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Background. Enhancing rice yields through hybridization and the identification of fertility restorer genes is crucial for improv-
ing self-sufficiency and addressing nutritional needs. This study aims to explore the presence of these fertility restorer genes in
selected rice genotypes using SSR markers.

Materials and methods. To identify the fertility restorer gene(s) in diverse rice genotypes, including local and breeding rice
varieties, foreign fertility restorers, advanced mutant rice lines, and two cytoplasmic male sterile lines (JelodarA and NematA)
were screened using molecular markers. Six SSR markers were employed to identify the allelic status of the major fertility re-
storer genes Rf3 and Rf4.

Results and conclusion. Results of molecular testing indicated that the genotypes IR68061R, IR50, IR 68061-27-3-2-2-3R,
IR 73014-59-2-2-2R, M9-P10-2-2-2-2-1, M9-P18-6-1-1-2-1, MILYANG 54, SUWEON 294, IR 9761-19-1, and IR46R possessed
the Rf4 gene through three markers: RM171, RM6100,and RM228. Additionally, the presence of both fertility restorer genes Rf3
and Rf4 in the IR67924R, IR 57301-158-1R, M9-P12-5-3-2-2, M9-P15-6-2-1, and NSIC RC 352 genotypes was confirmed with
all markers. These genotypes were identified as the best fertility restorers for hybrid rice breeding. Overall, the identification
and evaluation of these genotypes can facilitate improved rice production and enhance food security in developing countries.

Keywords: cytoplasmic male sterility, fertility genes, rice breeding programs, three-line hybrid

Acknowledgements: this research is based on the results obtained from the corresponding author’s PhD thesis. We thank the
management of Sari Agricultural Sciences and Natural Resources University for providing the necessary facilities to conduct
this research. Furthermore, the authors thank the reviewers for their contribution to the peer review of this work.

For citation: Afkhami Ghadi A., Khademian R., Nematzadeh G.A., Babaeian Jelodar N., Bagheri N. Identification of fertility re-

storer genes Rf3 and Rf4 in diverse rice genotypes using SSR molecular markers. Proceedings on Applied Botany, Genetics and
Breeding. 2025;186(4):131-141. (In Russ.). DOI: 10.30901/2227-8834-2025-4-131-141

© Afkhami Ghadi A., Khademian R., Nematzadeh G.A., Babaeian Jelodar N., Bagheri N., 2025

TPY/IbI 110 TPUKJIA/THOM BOTAHUKE, TEHETUKE U CEJIEKLIWH / 131
PROCEEDINGS ON APPLIED BOTANY, GENETICS AND BREEDING. 2025;186(4):131-141


mailto:a_afkhami@areeo.ac.ir

OPUT'MHAJIbHASA CTATBA « ORIGINAL ARTICLE

UJIEHTUPUKALNA TEHETUYECKOI'O PABHOOBPA3UA
KYJIbTYPHBIX PACTEHUHM U UX IMKUX POJAWUYEN JIJ11 PEIIEHUA
OYHAAMEHTAJIBHBIX U IPUKJ/IAIHBIX TPOBJIEM

HayyHas ctaTbsa
DOI:10.30901/2227-8834-2025-4-131-141
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AKTya/IbHOCTb. [l0BbIlI€eHHE YPOXKAHHOCTH pHca NyTeM rHOpUM3ali U UAEHTUPHUKALMY FeHOB — BOCCTAaHOBUTeIel dep-
TUJIBHOCTH MMeeT pellalollee 3Ha4YeHHUe /I OBbIIIEHUS caMoo6ecredeHus U Y/IOBJIeTBOPEHHUs MOTPe6GHOCTEN B MUTaHUU.
[lesb JaHHOTO MCCJIEZI0BAHUSA — ONpe/ieJIeHHe TaKUX 'eHOB — BOCCTAHOBUTeJIed GepTUIbHOCTH B OTOOPAHHBIX T€HOTHIIAX
puca c nomolbo SSR-MapkepoB.

Marepuasibl 4 MeToAbl. /g n/ileHTHQUKALIMK TeHOB — BOCCTAHOBUTE el GpepTUIBHOCTH B Pa3/IMUHBbIX T€HOTHIAX pHUCa,
B TOM 4MCJIe B MECTHBIX U CeJIEKIIMOHHBIX COPTAX, IPOBeleH CKPUHUHT 3apy0eKHbIX BOCCTAHOBUTEJIEH pepTUIbHOCTH, yCO-
BepLIEHCTBOBAHHBIX MYTAaHTHBIX JIMHUHM pHca U ABYX JIMHUH C LIUTOMNJIa3MaTUYeCKOH MY»KCKOH cTepusbHOCcThIO (JelodarA
1 NematA) c ucroJib30BaHMEM MOJIEKY/IIPHBIX MapKepoB. JJ/1s1 onpe/ie/ieHus aJlJIeIbHOr0 CTaTyca OCHOBHBIX T€HOB — BOCCTa-
HoBUTeJIeH GpepTUuabHOCTH Rf3 1 Rf4 ucnosb3oBanuck mectb SSR-Mapkepos.

