of isolated ovules under in vitro conditions are capable 
of neoplasm at all stages of development, but the 8-nuclear or 7-celled embryo sacs are the most ap-
propriate to morphogenesis and switching of development program from gametophyte to sporophyte 
type. Critical period of embryo sac development has been beforehand determined from the accom-
panying embryological characters — the presence of single-nuclear and two-three-celled pollen 
grains of anthers located in the same bud as ovules. The results we obtained indicate that hormonal 
composition of the Gamborg's B-5 (B5) medium is an important factor that effectively regulates di-
rection of morphogenetic development in isolated ovules through direct regeneration (embryoidogen-
esis) or via callus (hemorhizogenesis) that is the evidence of totipotency of both sexual and somatic 
cells in the explant. The obtained data on in vitro reproduction of haploid regenerants add to availa-
ble scientific notion of morphogenetic potential specificity in sugar beet plants. Stabilizing selec-
tion used to produce double haploids promotes detection of valuable morphological features of the 
regenerants. Determination of chromosome and chloroplast numbers in stomata guard cells as well 
as isozyme electrophoretic mobility (for Adh-1, Mdh-1, Mdh-2, Me-1, Idh-1, Idh-2, Gdh-1 loci) 
can serve as markers when inducing haploidy and producing homozygous restitution lines of sugar 
beet. Efficiency of RFLP-analysis method using Hind III restrictase that has allowed for the first 
time to identify haploid microclones according cytoplasm type is shown. Molecular markers have 
indicated that regenerants with normal cytoplasm (N) have one PCR-product of 800 bp in length 
not digested by Hind III. Two fragments (320 bp and 480 bp) of 800 bp product digestion are 
found in cytoplasmic male sterile (CMS) forms (S) that reflects combination of recessive and 
dominant genes. Obtaining haploid regenerants with sterile cytoplasm from initial population is of 
great theoretical and practical importance for sugar beet breeding thus facilitating the problem of 
producing homozygous lines with CMS and high-productive hybrids on the sterile basis. 

 

Keywords: sugar beet (Beta vulgaris L.) haploid parthenogenesis, female gametophyte, dou-
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The modern domestic gene pool of sugar beet is sufficient enough to 
create varieties with the desired properties, however, traditional obtaining of in-
bred lines and hybrids requires a long time, and is labor-consuming, due to a 2-
year cycle of plant development, self- and cross-incompatibility, and inbreeding 
depression [1]. A biotechnology method of haploidy, involving the in vitro culti-
vation of plants [2], may be effectively used to induce genotypic diversity in the 
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initial population, although its use is limited due to the narrow specificity of 
these conditions not only for different genotypes of the same species, but also 
depending on the cultivation stage. The variation observed when cultivating re-
productive organs of plants may significantly extend the limits of variability and 
facilitate the derivation of forms for breeding purposes (including those obtained 
based on the doubled haploids) [3]. 

To improve the method of haploid parthenogenesis in sugar beet, the condi-
tions for inducing unfertilized ovules and cultivating haploid regenerants with valua-
ble genetic recombinations are optimized, and techniques of including restitution 
lines in the selection process are practiced [4-8). The most challenging problem is 
the hormonal composition of the growth media for the in vitro cultivation (of note, 
the principle of empirical choosing conditions for the induction of haploidy remains 
dominant) [9-10]. Several methods appear to be of interest, such as the use of liquid 
media, which significantly increases the output of haploid regenerants [11), as well 
as spontaneous haploid diploidization in long-term (over 1 year) cultivation [12], 
pretreatment of ovules with different agents (e.g. colchicine, trifluralin, etc.) that 
promote the antimitotic activity of the female gametophyte cells and increase the 
frequency of haploid regeneration [13]. The comparison between morphology of 
haploids and doubled haploid regenerants revealed the advantages of the first ones in 
the rate of shoot development and propagation in vitro. Based on this, it is proposed 
to use the sugar beet haploids both to produce doubled haploids and in specialized 
projects on genomic analysis, or in genetic transformation, when haploid tissues 
serve as the starting material [14]. 

In sugar beet, in vitro cultivation of unfertilized ovules and obtaining hap-
loids from them allowed to directionally produce homozygous breeding lines [9, 
15]. However, the commercial application of these technologies is limited by a low 
output of haploid regenerants and the lack of methodical research in regard to a) the 
critical periods in the development of the embryo sac and the establishment of the 
morphogenetic competence of its elements in order to switch from a gametophyte to 
sporophyte development program, and b) biochemical and molecular genetic eval-
uation of the produced homozygous lines. 

