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Abstract. Investigation of the effect of the cytoplasm on the combining ability (CA) of lines with cytoplasmic male
sterility (CMS) is of considerable interest in terms of understanding the genetic functions of the cytoplasm and for
practical purposes to create hybrids with improved economically valuable traits. In order to investigate the effect of
different types of sterile cytoplasm (A3, A4, 9E) on CA in sorghum, we studied the manifestation of a number of bio-
logical and agronomic traits in 54 F, hybrid combinations obtained using iso-nuclear CMS lines with the nuclear ge-
nome of the line Zheltozernoye 10, differing only in the types of sterile cytoplasm (A3, A4 and 9E). Eighteen varieties
and lines of grain sorghum developed at the Russian Research and Project-technological Institute of Sorghum and
Maize were used as paternal parents. The CA was determined by the topcross method. F; hybrids and their parents
were grown in 2015-2017 in conditions of insufficient (2015-2016: HTC (hydro-thermal coefficient) = 0.32-0.66), or
good water availability conditions (2017: HTC = 1.00). On average, for three years of testing, a positive effect of the
9E cytoplasm on the general combining ability (GCA) (0.63) and negative effects of the A3 and A4 cytoplasms (-0.32
and -0.31) for the inflorescence length were noted. In dry seasons, significant positive effects of the 9E cytoplasm
on GCA for the length of the largest leaf, and positive effects of the A3 cytoplasm on GCA for the plant height, and
negative effects of the A4 cytoplasm on GCA for these traits were observed. No differences were observed during
the wet season. The type of CMS did not affect the GCA for the width of the largest leaf and grain yield. The disper-
sion of specific combining ability (SCA) in the dry seasons was significant for the following traits: leaf length, plant
height, panicle length and width, and grain yield, the 9E cytoplasm had the highest SCA dispersion, whereas the
A4 cytoplasm had the smallest one. The data obtained indicate that different types of sterile cytoplasm of sorghum
make a different contribution to CA under conditions of drought stress.
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BausiHue pasHbBIX TUIIOB CTEPUJIbHBIX IUTOII/Ia3M (A3, A4, 9E)
Ha KOMOMHAIIMIOHHYIO CIIOCOOHOCTh IIMC-IMHMIIT COPro
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AHHOTaLUuA. M3yyeHre BAMAHUA LUTOMIA3Mbl HA KOMOMHaUMOHHY0 cnocobHocTb (KC) nuHmiA ¢ umMTonnasmatu-
YecKol myxckon ctepunbHocTbio (LMC) npefcTaBnaeT 3HaUMTESNbHbIN MHTEPeC B MaHe MOHUMAaHWUA reHeTuye-
CKUX GYHKLUMI LUTONSa3Mbl Y PaCTEHUIA 1 B MPAKTUYECKUX Lenax AnA co3haHna rmbpugos ¢ yayylleHHbIMU X03A-
CTBEHHO LieHHbIMY nNpu3Hakamu. C Lienblo BbIACHEHWA XapaKkTepa BIMAHUA Pa3HbIX TUMOB CTEPUbHbBIX LIUTOMIa3M
(A3, A4, 9E) Ha KC y copro uccnefoBany NposiBeHre psfa arpOHOMUYECKN LEHHbIX MPU3HAKOB Y 54 rMOpuaHbIX
KOMOUWHauwuin F;, Mony4YeHHbIX C UCMONb30BaHNEM B KauecTBe MaTePUHCKUX poanTenei nsosaaepHbix LUMC-nuHni,
CO3[aHHbIX Ha OCHOBe NHUK XKenTo3epHoe 10 1 pasnnyaLLMXca TONbKO TUNaMm CTepUbHbIX LuTonnasm (A3, A4
1 9E). B KauecTBe OTLOBCKMX poguTenei 6binm 18 cCOpTOB U NNHWIA 3€PHOBOIO copro cenekuumn Poccuinckoro HAN
Copro u KyKypy3bl. KoMOMHaLMOHHYI0 CMOCOGHOCTbL ONpefensany MeTOAOM TOMKPOcCca. Pogutenbckme KOMMOHEH-
Tbl 1 TM6puabl F; Bbipawmsany B 2015-2017 rr. B yCnoBuAx HegoctaTtouHom (2015-2016 rr.: ruapoTepMUyecKnin
koapPpuumeHT (I'MK) = 0.32-0.66) nnubo xopowwen (2017 r.: ['TK = 1.00) BnaroobecneyeHHocTn. B cpegHem 3a Tpu
rofa VCMbiTaHWi BbiABNEHbI MONOXKMTENBHOE BAUAHME LyTonNasmMbl 9E Ha 06LLyio KOMOVMHALMOHHYIO CMOCOBHOCTb
(OKC) no gnuHe cousetus (0.63) n oTpuuatenbHble 3¢pdekTbl uutonnasm A3 n A4 (-0.32 n —0.31) Ha OKC no stomy
npu3HaKy. B 3acywnyBble ce30HbI OTMEYEHbI 3HaUMMble NONoXKMTeNbHble 3$PeKTbl LTonnasmbl 9 Ha OKC no gnu-
He HanbonbLero nucTa, umtonnasmbl A3 — Ha OKC no BbICOTe PacTEHU U OTPULATENIbHOE BVSAHMUE LMTOMMA3Mbl
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A4 Ha 3Tu npu3Hakn. Bo Bna)kHbi ce30H pasnunuma otcytcteoBanu. Tun LIMC He oka3biBan BanaHuA Ha OKC no
LUIMPVIHE HanBONbLLIEro NINCTa N YPOXKaNHOCTM 3epHa. ncnepcurs cneundmnyeckon KOM6MHaLMOHHON CNOCO6HOCTH
(CKC) B 3acywnmBble Ce30HbI OKasanacb 3HaYMMON ANA CepyoWwnX NPU3HAKOB: AJIVHA JINCTA, BbICOTa PacTeHUIA,
L/VHa U WWPUHA METENKN, YPOXKaNHOCTb. Mpy 3TOM nnHMA ¢ umTtonnasmoli 9E oTnnyanacb Hambonee BbICOKUMU
nokasatenamu gucnepcun CKC, Torga Kak nnMHuA ¢ uutonnasmon A4 — HaumeHbLWwMN. [onyyeHHble AaHHble CBU-
LETeNbCTBYIOT, YTO Pa3Hble TUMbl CTEPUSIbHbBIX LIUTOMIAa3M COPro BHOCAT pa3nnyHbli Bknag B KC B yCnioBuMsAX 3aCyXu.
KntoueBble cnosa: Sorghum bicolor (L.) Moench; untonnasmaTnyeckas My»cKkasa CTepUSIbHOCTb; FreTepo3nc; Komou-
HaLMOHHasA cnocobHOCTb; LuTonasmaTmyeckme spdeKTbl; 3acyxa.

