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Factors to affect inbred beet plants
while developing material for linear selection
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Considering its capacities, the generative system of Beta vulgaris L. is regarded as highly productive. While in-
breeding, the reproductive potential of cross-pollinated beet plants with gametophytic self-incompatibility (SI)
changes significantly and is determined by a joint effect of multiple factors including the level of inbred depres-
sion. In the present study, original data have been obtained revealing relationships between inbred beet seed
productivity, its self-incompatibility and microgametophyte parameters, which is crucial for developing and
maintaining constant fertile beet lines. It has been discovered that inbred depression increases the number of
sterile microgametes and anomalous pollen grains, reduces pollen fertility and the length of pollen tubes. As a
result, the seed yield in inbred beet progeny, including Sl ones, reduces significantly just after the third inbreed-
ing. At the same time, highly productive inbred beet is characterized by a lower rate of pollen tube growth
in vitro. In inbred plants, there is no close relationship between pollen viability and seed productivity, because
the elimination of germinated male gametes and degeneration of seed embryos may go over the entire period
of fertilization starting its progamic phase. The Sl plants have more degenerating embryos than self-fertile
ones, but seed vessel outgrowth in the seeds with abortive embryos makes them morphologically similar to
fertile seeds. For that reason, when assessing inbred beet plants based on their self-incompatibility/self-fertility,
one should consider the qualitative characteristics of the seeds. Using the method of recurrent selection based
on such factors as seed productivity, pollen tube length and field germination rate increase the output of plant
forms with a potentially high self-compatibility in their progeny. To support such genotypes in the progeny,
one has to, starting from the third inbreeding, perform sib crossing to reduce the negative effect of inbred
depression and self-incompatibility.
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TIPpY CO3JaHUM JIVMHENHOTr0 MaTepuasia OIS CeIeKIUN
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leHepaTuBHas cuctema Beta vulgaris L. no cBoemy yCTpOWCTBY 1 BO3MOXXHOCTSIM OTHOCUTCA K BbICOKOBOCHPO-
nsBogsALeil. Mpu camoonbiNeHny PenpoAyKTUBHDBIA NMOTEHLMAN NepeKPecTHOOMbIIAEMbIX PAaCTEHU CBEKIIbI
CTONOBOW, UMEIOLUX FaMeTOOUTHBIV TUM CaMOHECOBMECTUMOCTU, CYLLECTBEHHO U3MEHAETCA 1 onpeaenser-
CSl COBOKYTMHbIM AECTBUEM Pa3HbIX GaKTOPOB, B TOM UMCIe 1 YPOBHEM UHOPeAHO Aenpeccun. Bnepsble Ha
KyNbType CBEKJIbl CTOJIOBOI MOJTyUeHbl OPUrHabHbIE AaHHble O XapaKTepe B3aMOCBA3EN CEMEHHOW Mpo-
OYKTUBHOCTM UHOPEAHDBIX PAacTeHNI C PYHKLMOHANbHBIMY NapamMeTpamMm MUKporameTodunTa 1 CTeNeHbo camo-
HEeCOBMECTUMOCTY, YTO MMEET BaXKHOe 3HaueHue Npu CO3AaHUM 1 NOAAEPMKAHUM KOHCTAHTHbBIX GepTUIbHbIX
NIMHUIA. YCTaHOB/EHO, UTO B pe3ysbTate MHOPeAHOI Aenpeccrn YBENMUYMBAETCA YACSIO CTEPUIIBHBIX MUKPOTa-
MET 1 MblIbLIEBbIX 3€PEH C aHOMaJIbHbIM Pa3BUTUEM; CHUXKAETCA GepTUbHOCTb MblfibLbl U ANIMHA MblbLEBbIX
TPY6OK; ceMeHHas NPoAyKTUBHOCTb B MOTOMCTBaX MHOPEAHbIX PAacTEHUIA, B TOM YMC/e CKIIOHHBIX K CaMOObl-
NeHWIo, PE3KO CHMKAETCSA YKe Nocsie TPeTbero NHopuauHra. MNpw 3Tom Ana BbICOKONPOAYKTUBHbBIX MHOPeaHbIX
pacTeHuii CBEKIbl CTONOBON XapakTepHa MeHbLUas CKOPOCTb POCTa MblibLEBbIX TPYOOK B YCIIOBUAX in Vitro.
Mexxpay YpOBHEM »MN3HECNOCOBHOCTH MblibLibl U CEMEHHON NPOAYKTUBHOCTbIO MHOPEAHbIX pacTeHunii TecHas
B3aMIMOCBA3b OTCYTCTBYET BBUJY TOrO, YTO SMVMMHALMA MPOPOCLUMX MY>KCKUX ramMeT 1 AereHepauuns 3apo-
OblLel CeMAH MOTYT MPOVCXOAUTb Ha BCEM NPOTSKEHWU NPOraMHON 1 nocnegytowmx a3 oniogoTBOpeHus.
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[lereHepupyoLmnx 3apoaplleil y CaMOHeCOBMECTUMbIX GOpPM HaMHOTO GosblUe, YeM y camoPepTUIIbHbIX, HO
B pe3ysnbTaTe pa3pacTaHyisi OKONOMIOAHUKA Y CeMAH C HEA0Pa3BUTbIMM 3apoAblllamm HabnogaeTca mopdono-
rMyeckoe CXOACTBO CO BCXOXKMMMU ceMeHamu. [103ToMy npu oLeHKe MHOpeHbIX PacTeHUIA CBEKIIbl CTONOBOI MO
MPU3HAKY «CAMOHECOBMECTUMOCTb/CaMObEePTUNbHOCTbY ClIeyeT YUUTLIBATb KaUeCTBEHHbIE XapaKTePUCTIKN
cemsH. Micnonb3oBaHne MeToAa PeKyppPeHTHO CenekLuy Mo Npr3HakaM «ceMeHHas NpofAyKTUBHOCTbY, «4Jn-
Ha MblNbLEBbIX TPYOOK» 1 «MOJeBas BCXOXECTb» MOBbILIAET BbIX0A GOPM C MNOTEHLMANIbHO BbICOKOW CaMOCO-
BMeCTVIMOCTbIO B MOTOMCTBe. [1nA noafep»KaHus BbiAeNIeHHbIX B MHOPeHbIX MOTOMCTBAX LieHHbIX TeHOTUMOB
Heo6XOAMMO HauMHan C TPETbEro MHOPUAVHIA NPOBOANUTL CUOGCOBbIE CKPeLIMBaHWS, YTO MNO3BOMAET CHU3UTb
HeraTBHOE BAVsHNE NHOPe[HON Aenpeccuy U CaMOHECOBMECTVIMOCTH.