Pe3yabTaThl U 3aKj04YeHHe. MosleKyJIspHBIM aHaIW3 mokasas, uyTto reHotunsl IR68061R, IR50, IR 68061-27-3-2-2-3R,
IR 73014-59-2-2-2R, M9-P10-2-2-2-2-1, M9-P18-6-1-1-2-1, MILYANG 54, SUWEON 294, IR 9761-19-1 u IR46R cozepsxa/u ren
Rf4, unentTrdunrpoBaHHbIN TpeMs Mapkepamu: RM171, RM6100 u RM228. Kpome Toro, HaJu4re reHoB — BOCCTAHOBUTEJEN
deprunbvHoCcTH Rf3 U Rf4 y renotunoB IR67924R, IR 57301-158-1R, M9-P12-5-3-2-2, M9-P15-6-2-1 u NSIC RC 352 noxrBep-
X/IeHO BCEMM MapKepaMH. ITU FeHOTUIbI NPU3HAHBI JIYYIIMMH BOCCTAHOBUTE/IAMU GEPTHIBHOCTH AJ1s1 TUGPUIHOM Cceslek-
MU puca. B riesioM njeHTHdUKALMA U OLleHKa 3TUX T€HOTHUIIOB MOXET CIOCOOGCTBOBATH MOBBILIEHUIO MPOU3BO/CTBA pHca
Y yKpeINJIeHHIO IPOJ0BOJIbCTBEHHOM 6€30MacHOCTH B Pa3BUBAIOIMXCS CTPAHAX.

Kniouesule caoea: nyToniazMaTHyecKas My»CKast CTEPUJIBHOCTb, FeHbl pepTUIBHOCTH, CeJIEKIIMOHHBIE IPOTPaMMbl pUca,
TpeXJIMHEHHbIA THOPU/,

baazodapHocmu: JaHHOe HCC/le/JoBaHHE OCHOBAHO HA pe3y/bTaTaX, NOJy4eHHbIX B JOKTOPCKOW JHCCepTallMU aBTOpa, OT-
BETCTBEHHOTI0 3a lepenucKy. Mbl 6J1arofiapuM pykoBoAcTBo CapuiCKOro YHUBEPCUTETA CeIbCKOX0351HCTBEHHBIX HAyK U IIPH-
POZHBIX PECYPCOB 3a Ipe0CTaBJIeHHEe HE0OX0AUMBIX YCJI0BUH JJI1 NPOBeJeHUs JaHHOT0 MCCIeloBaHUs. KpoMe TOro, aBTOpHI
6J1aroflapsAT pelieH3eHTOB 33 UX BKJIa/ B 9KCIEPTHYIO OLEHKY 3TOH paboThI.

JAaa yumupoeaHus: Abxamu I'agu A., Xagemuan P, Hemart3ape I'A., Ba6aesn [Jxesnonap H., Barepu H. UnenTudukanus
reHOB — BOCCTaHOBUTeJIeH pepTUIbHOCTH Rf3 1 Rf4 B pa3/IMYHBIX TeHOTUIAX PUCA C UCIOJIb30BAHUEM MOJIEKYJISPHBIX
MapkepoBSSR. TpydsbinonpukaadHoiibomaHruke, 2zenemukeu cesexkyuu.2025;186(4):131-141.D01: 10.30901/2227-8834-2025-4-
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Introduction

