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Introduction
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V. A., Kozelets, H. M., Babenko, A. L, Tanchyk, S. P., & Mandrovska, S. M. (2022). Elucidation of gene action and com-
bining ability for productive tillering in spring barley. Regulatory Mechanisms in Biosystems, 13(2), 197-206.
doi:10.15421/022225

The purpose of the present study is to identify breeding and genetic peculiarities for productive tillering in spring barley
genotypes of different origin, purposes of usage and botanical affiliation, as well as to identify effective genetic sources to
further improving of the trait. There were created two complete (6 x 6) diallel crossing schemes. Into the Scheme 1 elite
Ukrainian (MIP Tytul and Avhur) and Western European (Datcha, Quench, Gladys, and Beatrix) malting spring barley varie-
ties were involved. Scheme II included awnless covered barley varieties Kozyr and Vitrazh bred at the Plant Production
Institute named after V. Y. Yuriev of NAAS of Ukraine, naked barley varieties Condor and CDC Rattan from Canada, as
well as awned feed barley variety MIP Myroslav created at MIW and malting barley variety Sebastian from Denmark.
For more reliable and informative characterization of barley varieties and their progeny for productive tillering in terms of
inheritance, parameters of genetic variation and general combining ability (GCA) statistical analyses of experimental data
from different (2019 and 2020) growing seasons were conducted. Accordingly to the indicator of phenotypic dominance all
possible modes of inheritance were detected, except for negative dominance in the Scheme I in 2020. The degree of pheno-
typic dominance significantly varied depending on both varieties involved in crossing schemes and conditions of the years of
trials. There was overdominance in loci in both schemes in both years. The other parameters of genetic variation showed
significant differences in gene action for productive tillering between crossing Schemes. In Scheme I in both years the domin-
ance was mainly unidirectional and due to dominant effects. In the Scheme II in both years there was multidirectional domin-
ance. In Scheme I compliance with the additive-dominant system was revealed in 2019, but in 2020 there was a strong epista-
sis. In Scheme II in both years non-allelic interaction was identified. In general, the mode of gene action showed a very
complex gene action for productive tillering in barley and a significant role of non-genetic factors in phenotypic manifestation
of the trait. Despite this, the level of heritability in the narrow sense in both Schemes pointed to the possibility of the successful
selection of individuals with genetically determined increased productive tillering in the splitting generations. In Scheme I the
final selection for productive tillering will be more effective in later generations, when dominant alleles become homozygous.
In Scheme 11 it is theoretically possible to select plants with high productive tillering on both recessive and dominant basis.
Inboth schemes the non-allelic interaction should be taken into consideration. Spring barley varieties Beatrix, Datcha, MIP
Myroslav and Kozyr can be used as effective genetic sources for involvement in crossings aimed at improving the productive
tillering. The results of present study contribute to further development of studies devoted to evaluation of gene action for
yield-related traits in spring barley, as well as identification of new genetic sources for plant improvement.

Keywords: Hordeum vulgare L.; phenotypic dominance; mode of inheritance; parameters of genetic variation; general
combining ability.

use (Fang et al., 2019; Guo et al., 2020; Rani et al., 2021). The most suita-
ble for malting are “traditional” covered awned barley varieties (Laidig

Barley (Hordeum vulgare L.) is one of the most economically impor-
tant crops in world-wide agriculture. Barley is used for very various pur-
poses. The most predominant trends of usage are feed for different types
of animals, malting and food industries. In accordance with the above-
mentioned, there are three main directions of barley breeding in terms of
quality. Each of the trends has certain requirements for the grain proper-
ties, which for the malting barley are opposed to feed and food purposes of
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etal., 2017; Gamayunova et al., 2021; Habschied et al., 2021; Ishchenko
& Kozelets, 2021). Great advances in malting barley breeding have been
achieved in Western Europe, as well as in some other countries of the
World (Edney et al., 2014; Matthies et al., 2014; Mastanjevic et al., 2017).
Naked barley has a great potential as functional food for humans and high-
quality feed for animals (Yang et al., 2018; Habiyaremye et al., 2021). It is
characterized by high protein content and many other important nutrients
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(Shaveta et al., 2019). For example, barley flour is used to improve (forti-
fy) the quality of products made from wheat flour (Narwal et al., 2017;
Sterna et al., 2021). Thorough genetic and breeding studies of naked bar-
ley are conducted in Canada and some Asian countries (Yuan et al., 2012;
Yao et al.,, 2018; Yadav et al., 2018). Awnless barley varieties have prac-
tical value for dual-purpose usage (forage grain and straw) in animal fee-
ding (Kompanets & Kozachenko, 2017). Breeding programs for different
purposes of barley usage are carried out in different countries (Naumov
etal, 2014; Assefa et al., 2021). In spite of the above mentioned trends of
usage and botanical affiliation commercial barley varieties must combine a
high grain yield with a set of other agronomic and adaptive traits and capaci-
ties (Kassie et al., 2018; Tokhetova et al., 2020; Bohacenko et al., 2021).

