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  Abstract 
Analysis of the content of absolutely dry matter (ADM) is one of the main indi-
cators of the productivity of varieties and hybrids in crop plants. In this study, we 
investigated the effect of the type of sterile cytoplasm on the content of ADM in 
the F1 hybrids of grain sorghum obtained on the basis of two series of alloplasmic 
iso-nuclear CMS-lines—with genomes of the Zheltozernoe 10 (in A3, A4, and 9E 
cytoplasms) and Pischevoe 614 (in 9E and M35-1A cytoplasms). The varieties of 
grain sorghum Mercury and Pischevoe 35 were used as pollen parents. The stu-
dies were carried out at the stages of “emergence – tillering”, “tillering – head-
ing” and “heading – complete maturity” for three years with different hydrother-
mal conditions. For the first time, the effect of the type of sterile cytoplasm on the 
content of ADM and the manifestation of true heterosis for this trait was shown. 
In each season, the A3 cytoplasm significantly reduced the ADM content in the 
F1 hybrids with both pollen parents at the “tillering – heading” stage, whereas the 
9E cytoplasm increased the ADM content at the “heading – complete maturity” 
stage. The manifestation of cytoplasmic effects depended on the hydrothermal 
regime of plant growing: the most significant differences between the hybrids in 
different types of sterile cytoplasms were observed under drought conditions, the 
9E cytoplasm increased, and the A3 cytoplasm decreased the ADM content, 
whereas in the seasons with mild conditions these differences were less pro-
nounced. The data obtained indicate the genetic influence of the cytoplasm on the 
assimilation capacity of sorghum hybrids and tolerance to drought stress. 

Keywords 
Absolutely dry matter, Cytoplasmic male sterility, Drought tolerance, F1 hybrids, 
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1. Introduction 

Drought is one of the key factors affecting crop productivity. In the regions prone to drought, one of the main prob-
lems of plant production is the use of varieties and hybrids capable of producing high yield potential in conditions of 
moisture deficiency. Grain sorghum [Sorghum bicolor (L.) Moench] compares favorably with other cereals, since many 
varieties and hybrids of this crop have a number of physiological mechanisms that provide high drought tolerance such 
as osmotic adjustments, leaf rolling, waxyness on stem, root architecture, transpiration efficiency,stay green [1-4]. 
Sorghum grain is a dietary staple for many million people in more than 30 countries. In addition, sorghum grain does 
not contain gluten and can serve as a source of protein for people suffering from celiac disease and gluten intolerance 
[5]. 
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F1 hybrids play a significant role in the sorghum production, since they surpass the parental lines in grain and green 
mass yield by 15-30, and sometimes by 50% [6-8]. The commercial production of hybrid seeds in sorghum is impossi-
ble without the use of lines with cytoplasmic male sterility (CMS). For this purpose, in sorghum for a long time, the 
only type of CMS (A1) was used, which is based on the milo cytoplasm type. Later, as a result of hybridization of cul-
tivars and accessions belonging to different races of the genus Sorghum, new types of CMS were identified [9]. Cur-
rently, more than 10 different types of CMS in sorghum were found [10, 11]. These cytoplasms differ by mechanisms 
and genetic control of fertility restoration, morphology and histological structure of anthers, stages of pollen degenera-
tion, structure of mitochondrial and chloroplast genomes. The use of genetically different types of sterile cytoplasms 
significantly increases the diversity of CMS lines, and thereby expands the range of hybrid combinations, which con-
tributes to the creation of new commercial F1 hybrids with a heterosis effect. 