Climate change, global policies, and natural disasters,
such as floods and droughts, have disrupted the agricultural
cycle and led to increased food prices, particularly for rice,
posing challenges to nutrition and food security in countries,
especially those with lower incomes (EIl Bilali et al., 2020; Bin
Rahman, Zhang, 2023). Conversely, the world’s population is
projected to increase by 28% by 2050 compared to 2020, ac-
companied by urbanization, necessitating higher food pro-
duction (https://www.fao.org/faostat/en/#home). Notably,
countries such as Australia (yielding over 10 t ha™), Egypt,
America, Uruguay, and Peru (yielding over 8tha™) have
achieved the highest rice yields per unit area (https://www.
fao.org/faostat/en/#home). Despite a decade of increased
global rice production, meeting the demand necessitates fur-
ther production growth due to the rising world population
trend. For instance, in recent years, Iran has imported over
1.8 million tons of rice annually, amounting to over 2 billion
dollars (https://www.fao.org/faostat/en/#home). There-
fore, enhancing yield per unit area is a fundamental strategy
for ensuring food security and self-sufficiency of the country.
China leads in employing heterosis in producing hybrids via
crossing CMS and restorer lines in rice, resulting in a yield
increase of over 30% compared to improved rice cultivars (Xu
etal,, 2023b). Recently, the area under hybrid rice cultivation
in China has increased to over 16 million ha per year, account-
ing for 57% of total rice areas and approximately 65% of total
rice production. The commercial hybrid rice yield of 7.5 tons
per hectare increased production by about 2.5 million tons
per year, which could feed additional 80 million people (Qian
etal, 2021). Improvement in grain yield, quality, and resis-
tance can be achieved through the utilization of heterosis (Cai
etal, 2023). Various research centers in China, IRRI and India
are actively engaged in breeding rice cultivars to develop hy-
brid seeds (Bhowmick et al., 2023; Fritsche-Neto et al., 2024;
Li etal, 2024). While local cytoplasmic male sterility lines
have been released in Iran (Afkhami Ghadi etal, 2015), the
country has not yet achieved success regarding favorable fer-
tility restorer lines concerning plant height, flowering period,
compatibility, and restoration rate. The scarcity of suitable
cultivars for fertility restoration, limited number of effective
and compatible lines, and their restricted genetic base have
persistently plagued hybrid rice production in the country
(Afkhami Ghadi et al,, 2019). The commercial production of
hybrid rice using the three-line method is based on cytoplas-
mic genetic sterility and the fertility restorer system (Rf), in-
volving three lines: CMS male sterile line (A), maintainer line
(B), and restorer line (R) (Xu et al.,, 2023b). The availability of
the rice genome map with saturated SSR markers (McCouch
et al, 2002) has facilitated the precise identification of fertil-
ity restorerallelesinrice (Xuetal, 2023a).R. Jinget al. (2001)
reported that the Rf4 gene in IR24 was flanked between
markers RM171 and RM228 on the long arm of chromo-
some 10 with a genetic distance of 3.7 and 3.4 cM, respec-
tively. Additionally, the Rf4 gene in the restorer line Ming-
hui63 is flanked between markers RM258 and RM304 with
adistance of 2.9 and 0 cM, respectively. The Rf3 gene is
mapped on chromosome 1 and linked with the RM1 marker
with about 1.9 cM (He etal, 2002). The RM1 marker is at
a distance of 5.6 cM and correlated with the Rf3 locus on chro-
mosome 1 (Alavi etal, 2009). A. Ahmadikhah etal. (2007)
found that the IR28, Amol 1, and Amol 2 lines possessed the
Rf4 gene and were correlated with the RM171 marker on
chromosome 10. ]. Cai et al. (2013) identified two rice culti-
vars from the Indica group, including ‘IR 24’ and ‘IR 64, with

both fertility restorer genes Rf3 and Rf4. The SSR markers
RM258, RM490, RM151, and RM228 were reported by N. Ba-
baeian Jelodar et al. (2013) as promising and effective for use
in marker-assisted selection programs for fertility restorer
lines in the CMS-WA system and in the molecular localization
of the WA-type male sterility controlling gene(s) in hybrid
rice. The results of molecular evaluation using microsatellite
markers RM3148, RM258, and RM171 correlated with fertil-
ity restorer genes showed that rice cvs. ‘Dilmani’ and ‘Hash-
emi’ have both fertility restorer genes in their genome. In con-
trast, high-yielding rice cultivars such as ‘Shiroudi’, ‘Tabesh’,
‘Fajr’ and ‘Shafaq’ were recognized as maintainer cultivars
(Kiani, 2015). S. Parveen etal. (2013) detected a number of
rice lines that maintain and restore fertility by crossing 4 ster-
ile lines and 35 advanced basmati mutant lines (induced mu-
tation using gamma rays and EMS chemicals) through line
analysis in the tester. R. Vejdan (2015) investigated fertility
restorer genes in promising rice mutant lines through the
evaluation of quantitative and molecular traits (SSR) and
identified 6 lines, including M6-P14-1 from the mutation of
cv. ‘Dasht’, M6-P15-2 and M6-P15-6 from the mutation of
cv. ‘Pazhoohesh’, M6-N-14, M6-N-17 and M6-N-37 resulting
from induced mutation of cv. ‘Nemat), as potential fertility re-
storer lines. A. Afkhami Ghadi et al. (2019) evaluated the ge-
netic capacity of local and improved rice cultivars to identify
maintainer and fertility restorer lines by producing a number
of hybrids and stated that the international line IR67924R
with more than 80% panicle fertility, crossed with the male
sterile line Neda4, is known as an effective fertility restorer
line. Considering the importance of identifying fertility re-
storer lines for use in hybrid rice programs, the aim of this
study was to investigate the presence of fertility restorer
genes (Rf3 and Rf4) in selected rice genotypes using SSR
markers.

Materials and methods

Plant materials

The parental lines of hybrid rice consisted of two cyto-
plasmic male sterile lines, JelodarA and NematA (lacking
a fertility restorer gene), two local and modified cultivars,
four rice mutant lines from the seed bank center of the Genet-
ics and Agricultural Biotechnology Institute of Tabarestan,
and 14 foreign fertility restorer lines received from the Inter-
national Rice Research Institute (IRRI) in the Philippines.
Advanced mutant rice lines, specifically the ninth generation
of mutants, were developed using nuclear energy from in-
duced mutation with gamma-ray irradiation from a Cobalt-60
source at a dose of 250 Gry on cvs. ‘Nemat, ‘Amol 3’, ‘Pa-
zhoohesh’, and ‘Khazar’. This process took place at the Nuclear
Agriculture Research Institute and Agricultural Genetics and
Biotechnology Research Institute of Tabarestan. Subse-
quently, the lines were further developed and modified at Sari
Agricultural Sciences and Natural Resources University over
several generations of selection, aiming for early maturity,
suitable plant height, high yield, and optimal cooking quality.
The selection process involved early generations through the
multi-seed bulk method and advanced generations through
the pedigree method (Table 1).