Introduction

The cytoplasm as the environment for the functioning of the
nuclear genes plays an important role in the genetic control
of many plant traits. Along with the well-known, and in some
cases well-studied mutations of variegation and cytoplasmic
male sterility (CMS) that arise as a result of rearrangements
in the chloroplast and mitochondrial genomes, there are many
examples of the influence of the cytoplasmic environment
on the manifestation of many plant traits, including those
with important biological and economic value. This effect
of the cytoplasm may be caused by retrograde regulation of
nuclear gene expression by signals produced by cytoplasmic
organelles under the influence of environmental factors (Fujii,
Toriyama, 2008). The genetically different plastomes and
mitochondrioms can respond differently to environmental
signals and affect the expression of nuclear genes. In addi-
tion, the cytoplasm is capable of causing inherited changes in
the nuclear genome by paramutations (Zavalishina, Tyrnov,
2003, 2010), and changing the methylation of nuclear gene
sequences (Xu et al., 2013; Ba et al., 2014) including nuc-
leotide sequences of mobile genetic elements (Elkonin et al.,
2018), that can alter the expression level of nuclear genes
and have significant genetic effects, since alteration of trans-
poson methylation is one of the key factors of their mobility
and, as a consequence, the occurrence of mutations (Yaakov,
Kashkush, 2011).