Barley grain yield is a result of the productivity of individual plants
and their number per unit area. In turn, the productivity of a barley plant is
a complex trait. It is a result of the productive tiller number per plant, ker-
nel number per spike and kemel weight. Thus, one of the main structural
elements of grain productivity of barley plant is productive tillering.
A tiller is a shoot which forms at ground level in the angle between a leaf
and the main shoot in a barley plant, as well as some other crops, such as
wheat, oats, 1ye, etc. Productive tillers with fertile spikes (true stems) are
only produced from the tillers at a later stage of the plant development.
Some tillers remain non-productive and have no spikes. Information about
genetic mechanisms controlling tiller development is important for design-
ning optimal shoot features to maximize barley plant productivity (Dock-
ter et al., 2014; Abdel-Ghani et al., 2019; Shaaf et al., 2019). Based on
numerous genetic studies of barley mutants, the following genes have
been identified and marked as associated with no tillering — gene cul2 on
the chromosome 6HL (Babb & Muehlbauer, 2003; Druka et al., 2011;
Okagaki et al., 2013), low tillering — als1, cul4, Intl on the chromosome
3HL, int-b on 5SHL, opsl on 7HS (Dabbert et al., 2009; Dabbert et al.,
2010; Tavakol et al., 2015) and as associated with increased tillering —
grassy (Hussien et al., 2014), mndI on 2H, mnd5 on 7HL, mnd3 on 4HS,
and mnd6 on SHL (Franckowiak & Lundqvist, 2013), HvD14 on 4H
(Marzec et al., 2016), sawl on 3HL (Xu etal., 2017).

The final tillerring is determined by the developmental process of the
plant, soils and atmospheric stimuli, and is regulated by a complex net-
work of hormonal activity (Bauer & Wirén, 2020; Kopma et al., 2021).
It was established that HFvHNT1 which encodes a trypsin family protein
controls tiller development through HvPPlase (Ye et al., 2019). Lower
expression levels of HvD27, HvMAXI, HvCCD7, and HWCCDS genes
indicated that abscisic acid suppresses strigolactones hormones biosynthe-
sis, that are involved in inhibiting shoot branching and in promoting abio-
tic stress responses, and lead to enhanced tiller formation in barley (Wang
etal., 2018). The marker-based studies of barley have identified numerous
quantitative trait loci (QTLs) associated with tillering (Haaning et al.,
2020; Li et al., 2020; Riaz et al., 2021), as well as in several other main
crops, such as wheat (Wang et al., 2016; Liu et al., 2018), rice (He et al.,
2017) and sorghum (Kong et al., 2014). The interrelated effects of genes
associated with tillering and genes that control other morphological traits
of the barley plant have been identified (Nadolska-Orczyk et al., 2017).
Highly significant links were revealed between the genetic control of
tillering and row-type (Jia et al., 2011; Ramsay et al., 2011; Liller et al.,
2015), as well as the influence of genes associated with photoperiodic and
vemalization sensitivity, circadian rhythms, etc. (Naz et al., 2014; Alqudah
et al,, 2016; Nice et al., 2017). In a recent study (Bai et al., 2021), single-
nucleotide polymorphisms’ loci associated with tillering in hulless barley
have been identified using the genome-wide specific length amplified
fragment sequencing method via high throughput sequencing technology.
Moreover, results showed that tillering was affected by the combination of
genetic and non-genetic factors.

The purpose of the present study is to identify breeding and genetic
peculiarities for productive tillering in spring barley genotypes of different
origin, purposes of usage and botanical affiliation, as well as to identify
effective genetic sources to further improvement of the trait.

Materials and methods

The peculiarities of gene action for productive tillering in F; of spring
barley were studied in two complete (6 * 6) diallel crossing schemes at the
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V. M. Remeslo Myronivka Institute of Wheat of NAAS of Ukraine
(MIW). Into the Scheme I we involved elite Ukrainian (MIP Tytul and
Avhur) and Western European (Datcha, Quench, Gladys, and Beatrix)
malting spring barley varieties. Into the Scheme II we involved awnless
covered barley varieties Kozyr and Vitrazh bred at the Plant Production
Institute named after V. Y. Yuriev of NAAS of Ukraine, naked barley
varieties Condor and CDC Rattan from Canada, as well as awned feed
barley variety MIP Myroslav created at MIW and malting barley variety
Sebastian from Denmark. Thus, the studied varieties are different in the
purpose of usage, geographical origin and botanical affiliation. Plants of
the parent components and F; were grown in field conditions in three
randomized replications (rows). Distance between plants in row was 5 cm,
and between rows was 15 cm. Analysis of yield components of the bundle
material (no less than 25 plants) was performed from each replication.

MIW is located in the central part of the Forest-Steppe of Ukraine
(49°64' N, 31°08' E, altitude is 153 m). Soils are deep, little humus,
slightly leached chornozem. Humus content 3.8%, alkaline hydrolysed
nitrogen — 59.0 mg/kg, P,Os —220.1 mg/kg, K,O—96.0 mg/kg, pH=5.8.
For more reliable and informative characterization of barley varieties and
their progeny we conducted statistical analyses of experimental data from
2019 and 2020 growing seasons. The main difference between two gro-
wing seasons in weather conditions consisted in the significantly lower
average monthly air temperature in May 2020 (+12.8 °C) as compared to
2019 (+17.3 °C). In this term May 2020 was also significantly different
from an average long-term value (+16.2 °C). Along with that, the monthly
amount of precipitation (91.6 mm) in May 2020 significantly exceeded
the value of 2019 (50.9 mm), as well as average long-term amount
(56.4 mm). The average monthly temperature in June exceeded the ave-
rage long-term value (+19.5 °C) both in 2019 (+22.6 °C) and in 2020
(+21.7 °C). It should be noted that the amount of precipitation in June, on
the contrary, in 2019 (86.8 mm) was close to average long-term values
(82.7 mm), and in 2020 it was significantly lower (57.1 mm).

