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Abstract.Currently, the most promising direction of breeding is the 
creation of F1 hybrids of sugar sorghum, based on the identification and 
selection of parental forms with high combinational ability. The source 
material and F1 hybrids were grown in the arid conditions of the Saratov 
Right Bank (Russia): the hydrothermal coefficient during the growing 
season was 0.68. The evaluation of the combinational ability of crossing 
components was carried out using the topcross method. As a result of the 
tests, the L-52/13 line was identified with high GCA effects (15.71), and 
the highest SCA dispersions were found in the Saratovskoe 90 variety and 
the L-39/12 line (91.80-189.27). It was found that the type of sterile 
cytoplasm of iso-nuclear CMS-lines had a significant impact on the 
manifestation of SCA in terms of biomass yield: higher dispersion 
indicators were noted in 9E Zheltozernoye 10 (36.66). Genes with an 
additive effect are involved in the genetic control of this trait in paternal 
forms, and non-additive genes in maternal forms. In addition, each hybrid 
combinationwas observed with superdomination: the coefficient of 
phenotypic dominance varied from 2.01 to 18.91. It is advisable to use the 
obtained information in the hybridization of sugar sorghum to obtain high-
heterosis hybrids. 

1 Introduction 
Currently, in many countries of the world, developments are underway to obtain an 
ecological fuel (for example, bioethanol), which would replace hydrocarbons [1]. 
Bioethanol production is the fastest growing industry in the world. It is mainly produced 
from easily reproducible raw materials: specially grown energy plants. These include sugar 
cane, sugar and grain sorghum, rice, sugar beet, potatoes, topinambur, corn, barley, rye and 
others. Nevertheless, for growing in arid regions, one of the most popular agricultural crops 
is sugar sorghum. This crop is characterized by a wide adaptive ability, high growth, 
content of water-soluble sugars in the juice of the main stem is up to 16-23% [2]. At the 
same time, this plant has a high photosynthetic efficiency and can form a powerful biomass 
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in a short time. Due to its biological characteristics, it is an alternative source of biofuels 
and sugar-containing products based on the processing of sugar sorghum stems [3-5]. 
Therefore, the creation of new highly productive varieties and hybrids of sorghum intended 
for use as an alternative raw material in the production of bioethanol is a promising 
direction in breeding.  

It is known that F1 hybrids often exhibit the effect of heterosis for many economic 
characteristics, including biomass yield, which depends on correctly selected parental pairs 
and is widely used by breeders [6]. Therefore, the identification of crossing components 
with high combinational ability (CA) is the main stage in the breeding for heterosis, which 
also allows determining the inheritance of the studied trait, the participation of genes 
(additive and non-additive) in its control [7-8]. Usually, lines with cytoplasmic male 
sterility (CMS) are used as the maternal form, and varieties and lines are used as the 
paternal form. In addition, to expand the genetic diversity of first-generation hybrids, new 
types of sterile cytoplasms (A2, A3, A4 and others) were used in practical breeding along 
with the traditional A1 (milo) cytoplasm [9]. The influence of alternative types of sterile 
cytoplasms in sorghum has not been fully studied [10]. Therefore, the purpose of the 
research was to evaluate the combinational ability of CMS-lines based on sterile 
cytoplasms A3, A4, 9E in test crossings with samples of sugar sorghum; to identify 
heterotic F1 hybrids. 

2 Materials and methods 
Field studies were conducted at the experimental field of the Institute in 2018 (city of 
Saratov, Russia). The region is characterized by a sharply continental climate, a feature of 
which is the frequent manifestation of soil and air droughts during the growing season of 
agricultural crops. The hydrothermal coefficient for the period from the second decade of 
May to the second decade of September was 0.68 (the sum of active temperatures is 
2696°C, precipitation – 184.6 mm), which indicates arid conditions. The soil of the 
experimental site is represented by southern medium-loamy chernozem. The humus content 
in the arable layer is 3.5%. Nitrification capacity – 7.7 mg/kg; phosphorus – 34.2-35.7 
mg/kg, potassium - 349-378 mg/kg. The reaction of the soil medium pH= 6.3-6.4.  

F1 hybrids (39 in total) and parental forms were sown in a wide-row method with a row 
spacing of 70 cm in the third decade of May. The repetition in the experiment is threefold. 
The placement of plots with an area of 7.7 m2 is randomized. The plant stand was set 
manually – 100 thousand pl./ha. The accounting of the biomass yield was carried out 
according to the methodology of the state testing of agricultural crops [11]. The combining 
ability of the parental forms was determined by the topcross method [12].  