Majority of agronomically valuable plant traits are poly-
genic and are formed as a result of the interaction of many
nuclear genes among themselves and with environmental
factors. In this regard, the cytoplasm can have a significant
impact on the manifestation of these traits. There is a lot of
data in the literature confirming the effect of the cytoplasm
on agronomically valuable traits in wheat (Atienza et al.,
2007), rice (Tao et al., 2011), cotton (Tuteja, Banga, 2011),
pearl millet (Amiribehzadi et al., 2012), winter rye (Urban,
Gordey, 2013), sorghum (Aruna et al., 2013), sunflower (Jan
et al., 2014), maize (Kabanova et al., 2015), and mustard
(Chakrabarty et al., 2015). Assuming that the manifestation of
heterosis in F, hybrids is determined, in considerable extent,
by the combining ability (CA) of maternal lines, investiga-
tion of the effect of cytoplasm on CA is of significant interest.
However, there are few studies on the effect of cytoplasm on
CA. In pearl millet, the A4 and AS cytoplasms caused posi-
tive effect on grain yield in comparison with Al cytoplasm
(Chandra-Shekara et al., 2007; Pujiar et al., 2019). Tests of
new CMS sources of sunflower (XA, E002-91A, PKU-2A,
ARG-2A, ARG-3A, ARG-6A, DV-10A, PHIR-27A, PRUN-
29A) showed a positive effect of sterile cytoplasms E002-91A
(Helianthus annuus), ARG-3A (H. argophyllus) and ARG-6A
(H. argophyllus) on the combining ability of maternal lines
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in seed productivity compared to normal cytoplasm NC-41B
(Tyagi, Dhillon, 2016). A similar effect of A4 and A8 cyto-
plasms on the overall combining ability of lines has been
described in rice (Young, Virmani, 1990).

In sorghum, there are contradictory data in the literature.
The positive effect of A2 cytoplasm on the general combining
ability (GCA) of CMS lines for the duration of the seedling-
flowering interphase period, grain yield, grain weight per
panicle and 100 grains, in comparison with Al cytoplasm,
has been described (Kishan, Borikar, 1989; Ramesh et al.,
2006; Reddy et al., 2007, 2009). On the contrary, the lack of
effects of A1 and A2 cytoplasms on heterosis was reported
(Williams-Alanis, Rodriguez-Herrera, 1994).

The aim of this work was to study the effect of different
sterile cytoplasms (A3, A4, 9E) on CA in sorghum using iso-
nuclear CMS lines that differ only in types of sterile cytoplasm.

Materials and methods

To identify cytoplasmic effects on combining ability, we used
the early maturing alloplasmic iso-nuclear CMS lines of grain
sorghum (Sorghum bicolor (L.) Moench) (Elkonin et al.,
1997). These lines were obtained by consecutive backcrosses
of fertile line Zheltozernoye 10 (Z10) to CMS lines A3 Tx398,
A4 Tx398, 9E Tx398 (provided by Dr. K.F. Schertz, Texas
Agricultural Experimental Station, USA), carrying cytoplasms
of the following accessions: IS1112C (A3),1S7920C (A4), and
IS17218 (9E). In this study, maternal plants from the BC g
were used. As a pollen parents, early maturing varieties — Per-
spectivnoye 1, Mercury, Ogonek, Avans, Fakel, Azart, Garant,
Topaz, Volzhskoye 615, and mid-early maturing varieties and
lines — Start, L-KSI 28/13, Kamelik, Geleofor, Kremovoye,
Pishchevoye 614, Sarmat, Vostorg, Pishchevoye 35 were used
(18 in total). These pollen parents differed in manifestation of
agronomically valuable traits and characterized by high adap-
tive ability to agro-climatic conditions of the region (Kibalnik
etal.,2010,2017). F, hybrids obtained using these pollinators
were characterized by mid-early maturity (110-117 days to
full maturity).

Pollen parents were grown under strict isolation (the pa-
nicles were isolated with parchment bags before flowering)
for 8-25 generations. All pollinators were sterility maintainers
for the studied types of CMS, with the exception of Perspec-
tivnoye 1 and L-KSI 28/13, which are the restorers of ferti-
lity for A4 and 9E CMS and provided 80—-100 % seed set in
conditions of strict isolation with parchment bags (Kibalnik,
Semin, 2018).

The following traits were analyzed: plant height; the length
and width of the largest leaf, the length and width of the
inflorescence, mass and number of grains per panicle, and
grain yield. Since paternal parents were not universal fertility

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 6



O.MN. KnbanbHmk
JILA. DnbKOHUH

restorers, and the majority of the studied hybrids were male
sterile, in order to register the traits associated with grain
productivity, the open-pollinated panicles were used. As far as
F, hybrids were grown in experimental field among hundreds
of thousands of fertile plants, free pollination ensured 100 %
seed setting all panicles of the studied hybrids. This approach
has already been used to study the grain yield of hybrids in
A3 cytoplasm (Moran, Rooney, 2003).