For the first time, we analyzed the traits associated with the morphogen-
esis and in vitro reproduction of regenerated plants of sugar beet in case of hap-
loid parthenogenesis; also, we demonstrated the possibility of their use as a diag-
nostic tool to assess the critical periods in the development of the female game-
tophyte during the transition to a sporophytic morphogenesis. Furthermore, the 
application of the RFLP analysis using the Hind III restriction enzyme allowed 
to identify for the first time haploid microclones from sugar beet variety popula-
tions based on the cytoplasm type (N or S), thus facilitating the problem of pro-
ducing lines with the cytoplasmic male sterility (CMS). 

Our objective was to identify traits that improve the efficiency of in vitro 
haploid parthenogenesis in sugar beet, involving biochemical and molecular 
markers. 

Technique. The organ and tissue explants of Beta vulgaris L. hybrids (the 
collection of A.L. Mazlumov All-Russian Research Institute of Sugar Beet and 
Sugar) were used for plant tissue cultures. A conventional technique for steriliza-
tion and preparation of growth media was as described by R.G. Butenko [2]. 

The activity of the NADP isocitrate dehydrogenase enzyme was determined 
in plant tissue homogenates [16]. Electrophoresis of isoenzymes in the starch gel and 
PAGE was performed as described [17]. 

A Hind III RFLP (restriction fragment length polymorphism) [18] was 
used to identify sterile and fertile haploid regenerants. The products were separat-
ed by 1 % agarose gel electrophoresis with ethidium bromide. 

Ploidy levels were determined by flow cytometry on a Ploidy Analyser 
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PA-2 (Partec GmbH, Germany) [11]. 
The cytoembryological data was processed using the coefficient of varia-

tion Cv [19]. 
Results. The in vitro cultivation of sugar beet unfertilized ovules revealed a 

unique ability in embryogenic cells to implement the developmental potential in-
fluenced by exogenous factors [20], which enabled to develop a technology for 
producing homozygous lines. This technique allows to obtain genetically and 
morphologically diverse material from donor plants without repeated self-
pollination. The proposed technique provides an output of up to 38 haploid re-
generants from a single donor plant, with overall production of homozygous sugar 
beet plants over 2-3 years (instead of 8-10 years with traditional methods). Cur-
rently, more than 100 of such homozygous lines are used in breeding programs 
[20]. Different experiments revealed a number of morphological, cytoembryologi-
cal, biochemical and molecular genetic features that enhanced the efficiency of 
haploid detection when inducing in vitro haploid parthenogenesis, thus accelerat-
ing the creation of homozygous lines. 

When introducing ovules into the culture, a period of flowering shoot de-
velopment in donor plants is among critical factors affecting the efficiency of hap-
loid regeneration. In sugar beet, budding at the end of an early generative stage of 
inflorescences (VII and VIII steps of the organogenesis) is an optimal phase [21]. 
Buds with ovules, more capable of inducing haploidy and most suitable for tissue 
culture, are located in the central stem of the pleiochasium raceme. Regeneration 
activity is observed in ovules from buds 1 to 25 (located on the spicate raceme up-
ward from the opened flower). 

For a successful ovule culture, it is also required to select the optimum 
stage of the embryo sac development. Cytoembryological observations indicate 
that nuclei and cells of the female gametophyte in sugar beet are capable of in 
vitro neoplastic processes at all stages of development. This appears to be related 
to the peculiarities of the female gametophyte, primarily to its well-defined polari-
ty, differentiating divisions and totipotency of its elements, that together promotes, 
under in vitro conditions, the initiation of the program of haploid regenerant for-
mation. Our findings demonstrated that the polarization started in the mononucle-
ar embryo sac which, with its development, increased in size and stretched out 
toward the micropyle. As a result of the next three rounds of mitotic divisions, an 
eight-nucleus embryo sac is formed. After the last round of mitosis, one polar nu-
cleus leaves each pole and migrates toward the center. Around the nuclei, cyto-
plasm is localized and cytokinesis occurs, which ends with the formation of the 
seven cells of the embryo sac [22]. 

Culture of isolated ovules, containing eight-nucleus (or 7-cell, but eight-
nucleus) embryo sacs, is considered the most favorable for the induction of hap-
loidy and regeneration [8]. One can assume that the stringent polarity of the 
embryo sac in this period, as well as totipotency of its nuclei and non-specialized 
cells of female gametophyte, ensure the greatest capacity for morphogenesis. This 
is a crucial factor for switching to sporophytic type of development. 