True heterosis – heterosis over best parent (H) and the coefficient of phenotypic 
dominance (hp) were determined by the formulas [13]: 

hp=(F1-P)/(Pbest-P),    (1) 

H=((F1-Pbest)/Pbest)×100%,    (2) 

where F1 is the value of the biomass yield in F1 hybrids; P is the average value of the trait in 
both parental forms; Pbest is the value of the trait in the best parent form. 

The varieties and lines of sugar sorghum (13 in total) used as a pollinator differed 
among themselves in the main economically valuable characteristics; whereas the CMS-
lines of grain sorghum (3 in total) A3 Zheltozernoye 10, A4 Zheltozernoye10 and 9E 
Zheltozernoye 10 differed only in the type of sterile cytoplasm. 
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Statistical processing of experimental research results was performed by a one-factor 
analysis of variance using the program "Agros 2.09". 

3 Results and discussion 
The variance analysis confirmed the differences between the tested varieties of sugar 
sorghum and F1 hybrids in terms of biomass yield. Of the paternal forms of hybrids, the 
highest productivity was characterized by L-52/13 (28.05 t/ha), k-64 (29.27 t/ha) and L-
42/13 (30.55 t/ha) (Fig. 1). In hybrids, the biomass yield varied from 30.7 t/ha (in crossings 
with the Kamyshinskoe 8 variety) to 71.4 t/ha (in crossings with the L-52/13 line) (Fig. 2). 

 
Fig. 1. Yield of biomass of sugar sorghum cultivars, t/ha. 

 
Fig. 2. Biomass yield of F1 hybrids based on iso-nuclear CMS-lines with cytoplasm types A3, A4 and 
9E, t/ha. 
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The assessment of the CA of sorghum sugar variety samples showed that the 
Kamyshinskoe 8 (-13.39) and Chaika (-12.96) varieties are characterized by a low general 
combinational ability (GCA), and the L-52/13 line (15.71) has the greatest GCA effects. 
Samples with an average GCA were also identified. Such paternal forms should include 
Sakhara, Saratov 90, Flagman, L-39/12 and k-64. The positive effects of the GCA of these 
pollinators varied in the range of 4.48-8.48 (Table 1). A high specific combination ability 
(SCA) was established in the Saratovskoe 90 variety and the L-39/12 line, as evidenced by 
the highest dispersion indicators of SCA – 91.80-189.27 (Table 1). The L-52/13 line and 
the Flagman variety distinguished themselves by the average values of SCA variances 
(41.17-53.74). It should be noted that the breeding lines of sugar sorghum of Institute of 
Sorghum and Cornshowed a high combinational ability in crosses based on CMS-lines with 
the type of sterile cytoplasm A2 – A2 O-1237, A2 AGS, A2 KVV 114 [7]. The ratio of 
standard deviations of the general and specific combinational ability for biomass yield 
indicates that genes with an additive effect participate in genetic control in paternal forms 
(msGCA/msSCA=6.31). 

Table 1. Combinational ability of sugar sorghum samples for biomass yield. 

Sample GCA effects SCA effects SCA variance А3 А4 9Е 
Volzhskoe 51 1.91 -4.42 1.99 2.43 14.69 
Flagman 7.11 -2.72 -4.61 7.33 41.17 
Chaika -12.96 5.55 -3.04 -2.51 23.16 
Sakhara 4.48 3.32 -4.48 1.16 16.19 
Saratovskoye 90 5.54 -4.55 15.46 -10.91 189.27 
Kamyshinskoye 8 -13.39 -0.62 3.39 -2.77 9.78 
Kinelskoye 3 -0.16 4.45 1.46 -5.91 28.39 
К-64 8.48 0.12 0.42 -0.54 0.24 
L-60/12 -7.72 2.82 1.52 -4.34 14.53 
L-39/12 7.58 -4.19 -6.78 10.96 91.80 
L-42/13 -7.46 1.15 1.16 -2.31 3.99 
L-59/13 -9.12 1.12 -0.38 -0.74 0.97 
L-52/13 15.71 -2.02 -6.11 8.13 53.74 
Ffact. 11.68* 1.85* 1.85* 
ms 256.68  40.66 

Note: * p≤0.05. 

Analysis of the GCA effects of hybrids allowed to identify promising combinations of 
crossings. Thus, hybrids 9E Zheltozernoye 10/Flagman (7.33), 9E Zheltozernoye 10/L-
52/13 (8.13), 9E Zheltozernoye 10/L-39/12 (10.96) and A4 Zheltozernoye 10/Saratovskoye 
90 (15.46) were characterized by the highest values. 

