AGRICULTURAL BIOLOGY, ISSN 2412-0324 (English ed. Online)
2017, V. 52, Ne 5, pp. 952-963

(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print)
ISSN 2313-4836 (Russian ed. Online)

UDC 633.174:631.527.56:577.21 doi: 10.15389/agrobiology.2017.5.952rus
doi: 10.15389/agrobiology.2017.5.952eng

POLYMORPHISM OF GRAIN SORGHUM FROM VIR WORLD
COLLECTION FOR THE CHARACTERS ASSOCIATED WITH
THE CMS-Rf GENETIC SYSTEM

I.N. ANISIMOVAL, D.N. RYABOVA!L, E.V. MALINOVSKAYAZ2, N.V. ALPATIEVAL,
Yu.I. KARABITSINAL, E.E. RADCHENKO!

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources, Federal Agency of Scien-
tific Organizations, 42-44, ul. Bol’shaya Morskaya, St. Petersburg, 190000 Russia, e-mail irina_anisimova@inbox.ru
(corresponding author);

2Kuban Experiment Breeding Station, Branch of Federal Research Center the N.I. Vavilov All-Russian Institute of Plant
Genetic Resources, Federal Agency of Scientific Organizations, 2, ul. Tsentral’naya, pos. Botanika, Gul’kevichskii
Region, Krasnodarskii krai, 352183 Russia

ORCID:

Anisimova 1.N. orcid.org/0000-0003-0474-8860 Alpatieva N.V. orcid.org/0000-0002-5531-2728
Ryabova D.N. orcid.org/0000-0002-1729-0900 Karabitsina Yu.l. orcid.org/0000-0002-8384-5134
Malinovskaya E.V. orcid.org/0000-0002-0547-0760 Radchenko E.E. orcid.org/0000-0002-3019-0306
The authors declare no conflict of interests

Acknowledgements:

The sequencing was carried out using equipment of the ARRIAM Center of Genomic Technologies, Proteomics
and Cell Biology (St. Petersburg).

The authors thank A.G. Pinaev (ARRIAM, St. Petersburg) for assistance in DNA sequencing

Received July 3, 2017

Abstract

Seven different types of cytoplasmic male sterility (CMS) are known for the grain sorghum
(Sorghum bicolor L. Moench), however, only Al (milo) is used in heterotic hybrid breeding. The ge-
netic control of pollen fertility restoration of CMS Al is complex and determined by two or three Rf
(Restoration of Fertility) genes, and also by a number of modifiers. It is very little known about mo-
lecular mechanisms of CMS Al and fertility restoration. Only one gene, Rf1, is identified at the mo-
lecular level (R.R. Klein et al., 2005). In the present paper we have demonstrated for the first time
the nucleotide polymorphism in the coding regions of the recessive and dominant alleles of Rf2 gene
and also of the candidate RFL-PPR gene homologous to the rice RfI gene. . Here, we studied poly-
morphism of the CMS-Rf genetic system related traits in sorghum accessions from the VIR collec-
tion, including the fertility restorers k-928 and k-929; a half-restorer k-1362, the sterile lines A-
10598 and A-83 (CMS Al) and their fertile analogs, the Fg-F; BC|-BC,; sister lines resistant to
Schizaphis graminum Rond. which have been isolated among the hybrids derived from crosses be-
tween the sterile (CMS Al) line N-81 and lines k-929 and k-928, and also hybrids between the sister
lines. For investigating variability of candidate genes associated with the CMS- Rf genetic system the
reference sequences were selected from the bioinformatic database (http://www.ncbi.nlm.hih.gov),
the eighth specific primers were designed, and the fragments amplified on the DNA of genotypes dif-
fering by the ability to suppression of the CMS phenotype were sequenced. In the CMS lines and
fertility restorers a significant polymorphism (18 polymorphic sites) was revealed in the 825 bp frag-
ment of the Rf2 coding region (reference fragment XM_002459403.1, chromosome SDI02) and also
in RFL-PPR candidate gene located in the chromosome 3 (reference fragment XM 002458104.1).
The sequenced regions of the structural nuclear gene ALDHZ2b encoding mitochondrial aldehyde de-
hydrogenase, the maize Rf2 gene homolog, and also of the mitochondrial FOF1 ATPase alpha subu-
nit were identical in the CMS and fertility restorer lines. Variability of pollen fertility indices was
studied using acetocarmine stained cytological preparations. The lines resistant to S. graminum, and
their hybrids differed in the percentage of stained (fertile) pollen grains, the presence of anomalous large
pollen grains (54-70 um in diameter), giant pollen grains (up to 84 um in diameter) and deformed pol-
len grains. In the fertile Fg-F|, BC{-BC; lines which derived from the hybrids produced in crossings
with fertility restorers, the frequency of stained pollen grains was relatively high and reached 72.2-83.8
% for k-929, and 57.4 and 63.4 % in two lines, respectively, for k-928; large pollen grains occurred at
different frequency in five lines, and the giant ones were observed in two lines. The variability in pollen
fertility could be due to the differences in the alleles derived from the recurrent parent.