The degree of phenotypic dominance in F; was calculated according
to a well-known method (Beil & Atkins, 1965). The combination ability
and parameters of genetic variation were determined according to the
original works (Hayman, 1954, 1958, 1960) and (Griffing, 1956a, 1956b).
Computer program Statistica 12 were used for calculations. Tables 1, 2
and Figure 3 demonstrate the results as x + SE (mean + standard error).
Differences among the values of the experimental variants were calculated
using ANOVA with Bonferroni correction, where the differences were
considered significant at P <0.05.

Results

Manifestation level and phenotypic dominance. Table 1 shows the
manifestation level of productive tillering in parental components and their
hybrids in the Scheme 1. The manifestation level of productive tillering in
2019 among parental components varied from 4.79 + 0.10 tillers in the
variety Gladys to 7.17 + 0.06 tillers in the variety Datcha. The maximum
value of the trait was in the hybrid combination Beatrix / MIP Tytul
(7.73 £ 0.15 tillers), the minimum value was in the combination MIP
Tytul / Gladys (5.20 + 0.10 tillers). In 2020, the grand mean (average on
the whole experiment) level of productive tillering was higher (7.79 til-
lers), as compared to 2019 (6.25 tillers). The highest productive tillering
performance in parental components (8.10 + 0.17 tillers) was in the variety
Quench, and the poorest performance (6.93 + 0.12 tillers), as in the pre-
vious year, was in the variety Gladys. The highest manifestation level was
in the hybrid combination Beatrix / MIP Tytul (9.07 + 0.12 tillers), and the
lowest level was in the hybrid combination MIP Tytul / Gladys (7.10 +
0.05 tillers). It should also be noted that the variety Gladys had the greatest
difference in the trait manifestation level between two years (2.14 tillers).
Among F), the greatest difference between years was observed in hybrid
combination Avhur / Datcha (2.90 tillers). In the variety Datcha the diffe-
rence of manifestation levels of trait between years was minimal
(0.53 tillers). Among F, the smallest productive tillering variation was in
the combination MIP Tytul / Quench (0.23 tillers). On average for two
years the highest manifestation level of the trait was in the varieties Avhur
(747 £ 0.04 tillers) and Datcha (7.43 £ 0.13 tillers), and the lowest one
was in the variety Gladys (5.86 + 0.11). Thus, variety Datcha combined a
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high manifestation level of the trait with its relative phenotypic stability in
different years. In F; the maximal productive tillering was in the hybrid
combination Beatrix / MIP Tytul (8.40 + 0.13 tillers). In accordance with
the indicator of phenotypic dominance in 2019 all possible mode of inhe-
ritance were found, and also in 2020 except for negative dominance.
Along with that, the number of combinations with particular mode of
inheritance was different in different years. The positive overdominance
was revealed in 2019 in seven combinations and in 2020 in 15 combina-
tions. Positive dominance was noticed in three hybrid combination in both
years. Intermediate inheritance in 2009 was in 13 combinations and in
2020 was in eight combinations. Negative dominance was found only in
three combinations. In several combinations the mode of inheritance

changed in different years. In particular, in three combinations (MIP Tytul
/ Quench, Datcha / Avhur, and Avhur / Datcha) it varied from positive
overdominance to negative overdominance.

In the Scheme II in 2019, manifestation level of the productive tille-
ring in parental components varied from 5.17 + 0.31 tillers in the variety
Kozyr to 4.00 + 0.05 ftillers in the variety CDC Rattan (Table. 2).
The maximal value of the productive tillering (6.83 + 0.40 tillers) was in
the hybrid combination MIP Myroslav / Sebastian, and the minimal value
(3.71 £ 0.19 tillers) of the trait was in the hybrid combination CDC Rat-
tan/ Condor. In 2020, the highest performance among parental compo-
nents was also in the variety Kozyr (9.33 + 0.15 tillers), and the poorest
performance was in the variety CDC Rattan (6.45 = 0.18 tillers).