With the correct selection of crossing components, important attention is paid to the 
choice of the maternal form. The influence of sterile cytoplasms on the combinational 
ability of iso-nuclear CMS-lines for breeding-valuable traits in sorghum is not only of 
fundamental, but also of practical interest: for example, the absence of alternative types of 
sterile cytoplasms can lead to the termination of the production of hybrids in case of mass 
lesions of their diseases or pests. In our studies, the type of sterile cytoplasm did not have a 
significant effect on the GCA of sterile lines in terms of biomass yield (Ffact<Fteor). 
Nevertheless, higher GCA effects were noted in the CMS-line 9E Zheltozernoye 10 – 1.27. 
Significant differences were found in terms of SCA dispersion: the highest values were also 
found in the maternal line on the cytoplasm 9E – 36.66 (Fig. 3). The ratio of standard 
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deviations showed that the maternal forms have an advantage of non-additive effects over 
additive ones in the genetic control of this trait: msGCA/msSCA=0.67. 

 
Note: * p≤0.05. 
Fig. 3. GCA effects and SCA dispersion of sorghum iso-nuclear CMS-lines based on sterile 
cytoplasms A3, A4 and 9E 

The results obtained on the absence of a cytoplasmic effect on the combinational ability 
of iso-nuclear CMS-lines with different types of sterile cytoplasms in terms of biomass 
yield in crossings with samples of sugar sorghum are reflected in the publication of 
Hoffmann and Rooney [14]. At the same time, in crossings with samples of grain 
sorghum, a significant influence of cytoplasm 9E was noted, especially manifested in dry 
seasons [15].  

F1 hybrids created on the basis of iso-nuclear CMS-lines (A3, A4 and 9E Zheltozernoye 
10) and samples of sugar sorghum showed a different degree of true heterosis in terms of 
biomass yield from 19.7% to 200.0%. Moreover, 12 out of 39 hybrids have an advantage 
over the best parental form of more than 100%. The hybrids obtained during hybridization 
of the CMS-line 9E Zheltozernoye 10 with the samples Flagman, L-39/12, L-52/13 (154.5-
200.0%) were distinguished by the greatest true heterosis.  

The determination of phenotypic dominance coefficients in the yield of biomass of F1 
hybrids showed an overdominance of biomass yield, which is especially pronounced in 
combinations of crossings of CMS-line 9E Zheltozernoye 10 with the Flagman – 16.20 
variety and the L-39/12 – 18.91 (Table 2). 

Table 2. True heterosis (%) and the coefficient of phenotypic dominance of F1 hybrids 
based on the crossing of iso-nuclear CMS lines with the types A3, A4 and 9E of cytoplasms in terms 

of biomass yield. 

Sample Heterosis (%) Coefficient of phenotypic dominance 
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Sakhara 108.7 85.2 111.4 6.72 5.26 7.96 
Saratovskoye 90 63.6 142.0 51.1 3.88 7.19 3.64 
Kamyshinskoye 8 19.7 42.7 22.4 2.01 3.08 2.35 
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Kinelskoye 3 89.6 85.3 60.5 5.52 5.11 4.58 
К-64 82.1 89.6 89.6 4.52 4.70 5.31 
L-60/12 66.4 68.9 48.4 4.82 4.74 4.40 
L-39/12 118.3 115.2 200.0 9.12 8.33 18.91 
L-42/13 25.7 31.9 23.7 2.05 2.26 2.08 
L-59/13 57.7 59.4 62.0 4.51 4.39 5.69 
L-52/13 108.2 100.4 154.5 5.88 5.35 8.93 

4Conclusions 
The analysis of the combinational ability of the parent forms of grain and sugar sorghum 
allowed to identify components with high GCA and SCA. It was found that in these test 
crossings, the genetic control of the biomass yield of sugar sorghum cultivars is controlled 
by genes with an additive effect, and the non-additive isonuclear CMS-lines of grain 
sorghum, as evidenced by the values of the ratio of standard deviations – 6.31 and 0.67, 
respectively. Highly productive F1 hybrids are recommended to be created with the 
involvement of the Flagman and Saratovskoe 90 varieties, the L-39/12 and L-52/13 lines as 
the male parent. It should be noted that the greatest practical significance in crosses with 
samples of sugar sorghum was noted in the CMS-line based on cytoplasm 9E, characterized 
by a high dispersion of SCA on this trait. The greatest true heterosis was also manifested in 
F1 hybrids using 9E Zheltozernoye 10. Based on the literature data and the experimental 
results obtained by us, it should be assumed that the manifestation of cytoplasmic 
effects in sorghum hybrids depends on the hydrothermal factors of the season in the 
cultivation region, as well as on the specific interaction of the genotypes of the crossing 
components, which must be considered in further breeding work to create highly 
productive sugar sorghum hybrids. 
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