F, hybrids (54 in total) were sown in the experimental field
of'the Russian Research and Project-technological Institute of
Sorghum and Maize; in 2015-2017 in the third decade of May.
The soil of the experimental plot was represented by medium
loamy southern chernozem. The humus content in the arable
layer was 3.5 %, nitrification ability — 7.7 mg/kg; phosphorus
—34.2-35.7 mg/kg, potassium (in a carbon ammonium extract)
—349-378 mg/kg. In each season, zonal sorghum cultivation
technology was used that did not include artificial irrigation
(Gorbunov et al., 2012). The predecessor is steam field. The
plots (7.7 m?) were allocated randomly in three replications.
The plant standing density was set manually (100 thousand
plants per ha). Evaluation of traits and yield was carried out
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BrnmsaHne pasHbIX TUNOB CTepuNbHbIX LTonnasm (A3, A4, 9E)
Ha KOMBMHaLMOHHY0 cnocobHocTb LIMC-nuHuin copro

according to methodology of state testing of crops (Metods
of State Variety..., 1989). The combining ability of lines
was determined by the topcross method (Savchenko, 1973).
For statistical analysis of the experimental data Agros 2.09
software was used (Martynov, 1999).

Weather conditions varied over the seasons of the study. The
2017 season was characterized by high moisture supply: the
hydrothermal coefficient (HTC) was 1.00 (the sum of active
temperatures was 1072.3 °C and the amount of precipitation
was 107.1 mm). In 2015 and 2016, during the “sprouting—
flowering” period, arid conditions were observed (HTC was
0.66 and 0.32, respectively). The sum of active temperatures
was 1144.9-1167.9 °C, the amount of precipitation was 75.2
and 37.3 mm, respectively.

Results

Analysis of variation of agronomically-important traits in
F, hybrids. To study the effect of cytoplasm on the combining
ability of iso-nuclear CMS lines, a preliminary assessment
of variation of the studied traits in 54 F, hybrids was made
(Table 1).

Table 1. Variation of agronomically valuable traits in F, hybrids obtained with iso-nucelar CMS lines with genetically different types
of sterile cytoplasms (A3, A4, 9E) and nuclear genome of Zheltozernoye 10

Trait, statistical indicator

2015
e e
T e e
S —
e e
TN e —
R T e—
e e
B S —
R S —
Lengthofthe largestleaf,cm 548-861
R g —
S i —
e
B — e
R i —
i T
T e e
s 2
b S
B
R e
o e
T L
s e

Trait value (min...max)’

2016 2017 Mean?
...... 1395_24341593_21531548_2192
...... 9 17474
...... 5 80*354*241*
...... 138_272165_328176_254
...... 8 99877
. 49 2* ............................... 2 74* ............................... 1 99* .............................
...... 3 8_”078_17859_131
...... 197211193
...... 5 35*221*320*
. 482_741 ........................ 5 58_776 ....................... 5 43_7 7 1 ......................
...... 1128673
. 445* ............................... 3 39* ............................... 2 85* .............................
...... 3 6_7047_7547_68
...... 13610594
...... 2 76*208*206*
...... 5 6_274277_706170_395
...... 3 88221201
...... 1088*227*131
...... 2 34_”59804_2336503_1430
...... 3 56198189
...... 6 67*194*165*
...... 0 93_433341_849234_559
...... 3 14199224
...... 5 08*148*214*

T min and max — minimum and maximum value of the trait; 2 mean for 2015-2017; * p > 0.95.
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The traits “plant height” (CV = 7.4-11.7 %), “inflores-
cence length” (CV =7.7-11.0 %), “length of the largest leaf”
(CV =17.3-11.2 %) were characterized by low variation (see
Table 1). The average variation was found for the width of the
largest leaf (CV = 10.5-15.1 %), while for other traits high
variation was observed. Higher coefficients of variation of the
studied traits were noted in 2015, with the exception of the
length of the largest leaf.

The analysis of variance confirmed the differences between
the tested F, hybrids for majority of agronomically valuable
traits (', veq > F expected). For the grain yield per panicle, on
average, over three years of testing, no significant differences
between hybrids were revealed at the 5 % level; therefore, the
combining ability for this trait was not determined.