Table 1
Manifestation level and degree of phenotypic dominance for productive tillering in F1 of spring barley (Scheme I) (n=3 x 25, x + SE)
Vari al 2019 2020
ariety (paren cqmppnent), productive tillering, indicator of phenotypic dominance productive tillering, indicator of phenotypic dominance
crossing combination . p
tillers / plant degree mode tillers / plant degree mode
MIP Tytul 5.87+0.12 - - 7.03+£0.06 - -
MIP Tytul / Beatrix 7.00+£0.20 13.13 PO 835+035 3.89 PO
MIP Tytul / Datcha 6.57+021 0.08 I 7.97+0.08 180.00 PO
MIP Tytul / Quench 6.70+0.20 230 PO 6.93+0.15 -1.19 NO
MIP Tytul/ Gladys 520+0.10 -024 I 7.10£0.05 2.50 PO
MIP Tytul / Avhur 6.60+0.10 042 I 7.52+0.13 5.00 PO
Beatrix 6.03+£0.06 - - 757025 - -
Beatrix / MIP Tytul 7.73+£0.15 2229 PO 9.07+0.12 6.54 PO
Beatrix / Datcha 6.80+0.20 035 I 8.83+£0.29 18.00 PO
Beatrix / Quench 7.00+0.20 4.71 PO 7.88+0.16 0.19 I
Beatrix / Gladys 6.05+0.13 1.03 PO 767021 1.30 PO
Beatrix / Avhur 6.73+£0.62 0.62 PD 8.02+0.10 0.94 PD
Datcha 7.17+0.06 - - 7.70£0.20 - -
Datcha/MIP Tytul 720+0.22 1.05 PO 7.92+0.16 1.65 PO
Datcha/ Beatrix 6.62+0.16 0.03 I 845+025 1220 PO
Datcha/ Quench 6.70+0.17 —0.17 I 840+0.36 2.50 PO
Datcha/ Gladys 6.10£0.20 0.10 I 7.75£0.30 1.13 PO
Datcha/ Avhur 627+0.15 —5.53 NO 8.55+0.13 418 PO
Quench 6.37+0.15 - - 8.10£0.17 - -
Quench/MIP Tytul 5924+0.10 -0.79 ND 743+0.21 025 I
Quench / Beatrix 6.48+0.03 1.67 PO 8.00£0.10 0.63 PD
Quench / Datcha 6.17+0.14 -149 NO 7.88+0.08 -0.08 I
Quench/ Gladys 5.70+0.13 0.15 I 7.72£0.10 0.34 I
Quench / Avhur 6.80+0.10 0.63 PD 7.72£0.08 -10.50 NO
Gladys 4.79+0.10 - - 693+0.12 - —
Gladys / MIP Tytul 523+0.08 —0.18 I 7.12+0.10 2.86 PO
Gladys / Beatrix 548+023 0.11 I 7.95+035 2.19 PO
Gladys / Datcha 6.47+0.06 041 I 7.62+0.20 0.78 PD
Gladys / Quench 5.77+021 024 I 7.75£0.15 040 I
Gladys/ Avhur 5.30+020 -0.52 ND 743+£0.52 —0.11 I
Avhur 6.90+0.01 - - 8.03+£0.06 - -
Avhur/ MIP Tytul 6.80+0.20 0.81 PD 7.67+0.15 027 I
Avhur/ Beatrix 583021 —145 NO 740+£0.36 -1.74 NO
Avhur / Datcha 533+£024 —-12.28 NO 823+0.12 224 PO
Avhur/Quench 5.53+0.06 —4.09 NO 727021 —24.00 NO
Avhur/ Gladys 5.73+025 —0.11 I 7.37£040 —0.21 I

Note: NO—is for negative overdominance, ND — s for negative dominance, Il —is for intermediate inheritance, PD—is for positive dominance, PO —is for positive overdominanc.

The maximal manifestation level of the trait on average for two years
was in the variety Kozyr (7.25 + 0.23 tillers), and the minimal productive
tillering was revealed in the variety CDC Rattan (5.23 + 0.12 tillers).
Among F, the maximal productive tillering on average for two years was
in the hybrid combination Kozyr / MIP Myroslav (8.78 + 0.23 tillers), and
the minimal productive tillering was in the combination CDC Rattan /
Kozyr (5.66 + 0.22 tillers). We should emphasize that in the Scheme II
variability in the manifestation level of the productive tillering between
years was higher in comparison to the Scheme 1. On average for parental
components and F; in the Scheme II it was 3.42 tillers. At the same time,
in the Scheme I it was 1.54 tillers. The greatest difference in manifestation
level of the productive tillering between two years was in the variety
Kozyr (4.17 tillers), and the least difference was in the variety Sebastian
(2.17 tillers). Thus, despite the variety Kozyr having the highest manifesta-
tion level of the trait it was the most variable depending on conditions of
the years. Among F; the maximal difference in the manifestation level
was in the hybrid combination Kozyr / Vitrazh (5.50 tillers), and the mi-
nimal difference was in the combination MIP Myroslav / Sebastian (1.40
tillers). In 2019 positive overdominance was detected in 14 combinations,

and in 2020 it was in 17 combinations. Three combinations had positive
dominance in both years. Intermediate inheritance in 2019 was revealed in
five combinations, and in 2020 it was found in seven combinations. Nega-
tive dominance was in one combination in each year. As in the Scheme I,
we established changes in mode of inheritance in several combinations.
The most radical shift from positive overdominance to negative overdo-
minance was revealed in six combinations Kozyr / Vitrazh, Kozyr / MIP
Myroslav, Vitrazh / Kozyr, Vitrazh / MIP Myroslav, MIP Myroslav /
Vitrazh, CDC Rattan / Condor.

Parameters of genetic variation. In accordance with the parameters of
genetic variation, we found that in both Schemes in both years the effects
of dominance prevailed over the additive ones (Table 3). Therefore, in all
variants of the experiment, the indicator of average degree of dominance
in loci pointed towards overdominance. The parameters of the relative
frequency of distribution and the ratio of the total quantity of dominant and
recessive alleles indicated the prevalence of dominant effects over reces-
sive in the Scheme I in two years, and in the Scheme II only in 2020.
For all variants of the experiment, a strong asymmetry in the distribution
of dominant and recessive effects was found.
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Table 2

Manifestation level and degree of phenotypic dominance for productive tillering in F; of spring barley (Scheme II) (n=3 x 25, x + SE)