KnioueBble CfioBa: CBeKia CTONOBas; MHOPUAVHT; MHOPeAHasA Aenpeccus; CeMeHHas MPOAYKTUBHOCTb; CamMo-
HEeCOBMECTUMOCTb; MUKPOraMeTOUT; >KM3HECMOCOOHOCTD; MblbLieBas TPyOKa.

Introduction

Table beet (Beta vulgaris L.) is one of the most common root
vegetables and is cultivated all over the world. The presence
of heterocyclic nitrogen-containing betacyanin pigments such
as betanin and betaine in its roots makes this culture unique
and essential in terms of human nutrition (Krasochkin, 1971;
Pialetti, 1976; Mabry, 1980; Escribano et al., 1998; Tesoriere
et al., 2004; Lapin et al., 2007; Sleptsov et al., 2015).

Table beet outperforms other root vegetables in productivity
due to the structure of the generative system and its cross-
pollination potential. Table beet is clearly identified as a cross-
pollinating plant with the gametophytic self-incompatibility
system (Owen, 1942; Maletsky et al., 1970). However, in
addition to pollinating by pollen grains from other plants
(xenogamy), the plants can be pollinated by pollen grains from
other flowers of the same plant (geitonogamy) and from the
same flowers (autogamy) (Zhuzhzhalova et al., 2007).

A wide variety of foreign and domestic breeds of table
beet is available in the market, however, the producers prefer
F, hybrids, which are more unified, flexible, and therefore
better suited for production. The cultivation technology
minimizes the manual labor involved, which in turn reduces
money and time costs (Burenin, Pivovarov, 1998; Fedorova,
Burenin, 2010). The heterosis effect reaches its peak, when
the progeny hybridity is at its maximum that is effectively
achieved by various genetic reproductive systems, particularly
cytoplasmic male sterility (CMS) potentially presenting in
each cross-pollinated population (Maletsky, 2010).