Determining stages of the embryo sac development is complicated and 
long. In this case, embryological traits, such as the presence of mononuclear mi-
crospores and 2- or 3-cell pollen grains of anthers located in one bud with ov-
ules are used to indicate a critical period. Depending on the weather conditions 
at flowering, these traits can be observed 1-5 days before the opening of buds. 

Anomalies of the male and female gametophytes, which were apparent in 
some genotypes, resulted from self-pollination and polyploidy, and in the CMS 
hybrids with the apomixis frequency up to 40 %, may also serve as the diagnostic 
signs. Recessive genes, involved in the apomixis control [23], including in the 
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haploid parthenogenesis, may possibly accumulate in different ways during the 
selection. Genotypes with the greatest anomalies are more likely to induce hap-
loidy in vitro. 

A significant disadvantage of the in vitro haploidy technology is a low 
rate of regeneration (1.7-10.5 %). It may be increased by stress factors, e.g. pre-
treatment of ovules with cold (4-6 С, 2-4 days) or X-rays (1000-5000 P, 50 
min) [24]. In sugar beet ovules (similar to wheat microspores) [25], under in 
vitro conditions, low positive temperatures, altering metabolism, may delay the 
development of the embryo sac and induce sporophytic morphogenesis. 

Hormonal composition of the growth media when culturing ovules was 
also a key factor in determining the type of morphogenesis, i.e. through regener-
ation (embryoidogenesis) or via a callus (gemmorhizogenesis) [26]. 

In our experiments, induction and morphogenesis of the haploid regen-
erants toward sporophyte were limited by Gamborg (B5) medium supplemented 
with vitamins by White and various hormones [26]. For example, the addition of 
gibberellin (2 mg/l) induced the embryoidogenesis of the haploid regenerants. 
The cell division in the egg apparatus was observed in the ovule embryo sac from 
the first days, with subsequent development of a multicellular (5-8 tiers of cells) 
proembryo on day 3. By day 5, the embryo took the form of a ball, and in-
creased in size due to divisions transversely and longitudinally, filling all the 
space of the embryo sac by days 8-12 (while the haustorial outgrowth in the nu-
cellus did not increase). The central cell which did not started dividing, re-
mained until the days 5-8, and then degenerated. Sometimes several endosperm 
nuclei were formed, which also degenerated. The starch in the cells of the nucel-
lus was not accumulated, perisperm and seed coat were not formed. On day 28, 
the embryo ruptured the integuments, and a seedling appeared on the surface of 
the ovule, with subsequent formation of small cotyledonary leaves, hypocotyl 
and the primordial root. This indicates the similarity between haploid embry-
oidogenesis and embryogenesis of the zygotic embryo, although an embryoid is 
formed using only mineral salts from growth medium (without nutrients from 
the endosperm which does not form under in vitro conditions). 

Auxins stimulated the growth of callus along with gynogenetic embryos. 
Gibberellin (2 mg/l), 6-benzylaminopurine (0.1 mg/l) and indolyl-3-butyric acid 
(0.1 mg/l) induced haploid embryoids and then secondary regenerates from hy-
pocotyl callus tissues that increased 6- to 10-fold the output of haploids [20]. As 
totipotency of the heterogeneous callus cells varies, two major types of callus 
may probably form, i.e. morphogenic and non-morphogenic. A non-
morphogenic callus consists of parenchymal cells and can not regenerate. Root 
formation (rhizogenesis) or gemmogenesis (the appearance of the buds), or 
gemmorhizogenesis occurred in morphogenic callus which had more dense fine 
grain structure. Gemmorhizogenesis began in the subepidermal layer. In vitro, 
initial cells appeared having a thickened cell membrane and a larger nucleus, 
from which meristem zones developed de novo as pimples. Following the peri-
clinal divisions on the outside of the pimples, an apex (sickle-shaped fold) and 
the first leaf primordium (the growth bud) were formed. Root apexes were set in 
the lateral or basal part of the callus. A conducting bundle was formed between 
the root and the bud. Plant reproduction via callus occurred under gemmorhizo-
genesis or gemmogenesis, followed by root induction in 3-4 weeks. 