. 2019 2020
Variety (parentarlncsmtp;onent), productive tillering, indicator of phenotypic dominance productive tillering, indicator of phenotypic dominance
crossing combination tillers / plant degree mode tillers / plant degree mode
Kozyr 5.17+031 - - 933+0.15 - -
Kozyr/Condor 553+0.12 211 PO 10.63+0.76 2.16 PO
Kozyr/ Vitrazh 4.67+0.06 -3.87 NO 10.17+0.29 439 PO
Kozyr / Sebastian 573+031 9.05 PO 825+0.30 -0.02 II
Kozyr / MIP Myroslav 6.60+040 14.84 NO 1097 +0.06 4.81 PO
Kozyr/ CDC Rattan 4.65+0.18 0.11 I 8.60+020 049 II
Condor 452+0.13 - - 7.08+0.16 - -
Condor/Kozyr 550+0.10 2.01 PO 10.60+0.36 213 PO
Condor/ Vitrazh 532+0.03 252 PO 9.02+0.10 121 PO
Condor/ Sebastian 5.02+0.08 095 PD 847+035 271 PO
Condor/MIP Myroslav 6.73+021 872 PO 8.83+0.32 152 PO
Condor/ Rattan 4.17+0.07 -032 Il 9.37+0.32 830 PO
Vitrazh 497+0.15 - - 8.83+0.12 - -
Vitrazh / Kozyr 4.68+0.26 371 NO 9.60+0.10 2.09 PO
Vitrazh / Condor 4.10+0.10 281 NO 8.07+0.15 0.12 I
Vitrazh / Sebastian 490+0.17 -333 NO 738+041 -0.78 ND
Vitrazh / MIP Myroslav 5274023 90.00 PO 8.13+0.12 287 NO
Vitrazh / CDC Rattan 448+033 0.00 I 723+0.15 034 Il
Sebastian 5.03£0.15 - - 720+0.17 - -
Sebastian / Kozyr 5.55+0.05 643 PO 830+026 0.03 Il
Sebastian / Condor 490+0.13 049 I 7.50+0.10 6.14 PO
Sebastian / Vitrazh 5.10£0.10 333 PO 8.56+029 0.67 PD
Sebastian / MIP Myroslav 6.08+0.23 35.89 PO 8.70+0.20 136 PO
Sebastian / CDC Rattan 5.02+008 097 PD 7.63+0.15 2.16 PO
MIP Myroslav 497+0.15 - - 847+021 - -
MIP Myroslav / Kozyr 6.13+0.21 10.32 PO 9.73+0.23 1.94 PO
MIP Myroslav / Condor 598+023 544 PO 9.02+0.10 1.79 PO
MIP Myroslav / Vitrazh 5.50+020 160.00 PO 8.08+0.03 -3.15 NO
MIP Myroslav / Sebastian 6.83+£040 61.11 PO 823+032 0.63 PD
MIP Myroslav / CDC Rattan 6.10+0.36 332 PO 8204020 0.73 PD
CDC Rattan 4.00+0.05 - - 645+0.18 - -
CDC Rattan / Kozyr 3.77+020 -1.39 NO 7.55+025 024 Il
CDC Rattan / Condor 3.71+0.19 -2.10 NO 9.18+0.06 7.71 PO
CDC Rattan / Vitrazh 4004026 —0.99 ND 8.01+£048 031 I
CDC Rattan / Sebastian 493+0.15 0.81 PD 7.74+£025 243 PO
CDC Rattan / MIP Myroslav 4.62+0.10 027 Il 820+0.20 445.00 PO

Note: NO—is for negative overdominance, ND — is for negative dominance, Il —is for intermediate inheritance, PD —is for positive dominance, PO —is for positive overdominance.

In both crossing schemes in both years the F-P index had a positive
value, and therefore it showed that the average level of value in hybrids
was higher than in the parent components. That is, the dominance was
aimed at increasing the trait. In Scheme I, the negative values of the coef-
ficient of correlation of the sum of covariance and variance and the mean
value of the trait indicated that in both years the dominance was mainly
unidirectional and due to dominant effects. Along with that, in Scheme II
in both years the values of the indicator of direction of dominance were
not reliable and it pointed towards multidirectional dominance. That is, in
Scheme II there are presented recessive effects that lower manifestation of
the trait and recessive effects that increase manifestation of the trait, as well
as dominant effects that increase manifestation of the trait and dominant
effects that lower manifestation of the trait. The coefficient of heritability
in the broad sense (Hys) was Hys = 0.94 in both years in Scheme II and in
2019 in Scheme 1. In 2020 in Scheme I it was Hys = 0.84. In general, the
coefficient of heritability in the narrow sense (h,) had significantly lower
values in all variants of the experiment. In Scheme I it varied from h,s =
041 in 2020 to hy = 0.58 in 2019. In Scheme I in 2019 it was h,, = 0.65
and in 2020 it was h,s=0.54.

Graphical analysis of the regression of covariance (Wr) on the va-
riance (Vr) confirmed and complemented the information received from
parameters of genetic variation. The regression coefficient in Scheme I in
2019 was b =0.70 + 0.29, and in 2020 it was b =-0.05 = 0.31 (Fig. 1).
Therefore, we can note that for this set of varieties the productive tillering
in 2019 was determined mainly by the additive-dominant system, but in
2020 there was detected a strong non-allelic interaction (epistasis).
The epistasis is clearly noticeable on the graphs because of the slope of the
regression line. In Scheme I, the value of regression coeficient in 2019
was b=0.28 +0.11, and in 2020 it was b= 0.25 + 0.15 (Fig. 2). That is, in
Scheme 1T in both years the epistasis was identified.