Selection for heterosis includes several consecutive
stages as follows: studying a variety of original material
preferably among monogerm samples, obtaining inbred
progenies, selecting valuable biotypes and using them as
the base for obtaining fertile (mf) and sterile (ms) lines with
high combining ability, obtaining F, hybrids with the set of
agriculturally valuable attributes. Obtaining homozygous lines
via inbreeding is considered a critical element of a formative
process facilitating the identification of valuable biotypes with
recessive alleles, when dealing with complex heterogeneous
populations of cross-pollinating cultures. Self-pollination
makes it possible to decompose heterogeneous populations
into series of homozygous lines of target genes, which, in
addition to inbreeding depression, possess valuable attributes
(Vavilov, 1935).

At the early stages of CMS-based hybrid creation, it is
not only genetic and breeding aspects that present problems
for breeders, but seed production as well. As opposed to
cross-pollinating variety populations, whose genetic stability
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is ensured by cross-pollination within the intrabreeding
population, self-fertilization ability is required for obtaining
and maintaining the lines (Balkov, 1978; Fedorova, Stepanov,
2005; Zhuzhzhalova, 2010; Burenin, 2015).

Seed productivity of inbred beet progenies is highly variable
as aresult of various genes, including the self-incompatibility
gene, as well as inbreeding depression. Self-incompatibility
during self-pollination occurs, when pollen grains and the
pistil have matching S-genes. Depending on the action
period of genes and localization of their byproducts, two
types of homomorphic self-incompatibility are defined for
the eudicot group, namely sporophytic and gametophytic.
However, some species may demonstrate a combination
of individual attributes of these systems (Zhuzhzhalova
etal., 2007).

Growth inhibitor (protein complex) in the SSI system is
activated at the stigma, when pollen grains and the pistil
have matching monomers, which inhibit pollen germination
(Lewis, Crowe, 1958; Knox, Heslop-Harrison, 1970; Foote
et al., 1994; Chantha et al., 2013). According to the recent
data, the GSI system in a number of species is based on
recognizing specific ribonuclease (S-RNase) in the diploid
tissue of the pistil splitting the stored rRNA of its own pollen
grains (pollen tube growth is terminated) and S-related F-box
proteins of the male haploid capable of inactivating a subset of
S-RNase alleles, except for their allele relative (Entani et al.,
2003; Yamane et al., 2003; Kubo et al., 2010; Ramanauskas,
Igi¢, 2017; Chen et al., 2018). The SI system in beet plants
is controlled by four S-loci, while having a gametophytic
incompatibility type, but it still remains understudied at the
molecular level (Lundqvist et al., 1973; Zhuzhzhalova, 2010).

While the percentage of self-incompatible plants in sugar
beet populations may reach 50 % or more, they also include
self-compatible plants, whose pollen grains germinate
massively as a result of self-pollination (Magassy, 1965;
Korneeva, Golichenko, 1989; Logvinov et al., 1993; Darmency
et al., 2009). The plants setting up to 50 seeds are considered
self-sterile or self-incompatible (SI), 50 to 100 seeds prone to
self-fertilization (PSF), 100 seeds and above self-compatible
or self-fertile (SF) (Balkov, 1978).

It is shown that compatibility attribute and the percentage
of SF plants in inbred sugar beet progenies may become
fixated; their seed productivity in a series of generations may
increase, though it is not a universally observed phenomenon
(Konovalov, Maletsky, 1990; Zhuzhzhalova, 2010; Oshevnev,
Gribanova, 2010). Consecutive self-pollination reduces pollen
grain fertility in inbred progenies, which in turn depends on the
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genotype of the inbred plants (Maletsky, 1995; Zayachkovsky
etal., 1999; Korneeva, Vlasyuk, 2003; Darmency et al., 2009).
In addition, pollen grain fertility in self-compatible plants
following single to triple inbreeding decreases significantly
slower than in inbred progenies of self-incompatible plants,
demonstrating a sharp increase in pollen grain development
anomalies leading to microgametophytic sterilization during
gametogenesis.