Keywords: Sorghum bicolor L. Moench, grain sorghum, CMS, fertility restoration, Rf, pol-
len fertility, candidate genes, nucleotide polymorphism



The phenomenon of cytoplasmic male sterility (CMS) was discovered in
the United States in 1931 by M. Rhoades and in the USSR by M.I. Khadzhinov
(All-Union Institute of Plant Industry — VIR). To date, it has been described
for more than 150 species of plants [1, 2]. CMS is widely used in the production
of hybrid seeds of many crops (maize, rice, rape, cotton, sunflower, cabbage,
etc.). The creation of heterotic hybrids based on CMS is considered as a priority
of modern breeding programs for sorghum (Sorghum bicolor L. Moench), an im-
portant cereal crop widely spread in arid and semi-arid regions of the planet.
The first mention of heterotic hybrids of sorghum dates back to 1927 [3, 4];
however, commercial hybrids were made only after the discovery of stably inher-
ited cytoplasmic male sterility Al (milo) in Kaffir sorghum and the sources of
pollen fertility restoration [5]. Later, alternative types of CMS — A2-A6, 9E [6]
were identified, but because of the difficulties in obtaining reliable sources of fer-
tility restoration genes, as well as the epigenetic variability of the trait depending
on environmental conditions [7-9], CMS Al only is used for breeding programs
[10]. At least two main genes, RfI [11] and Rf2 [10], whose dominant alleles are
responsible for the restoration of the Al-milo CMS fertility, have been identified
by hybridological analysis. Their manifestation depends on the environmental
conditions and the action of the modifier genes. It is also suggested that in the
case of CMS Al, pollen fertility restoration is controlled by the dominant alleles
of the main and two duplicated complementary genes, whereas it is determined
by the dominant alleles of the three genes interacting complementarily in CMS
A2 and A3 [12]. The Rf5 gene and a number of modifiers that restore the pollen
fertility of CMS Al and A2 have been found [13]. Fertility restoration with
CMS A3 is controlled by dominant alleles of Rf3 and Rf4 genes at gametophyte
level [14], and is explained by paramutations of Rf genes at sporophyte level
[15]. The molecular mechanisms of CMS manifestation and fertility restoration
in sorghum have been little studied. It has been shown that, like in other plants,
sorghum CMS is caused by aberrant mitochondrial genes [16].

Most of the Rf genes characterized to date (in petunia, maize, rice, rad-
ish) encode proteins that contain repeating motifs of 35 amino acid residues
(PPR, pentatricopeptide repeats) and regulate the coordinated work of the nu-
cleus and mitochondria. PPR genes with the fertility restoration function are al-
located to a separate subfamily RFL-PPR (Restoration of Fertility Like-PPR). The
structural and functional diversity of PPR-RFL genes is supported by the varia-
bility of PPR motifs, as well as by the complex cluster organization of Rf locus
in the genome [17-19].