Table 3
Parameters of genetic variation
for productive tillering in F; of spring barley

. . Scheme I Scheme I
Parameters of genetic variation ——576™— 05510 2000
D 0.69 021 0.7 125
H, 094 074 127 249
H, 0.66 054 0.80 1.93
F 046 016 024 049
VD 117 186 27 141
(VADH, + F)/(VaDH,-F) 178 151 0.60 132
Hy/4H, 0.18 0.18 0.16 0.19
. 066+ 006+
WV xi] 052043 0% o 019049
FP 007 027 041 077
He 094 084 094 094
he 058 041 0,65 054

Note: D —is for additive effects, H; and H, — are for effects of dominance, F — is for
the indicator of relative distribution frequency of dominant and recessive alleles,
VH/D — is for the average degree of dominance in loci (V4DH, +
F)/(V4DH,-F) —is for the ratio of the total quantity of dominant and recessive
alleles, H,/4H, — is for average measure of alleles in loci, r[(Wr+Vr);; X;] —is for the
indicator of direction of dominance, F,-P — is for the indicator of mode of dominance,
Hys—is for heritability in broad sense, hys—is for heritability in narrow sense.

Characteristic of genotypes involved in both diallel crossing schemes
by the effects of general combining ability (GCA) are given in Figure 3.
In Scheme I significantly high (reliable prevailed over zero point) effects
of GCA in both years were found only in two varieties Beatrix (g = 0.39—
0.41) and Datcha (g = 0.20-0.41). In the variety MIP Tytul effects of
GCA varied from high (g=0.29) in 2019 to low (g=-0.16) in 2020.
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In the variety Quench effects of GCA were intermediate (do not sig-
nificantly differ from zero point) in 2019 (g = 0.02), and in 2020 they
were statistically low (g =-0.17). In both years low effects of GCA were
found in the varieties Gladys (g=-0.70...-0.36) and Avhur (g=-0.21...
—0.14). In Scheme II in the variety Kozyr effects of GCA varied from not
reliable in 2019 (g; = 0.12) to highly reliable in 2020 (g = 0.97). In con-
trast, in the variety MIP Myroslav, effects of GCA were high (g = 1.00) in
2019 and close to margins of reliability in 2020 (g = 0.18). Effects of
GCA varied from high to low in varieties Condor (g = —0.11-0.50) and
Sebastian (g =—0.74-0.28). Statistically low effects of GCA in both years
were found in the varieties Vitrazh (g =—-0.48...-0.30) and CDC Rattan
(& =
—0.80...-0.62).

1.0 4 Scheme |

Effects of GCA

MIP Tytul  Beatrix Datcha  Quench  Gladys Avhur

Parental components
2019 m2020

1.0 - Scheme Il

Effects of GCA

-0.8 - 1

Kozyr  Condor  Vitrazh Sebastian ~ MIP chc
Myroslav ~ Rattan

Parental components
b n2019 m2020

Fig. 3. Effects of general combining ability (GCA) for productive tillering
in F; of spring barley: a — Scheme I, 5— Scheme IT (n=3 x 25, x + SE)

Discussion

There were publications in recent years which reported about deve-
lopment of new molecular and genetic methods for genomic selection and
genomic hybrid prediction in crops (Philipp et al., 2016; Li et al., 2016;
Thorwarth et al., 2017). Such approaches in perspective will be able to
significantly increase effectiveness and precision in genetic and breeding
experiments (Cui et al., 2020; Wang et al., 2020; Labroo et al., 2021).
However, there are several disadvantages of genomic data: they are often
difficult to obtain and they still remain too expensive for routine using in
plant breeding (Rincent et al., 2018). There are some studies which de-
clared that gemomic approaches are less sufficient for comprehensive
prediction phenomic manifestation of traits because of genotype by envi-
ronment interaction (Govindaraju, 2019). That is why these approaches
need to be improved before being widely used in the breeding process
(Ansarifar et al., 2020; Jarquin et al., 2021; Widener et al., 2021). Another
method, such as phenomic prediction can be also applied at different
stages in the breeding process (Fonseca et al., 2021). Presumably, it can
successfully compete with genomic selection for predicting complex traits
to increase genetic gain in plant breeding (Zhu et al., 2021). Despite the
rapid development of genomic and phenomic technologies, determination
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of parameters of genetic variation and combining ability based on statistic-
al analysis of phenotypic manifestation of traits still remains effective in
practical plant breeding (Zhang et al., 2015; Oliveira et al., 2016; de Pele-
grin et al., 2020). There are many publications that reported the results of
evaluation of gene action and combining ability in very different crops.
For example in rice (Ambikabathy et al., 2021; Del Aguila & da Silva,
2021; Gaballah et al., 2022), maize (Yu et al., 2020; Coelho, 2021; Sabitha
etal,, 2021), sweet com (Khan et al., 2020), cowpea (Owusu et al., 2020),
papaya (Vettorazzi et al., 2021), cotton (Giri et al., 2021; Mudhalvan et al.,
2021), eggplants (Datta et al., 2021), groundnut (Daudi et al., 2021),
common bean (Nkhata et al., 2021).

The experimental data from systemic crosses are valuable not only
for cross-pollinated crops. This is also confirmed by many articles that
concur about assessment of the gene action and combining ability for
different important traits in bread wheat (Ljubici¢ et al., 2017; Ayoob,
2020; Abro et al, 2021). Yield and its components under heat and
drought-stressed and non-stressed conditions were elucidated (Mwadzin-
geni et al., 2018; Kamara et al., 2021; Semahegn et al., 2021), under irri-
gated and rainfed environments (Gupta et al., 2017; Saced & Khalil,
2017), through several different ecological environments (Sharma et al.,
2019), as well as some other morpho-physiological traits (Mohamed,
2019; Ahmad et al., 2020), heat tolerance (Jat et al., 2016), and cellular
thermotolerance (El-Rawy et al., 2018). Such a study was conducted in
durum wheat (Bajaniya et al., 2019).