The further inbred reproduction leads to lower pollen
fertility in SF-forms, which in case of deep inbreeding (up
to I,,) may fall down to 20 % of the initial value (Konovalov,
Maletsky, 1990; Fedorova, Stepanov, 2005). As a result,
similarly to SI-forms, valuable genotypes may be lost in
SF-forms, which occurs most often in the process of creating
fertile B-lines responsible for CMS fixation (Lyalko et al.,
1997; Zhuzhzhalova, 2010). Thus, when dealing with inbred
table beet progenies, the primary goal is to search for the mf-
forms not only prone to self-pollination but also capable of
overcoming the inbreeding depression. At the same time, it is
important that seed productivity threshold under inbreeding
depression is not neglected.

The goal of the presented research was to study the relations
between seed productivity and functional parameters of male
gametophytes in table beet plants during inbreeding in order
to develop constant lines and ensure their preservation and
reproduction.

Materials and methods

The research was performed at the facilities of the Federal
Scientific Vegetable Center (VNIISSOK) from 2007 to 2017
with seed plants of various inbred beet progenies obtained
using Nezhnost variety population. The breed was derived
via free cross-pollination of foreign hybrids with cylindrical
root shape followed by individual selection, inbreeding, and
sister crossing. It was the very first inbred generation of this
population that included fully fertile and partially sterile
plants with the CMS attribute manifested to various degrees
(i. e. different ratios of sterile and fertile anthers at flower,
inflorescence, or branch scales). CMS in table beet plants is
manifested phenotypically as a marker coloring of ms-anthers
with individual parts of plants showing a wide spectrum of
maroon tints from pink to brown (Fedorova et al., 2011).

The plants were grown in a protected ground in unheated
hangar- or block-type hothouses under conditions of spring-
summer crop rotation with natural lighting using one-year
(stecklings) or two-year development cycles. Enforced self-
pollination of the seed plants and sib crossings were performed
using two types of pollination bags, namely parchment for
isolation of individual branches of the plant, and calico for
individual plants and groups of plants. To overcome the
inbreeding depression, sib (sister) group crossings (a group
of at least three plants under the common pollination cover)
were used starting with the third inbreeding.

Biometric and functional microgametophytic parameters
in fertile and partially sterile inbred plants were studied
in vitro using the technique developed at VNIISSOK
(Kozar et al., 2017). The sample size for triple analysis
calculations and measurements was 300-500 pollen grains.
A microphotographic study was carried out using a Micros
microscope with DCM 300 digital camera and Canon A560
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photographic system with magnifications x10x 10 and
x20x10. Pollen grains from various fractions were calculated
and their parameters measured using the Scope Photo software.
The viability of the microgametophytic population was
estimated as the percentage of germinated pollen grains in the
total number of grains in the sample analyzed. Polymorphism
was assessed based on the percent ratio between pollen
grain fractions, which included fertile, germinated (viable),
anomalous, and sterile grains.

The reproductive ability and self-compatibility of inbred
plants were assessed based on seed productivity (SP) and
field germination rate. Genotypes with seed productivities of
0 to 1 g were classified as SI regardless of the germination
rate, as were plants with higher productivity with germina-
tion rates below 20 %; a PSF group included the plants
with seed productivities from 1 to 4 g; and a SF group — the
plants with seed productivities above 4 g with germination
rates above 20 %.

Express tests of seed quality were performed by means
of microfocus radiography using the PRDU-02 and RM-1
systems. The internal structure of seeds was analyzed using
the methods described in Technique of Radiographic Studies
for Agriculture (Arkhipov et al., 2001) and Crop Science and
Radiographic Analysis of Seed Quality in Vegetable Cultures
(Musaev et al., 2012). Mathematical processing of the results
was implemented using the Microsoft Excel statistical analysis
tools.

Results
Comparative analysis of the obtained SP data showed that
inbred progenies (I,-1,) included both low productive plants
and the ones setting a sufficient number of seeds, and the ratios
between them varied significantly within the inbred progeny
on the whole and for each sample in particular. The percentage
of SI plants in inbred populations showed steady increase of
as much as three times on average in each subsequent inbred
generation. As a result, the percentage of plants capable of
self-pollination in the third inbred populations was 33 %,
whereas the same value for the first inbred generation was
90 %, with 56 % of plants having seed productivities of over
5 g. Average seed productivity parameters of the inbred plants
from different generations remained approximately the same:
I —11.2;1,—11.9; I, - 10.4 g/plant (Suppl. material 1)!.