It is well known that the mitochondrial genome, through retrograde regulation, can influence the expression of nu-
merous nuclear genes that control diverse plant traits, including the resistance to environmental stresses [12-15]. In this 
regard, the use of genetically different types of CMS in sorghum breeding necessitates detailed investigation of the ef-
fects of sterile cytoplasms on the manifestation of various traits of sorghum plants, including those of great biological 
and economic importance. Among such traits is the content of absolutely dry matter (ADM) that characterizes the assi-
milation capacity and nutritional value of cultivars and hybrids. ADM includes a variety of substances that accumulate 
during ontogenesis as a result of various metabolic processes (protein, fat, fiber, phosphorus, calcium, nitrogen-free 
extractives, etc.) [16]. It is due to high ADM content sorghum is an important forage crop for drought- prone regions 
[17]. 

The aim of this work was to study the effect of different types of sterile cytoplasms (A3, A4, 9E, M35-1A) on the 
content of absolutely dry matter and the manifestation of true heterosis for this trait in F1 hybrids of grain sorghum. 

2. Methods 
The F1 grain sorghum [Sorghum bicolor (L.) Moench] hybrids obtained on the basis of two series of iso-nuclear CMS 

lines were used in this study. The first series had the nuclear genome of the fertile line Zheltozernoe 10 (Zh10) trans-
ferred into CMS-inducing cytoplasms A3 (IS1112C), A4 (IS7920C) and 9E (IS17218) [18]. The second series had the 
nuclear genome of the fertile line Pishchevoe 614 (P614) transferred into CMS-inducing cytoplasms 9E and M35-1A. 
These lines were obtained by consecutive backcrosses of the corresponding fertile lines with CMS lines А3 Тх398, А4 
Тх398, 9Е Тх398 and Indian line М35-1А (provided by Dr. K. F. Schertz, Texas Agricultural Experimental Station, 
USA). In this study, maternal lines with Zh10 nuclear genome passed 15 consecutive backcrosses, and maternal lines 
with P614 nuclear genome passed 9 consecutive backcrosses. Mercury and Pishchevoe 35 varieties of grain sorghum 
were used as paternal lines for studied hybrids. 

Parental lines and F1 hybrids were grown in the experimental field of the Federal State Budgetary Scientific Institu-
tion “Rossorgo” (Saratov, Russia). Sowing was carried out with a row spacing of 70 cm. Plot area was 7.7 m2. The 
planting density was 80 thousand plants/ha. The placement of the plots was randomized, in three replications [19]. 

ADM was determined at the stages of “emergence – tillering”, “tillering – heading” and “heading – full maturity”. 
The duration of the interphase period “emergence – full maturity” was 88-115 days in 2010, 102-120 days in 2012 and 
99-106 days in the 2013 season. For ADM yield accounting, the samples were taken from 1 m2. Stems, leaves, and pa-
nicles from each sample were dried separately in an oven at 105°C for 48 hours until constant weight. Moisture was 
determined as the ratio between the wet weight and dry weight. The ADM yield was expressed as t/ha. 

Two-way variance analysis with the Duncan’s Multiple Range Test was used to study the difference between the stu-
died hybrids. Calculations were performed using the AGROS 2.09 software (S.P. Martynov, Institute of General Genet-
ics, Russian Academy of Science). 

Manifestation of true heterosis (H) for ADM, or heterobelteosis, superiority over the best parent, was calculated ac-
cording to the formula [20]:  

𝐻𝐻 =
𝐹𝐹1 –  𝐵𝐵𝐵𝐵
𝐵𝐵𝐵𝐵

 · 100% 

where F1 = value of F1, BP = value of better parent. 
The studies were carried out for three years (2010, 2012 and 2013), which were characterized by contrasting meteo-

rological conditions: 2010 was characterized by extremely high temperatures throughout the entire plant ontogenesis 
and a sharp deficit of precipitation. The average monthly temperature in 2010 was 17.9º, 24.4º, 27.9º and 26.5ºC (in 
May, June, July and August, respectively), in 2012—19.2º, 22.6º, 23.7º and 22.4ºC, and in 2013—19.6 º, 20.9º, 21.4º 
and 21.7ºC. The total precipitation for the growing season in 2010 was 38.8 mm, in 2012—145.8 mm, 2013—110 mm. 
In 2012, the second half of the growing season was characterized by an excess of precipitation, and in 2013, the first 
half of the growing season had excess of precipitation.  