There are a number of publications that reported about estimation of
combining ability and gene action for different traits in spring (Kumari
etal., 2020; Darabad et al., 2021a) and winter (Ciulca et al., 2015; Bem-
hard et al., 2017) barley. There are articles dedicated to study of grain yield
and its components in barley under relatively normal (Panwar & Sharma,
2019; Katiyar et al., 2021; Zymogliad et al., 2021) and stress condition,
such as drought (Sultan et al., 2016), salinity (Mansour et al., 2016), nitro-
gen (Abdel-Moneam & Leilah, 2018), as well as assesment of genetic
control of the “seedlings-earing” interphase period (Vashchenko & Shev-
chenko, 2021). There is also a study of combing ability in six-rowed bar-
ley (Hordeum vulgare L.) (Lal et al., 2018). In our previous research we
revealed genetic capacity in most experimental genotypes for their further
breeding improvement by matching the parental components of crossing
with complementary effects of GCA, gene effects that increase the indi-
vidual traits, and combination of the former and latter (Hudzenko, 2017).
The results obtained are evidence of the suitability of further such studies
to solve some theoretical and applied problems in plant breeding, in par-
ticular, identification of patterns of variability (or relative stability) of cer-
tain traits in specific environmental conditions, as well as selection of
parental components or combinations of crosses with their appropriate
manifestation level of the traits under different conditions (years) of re-
search. The constant accumulation of experimental data of breeding and
genetic peculiarities of genotypes and traits under exogenous fluctuations
of growing conditions will make it possible to predict the response in
norm of reaction of a relatively stable genotype by phenotypically labile
quantitative traits. Thus, nowadays, both modem (genomic, phenomic,
etc.) and “classical” (gene action, combining ability, etc.) breeding and
genetic approaches can be used for prediction of hybrid performance.

Reports devoted to the investigation of parameters of genetic variation
for yield-related traits in barley differ in their experimental data depending
on the genotypes involved in the crossing and the environmental condi-
tions of the trial (Madi¢ et al., 2014; Patial et al., 2016; Jalata et al, 2019).
Manifestation level of barley productive tillering, as well as the other
yield-related quantitative traits is determined by the action of many diffe-
rent genes (Xu et al., 2018), but it is also largely modified by environmen-
tal conditions (Russu et al., 2019; Rodrigues et al., 2020; Hu et al., 2021).
These aspects significantly complicate the effectiveness of evaluation and
selection of desirable individuals in the splitting populations. In the present
study the distribution of crossing combinations according to the indicator
of degree of phenotypic dominance showed the prevalence of positive
overdominance in Scheme I in 2020 and in Scheme II in both years.
In Scheme I in 2019 most of the combinations had intermediate inheri-
tance. Along with that, one should note the differences in the percent of
combinations with the different mode of the inheritance of productive
tillering in different crossing schemes and their variability over the years.

Thus, the degree of phenotypic dominance significantly varied depending
on both varieties involved in crossing schemes and conditions of the years
of trials. It is important for the breeder to identify combinations with a
relatively stable manifestation of overdominance. Positive overdominance
is closely related with heterosis. Heterosis is the increased vigour of
growth, survival, fertility, and productivity of hybrids, as composed with
the two homozygotes (Li et al., 2021). It is a result from crosses between
two genetically different parental components and is usually associated
with increased heterozygosity. The high degree of heterosis is very valua-
ble for commercial production of F; (Yang et al., 2022). However, it is
also important for developing varieties. We found that in combinations
with a high heterosis in F; in the next splitting generations a higher fre-
quency of transgressions may emerge. The challenge for the breeder is to
identify such individuals by testing hybrid combinations in a several gene-
rations. In Scheme I we observed the overdominance in both years only in
four hybrid combinations MIP Tytul / Beatrix, Beatrix / MIP Tytul, Bea-
trix / Gladys, and Datcha / MIP Tytul. It should be noted that combina-
tions with positive dominance in both years (Beatrix / Avhur) or ones with
shift from positive dominance to overdominance (Quench / Beatrix) can
also be valuable in practical breeding to increase the level of manifestation
of the trait. In Scheme II the overdominance in both years was revealed in
seven hybrid combinations Kozyr / Condor, Condor / Kozyr, Condor /
Vitrazh, Condor / MIP Myroslav, Sebastian / MIP Myroslav, MIP Myros-
lav / Kozyr, and MIP Myroslav / Condor. In Scheme II, as compared to
Scheme I, no combinations were found with positive dominance in both
years. At the same time, there were six hybrid combinations with shift
from positive dominance to positive overdominance (Condor / Sebastian,
Sebastian / Vitrazh, Sebastian / CDC Rattan, CDC Rattan / Sebastian,
MIP Myroslav / Sebastian, and MIP Myroslav / CDC Rattan). The above
mentioned hybrid combinations have a practical value for further selection
to increase the trait.