The effect of consecutive self-pollination on the variability
of microgametophytic parameters was studied and the
relation of these parameters with the reproductive ability of
the inbred beet plants was analyzed in breed sample 274,
whose population was characterized by the lowest amount
of SI genotypes (7 %). Here, the plants selected for further
inbreeding were primarily the ones prone to self-fertilization,
which were typically present in all inbred progenies. The
structure of their inbred progenies included fully ST genotypes
(SP = 0 g), whose percentage increased gradually with
inbreeding depth (I, — I5)and reached 21 % in the fifth inbred
generation (Table 1).

According to the average values, seed productivity in the
plants capable of self-pollination remained high up to the third
inbred generation. Further inbreeding dramatically reduced

1 Supplementary Materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx8.pdf
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Table 1. Seed yield and pollen fertility for different inbred beet progenies No. 274

Inbreeding Seed yield, g/plant Plants (%) with seed productivity Pollen fertility, % Portions of plants (%) with different
(average) (average) levels of pollen fertility
0g 0.1-40g >4g9 <70 % 70-90 % >90 %
I 14.5 7 33 60 92 1 26 73
l 13.4 8 42 50 84 3 33 64
I 9.3 14 55 31 80 10 61 29
I, 2.5 16 64 20 82 8 44 48
I 6.1 21 49 30 76 20 35 45
P s e
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Fig. 1. Sterile and anomalous microgametes in the pollen populations of different inbred beet plants: g, fertile pollen grains;

b-e, anomalous pollen grains; f, sterile pollen grains.

seed productivity in plants, including the SF group, which
then only accounted for 20-30 %. It may be explained by the
effect of growing inbreeding depression on the development
of reproductive organs. As a result, pollen grain fertility de-
creased due to the increasing number of sterile microgametes
and anomalous pollen grains (deformation, detachment of
contents from the shells, germination of several pollen tubes,
etc.); the number of these plants doubled in the fifth inbred
progeny (Table 1, Fig. 1).

Inbreeding depression also affected functional parameters
of pollen grains, primarily in vitro pollen tube growth. The
average pollen tube length in plants from the fourth-fifth
inbred generations after three-hour germination turned out to
be twice as short as in plants from the third inbred generation.
In addition, consecutive inbreeding progenies starting from
the second inbred generation showed a gradual decrease in the
variability of this attribute and an increase in the percentage
of plants with low pollen tube growth rate (Lpt< 200 per unit)
(Table 2).

In addition, plants from various inbred generations mani-
fested differences, although less significant, in fertile pollen
grain viability, which generally fell within a wide interval
(055 %). However, no specific regularity was observed to
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describe variations in population structure regarding ratios
of genotypes with different viability values. For instance,
genotypes with average pollen grain germination rate (viability
of 10-30 %) prevailed in the third inbred generation; low
viability (<10 %) prevailed in the fourth inbred generation,
but most plants from the fifth inbred generation showed the
ability of pollen grains to germinate in vitro (with viability of
over 30 %). It possibly has to do with phenotypic variability,
which is to a significant degree determined by the effect of
agricultural climatic cultivation conditions on simultaneous
maturation and pollen grain maturity. In other words, the
data obtained indicate that the inbreeding depression of
microgametophytic development combined with self-
incompatibility affects the reproductive ability in inbred
plants.

Relation between seed productivity and microgameto-
phytic parameters in beet plants with different inbreed-
ing levels. Structural analysis of individual groups of inbred
mf-plants with different SP values showed a certain relation
between microgametophytic parameters and seed productivity
up to the third inbreeding. For example, in the third inbred
generation plants with low fertility (<70%) and viability
(<10 %) were only encountered in the low productive group
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Table 2. Variability and structure of inbred beet progenies considering the viability and pollen tube length
of the fertile pollen of seed plants
Inbred Viability, % Plants with survival capacity, % Pollen tube length, Plants (%) with
progeny rel. units Ly (rel. units)
average min-max <10 10-30 >30 average min-max <200 200-300  >300
I3 20 1-44 23 48 29 446 78-790 19 14 67
I, 17 0-52 44 32 24 263 94-540 24 44 32
I5 25 0-55 20 20 60 257 110-430 28 30 42
HCP 9 84
50r T O Average
- _ max
& 40f I min
N
()]
2 30
2
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Fig. 2. Variability of the seed productivity in fertile (a) and partially sterile (b,

a plant) plants in different inbred beet progenies.