Culture of unfertilized ovules in liquid medium resulted in the increased 
proliferation of the female gametophyte cells and maintained their viability for 
4-6 months. The transfer of these explants onto the agar medium of the same 
composition stimulated regeneration (13.7 and 18.9 % for calluso- and embry-
oidogenesis, respectively). Note that the callus is a system of indirect organogen-
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esis which extends the time of regenerant formation, therefore, the direct in vitro 
regeneration is a more promising for breeding. 

The stage of stabilization involves the selection of normally developed 
haploid regenerated plants [27] with a high ability to form adventitious shoots 
and micropropagation. To improve the efficiency, we used morphological and 
cytological characteristics at this stage. Accordingly, the height and size of or-
gans in haploid regenerants are usually lower than in diploids. Depending on the 
genotype, normally developed haploid forms have more narrow leaf blades with 
long petioles or, on the contrary, broad leaves with wavy edge and short petioles. 
A typical cytological trait of haploids is 9 chromosomes, which are revealed 
through microscopic examination or cytophotometry based on the content of 
nuclear DNA [28]. The latter method is faster, more reliable and can be widely 
used for identifying plants with altered ploidy. The presence of 8-10 chloroplasts 
in the stomata guard cells, among which there are abnormal or non-forming 
chloroplasts, or those having one bean-like cell, should be considered cytoem-
bryological features. As cytoembryological signs in haploids varied only slightly, 
they can be used as morphological markers for identification and selection of 
haploid regenerants. This allows to make an assessment at the earliest stages of 
the regenerated plant development, when the analysis of the chromosome set is 
an extremely difficult and leads to the death of the explants. 

Colchicination of haploids [27] resulted in polyploidization with the for-
mation of diploids, triploids and tetraploids. With increasing ploidy level, the 
number of chloroplasts in a pair of the stomata guard cells also increased, e.g. 
from 9-11 in haploids to 12-14, 15-17 and 18-21, respectively, in di-, tri- and tet-
raploids. The ratio of the area of guard cells in haploids vs. di-, tri- and tetraploid 
forms was also modified (1:1.56; 1:1.87; 1:2.68, respectively) (Table 1). 

1. Cytomorphological characteristics of pairs of stomata guard cells in sugar beet 
(Beta vulgaris L.) plants at different ploidy levels  

Ploidy 
Pairs of cells, 
examined 

Number of chloroplasts, pcs. 
Cv, % Area, μm2 Cv, % 

mean min-max 
Haploid (½) 250 10.2 9.4-10.9 9.3 0.95 0.9 
Dihaploid (2½) 250 13.2 11.8-14.5 9.7 1.48 1.6 
Triploid (3½) 250 15.5 14.4-16.6 5.8 1.78 1.8 
Tetraploid (4½) 250 19.7 18.5-20.9 6.4 2.55 1.3 

 

It should be noted that some doubled haploids during the reproduction 
(both in vitro and in soil) recovered their haploid state, which may probably 
arise from a shorter mitotic cycle in haploid regenerants. Therefore, colchici-
nation and intracellular selection may contribute to an increased proportion of 
haploid cells in the mixoploid meristem of the regenerants which adversely af-
fects the diploidization. To increase the effect of diploidization in haploids in 
vitro, we modified the hormonal composition of the growth medium by adding 
cytokinins and gibberellin, which inhibit the growth of haploid tissues. Kinetin, 
when added at 0.25 mg/l, demonstrated its high ability to stimulate cell divi-
sion in diploids or to slow it down in haploids, and that allowed to produce up 
to 90 % of regenerated plants with a constant diploid set of chromosomes. 

A comparison of isozyme spectra is a convenient tool for identifying hap-
loid regenerates of sugar beet. When studying the electrophoretic mobility of the 
isoforms of NADP-isocitrate dehydrogenase (NADP-IDH, Rf 1.1.1.42), we re-
vealed differences between haploid regenerants and the original diploid plant. Pre-
viously, we demonstrated the presence of two isoforms of NADP-IDH, such as 
cytoplasmic ( 95 % activity) and mitochondrial ( 5 % activity), in leaves of con-
trol plants, which was consistent with the results of electrophoresis: the control 
plants had two isoforms of NADP-IDH (Rf 0.31 and 0.39), with bands of equal 
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intensity, while in haploids the enzyme was represented by two areas of activity, 
i.e. monomorphic (Rf 0.37) and polymorphic (Rf 0.26 and 0.31). 