The sterility stability, genetic purity, and allogamy charac-
teristics of the cytoplasmic sterile lines were investigated and
confirmed (Afkhami Ghadi et al.,, 2014, 2015, 2018). Follow-
ing filed preparation and seed nursery arrangement, the ge-
notypes were sown in April. Leaf samples were collected from
the young leaves of the plants when they reached the four-leaf
stage to ensure minimal contamination from diseases.
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Table 1. List of local and modified rice genotypes used for identifying the restorer genes
Ta6smua 1. CHMCOK MEeCTHBIX U CeJIeKIIMOHHBIX TeHOTUIOB pHica A1 UAeHTH (YUK Y reHOB-BOCCTAHOBUTeIeH

No. | Genotype name Origin Pedigree

1 JelodarA IRAN IR 58025 A // ‘Jelodar’

2 NematA IRAN IR 58025 A // ‘Nemat’

3 ‘Sepidrod’ IRAN ‘Garm Sadri’ / IR8 / ‘Domsiah’
4 ‘Sadri’ IRAN Local selection from a landrace
5 M9-P10-2-2-2-2-1 IRAN Mutant of ‘Nemat’

6 M9-P12-5-3-2-2 IRAN Mutant of ‘Amol 3’

7 M9-P15-6-2-1 IRAN Mutant of ‘Pazhoohesh’

8 M9-P18-6-1-1-2-1 IRAN Mutant of ‘Khazar’

9 [IR68061R (R9) IRRI -

10 IR67924R IRRI -

11 IR 68061-27-3-2-2-3R IRRI -

12 IR 57301-158-1R IRRI -

13 IR 73014-59-2-2-2R IRRI -

14 SUWEON 294 North Korea | MILYANG 23 / MILYANG 30

15 IR9761-19-1 IRRI IR30 /IR 2588-48-3 // IR 36

16 NSICRC 352 IRRI -

17 IR 85593-23-2-1-3-1-3-1-1-1 | IRRI -

18 IR 85593-23-2-1-3-1-2-1-1-1 | IRRI -

19 IR50 IRRI IR2153-14-1-6 / IR28 // IR36

20 IR 56 IRRI IR4432-53-33 / PTB 33 // IR36

21 IR46R IRRI IR 1416-131-5 / IR 1364-37-3-1 // IR 1366-120-3-1 / IR 1539-111

22 MILYANG 54 South Korea

MILYANG 21 / IR32 // MILYANG 23 / MILYANG 30

Note: IRRI - International Rice Research Institute (Philippines)

[Ipumeuanue: IRRI - MexxayHapogHbIH HCCIeL0BATENbCKUA HHCTUTYT pUca (PUaunnunb)

DNA extraction, PCR amplification and PCR products detec-
tion

For each genotype, equal amounts of leaves from five sam-
ple plants were combined, and then the CTAB method (Saghai-
Maroof et al., 1984) was employed to extract DNA. The quan-
tity and quality of DNA were assessed using spectrophotome-
try and agarose gel electrophoresis. SSR molecular markers
associated with the Rf3 and Rf4 genes, located on chromo-
somes 1 and 10 of rice, were used to trace fertility restorer
genes in the rice genome. PCR was performed according to
the specific temperature profile of each marker, and the PCR
products were subjected to 2% agarose gel electrophoresis.
The gel was stained with ethidium bromide (El-Namaky et al.,
2016) and photographed using a Gel Documentation device

(Fig. 1).

SSR markers

To identify the allelic status of the Rf3 and Rf4 genes, six
specific SSR markers were utilized (Table 2). Rice genotypes
were screened alongside lines JelodarA and NematA (as check
genotypes with recessive fertility restorer genes) for the pres-
ence or absence of fertility restorer genes. The resulting
bands from each marker were scored as codes (1 for the pres-

ence and 0 for the absence of bands for each primer) and the
resulting matrix was used to check the genetic status of the
genotypes.