(SP < 1g); in the fourth inbred generation these genotypes
were found in the group with average SP (1-4 g), and in
the fifth inbred generation in the high productivity group
(SP>4 g) as well; in addition, the percentage of inbred plants
with low pollen viability almost leveled off in all groups at
20-30 % of the total number of plants in each respective
group. Inbreeding depression of pollen tube growth manifested
itself in some plants as early as the second inbred generation,
and percentages of these genotypes in groups with low and
average SP reached 25 and 20 % respectively in the third
inbreeding progeny (Suppl. material 2).

From the breeding perspective, the plants from all inbred
progenies of high productive groups with high fertility and pol-
len grain viability of over 30 % are of interest. The percentage of
plants with high pollen tube growth rates (L,>300 pm/hour)
in this group decreased with higher inbreeding levels and
reached 20 % in the fifth inbreeding progeny, whereas this
value was about 60 % in the low productive group (see Suppl.
material 2).

A decrease in seed productivity and its variation range
in the plants prone to self-pollination show similar patterns
in mf-plants and partially sterile ms-plants (Fig. 2). At the
same time, the following differences are observed: average
seed productivity of ms-plants in case of self-pollination is
significantly lower than in fully fertile plants, whose variation
range is almost twice as wide in the first three inbreeding
progenies. Sharp decrease in seed productivity was observed
in mf-plants from the third inbred generation and in ms-plants
from the fourth inbred generation with prevalence of SI forms.

¢ - individual sterile anthers at flower; d, e - ms-flowers and branches on

Thus, the observed growth in the number of SI plants in the
fourth-fifth inbred generations is primarily associated with
the presence of partially sterile plants in progenies, which
are to be removed starting from the third inbreeding. It is
especially important for developing a mf-line responsible for
CMS fixation (see Table 1).

In other words, the research showed that reproductive poten-
tial of inbred plants subjected to multiple self-pollinations is to
a greater extent determined by the degree of self-compatibility
since both low and high seed productivities were observed
in plants with different CMS manifestations and functional
parameter combinations of pollen grains. The further analysis
confirmed the absence of constant correlation between the mi-
crogametophytic attributes and seed productivity of individual
plants from each inbred progeny. However, the mf-plants
prone to self-fertilization demonstrated a stable trend in all
progenies, namely that of a lower in vitro pollen tube growth
rates in productive genotypes (Fig. 3, @). A similar relation
was also observed in individual inbred families, especially in
the ones with widely varying seed productivity. For example,
the correlation coefficient between pollen tube length and seed
productivity in plants from the third inbred generation was

=—0.64 for inbred families No. 274-2 and 274-4, while for
other families it varied from » =-0.19 to » =—0.59.

The relation between pollen grain viability and seed pro-
ductivity of inbred plants is ambiguous. A positive correlation
between these parameters (»=0.40...0.49) is only observed in
generations with high inbreeding levels I;_; for the mf-plants
prone to self-fertilization. Moreover, pollen grain viability
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Fig. 3. Relation between seed productivity and pollen tune length (a), and the pollen-grain viability (b) of inbred mf-beet Sl plants.

affected the number of fertile seeds (» = 0.53...0.56) with
normal embryos capable of producing adult plants to form
roots only in some of these progenies (Fig. 3, b). Thus, in
case of comparable pollen grain viabilities, the fertilization
outcomes may still be different for inbred plants with varying
degrees of the SI attribute manifestation.

It is caused by the fact that male gamete elimination occurs
throughout the whole duration of the progamic phase, and
the more incompatible the plant, the earlier the progamic
phase anomalies are observed and the more pronounced they
are. The absence of fertilization is the main cause of embryo
deaths. However, embryo development may continue up
until the sphere stage even without fertilization, but as soon
as the central cell does not function properly and does not
form an endosperm, the embryo dies. A study of subsequent
embryogenesis stages during seed formation has shown that
embryo and seed degeneration in case of self-pollination
of beet plants is observed at various development stages,
while the number of degenerating embryos is much higher
in self-sterile forms, than in self-fertile ones. The seeds with
underdeveloped embryos bear superficial resemblance to
fertile seeds as a result of seed vessel outgrowth (Zhuzhzha-
lova et al., 2007).