Combining ability of iso-nuclear CMS lines

Vegetative traits. Cytoplasms A3 and 9E significantly in-
creased GCA effects of the CMS lines for plant height in 2015
(2.08-2.71), and SCA dispersions in 2015 (253.47-305.75),
and in 2016 (75.16-109.25), in comparison with A4 cytoplasm
(Fig. 1).

Differences in the effects of the GCA of the CMS lines for
parameters of the largest leaf were observed only in 2016.
The effects of the GCA of the CMS-line with 9E cytoplasm
(1.78) were significantly higher than with CMS-line with A4
cytoplasm (—2.22). The cytoplasmic effect on the combining
ability of CMS lines for the width of the largest leaf was not
detected. At the same time, there is a tendency towards the
manifestation of higher GCA effects of the line 9E Zheltozer-
noye 10 (annually). The analysis of SCA dispersion showed
the influence of the CMS type on parameters of the largest
leaf in 2015-2016, the A3 cytoplasm caused the most strong
effect on the leaf width: SCA dispersions were 0.27-0.36.
A4 cytoplasm reduced SCA dispersions according to the
parameters of the largest leaf (Table 2).

Generative organ traits. A significant influence of the
9E cytoplasm on the GCA effects for the length of inflorescen-

Influence of different types of sterile cytoplasms (A3, A4, 9E)
on the combining ability of CMS lines of sorghum
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§ 2t F(2017)=0.78
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Mean
for2015-2017
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Fig. 1. Influence of the type of sterile cytoplasm on the combining ability
of iso-nuclear CMS-lines for the plant height.

*p>0.95.

ce was recorded in each year (Fig. 2). Higher GCA effect
for the width of inflorescence was also detected in 2015 for
the 9E cytoplasm: 0.32 versus —0.29 and —0.03 in the A3
and A4 cytoplasms, respectively. The dispersion of SCA for
panicle parameters turned out to be significantly higher for
the CMS line 9E Zh10: for the inflorescence length in each
growing season, and for the inflorescence width in 2015-2016
seasons (see Fig. 2).

Table 2. The combining ability of iso-nuclear CMS lines of sorghum Zheltozernoye 10
with genetically different types of sterile cytoplasms (A3, A4, 9E) for the parameters of the largest leaf

CMS type Lenght Width

2015 .................. 2 016 .................. 2 017 .................. M ean ................. 2 015 .................. 2 016 .................. 2 017 .................. M ean ..............
GCAeﬁectS ...............................................................................................................
A3 ................................ 0 96 ................... 044 ................. _ 090 ................... 0 16 ................. _ 007 ................. _ 012_020_012 ..............
A4_103 ................. _ 222 ................. _ 0”_112 ................. _ 001 .................... 004 ................... 0 07 ................... 0 03 ..............
9E ................................. 0 07 ................... 178 ................... 101 .................... 0 95 ................... 007 ................... 008 ................... 0 14 ................... 0 09 ..............
. F ................................... 238 ................... 692* ................. 162 ................... 234 ................... 065 ................... 1” .................... 285 ................... 152 ..............
............................................................................................................. S CAdISperSIon
. A3 .............................. 1 594 ................. 2 381 .................. 1002 ................. 6 31 .................... 0 36 ................... 0 27 ................... 0 2 2 e 0 0 7 .................
A4 .............................. 1351 .................. 1041 .................... 520 ................. 2 48 ................... 0 23 ................... 0 14 ................... 0 13003 .................
9E ............................... 2 034 ................. 1822 ................... 619 ................. 6 87 ................... 0 22 ................... 0 17 ................... 0 ”004 ................
. F ................................... 33 1* ................. 244* ................. 104 ................. 0 93 ................... 2 99* ................. 169* ................. 1 1 3 e 0 4 8 .................
*p>0.95
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Fla015) = 4.82"
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BrnmsaHne pasHbIX TUNOB CTepuNbHbIX LTonnasm (A3, A4, 9E) 2020
Ha KOMOVHaLMOHHY10 crnocobHocTb LIMC-nuHuia copro 2446
08, Width A3
A4
0.6
W 9E
04 Fa015)=3.37"
02t Fo1e) = 2.98
F(201 7) = 175
-02 1 Fo15-2017) = 244
-04}
-06L
Width | A3

F(a015) = 5.06"
Fao16) = 164"
Fa017) = 1.04
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for 2015-2017

Fig. 2. The influence of the type of cytoplasm (A3, A4, 9E) on the GCA and SCA of the iso-nuclear CMS lines of sorghum for the length and width

of inflorescence.
*p>0.95.