Only one gene for pollen fertility restoration, RfI, has been characterized
for sorghum at the molecular level [11]. It was found that the locus Rf! is in the
linkage group 08 and includes four open reading frames (ORFs) that code for
Ca2*-ATPase of the plasma membrane, cyclin D-1, and also an unknown mito-
chondrial protein containing 13 PPR motifs and belonging to the E-type of PPR
genes subfamily. There are 19 polymorphic sites in the coding sequence and in
the 5'- or 3'-end flanking regions of the dominant and recessive alleles of the
candidate gene PPRI3. Sorghum PPRI3 gene differs significantly from other
representatives of the PPR-RFL genes subfamily in the structure of PPR motifs
[19-21]. Another candidate gene (Rf2) is located on 236,219 bp region of SDI02
chromosome. The region includes 31 ORFs, including one PPR gene character-
ized by high similarity to the rice gene RfI [10]. The polymorphism of the nu-
cleotide sequences of the dominant and recessive alleles of the Rf2 locus has not
yet been studied thus limiting the development of specific molecular markers for
their identification. Other sequences of sorghum genome potentially associated
with pollen fertility restoration were not identified, too.



The VIR collection of sorghum totals about 9 thousand accessions. In
the collection, there are CMS Al (milo) sterile lines, fertility restorers and ste-
rility maintainers. In sorghum, like many other plants, cytological analysis of
pollen in F; hybrids is used, in addition to seed setting rate under self-
pollination, to assess the male fertility restoration [8, 13, 22]. However, the
variability of this trait and the polymorphism of genomic sequences potentially
associated with the CMS-Rf genetic system have not yet been studied yet in
the samples of VIR collection.

In this study, we first reported on significant nucleotide polymorphism
in coding regions of Rf2 gene recessive and dominant alleles (the reference
fragment XM_002459403.1, chromosome SDI02), and also of the candidate
gene RFL-PPR (the reference fragment XM _002458104.1) homologous to the
rice gene RfI.

In order to elucidate the character of variability associated with the
CMS-Rf genetic system in sorghum lines, we studied nucleotide polymorphism
of the candidate genes associated with the genetic system CMS-Rf, and com-
pared the formation of pollen in fertile forms and plants with a sterile cytoplasm
of type Al (milo).

Techniques. Studied sorghum samples were the VIR collection accessions
which differ in their ability to restore pollen fertility, i.e. fertility half-restorer k-
1362; restorer lines k-928 and k-929; sterile lines A-10598 and A-83 based on
CMS Al (milo) and their respective fertile counterparts B-10598 and B-83; sis-
ter lines Fg-F;, BC-BC, resistant to Schizaphis graminum Rond. which were de-
rived from the hybrids produced by crossing sterile line (CMS Al) Nizkorosloe
81 (N-81) with the restorers k-928 and k-929; F| hybrids from crosses of the
sterile and the fertile lines [23]. The lines k-928 and k-929 selected from the
samples of grain sorghum Dzhugara Belaya from Western China possess different
alleles of for resistance to . graminum [24]. The sample k-1362 (Dzhugara Be-
laya, Syria) is a donor of resistance to S. graminum and the fertility half-restorer.
The sterile lines of grain Kaffir sorghum A-10598 and A-83 and their fertile ana-
logues B-10598 and B-83 entered the VIR collection from India in the 1980s.
The lines and hybrids were grown in 2014-2016 (field tests, VIR Kuban Experi-
mental Station, Krasnodar Krai).

For estimation of pollen fertility, mature anthers were collected early in
the morning in the period of mass flowering and fixed in 70 % ethanol. The pro-
portion of pollen fertile grains was counted according to Navashin method |[cited
from 25] in preparations stained with aceto-carmine glycerol (Zeiss Axioplan 2
imaging, Carl Zeiss, Germany). The percentage of fully stained (fertile), weakly
stained and unstained pollen grains (PGs) was calculated based on at least 30
fields of view at a magnification of X20 and considering pollen diameter, uni-
formity in diameter and the presence of abnormal PGs.