Results and discussion

Molecular testing of genotypes to identify the Rf3
gene using the RM1 marker in rice genotypes

The results of the RM1 marker band pattern (see Fig. 1)
showed distinct polymorphism between two cytoplasmic
male sterile lines (JelodarA and NematA) and other geno-
types. The banding pattern of the RM1 marker for the
screened rice genotypes indicated that the genotypes of ‘Se-
pidrod’, IR68061R, IR50, IR67924R, IR 68061-27-3-2-2-3R,
IR57301-158-1R, IR 73014-59-2-2-2R, M9-P12-5-3-2-2, M9-
P15-6-2-1, MILYANG 54, SUWEON 294, IR 56, IR46R, NSIC RC
352,IR 85593-23-2-1-3-1-3-1-1-1, and IR 85593-23-2-1-3-1-
2-1-1-1 exhibited a band of 113 bp, indicating the probable
presence of the Rf3 gene. Conversely, the two cytoplasmic
male sterile lines, JelodarA and NematA, along with the
‘Sadri’ genotypes M9-P10-2-2-2-2-1, M9-P18-6-1-1-2-1 and
IR9761-19-1, showed a band of 100 bp, indicating the ab-
sence of the Rf3 gene.
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Fig. 1. Banding pattern of the RM1 marker for the screened rice genotypes (from left to right): M - 50 bp ladder
marker; 1 - ‘Jelodar’; 2 - ‘Nemat’; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’; 7 - IR67924R; 8 - IR 68061-27-3-2-2-3R;
9 -1R57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1; 12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1;

14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56; 18 - IR 9761-19-1; 19 - IR46R; 20 - NSIC RC 352;
21 -1R 85593-23-2-1-3-1-3-1-1-1; 22 - [R 85593-23-2-1-3-1-2-1-1-1
Puc. 1. dnekTpodopeTnyecKkue cieKTpbl Mapkepa RM1 J/1s npoaHa/IM3UPOBAHHBIX TeHOTHIIOB pUca
(ciieBa HanmpaBo): M - Ladder-mapkep 50 niH; 1 - ‘Jelodar’; 2 - ‘Nemat’; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 — ‘Sadri’;

7 -1R67924R; 8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1;

12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56;

18 - IR 9761-19-1; 19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1

Table 2. Details of 6 molecular markers associated with the main fertility restorer genes

Ta6una 2. XapakTepucTUKa 6 MOJIEKY/IIDHBIX MapKePOB, CBS3aHHbIX C OCHOBHBIMU I'eHAMM - BOCCTAHOBHUTEJIIMHA

depTunbHOCTH
= [~
)
Marker | R w5| & £
arker ep(_eat £ = E Primer_ forward Primer_reverse 5 Ref.
name motif = 7] =
T :
EE| Z g
< & =] ]
RM1 (GA)26 55 113 | gcgaaaacacaatgcaaaaa gegttggttggacctgac Rf, | Bazrkar etal, 2008
RM490 (CT)13 58 101 | atctgcacactgcaaacacc agcaagcagtgctttcagag Rf, E:)dll 5Kohnak1 etal,
RM3148 | (CA)20 55 166 | gactattgctcgaacactttg ttgtctgetttggtatttge Rf, | McCouch etal., 2002
RM171 (GATG)5 55 328 | aacgcgaggacacgtacttac acgagatacgtacgcctttg Rf, | Bazrkar etal., 2008
RM6100 | (TCG)13 55 160 | ttccctgcaagattctagetacacc | tgttcgtcgaccaagaactcagg | Rf, | Alavietal, 2009;
RM228 (CA)6(GA)36 | 55 154 | ctggccattagtccttgg gcttgeggcetetgettac Rf, zlabza g E‘»n Jelodar et

This is in accordance with previous studies by M. Alavi
etal. (2009) on mapping the Rf3 gene location in rice using
SSR markers. They reported that the RM1 primer was associ-
ated with the Rf3 gene, and this primer, at two positions (100
and 113 bp), distinguished between CMS and fertility restorer
genotypes. Furthermore, A. Sadeqi etal. (2014) utilized the
RM1 primer to differentiate lines with the Rf3 gene, demon-
strating the consistency and reliability of the marker in distin-
guishing lines with the Rf3 gene.

Rf3 gene using the RM490 marker in rice genotypes

The results of the RM490 marker band pattern (Fig. 2)
revealed various band sizes, including 98 bp, 101 bp, and
103 bp. Polymorphism was observed between the two sterile

cytoplasmic lines, JelodarA (101 bp) and NematA (103 bp).
Therefore, the 98 bp band is likely associated with the fertility
restorer gene observed in the IR67924R, IR 57301-158-1R,
M9-P12-5-3-2-2, M9-P15-6-2-1 and NSIC RC 352 genotypes.
The findings from S. Singh et al. (2015) also support the asso-
ciation of RM490 with the Rf3 gene, which was utilized for
detecting restorer lines, thereby emphasizing the significance
of these markers in marker-assisted selection for fertility res-
toration in rice breeding programs.