To study the effect of hydrothermal regime of plant cultivation on the influence of sterile cytoplasms on the ADM 
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accumulation, the hydrothermal coefficient (HTC) was calculated. HTC was determined by the ratio of precipitation 
during the growing season to the sum of temperatures for the same period, reduced by 10 times [21]. HTC for the entire 
growing season in 2010 was 0.15-0.18 (severe drought); in 2012, 0.69-0.72 (moderately dry-insufficiently humid) and 
in 2013 0.99-1.12 (insufficiently humid-sufficiently humid). 

3. Results 
Analysis of ADM indices in the hybrids with the iso-nuclear CMS-lines with Zh10 nuclear genome in the A3, A4, 

and 9E cytoplasms showed that, on average, over 3 years, significant differences were observed at the “tillering – head-
ing” stage. The A3 cytoplasm significantly reduced the indices of ADM in hybrids with both pollinators (Table 1). At 
the “heading – full maturity” stage, significant differences over 3 years were observed in hybrids with Mercury, the 9E 
cytoplasm had the highest index, which was 11.41 t/ha (Table 1). No significant differences were found at this stage in 
hybrids with Pishchevoe 35; however, on average, for both hybrid combinations, cytoplasm 9E also significantly in-
creased the ADM indicators. 

It is noteworthy that the strongest differences between hybrids with Mercury in different types of sterile cytoplasms 
were observed at all stages of ontogenesis in arid 2010 with low HTC value, the 9E cytoplasm increased, and the A3 
cytoplasm decreased the ADM value, while in other years with higher HTC these differences were less clear (Table 1). 
Similar results were observed in hybrids with Pishchevoe 35. The significance of cytoplasm × year interaction was con-
firmed by variance analysis (Table 1). 

Table 1. Content of the absolutely dry matter in F1 grain sorghum hybrids obtained on the basis of iso-nuclear CMS-lines 
with Zh10 nuclear genome in the A3, A4, and 9E cytoplasm, t/ha, 2010-2013 

CMS line 

Pollen parent1 

Average, per cytoplasm, per year 2 

Average for 3 years Mercury Pishchevoe 35 

2010 2012 2013 Average 2010 2012 2013 Average 2010 2012 2013 

Emergence – Tillering 

А3 Zh10 0.80 b 0.43 a 0.25 a 0.49 a 0.69 cd 0.41 b 0.26 ab 0.46 0.75 0.42 0.25 0.47 

А4 Zh10 2.62 d 0.36 a 0.31 a 1.09 b 1.01 e 0.36 b 0.16 a 0.51 1.81 0.36 0.23 0.80 

9Е Zh10 2.41 c 0.36 a 0.31 a 1.03 b 0.76 d 0.29 ab 0.28 ab 0.45 1.59 0.32 0.30 0.74 

Ave., per year 1.94 b 0.38 a 0.29 a  0.82 c 0.35 b 0.23 a  1.38 b 0.37 a 0.26 a  

FA (CMS type) 85.939*  1.376  0.748 

FB (year) 685.287*  131.675*  9.426* 

FAB 88.360*  7.508*  0.943 

Tillering – Heading 

А3 Zh10 4.28 bc 2.31 a 3.62 abc 3.40 a 6.79 f 3.93 b 4.99 d 5.24 a 5.53 a 3.12 a 4.30 a 4.32 a 

А4 Zh10 9.63 d 4.49 c 4.58 c 6.24b 9.53g 3.66 a 5.68 e 6.29 c 9.58bc 4.07a 5.13 a 6.26 b 

9Е Zh10 13.46 e 2.53 a 4.82 c 6.94 b 10.17h 3.62 a 4.49 c 6.09 b 11.82c 3.08a 4.65 a 6.52 b 