Table 3. The combining ability of the iso-nuclear CMS lines of sorghum Zheltozernoye 10
with genetically different types of sterile cytoplasms (A3, A4, 9E) for panicle mass and number of grains per panicle

CMS type Panicle mass Number of grains per panicle

2015 ...................... 2 016 ..................... 2 017 ..................... 2 015 ..................... 2 016 ..................... 2 017 ..................... M ean ..................
GCAeﬁects .............................................................................................................
A 0es 124 022 1% a9 087 1463
DY 19 002 266 704 633 64 79s
95_055_122 ....................... 2 44_1507_3685 ..................... 6 555 ...................... 332 ................
|: ................................... 2 33 ...................... 8 17* ..................... 2 94 ........................ 133437* ....................... 210 ...................... 027 ................
........................................................................................................... 5 CAd|Sper5|on
o 2606 T s 1809414 1380867 1507285 583994
DY 1840 359 28 1212040 915416 | 2300635 635338
e 29 847 ng 1722155 1588396 2315641 752193
|:409* ................... 3 11* ....................... 103 ............................. 324* .................... 289* .................... 071 ..................... 053 ..............
*p>0.95

A stimulating cytoplasmic effect on CA of CMS lines for the
panicle mass and number of grains per panicle was established
in 2015-2016, i. e. under drought conditions of the cultivation
of F, hybrids. At the same time, the effects of GCA for weight
and number of panicle mass were significantly higher in A3
Zh10 (1.24 and 43.19, respectively), and the SCS dispersion
was lower in A4 Zh10 (in different seasons: 3.59—18.40 and
9154.16-12129.40, respectively) (Table 3).

The GCA effects of maternal lines for grain yield did not
differ significantly (Fig. 3). On average for three-year trails,

indicators of the A3 cytoplasm were slightly higher than for
A4 and 9E cytoplasms (0.06 vs. —0.10 and 0.03, respective-
ly). Cytoplasmic effects on SCA dispersion for grain yield
were noted only in 2015: cytoplasm A3 significantly increased
it in comparison with A4 and 9E cytoplasms.

Discussion

The analysis of the combining ability of CMS lines is the
most important step in sorghum hybrid breeding. One of the
effective methods for analysis of CA is the topcross method.
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Fig. 3. The influence of the type of cytoplasm (A3, A4, 9E) on the combin-
ing ability of iso-nuclear CMS lines of sorghum for grain yield.

*p>0.95.

According to this method, all the studied lines are crossed
with several tester lines (Kilchevsky et al., 2008). The GCA
of parental line is measured by the average deviation of the
trait for all hybrids with the line from the total average for all
hybrids (Khotyleva et al., 2016). This method allows com-
paring different lines with each other, and the more testers
involved in hybridization, the more accurate the results of such
a comparison. In our study, iso-nuclear CMS lines that differ
from each other only in the type of cytoplasm were involved
in crosses. F, hybrids were obtained with each of these lines,
and the same lines were used as paternal parents. Therefore,
a comparison the sets of F, hybrids allows us to identify the
presence or absence of the influence of the cytoplasm on the
combining ability of the studied CMS lines.

The experimental data presented above demonstrate the
effect of the cytoplasm on the CA of iso-nuclear sorghum
lines. Over three years of testing, on average, a positive ef-
fect of the 9E cytoplasm on GCA for the inflorescence length
(0.63) and negative effects of A3 and A4 cytoplasms (—0.32
and —0.31, respectively) on GCA for this trait were found.
It should be noted that to study cytoplasmic effect on GCA
for the traits determining the grain productivity of hybrids,
we used panicles that set seed after free pollination. We used
such approach because among the pollen parents used in our
experiment, there were no CMS A3 restorers; fertility re-
storers of this type of CMS are extremely rare (Worstell et al.,
1984; Torres-Cardona et al., 1990; Dahlberg, Madera-Torres,
1997). CMS A4 and 9E restorers were few and not capable of
restoring CMS A3 fertility. Nevertheless, male-sterile hybrids
grown with the free pollination regime among hundreds of
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thousands of fertile plants in experimental field, had 100 %
seed set on all panicles of the studied hybrids. This approach
has already been used previously in the study of hybrids with
A3 CMS (Moran, Rooney, 2003).