Rf3 gene using the RM3148 marker in rice genotypes
The presence of the Rf3 gene was investigated using the
RM3148 marker in various rice genotypes. The results from
the RM3148 marker band pattern (Fig. 3) revealed distinct
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Fig. 2. Banding pattern of the RM490 marker for the screened rice genotypes (from left to right):
M - 50 bp ladder marker; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’; 7 - IR67924R;
8 - 1R 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1; 12 - M9-P12-5-3-2-2;
13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56; 18 - IR 9761-19-1;
19 - [R46R; 20 - NSICRC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1
Puc. 2. 3nekTpodopeTnyeckue cneKTpbl Mapkepa RM490 a1 npoaHaJIM3MPOBAHHBIX T€HOTUIIOB pUca
(cnieBa HampaBo): M - Ladder-mapkep 50 niH; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’;
7 -1R67924R; 8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1;
12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56;
18 -1R9761-19-1; 19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1
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Fig. 3. Banding pattern of the RM3148 marker for the screened rice genotypes (from left to right):
M - 50 bp ladder marker; 1 - ‘Jelodar’; 2 - ‘Nemat’; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’; 7 - IR67924R;
8 -1R 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1; 12 - M9-P12-5-3-2-2;
13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56; 18 - IR 9761-19-1;
19 - IR46R; 20 - NSICRC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1
Puc. 3. dnekrpodoperudyeckue cneKTpol Mapkepa RM3148 a5 npoaHa/IM3uPOBaHHbIX '€ HOTUIIOB puca
(csieBa HampaBo): M - Ladder-mapkep 50 ny; 1 - ‘Jelodar’; 2 - ‘Nemat’; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’;
7 -1R67924R; 8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1;
12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56;
18 -1R9761-19-1; 19 - [R46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - [R 85593-23-2-1-3-1-2-1-1-1

polymorphism among cytoplasmic sterile lines (JelodarA and
NematA) and other genotypes. The banding pattern of the
RM3148 marker for the screened rice genotypes indicated
that the genotypes IR50, IR67924R, IR 57301-158-1R, M9-
P12-5-3-2-2, M9-P15-6-2-1, IR46R and NSIC RC 352 exhib-
ited a 166 bp band, suggesting the likely presence of the Rf3
gene. Conversely, the two cytoplasmic sterile lines, JelodarA
and Nemat4, along with other genotypes, lacked the Rf3 gene,
as evidenced by the absence of the 150 bp band. Similarly, in

Gh. Kiani’s study (2015) on the expression validation of mark-
ers associated with the fertility restorer gene, it was reported
that the primer RM3148 displayed clear polymorphism be-
tween sterile and fertility restorer parents.

Rf4 gene using the RM171 marKer in rice genotypes

The results of the RM171 marker band pattern (Fig. 4) re-
vealed polymorphism between the two cytoplasmic sterile
lines (JelodarA and NematA) and other genotypes. The band
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Fig. 4. Banding pattern of the RM171 marker for the screened rice genotypes (from left to right):
M - 50 bp ladder marker; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’; 7 - IR67924R;
8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1; 12 - M9-P12-5-3-2-2;
13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56; 18 - IR 9761-19-1;
19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1
Puc. 4. dnekrpodoperudeckue cneKTpbl Mapkepa RM171 a1 npoaHaIu3upPOBaHHbIX TeHOTHIIOB pHca
(ciieBa HampaBo): M - Ladder-mapkep 50 nH; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’;
7 -1R67924R; 8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1;
12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56;
18 -1R9761-19-1; 19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1

pattern of the RM171 marker for the screened rice genotypes
indicated that the genotypes IR68061R, IR50, IR67924R,
IR 68061-27-3-2-2-3R, IR 57301-158-1R, IR 73014-59-2-2-
2R, M9-P10-2-2-2-2-1, M9-P12-5-3-2-2, M9-P15-6-2-1, M9-
P18-6-1-1-2-1, MILYANG 54, SUWEON 294, IR 9761-19-1,
IR46R, NSICRC352, IR85593-23-2-1-3-1-3-1-1-1 and
IR 85593-23-2-1-3-1-2-1-1-1 exhibited bands at 328 and
350 bp, indicating the probable presence of the Rf4 gene.
However, the two cytoplasmic sterile lines, JelodarA and
NematA, along with other genotypes, were found to lack the
Rf4 gene. The alignment of these findings with the study by
M. Alavi etal. (2009), who mapped the location of the Rf4
gene in rice using SSR markers, further strengthens the asso-
ciation of the RM171 primer with the Rf4 gene, highlighting
its potential for identifying genotypes with fertility restora-
tion capabilities associated with Rf4.