The isozyme analysis can also be used to determine the degree of homo-
zygosity of the restitution lines obtained as a result of the stabilizing selection. 
Theoretically, all the lines of doubled haploids must be homozygous. However, 
on average 4 % heterozygous loci are revealed in the restitution lines produced 
via treatment with colchicine [29]. It cannot be ruled out that such polymor-
phism can be explained by epigenetic variability in the doubled haploids of sugar 
beet [30, 31]. The index of isozyme homozygosity (Iiz) in the tested lines, de-
fined as the average percentage of homozygosity by seven isozyme loci, ranged 
from 0.81 to 1 [29] and averaged to 0.96 (Table 2). Homozygosity of these resti-
tution lines is probably quite high, despite the possible epigenetic changes. 

2. Indicators of isozyme homozygosity in restitution lines of sugar beet (Beta vul-
garis L.) 

Line 
The proportion of homozygotes based on isozyme loci, % Index of isozyme homo-

zygosity (Iiz) Adh-1 Mdh-1 Mdh-2 Me-1 Idh-1 Idh-2 Gdh-1 
1 100 87 93 88 100 100 100 0.95 
2 100 97 100 68 100 100 96 0.94 
3 100 40 93 42 100 100 93 0.81 
4 100 87 93 100 100 100 100 0.97 
5 100 100 100 100 100 100 100 1.00 
6 100 100 100 96 100 96 100 0.99 
7 100 100 100 96 93 96 100 0.98 
8 97 79 84 96 100 100 100 0.94 

Mean 99 86 95 98 99 99 99 0.96 
 

Molecular markers are neutral with respect to the phenotype, they are 
not tissue-specific, and can be detected at any stage of plant development. They 
allow to control the genetic transfer from the donor plants and screen for the 
desired trait, such as CMS [32, 33]. It is known that there are plants with nor-
mal (N) and sterile (S) cytoplasm in the sugar beet populations. Pollen is viable 
and fertile in N-plants, while in S-plants it can be either fertile or sterile, de-
pending on the interaction between sterile (S) cytoplasm and recessive nuclear 
genes rf1 and rf2. The sterility of cytoplasm in sugar beet is caused by a change in 
the nucleotide sequence in the mitochondrial and chloroplast genomes [34, 35]. 

Our studies showed that the PCR and Hind III RFLP analysis enabled 
to identify the type of cytoplasm in the produced haploids by the restriction 
fragment pattern. In haploid microclones with normal and sterile cytoplasm, a 
single fragment (800 bps) was amplified, which was digested only in sterile (S) 
forms (see Fig.; two restriction fragments and the residues of the 800 bps frag-
ment can be observed). 

 

 

An electrophoregram of restriction digests of 
the amplified DNA fragments (Hind III 
RFLP analysis) in haploid regenerated plants 
of sugar beet (Beta vulgaris L.): K1 — con-
trol fertile plants; K2 — control sterile 
plants; 1-5 — forms with normal (N) cyto-
plasm, 6-8 — forms with sterile (S) cyto-
plasm; M — molecular weight markers 
(MassRuler™ DNA ladder, 80-1031 bps, 
SM0383, Thermo Scientific, USA).  
 

Haploids, in which this 
fragment was not digested with 
Hind III, were represented by 
completely fertile forms with nor-
mal cytoplasm (N) and nuclear  

genes in the recessive state (rf). In the remaining samples, polymorphism of 
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fragments was observed which appeared to imply that corresponding haploid 
forms had the sterile cytoplasm (S) and various combinations of recessive and 
dominant alleles of the Rf1/rf1 and Rf2/rf2 nuclear genes. Note that the PCR 
profiles of all sterile regenerants (both haploids and doubled haploids) are 
identical. Therefore, the identification of regenerated plants with sterile cyto-
plasm at the different stages of cultivation is of great interest for the sugar 
beet breeding, thus facilitating the production of lines with the CMS and 
highly productive sterile-based hybrids. 

Thus, we demonstrated the efficiency of a combination of diagnostic fea-
tures for improving the technique of in vitro haploid parthenogenesis in sugar 
beet. The identified phenotypic, morphological, cytoembryological markers reli-
ably characterize the critical periods for the development of generative organs in 
donor plants and the induction of haploidy, as well as the stage of in vitro mor-
phogenesis, which are considered the most favorable during the stabilizing selec-
tions of haploids and doubled haploids. Determination of the isozyme electro-
phoretic mobility and molecular marking make it possible to evaluate the degree 
of homozygosity in the produced lines. RFLP analysis provides an opportunity 
to select the haploid regenerants possessing a desired trait, such as the cytoplas-
mic male sterility (CMS), and produce lines homozygous for the CMS. 
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