Ave., per year 9.12 c 3.11 a 4.34 b  8.83 c 3.73 a 5.05 b  8.98 b 3.42 a 4.70 a  

FA (CMS type) 41.358*  441.445*  5.834* 

FB (year) 118.907*  9845.781*  34.193* 

FAB 24.746*  625.286*  4.238* 

Heading – Full maturity 

А3 Zh10 7.35 a 8.07 ab 10.31 de 8.58 a 8.49 9.23 11.40 9.70 7.92 a 8.65 a 10.85 d 9.14 a 

А4 Zh10 8.74 bc 8.51 abc 10.40 e 9.22 a 7.40 8.46 10.14 8.67 8.07a 8.49a 10.27 bcd 8.94 a 

9Е Zh10 13.84 f 10.76 e 9.62 cde 11.41 b 12.95 7.85 9.90 10.23 13.40e 8.81abc 10.30 cd 10.83 b 

Ave., per year 9.97 b 9.11 a 10.11 b  9.62 8.51 10.48  9.80 b 8.65 a 10.47 b  

FA (CMS type) 56.128*    14.931* 

FB (year) 7.454*    11.764* 

FAB 31.068*    15.256* 

Notes: 1data for each hybrid combination, and 2for each cytoplasm type, denoted with different letters, differ at p<0.05 according to Duncan’s Mul-
tiple Range Test; * p<0.05. 
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Table 2. Content of the absolutely dry matter in F1 grain sorghum hybrids obtained on the basis of iso-nuclear CMS-lines 
with P614 nuclear genome in the 9E and М35-1А cytoplasm, 2010-2013, t/ha 

CMS line 

Pollen parent 1 
Average, per cytoplasm, 

per year 2 Average, for 
3 years Mercury Pishchevoe 35 

2010 2012 2013 Average 2010 2012 2013 Average 2010 2012 2013 

Emergence – Tillering 

9Е P614 0.28 0.21 0.20 0.23 0.62 0.26 0.25 0.38 0.45 0.23 0.22 0.30 

М35-1А P614 0.44 0.22 0.19 0.29 0.52 0.30 0.17 0.33 0.48 0.26 0.18 0.31 

Average, per year 0.36 0.22 0.20  0.57 0.28 0.22  0.46 b 0.25 a 0.20 a  

FA (CMS type)     0.004 

FB (year)     10.140* 

FAB     0.226 

Tillering – Heading 

9Е P614 2.38 e 1.61 cd 1.38 b 1.79 b 3.14 e 1.89 bc 2.39 d 2.48 b 2.76 1.75 1.88 2.13 b 

М35-1А P614 1.73d 1.01 a 1.38 b 1.38 a 1.22a 2.03 cd 1.46 a 1.57 a 1.48 1.52 1.42 1.47 a 

Average, per year 2.06 b 1.31 a 1.38 a  2.18 1.96 1.93  2.12 1.63 1.65  

FA (CMS type) 109.309*  106.901*  7.175* 

FB (year) 142.809*  3.231  1.645 

FAB 28.121*  45.559*  1.684 

Heading – Full maturity 

9Е P614 3.2 a 4.38 bc 3.49 a 3.71 5.43 5.09 6.35 5.62 b 4.32 4.74 4.92 4.66 

М35-1А P614 3.24a 3.61 a 4.70 c 3.85 3.27 4.69 5.02 4.33 a 3.26 4.15 4.86 4.09 

Average, per year 3.25 a 4.00 b 4.10 b  4.35 4.89 5.68  3.78 4.44 4.89  

FA (CMS type) 0.762  10.720*  

FB (year) 12.175*  3.842  

FAB 14.138*  1.661  

Notes: 1data for each hybrid combination, and 2for each cytoplasm type, denoted by different letters, differ at p<0.05 according to Duncan’s Multiple 
Range Test;* p<0.05. 