Rf4 gene using the RM6100 marker in rice genotypes

The results of the RM6100 marker band pattern (Fig. 5),
which correlated with the Rf4 gene, showed polymorphism
among cytoplasmic sterile lines (JelodarA and NematA) and
other genotypes. The band pattern of the RM6100 marker for
the screened rice genotypes indicated that the genotypes
IR68061R, IR50, ‘Sadri, IR67924R, IR 68061-27-3-2-2-3R,
IR57301-158-1R, IR 73014-59-2-2-2R, P10-3, M9-P12-5-3-
2-2,M9-P15-6-2-1,M9-P18-6-1-1-2-1, MILYANG 54, SUWEON
294,1R 56,IR 9761-19-1,1R46R, NSIC RC 352, IR 85593-23-2-
1-3-1-3-1-1-1 and IR 85593-23-2-1-3-1-2-1-1-1 exhibited
bands at 144 and 150 bp, indicating the probable presence of
the Rf4 gene. Additionally, some genotypes identified as fertil-
ity restorers in this study, such as IR50, were also found to
have both Rf3 and Rf4 genes (Revathi et al.,, 2013). Non-sterile
lines with the ‘Sepidrod’ genotype were detected at 140 bp
without the Rf4 gene. S. Shidenur et al. (2019) identified ge-
notypes with the Rf4 gene through molecular evaluation of
310 advanced rice lines using the RM6100 marker. M. Alavi
etal. (2009) also mapped the location of the Rf4 gene in rice
using SSR markers and indicated that the RM6100 primer

was linked to the Rf4 gene on chromosome 10 of rice. This
primer in two bp positions (140 and 150) indicated CMS and
fertility restorer genotypes, respectively.

Investigation of the presence of the Rf4 gene using the
RM228 marker in rice genotypes

The results of the RM228 marker band pattern (see
Fig. 6), which is associated with the Rf4 gene, revealed limited
polymorphisms among cytoplasmic sterile lines (JelodarA
and NematA) and other genotypes. The banding pattern of
the RM228 marker for the screened rice genotypes indicated
that the sterile lines JelodarA and NematA exhibited a band
size of 100 bp, while the other genotypes displayed two dif-
ferent bands of 105 and 95 bp. Based on this band pattern, it
is likely that the genotypes ‘Sepidrod, IR68061R, IR50,
IR67924R, IR 68061-27-3-2-2-3R, IR 57301-158-1R, IR 73014-
59-2-2-2R, M9-P10-2-2-2-2-1, M9-P15-6-2-1, M9-P18-6-1-1-
2-1, MILYANG 54, SUWEON 294, IR 56, IR9761-19-1, IR46R
and NSIC RC 352 with a band at 105 bp likely possess the Rf4
gene. Conversely, ‘Sadri’ and M9-P12-5-3-2-2 with a band at
95 bp are likely without the Rf4 gene, and IR 85593-23-2-1-3-
1-3-1-1-1 and IR 85593-23-2-1-3-1-2-1-1-1 exhibited the
same banding pattern as the male sterile lines. In the study by
M. Alavi et al. (2009), the Rf4 gene location in rice was mapped
using SSR markers, and it was noted that the RM228 primer is
linked to the Rf4 gene on chromosome 10 of rice. This primer
at two bp positions (110 and 120) indicated CMS and fertility
restorer genotypes.

Summary of the presence of the fertility restorer
genes Rf3 and Rf4 in rice genotypes

From the overall results of the six markers utilized in this
study (see Table 3), it was determined that the presence of
both Rf3 and Rf4 fertility restorer genes in the genotypes
IR67924R, IR 57301-158-1R, M9-P12-5-3-2-2, M9-P15-6-2-1
and NSIC RC 352 was confirmed with all the markers. These
genotypes were identified as the most effective fertility re-
storers, suitable for transferring Rf genes to other cultivars
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Fig. 5. Banding pattern of the RM6100 marker for the screened rice genotypes (from left to right):
M - 50 bp ladder marker; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’; 7 - IR67924R;
8 -1R68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1; 12 - M9-P12-5-3-2-2;
13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56; 18 - 1R 9761-19-1;
19 - IR46R; 20 - NSICRC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1
Puc. 5. dnektpodopeTrnyeckue cneKTpbl Mapkepa RM6100 a4 npoaHa/Iu3MpOBaHHBIX TeHOTUIOB pHca (ceBa
HampaBo): M - Ladder-mapkep 50 niH; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’;
7 -1IR67924R; 8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1;
12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56;
18 -1R9761-19-1; 19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - [R 85593-23-2-1-3-1-2-1-1-1

T T T T T 1 1 =

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Fig. 6. Banding pattern of the RM228 marker for the screened rice genotypes (from left to right):
M - 50 bp ladder marker; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’; 7 - IR67924R;
8 -1R68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1; 12 - M9-P12-5-3-2-2;
13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56; 18 - 1R 9761-19-1;
19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - IR 85593-23-2-1-3-1-2-1-1-1

Puc. 6. dnekrpodopeTudeckue cneKTpbl Mapkepa RM228 a1 npoaHa/Iu3upOBaHHBIX TeHOTHIIOB pHca (c1eBa
Hamnpaso): M - Ladder-mapxkep 50 nH; 1 - JelodarA; 2 - NematA; 3 - ‘Sepidrod’; 4 - IR68061R; 5 - IR50; 6 - ‘Sadri’;
7 -1R67924R; 8 - IR 68061-27-3-2-2-3R; 9 - IR 57301-158-1R; 10 - IR 73014-59-2-2-2R; 11 - M9-P10-2-2-2-2-1;

12 - M9-P12-5-3-2-2; 13 - M9-P15-6-2-1; 14 - M9-P18-6-1-1-2-1; 15 - MILYANG 54; 16 - SUWEON 294; 17 - IR 56;