DNA was extracted according to a CTAB protocol [26]. Eleven sequenc-
es were identified as a result of bioinformatic search (GenBank database, NCBI,
USA) (http://www.ncbi.nlm.hih.gov). These sequences have a homology to the
nuclear Rf genes and mitochondrial genes associated with CMS in sorghum [27]
and other plant species. Eight pairs of specific primers flanking the full-sized and
internal fragments were designed based on four selected reference sequences
(Table 1). Amplicons produced with the developed primers using template DNA
of genotypes, contrasting in pollen fertility, were purified in 1 % agarose gel and
sequenced on a genetic analyzer ABI 3500xl (Applied Biosystems, USA). The
alignment and analysis of the sequences were implemented using Mega 5.1 soft-
ware (http://www.megasoftware.net/) [28].

The means (M) and standard error of means (f£m) were calculated for



the fertile pollen grains number.

Results. To determine the variability of Rf2, one of the main genes for
CMS Al fertility restoration located on chromosome 8, we studied the polymor-
phism of fragments amplified using designed primers specific for the S. bicolor
genomic sequence (XM_002459403.1) which contains PPR motifs and is the
closest [10] to the sequence of rice Oryza sativa L. RfI gene restoring the fertility
of CMS type BTII (Boro II) (Table 1). In this, we revealed a similarity of the
reference fragment with several fragments of sorghum genome (presumably, the
gene RfI sequences) and also with the predicted fertility restorer genes of Setaria
italica (L.) P. Beauv. and Zea mays L. The reference fragment length was 951 bp
and the sequenced fragment size was 825 (positions 76-901). The length of in
silico translated sequence was 275 bp.

1. Primers designed to amplify fertility restoration gene homologs in Sorghum bicol-

or L. Moench
Positions in
Reference Sequenced
. . . the refer-
fragment Gene, protein Primers, nucleotide sequence 5'—3’ fragment,
(length) bp ence se-
quence

XM_002458104.1 Not identified, 02458104fwl: CACCCAATTCTCCAGACCAT 818 301-1119
(2801 bp) PPR protein  02458104revl: ACATCTGCCGGTACATAGCC

02458104fw2: GGCTATGTACCGGCAGATGT

02458104rev2: GATGGGATCAAATGGAATGG

104_inner_fw: TTGCTTGCATGGAGAAATTG

104_inner_rev: CTGCGAGATCACAGCAGTTG
XM_002459403.1 Rf2, 2459403fw: CAGGGGCCAAATGTTGTTAC 825 76-901
(951 bp) PPR protein ~ 2459403rev: CACAGTTTTATATTTTCCGTGAT-

AGTG
AJ278689.1 atpA, AJ278689fw: AACTTTTACACGAATTTTCAAGTGG 1183 60-1243
(1324 bp) a subunit of  AJ278689rev: TGACAGCAGCATAAATAACAACAA

ATPase syn-  AJ inner fw: TCCTATAGGCCGTGGTCAAC
thase FOFL  AJ jnner_rev: CGTCTCCAGCTTGTGTTTCA

AB084898.1 ALDH?2b, AB084898fw: TTCTGGTTTTGGCCCTACTG 738 858-1596

(2159 bp) mitochondrial  AB084898rev: CTCTTCTAACAAATGTTTTTTCAT-
aldehyde dehy- AAT