It is noteworthy that the manifestation of cytoplasmic ef-
fects depends on the hydrothermal regime of plant growth.
For example, significant positive effects of cytoplasms on
GCA were found in dry seasons: for 9E (for the length of the
largest leaf), and for A3 (for plant height), while there were
no differences between them in the wet season. Remarkably,
in conditions of drought, the A4 cytoplasm had a negative
effect on CA for many traits (leaf length and width, number
of grains per panicle, and yield). Apparently, A4 cytoplasm
is less resistant to extreme drought conditions (lack of the
necessary amount of precipitation, accompanied by high
average daily air temperatures). As a result, the combining
ability of the CMS line A4 Zheltozernoye 10 for the complex
of studied traits turned out to be lower. Perhaps it is for this
reason, the significance of the influence of the cytoplasm on
GCA and SCA were observed only in a particular season. In
addition, the manifestation of the effects of GCA is less de-
pendent on environmental conditions than SCA. For example,
CMS lines differ in the SCA for the length of the largest leaf
(2015), width of the largest leaf (2015-2016), plant height
(2016), panicle mass and number of grains per panicle (2015),
grain yield (2015), while the effects of GCA for these traits
in these seasons were not significant. A similar dependence
of the manifestation of cytoplasmic effects on environmental
conditions was found in pearl millet, with cytoplasms A4
and AS showing greater environmental sustainability com-
pared to cytoplasms A1, A2 and A3 (Chandra-Shekara et al.,
2007).

According to published data, the effect of CMS type on
panicle length was observed in maize hybrids (Kabanova et al.,
2015); cytoplasmic effects on leaf parameters were revealed
in maize hybrids with C- and S-types of CMS: hybrids with
C-type CMS had higher leaf length, while S-type hybrids had
higher leaf width (Frankovskaya et al., 1995).

In sorghum, the influence of the cytoplasm type on GCA
for grain yield and mass of 100 grains was previously noted
in the study of Indian researchers, while cytoplasm A2 had
an advantage over Al and A4 cytoplasms (Kishan, Borikar,
1989; Ramesh et al., 2006; Reddy et al., 2007, 2009). In our
studies, it was found that 9E cytoplasm increased leaf width
in sorghum-sudanense hybrids (Kibalnik, Elkonin, 2012). In
grain sorghum hybrids this cytoplasm increased photosynthe-
tic potential during the “heading—full maturity” period (Bych-
kova, Elkonin, 2016), in comparison with A3 cytoplasm. The
effect of a sterile cytoplasm on the CA of sorghum CMS lines
for the intensity of the initial plant growth was also found,
the 9E cytoplasm contributing to an increase, and A4 cyto-
plasm contributing to a decrease of GCA effects (Elkonin
et al., 2018). The positive effect of the 9E cytoplasm on CA
for biomass productivity in dry seasons was also established
(Elkonin et al., 2018), while A3 cytoplasm had a stimulating
effect on grain yield in the dry and hot season (Bychkova,
Elkonin, 2017). The totality of these data indicates that the
cytoplasm plays a significant role in the manifestation of
many agronomically valuable traits in sorghum, reducing or
increasing the resistance of plants to drought stress.
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Conclusion
The effect of the cytoplasm on the combining ability of sor-
ghum lines for a number of agronomically valuable traits
(plant height, length and width of the largest leaf and of the
inflorescence, panicle mass and number of grains per panicle,
grain yield) was found. The manifestation of cytoplasmic ef-
fects in sorghum hybrids depends on the specific interaction
of the genotypes of the parental lines and hydrothermal factors
of the growing season. Significant differences in the combin-
ing ability of the iso-nuclear lines of Zh10 with the cyto-
plasms A3, A4 and 9E were observed during the dry seasons
of vegetation (2015-2016). A3 Zh10 was distinguished by
the highest GCA for the plant height, while 9E Zh10 — by the
high SCA dispersion for this trait. For the length and width
of the largest leaf, the highest SCA dispersion indicators are
characteristic for the A3 Zh10 line. For the length and width
of the inflorescence, the highest GCA effect and SCA disper-
sion were noted in the 9E Zh10 line. For panicle mass and the
number of grains per panicle, the highest GCA effects were
found in the A3 Zh10 line. The 9E Zh10 line had the highest
SCA dispersion for the grain yield. A4 cytoplasm reduced
combining ability for majority of the studied traits.

These experimental data can be used in grain sorghum
breeding programs aimed at creating drought tolerant F, hy-
brids with improved agronomically valuable traits.
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