Table 3. Manifestation of true heterosis for absolutely dry matter in the F1 grain sorghum hybrids in the A3, A4, and 9E ste-
rile cytoplasms 

Hybrid combination 

Heterosis for absolutely dry matter content at different stages of ontogenesis, % 

emergence – tillering tillering – heading heading – full maturity 

2010 2012 2013 2010 2012 2013 2010 2012 2013 

А3 Zh 10 × Mercury 105.13 48.28 -7.14 65.25 30.51 145.58 198.78 142.34 156.23 
А4 Zh 10 × Mercury 413.73 28.57 20 271.81 274.17 104.47 297.27 155.56 114.43 

9Е Zh 10 × Mercury 760.71 -18.18 183.3 419.69 74.48 157.75 333.86 177.32 93.37 

А3 Zh 10 × Pishchevoe 35 76.92 -10.87 -7.14 52.58 122.03 203.66 245.12 76.82 120.08 

А4 Zh 10 × Pishchevoe 35 98.04 -21.74 -44 114.16 203.33 217.32 236.36 62.07 95.75 

9Е Zh 10 × Pishchevoe 35 204.00 -36.96 40 128.54 149.66 140.11 305.96 50.38 91.12 

9Е P 614 × Mercury 12 -19.23 -4.76 -8.11 103.80 -3.5 117.33 31.53 -12.06 

М35-1А P 614 × Mercury -31.25 -15.38 5.56 -33.20 38.36 1.46 147.32 8.41 29.86 

9Е P 614 × Pishchevoe 35 148.00 -43.48 28.57 -29.44 139.24 46.34 219.41 -2.5 22.59 

М35-1А P 614 × Pishchevoe 35 -18.75 -34.78 -15 -72.58 99.02 -10.98 92.35 -10.15 -1.93 
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In the F1 hybrids with iso-nuclear CMS lines with the P614 nuclear genome in the 9E and M35-1A cytoplasms, on 
average over 3 years of research, pronounced differences in the ADM content were observed at the “tillering – heading” 
stage, the 9E cytoplasm increased its value (2.13 t/ha) in comparison with the cytoplasm M35-1A (1.47 t/ha) (Table 2). 
This effect was most noticeable in the dry 2010 in the hybrids with both pollen parents. At the “heading – full maturity” 
stage, significant effect of the cytoplasm type was observed only in hybrids with the Pischevoe 35 paternal parent, the 
9E cytoplasm also increased the ADM index (5.62 t/ha versus 4.33 t/ha in the M35-1A cytoplasm). A significant effect 
of cytoplasm × year interaction was observed in hybrids with the Mercury at both stages of ontogenesis. 

Comparative analysis of the content of absolutely dry matter in hybrids and parental lines revealed the presence of 
significant heterosis for this trait, the level of which varied in different seasons. In the extremely drought 2010 season, 
in the hybrids with the iso-nuclear CMS lines with Zh10 nuclear genome and both paternal parents, Mercury and Pish-
chevoe 35, the maximum heterosis at all studied stages of ontogenesis was observed in the 9E cytoplasm, while the 
minimum values – in the A3 cytoplasm (Table 3). 

In a humid 2012, the maximum indicators of heterosis at the “tillering – heading” stage were observed in hybrids in 
the A4 cytoplasm (274% in the hybrids with Mercury and 203% in the hybrids with Pishchevoe 35). At the same time, 
at the stage “heading – full maturity”, hybrids differed in the manifestation of heterosis: in hybrids with Mercury, the 
maximum value was observed in the 9E cytoplasm (177%), and the minimum—in the A3 cytoplasm (142%), while in 
the hybrids with Pishchevoe 35, the opposite situation took place. These differences may be a consequence of the dif-
ferent duration of ontogenesis in the F1 hybrids Zh10 × Mercury (more early maturing) and Zh10 × Pischevoe 35 (late 
maturing), as a result of which the same stage of ontogenesis proceeded under different hydro-thermal conditions. In 
2013, which was characterized by the high HTC (mild growing conditions), the highest values of heterosis at the final 
stage of ontogenesis, “heading – full maturity”, were observed in hybrids in the A3 cytoplasm, and the lowest—in the 
9E cytoplasm. 