drogenase AB_inner_fw: AACCATACGAATAAAGCCTTGC
AB_inner_rev: CTCGCATTTGCCCTCTTAAT

For the restorer lines k-928 and k-929, presumably carrying dominant
alleles of Rf2, the studied sequences differed in six nucleotide substitutions,
whereas sterile lines A-10598 and A-83, the carriers of recessive alleles, differed
in three nucleotide substitutions. The reference sequence which originates from
of BT X 623 line, a maintainer of sterility with a putative genotype rf2rf2, was
more similar to the sequences of the sterile lines A-10598 and A-83 and differed
from them in two and four polymorphic nucleotide positions, respectively. At
the same time, the sequenced fragments of k-928 and k-929 genomes differed
from the reference fragment and fragments found in sterile lines in 18 nucleo-
tides substitutions and 7 amino acid substitutions (Fig. 1). It is known that the
polymorphism of the coding sequences of Rf genes of plants, particularly Rf/
gene in sorghum, is associated with their functional status [11, 18]. We can as-
sume that the polymorphic sequences identified in CMS lines and fertility re-
storers, are different allelic variants of gene Rf2 which products are involved in
editing mitochondrial RNA. In the sequences, we found six and five PPR re-
peats for the carriers dominant and recessive Rf2 alleles, respectively. In general,
the Rf2 locus polymorphism in the dominant and recessive allele carriers was
relatively high (2.2 % of polymorphic sites).

We studied polymorphism of 2,801 bp XM_002458104.1 fragment located
on chromosome 3, using three pairs of primers (Table 1, Fig. 2). XM _002458104.1
contains 17 PPR repeats and is the closest to nuclear gene Rfo of radish Raphanus
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Fig. 1. Alignment of the nucleotide sequences of the candidate gene Rf2 of Sorghum bicolor L. Moench
lines from the world VIR collection: k-928 and k-929 — carriers of dominant allele, A-10598 and A-
83 — carriers of recessive allele; XM_002459403 — reference fragment. For comparison, homolo-
gous fragments of the genes Rf Setaria italica and Zea mays are given.

sativus (L.) Domin., restoring the fertility of CMS Ogura [29], and the gene RfI of
rice O. sativa Japonica Group. The reference fragment and 818 bp DNA fragment
of line A-83 genome were identical, but differed from the DNA fragment of the
fertility restorer k-929 (17 polymorphic sites and 8 amino acid substitutions re-
vealed) (Fig. 2). The highest similarity (90 % identical nucleotide positions) was
found between the identified fragment and XM_008677263.2 sequence from Gen-



Bank database for Zea mays PPR protein.
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Fig. 2. Alignment of the nucleotide sequences of the locus encoding mitochondrial PPR protein in
Sorghum bicolor L. Moench lines from the world VIR collection: k-929 — fertility restorer, A-83 —
sterile line; XM _002458104.1 — reference fragment. For comparison, the homologous sequence of
Zea mays is given.

Rf2, one of maize genes restoring fertility of T-type CMS line, encodes
the aldehyde dehydrogenase (ALDH), the enzyme catalyzing oxidation of alde-



hydes. It is known that ALDH is involved in the detoxification of acetaldehyde,
produced during the development of pollen, also ALDH may be involved in cell
energy metabolism, especially during anther development, and possibly interacts
with the mitochondrial protein URF13 related with the T-type CMS in maize
[30, 31]. It is believed that the action of ALDH as a fertility restorer controlled
by gene Rf2 is due to the tunnel cavities on the surface of the enzyme molecule,
through which the protein can bind long-chain ligands of different lengths
and/or potentially toxic products of the mitochondrial CMS gene expression
which are harmful for pollen development [32].

To test the hypothesis about the possible involvement of sorghum alde-
hyde dehydrogenase gene in control of pollen fertility restoration, we designed
primers specific for coding sequence of the enzyme based on ALDH2b mRNA of
S. bicolor (AB084898.1) from GenBank database. In sorghum ALDHZ2b, a gene
of subfamily 2 of the extensive ALDH superfamily of higher plants, nucleotides
located at the positions 858-1596 was homologous to the ALDH sequences of
other cereal species including maize (94 % identical amino acid residues). At
the same time, we found no differences between the fertility restorers and
CMS lines in nucleotide sequences of this fragment. It should be noted that we
succeeded to determine the sequence of an extended 2055 bp region of
ALDH?2b gene of line A-83, but sequenced and reference fragments differed
considerably in the N-terminal regions. It may be due to a considerable varia-
bility of residues in the specified part of the molecule [32] or the presence in
the amplified product of an intron or introns information of which is still lack-
ing for sorghum and maize ALDH genes.