In this context, the fertile seed weight per plant calculated
as M,= M, x B/100, where M is the total seed weight (g)
per plant, and B is the field germination rate (%), should be
considered a more adequate criterion for ranking plants by
self-incompatibility/fertility. Genotypes with M, <0.5 g/plant
are attributed to the SI group; the ones with 0.5<M<1.0 g/plant
to the PSF group; and the ones with M,>1.0 g/plant to the
SF group (Fig. 4, a). It can be seen from the figure that both
SI and SF groups include plants with comparable total seed
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productivities, but field germination rate and therefore fertile
seed weight is higher in SF plants with low productivity than
in SI plants.

Microfocus radiography, which makes it possible to identify
the presence of a developed embryo in each seed even before
germination, may be used to obtain a preliminary estimate of
the manifestation degree of self-incompatibility in the given
inbred beet progeny (Musaev et al., 2017a, b). It can be seen
from the radiographic image that internal areas in most seeds
from inbred progenies 274/5-6-1-9a and 274/2-3-15-4a were
either fully shaded or only show rudiments of non-viable
embryos (light areas), which did not germinate when sown
(Fig. 4, b).

Taking seed productivity and field germination rates into
account, these progenies were attributed to the SI group (see
Fig. 4, a); the progenies of families 274/5-5-3-3a and 274/5-
5-3-1a were attributed to the SF group, since despite low
total seed productivity (about 2 g), they were characterized
by high filed germination rates (76 and 53 % respectively),
which is also confirmed by radiography results. In addition,
radiographic images may be used to identify individual plants
and progenies as polygerm or monogerm, which is important
for choosing a breeding type (see Fig. 4, b).

Sib crossing for preserving valuable inbred lines. Sib
crossings within individual progenies of mf-forms reduce the
inbreeding depression effect on microgametophytic functional
parameters. For instance, pollen grain viability in plants from
progenies of the initial inbred form 274-5-6-1 increased by
4-32 % depending on the progeny (apart from 274-5-6-1-
11a). Pollen tube growth rate also increased in most samples,
the tube length being 1.2-2 times as high as in inbred plants.
Progenies of 274-5-6-1-11a and 274-5-6-1-12a were the only
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exceptions, where the value considered varied within the
experimental error (Suppl. material 3).

A close relation was observed between pollen grain viability
and pollen tube length in plants from inbred and sib progenies
(r=0.88 and r = 0.64 respectively), as opposed to seed pro-
ductivity since its increase during sib crossings was caused
not only by reduced inbreeding depression but the absence
of negative self-incompatibility effects as well. Nevertheless,
an inverse relation was observed between tube lengths and
seed productivities (» =—0.47), similarly to inbred progenies.

In most progenies resulting from sib crossings, productivity
either showed statistically significant increases (1.4—6.6 times
and more) or remained at the level typical for inbred plants.
The quality of the obtained seeds improved significantly, and
their field germination rates per seed unit (glome) were over
40 % in most progenies. Here, 42 % of sib progenies had
polygerm glomes (with the field germination rate of over
100 %), whereas the percentage of polygerm samples among
inbred progenies did not exceed 10 % of all plants studied.
This should be taken into account while creating fertile lines,
especially the ones responsible for sterility fixation since it
requires monogerm plants.

Conclusions

Obtaining self-fertilizing constant lines for table beet heterosis
breeding is a complex process, because the self-incompatibility
attribute is under gametophytic control, and its manifestation
degrees vary significantly in plants from inbred progenies.
In case of self-pollination, the reproductive ability of table
beet plants also depends on the inbreeding depression level,
which affects microgametophytic functional parameters and
seed embryo development.

The use of recurrent breeding based on seed productivity,
pollen tube length, and field germination rate increases the
yield of forms with potentially high self-compatibility in
the progeny. To ensure reproduction and preservation of the
valuable linear material, one should perform sib crossings

not later than the third or earlier inbred generations from
promising inbred progenies by selecting the mf-forms most
prone to self-fertilization.
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