18 -1R9761-19-1; 19 - IR46R; 20 - NSIC RC 352; 21 - IR 85593-23-2-1-3-1-3-1-1-1; 22 - [R 85593-23-2-1-3-1-2-1-1-1
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Table 3. Status of the Rf3 and Rf4 fertility restorer genes in the screened genotypes

Ta6smmna 3. CTaTyc reHoB - BOCCTaHOBUTe el ¢pepTuibHOCTU Rf3 1 Rf4 y u3y4eHHbIX TeHOTUIIOB

Markers
Genotype name RM1 RM490 RM3148 RM171 RM6100 RM228
R, Rf,
JelodarA - - - . - _
NematA - - - - - -
‘Sepidrod’ + - - - - +
R68061R (R9) + - - + ¥ +
IR50 + - + ¥ ¥ i
‘Sadri’ - - - - + _
IR67924R + + + + ¥ ¥
IR 68061-27-3-2-2-3R + - - + + +
IR 57301-158-1R + + + + + +
IR 73014-59-2-2-2R + - - + ¥ ¥
M9-P10-2-2-2-2-1 - - - + ¥ +
M9-P12-5-3-2-2 + + + + + _
M9-P15-6-2-1 + + + + + +
M9-P18-6-1-1-2-1 - - - + ¥ +
MILYANG 54 + - - + ¥ +
SUWEON 294 + - - + ¥ +
IR 56 + - - - ¥ ¥
[R9761-19-1 - - - + ¥ ¥
IR46R + - + + ¥ +
NSIC RC 352 + + + + + ¥
IR 85593-23-2-1-3-1-3-1-1-1 + - - + + -
IR 85593-23-2-1-3-1-2-1-1-1 + - - + + -

and for hybrid rice breeding programs. Some genotypes were
found to possess a gene with one marker and not with an-
other, possibly due to crossing over between the marker and
the gene.

In a study conducted by P. Revathi et al. (2013), it was re-
ported that the efficiency of the markers RM6100 and
RM10313 in identifying fertility restorer lines correlated with
the Rf4 and Rf3 genes, respectively, was 85% and 81%, re-
spectively.

Genotypes IR68061R, IR50, IR 68061-27-3-2-2-3R, IR
73014-59-2-2-2R, M9-P10-2-2-2-2-1, M9-P8-7-2-1-7-1, MILYANG
54, SUWEON 294, IR 9761-19-1 and IR46R were identified as
having the Rf4 gene through all three markers: RM171,
RM6100, and RM228.

The identification of genotypes with both Rf3 and Rf4
genes through multiple markers was reported by ]. Cai etal.
(2014), who found that the effect of the Rf4 gene was slightly
greater than that of the Rf3 gene. Additionally, A. Majid et al.
(2020) studied 100 rice germplasms using the RM6100 and
RM3148 markers and identified 19 lines with both Rf3 and
Rf4 genes.

Conclusion

This study successfully identified the fertility restorer
genes Rf3 and Rf4 in a diverse range of rice genotypes using

SSR molecular markers. The results highlighted several geno-
types, including IR67924R, IR 57301-158-1R, M9-P12-5-3-2-
2,M9-P15-6-2-1,and NSIC RC 352, as possessing both Rf3 and
Rf4 genes, making them valuable candidates for hybrid rice
breeding programs. Identifying these genes is essential for
enhancing hybrid rice production and improving food secu-
rity, particularly in developing countries facing agricultural
challenges. The use of six specific SSR markers enabled a ro-
bust analysis of the allelic status of the targeted genes. No-
tably, genotypes such as IR68061R, IR50, IR 68061-27-3-2-2-
3R,IR 73014-59-2-2-2R, M9-P10-2-2-2-2-1, M9-P18-6-1-1-2-
1, MILYANG 54, SUWEON 294, IR 9761 1-19-1 and IR46R
were confirmed to carry the Rf4 gene, while others demon-
strated varying combinations of Rf3 and Rf4 presence. The
molecular testing results not only corroborated previous
findings in the literature but also provided new insights into
the genetic variability available within the screened rice
germplasm. The identification of effective fertility restorers is
crucial for the successful implementation of hybrid rice
breeding strategies. The findings of this research can facilitate
the development of new hybrid rice cultivars that leverage
the benefits of heterosis, ultimately contributing to enhanced
yield, quality, and resilience against climate variability. Fur-
thermore, this study underscores the importance of molecu-
lar marker-assisted selection in advancing rice breeding ef-
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forts and emphasizes the potential for these identified geno-
types to meet the increasing global demand for rice as the
population continues to grow. In summary, the identification
of Rf3and Rf4 genes in diverse rice genotypes lays the ground-
work for future breeding programs aimed at improving rice
production and ensuring food security, particularly in regions
where rice is a staple food. The continued exploration and uti-
lization of such genetic resources will be pivotal in addressing
the challenges posed by climate change and population
growth.
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