It is known that promoter regions of ATP-synthase genes or parts of
these genes are found in many mitochondrial loci associated with CMS. For ex-
ample, gene wurf13-T associated with T-type CMS in maize contains 59 nucleo-
tides from the regulatory region of the afp6 gene. Gene orf221 linked to and co-
transcribed with urf13-T was identified as a fragment of gene encoding a subunit
of FO component of ATP synthase FOF1 [16]. We used AJ278689.1 sequence
(GenBank database) of gene atpA encoding the o subunit of ATP-synthase FOF1
of line CS3541, the fertility restorer for CMS Al, as a reference sequence to an-
alyze fragments of S. bicolor mitochondrial genome potentially associated with
CMS Al. Aligned fragments had a length of 1183 bp and were identical in epy
forms with sterile (A-83) and fertile (k-929) cytoplasm types. The translation
products of these sequences in the CMS line and the restorer line, as well as the
reference sequence AJ278689.1 and sequences coding o subunit of ATP-synthase
FOF1 in maize, rice, Triticum aestivum L., T. durum L., and Secale cereale L.
were highly homologous.

Thus, in this work, the polymorphism of nucleotide sequence fragments
of a candidate gene Rf2 which controls fertility restoration for CMS Al in sor-
ghum was revealed for the first time. The greatest number of polymorphic sites
was found when comparing these sequences in sterile lines and restorers. In par-
ticular, the nucleotide polymorphism was found in the fertility restorers k-928
and k-929 which served as parental forms for S. graminum resistant lines Fg-Fi;
BC;-BC,. These lines have sterile cytoplasm and, apparently, differ in allelic
composition of Rf genes derived from the male parent. Despite the high homo-
zygosity of the lines Fg-F{, BC;-BC,, their pollen fertility varied significantly.

The studied genotypes differed significantly both in the amount of fertile
(stained) pollen grains and in their diameter (Table 2). It has been reported [33]
that normally the diameter of fertile PGs in diploid sorghum does not depend on
the year condition and varies within 37.5-54.2 um. PGs of more than 54.2 um in
diameter (large pollen grains) occur in diploid sorghum quite rarely and, appar-



ently, contain an unreduced number of chromosomes. B-10598 line, the fertile
analog of CMS A-10598 line, as well as k-1362 and k-928 (75.5 %, 100.0 % and
83.3 % of fertile PGs, respectively), was characterized by high pollen quality. At
the same time, k-1362 and k-928 had a large number of large PGs with a diameter
of 55 to 70 um. Seven fertile lines Fg-F, BC{-BC; resistant to . graminum which
were selected from the hybrids N-81 % k-928 and N-81 x k-929, showed a rela-
tively high percentage of fertile PGs. This index was slightly higher for five lines
in which k-929 served as the donor of the Rf genes (72.2-83.8 %, respectively)
than that for two lines from crosses with k-928 (57.4 % and 63.4 %, respective-
ly). Different frequency of large PGs of 55-70 pmin diameter showed five lines,
and two lines had giant PGs of up to 84 um in diameter.

2. Pollen grains of sorghum (Sorghum bicolor L. Moench) lines with different types of
cytoplasm from the world VIR collection

Type Characterization of pollen grains
Sample |of cyto- Genotype F PGs, % | D PG, um | G PGs, | L PGs, |D uniformi-
plasm (M=*m) min | max | % % ty/abnormal PGs

k-1362 F Fertility half-restorer
Dzhugara
Belaya 100 51.8  68.9 0 70.0 +/-
k-928 F Fertility restorer
Dzhugara
Belaya 83.3£3.73 40.1 60.5 0 60.0 -/-
B-10598 F Sterility maintainer 75.51£9.71 422 483 0 0 +/-
2146/15 S Fertile line FgBC,