We established significant differences in the gene action for produc-
tive tillering among the varieties involved in crossings. In Scheme 1, the
negative values of the coefficient of correlation of the sum of covariance
and variance and the mean value of the trait indicated that in both years the
dominance was mainly unidirectional and due to dominant effects. Thus,
in hybrid populations of Scheme I the final selection for high productive
tillering will be effective in later generations, when dominant alleles be-
come homozygous. Along with that, in Scheme II in both years the values
of the indicator of direction of dominance were not reliable and it pointed
to multidirectional dominance. Thus, in the Scheme 1I it is theoretically
possible to select plants with high productive tillering on both recessive
and dominant basis. With the graphical regression analysis we revealed
that in Scheme I in 2019 the trait was mainly controlled by the additive-
dominant system, but in 2020 there was a strong manifestation of com-
plementary epistasis. Epistasis is the nonreciprocal interaction of non-
allelic genes in which one gene interferes with the phenotypic expression
of another gene so that the phenotype is determined effectively by the
former (Schlegel, 2003). Epistasis complicates the characterization of the
parental components involved in the crossing by the parameters of genetic
variation. At the same time, the presence of epistasis makes it possible to
identify and select promising genotypes with relatively “new” gene action
that determined the phenotypic manifestation of the trait. However, this
requires testing a significant quantity of plant material in the splitting gen-
erations.

The coefficient of heritability is widely used for calculation of the ge-
netically determined part in the general phenotypic variation of different
traits (Darabad et al., 2021b). Heritability is a ratio of variance due to genes
with additive effects and the phenotypic variance. In the other words, it is a
measure of the degree to which a phenotype is genetically determined and
can be changed by selection. In the studies by various authors in barley the
coefficient of heritability in the broad sense varied from 0.22 for peduncle
length to 0.57 for thousand kemel weight (Dinsa et al., 2018), from 0.50
for grain yield to 0.98 for kemel number per spike and thousand kemnel
weight (Marzougui & Chargui, 2018; Ali & Sayed, 2019; Sayd et al.,
2019), from 0.24 for grain yield to 0.96 for kemel number for spike (Ah-
madi et al., 2016). Several reports showed that for productive tillering in
barley the coefficient of heritability in a broad sense varied from low
(0.22) (Matin et al., 2019) to high (0.70-0.89) (Kumar et al., 2013; Yadav

202 Regul. Mech. Biosyst., 2022, 13(2)



et al., 2015), and the coefficient of heritability in a narrow sense varied
from 0.14 to 0.42 (Malik et al., 2018; Habouh, 2019). We revealed high
values of the coefficient of heritability in a broad sense in both schemes
(Hys = 0.84-0.94). The coefficient of heritability in a narrow sense had
lower numerical value (h, = 0.41-0.65). The difference between the
coefficients of heritability in broad and in narrow sense indicated a signifi-
cant impact of non-additive effects on the level of manifestation of pro-
ductive tillering. At the same time, such level of heritability in the narrow
sense makes possible the successfill selection of individuals with geneti-
cally determined increased productive tillering in the splitting generations.

Thus, in general, the degree of phenotypic dominance, parameters of
genetic variation and coefficient of heritability showed very complex gene
action for productive tillering in barley and significant role non-genetic
factors in phenotypic manifestation of the trait.

General combining ability is the average performance of a parental
component in series of crosses. The most promising genotypes for crea-
tion a new initial breeding material are ones with high effects of GCA
under different growing conditions (Fasahat et al., 2016). In Scheme I in
both years only the varieties Beatrix and Datcha had significant high ef-
fects of GCA for productive tillering. In Scheme II the varieties MIP
Myroslav and Kozyr were relatively better in terms of the effects of GCA
in comparison to other ones. On the whole, the results of our in-depth
evaluation of gene action for productive tillering in F; of spring barley
showed that the maximal trait improvement could be achieved in cros-
sings with spring barley varieties Beatrix, Datcha, MIP Myroslav, and
Kozyr.

Conclusion

In our study we revealed gene action and combining ability for pro-
ductive tillering in spring barley varieties of different origin, purposes of
usage and botanical affiliation. The degree of phenotypic dominance
significantly varied depending on both varieties involved in crossing
schemes and conditions of the years of trials. There was overdominance in
loci in both schemes in both years. The other parameters of genetic varia-
tion showed significant differences in the gene action for productive tiller-
ing among the genotypes involved in crossing. In the crossing scheme
with only elite malting barley varieties (Scheme I) the negative values of
the coefficient of correlation between the sum of covariance and variance
and the mean value of the trait indicated that in both years the dominance
was mainly unidirectional and due to dominant effects. Vice versa, when
different botanical varieties were involved in crosses (Scheme II) in both
years the values of the indicator of direction of dominance were not relia-
ble and they pointed to multidirectional dominance. In Scheme I com-
pliance with the additive-dominant system and overdominance in loci
were revealed in one year, but in the another year there was a strong epi-
stasis. In Scheme II in both years the non-allelic interaction was identified.
In general, the degree of phenotypic dominance, parameters of genetic
variation and coefficient of heritability showed very complex gene action
for productive tillering in barley and the significant role of non-genetic
factors in phenotypic manifestation of the trait. Despite this, the level of
heritability in the narrow sense in both schemes pointed to the possibility
of the successful selection of individuals with genetically determined
increased productive tillering in the splitting generations. In Scheme I the
final selection for productive tillering will be more effective in later gene-
rations, when dominant alleles become homozygous. In Scheme 1I it is
theoretically possible to select plants with high productive tillering on both
recessive and dominant basis. In both schemes the non-allelic interaction
should be taken into consideration. Spring barley varieties Beatrix, Datcha,
MIP Myroslav, and Kozyr can be used as effective genetic sources for
involvement in crossings aimed to improve the productive tillering.
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