In the F1 hybrids of iso-nuclear CMS lines with the P614 nuclear genome, both pollen parents, Mercury and Pish-
chevoe 35, gave higher heterosis indices for the ADM at all stages of ontogenesis in the 9E cytoplasm, compared with 
the M35-1A cytoplasm (Table 3). This difference was observed in each season of investigation. 

4. Discussion 

Genetic effects of cytoplasmic background on the manifestation of many plant traits and functions, including those of 
great biological and economic importance are well-documented. Maternally inherited disfunction of male generative 
structures, or cytoplasmic male sterility, resulting from the functioning of mitochondrial CMS-inducing genes is one of 
the most striking examples of cytoplasmic inheritance [22, 23]. Although the expression of CMS-inducing genes, as a 
rule, is tissue- and organ-specific, the effects of CMS-inducing cytoplasms can be observed at different stages of plant 
ontogenesis and affect the manifestation of various plant traits, including those of high agronomic value (for review, see: 
[11]). 

The data, presented above indicate a significant effect of the type of cytoplasm on the content of ADM in sorghum 
hybrids. The hybrids used in this study were obtained on the basis of iso-nuclear CMS lines differing from each other 
only in the type of cytoplasm. Therefore, a comparison of such hybrids with each other allows one to reveal in its pure 
form the presence or absence of the influence of the cytoplasm on a given trait. It was found that the A3 cytoplasm re-
duced the ADM value at the “tillering – heading” stage, while the 9E cytoplasm contributed to the increase of ADM. 

It is noteworthy that significant effects of the cytoplasm type were recorded only under certain environmental condi-
tions, namely, under poor plant water availability conditions (at low HTC values). In the conditions of severely arid 
2010, the strongest differences were observed, while in milder conditions of the seasons of 2012 and 2013 these differ-
ences were less noticeable, but still statistically significant. At the same time, hybrids with CMS lines in the 9E cytop-
lasm were characterized by higher ADM indices as compared to hybrids in other types of cytoplasms. Apparently, the 
9E cytoplasm contributed to the higher drought resistance of plants, in contrast to the A3 and A4 cytoplasms. These 
data are consistent with other observations, in which the manifestation of the effect of the cytoplasm on the combining 
ability of CMS lines of sorghum depended on the hydrothermal conditions of plant growth [24]. A similar dependence 
of the manifestation of cytoplasmic effects on environmental conditions was found in Pennisetum americanum, where 
the A4 and A5 cytoplasms exhibited greater tolerance compared to the A1, A2, and A3 cytoplasms [25]. 

The positive role of the 9E cytoplasm in the selection of heterotic sorghum hybrids was also found in previous studies. 
It was reported that the 9E cytoplasm increased the leaf width in Sorghum-Sudanese hybrids [26], as well as in the grain 
sorghum hybrids, where the 9E cytoplasm increased the photosynthetic potential during the period of “heading – full 
maturity” [27], as well as the intensity of the starting growth and productivity of biomass in the dry seasons [11]. 
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5. Conclusion 
Thus, for the first time, in the grain sorghum hybrids, the effect of the type of sterile cytoplasm on the content of 

ADM and on the manifestation of true heterosis for this trait was recorded. The influence of the hydrothermal regime of 
plant growing and the genotype of parental lines on the manifestation of the cytoplasmic effect was established. It has 
been shown that under drought conditions, the 9E cytoplasm has a positive effect on the value of ADM at the “tillering 
– heading” and “heading – full maturity” stages, while A3 cytoplasm under the same conditions reduces this indicator at 
all stages of plant ontogenesis. The experimental results presented in this study confirm the essential role of the cytop-
lasm in ensuring plant tolerance to drought stress. These data point on the prospect of study the expression of genes 
involved in stress response in different types of CMS-inducing cytoplasms of sorghum. 
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