(N-81 % k-929) 75.3£4.65 199 503 0 0 -/-
2148/15 S Fertile line Fj(BC,

(N-81 % k-929) 76.6£5.56 26.5 58.5 1.8 0 +/+
2149/15 S Fertile line Fj(BC,

(N-81 % k-929) 75.6£3.30 27.6 522 0 0 +/-
2150/15 S Fertile line Fj(BC,

(N-81 % k-929) 83.84£3.66 28.7 84.3 2.7 8.2 -/-
2151/15 S Fertile line, F,BC,

(N-81 % k-929) 72.2+6.34 164 572 0 2.1 -/-
2152/15 S Fertile line F,BC;

(N-81 x k-928) 63.4+3.90 20.8 56.1 0 2.8 —/+
2153/15 S Fertile line F,BC;

(N-81 x k-928) 57.4£3.20 28.5 56.1 0 3.1 -/-
73/16 S Hybrid F; between

sterile line and fertility

restorer 27.0£588 134 525 0 0 —/-
74/16 S Hybrid F; between

sterile line and fertility

restorer 58.3£8.96 28.5 60.2 0 3.0 -/-
Note. F PGs — fertile (stained) pollen grains, D PG — diameter of pollen grains, G PGs — giant pollen grains
(diameter > 70-80 microns), L PGs — large pollen grains (diameter > 55 microns); “+” or “~” mean presence

and absence of traits.

Only the line 2149/15 of seven analyzed sister lines had PGs uniform in
the diameter. Since fertile lines have sterile cytoplasm inherited from the mater-
nal form N-81, it can be assumed that their genotypes contain alleles of nuclear
Rf genes derived from the male parents which to varying degrees influence pol-
len fertility restoration under sterile cytoplasm. Deformed PGs were encountered
in two lines. The hybrids from the crosses of sterile lines resistant to S. graminum
with presumably fertility-restoring sister lines also significantly differed in the
proportion of fertile pollen, from 9.0 % to 58.3 % for different F; plants. One of
the hybrids from crossing the sterile line with the sister maintainer line was
completely sterile and did not form pollen while the other had pollen in the an-
ther, which, however, was not stained, that is, was sterile. Thus, the variability in
pollen fertility rates observed in the S. graminum resistant sister lines and in the
interlinear hybrids derived from crossing with these lines indicates differences in
the alleles of genes participating in fertility restoration (possibly minor genes or
modifier genes), which is consistent with the hypothesis of complex genetic con-



trol of the trait [13].

Thus, the nucleotide sequence of Rf2, which is a candidate gene for fer-
tility restoration of CMS Al in sorghum, is polymorphic in the sterile lines A-
10598 and A-83 and in the pollen fertility restorers k-928 and k-929 (Dzhugara
Belaya). A 825 bp fragment of coding sequence of Rf2 gene in the carriers of re-
cessive and dominant alleles differs in 18 polymorphic sites, and the translated
sequence differed in seven amino acid substitutions. The genomic fragment of
one of the PPR genes homologous to the rice gene Rf7 (XM _002458104.1) is
highly polymorphic in the lines differing in ability to suppress CMS phenotype,
and contains 17 polymorphic sites. Identified polymorphism can be used in the
development of allele-specific molecular markers for Rf2 locus. The sequenced
1183 bp fragment of mitochondrial gene afpA, which encodes ATP synthase
FOF1 subunit, and the 738 bp fragment of ALDH2b aldehyde dehydrogenase
nuclear gene are identical in the studied lines. Lines Fg-F, BC;-BC,; resistant
to Schizaphis graminum, which were selected among hybrids derived from
crosses of CMS line Nizkorosloe 81 with fertility restorers k-928 and k-929, as
well as hybrids between these lines differ in pollen fertility and the presence of
large, giant and abnormal pollen grains. Since these lines have sterile cyto-
plasm, it can be assumed that they carry different alleles of genes derived from
the recurrent parent that affect the manifestation of pollen fertility restoration.
Grain sorghum lines resistant to S. graminum can serve as a model for studying
mechanisms of pollen fertility restoration.
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