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Abstract: Rf{fa), a new restoring fertility gene in rice, was previously located to a large region on Chromosome 10. The
large number of genes within the region made cloning of Rf{fa) difficult. To perform the cloning and further elucidate
the molecular mechanism, we reconstructed a mapping segregation population (BCiF;) of 12 000 plants. Using the
population and polymorphism of simple sequence repeat (SSR) molecular markers, we finally mapped Rf{fa) between
the two SSR molecular markers MM2000 and RM25658, within a 78.87 kb region. By de novo sequencing of a resto-
ring line of CMS-FA hybrid rice, we obtained the genomic sequence of the mapping region, which provided the basis
for the prediction of the candidate gene(s) of the target gene and for the comparison of genomic sequence differences
between wild and cultivated rice. Within the mapping region, the genomic sequence of the wild rice was significantly
different from that of cultivated rice. There were ten genes in the final mapping region. A pentatricopeptide repeat (PPR)
protein gene was predicted as the candidate gene of Rf(fa). Our results laid a solid foundation for the final cloning and
molecular mechanism analysis of the gene. The identified molecular markers tightly linked to Rf{fa) will facilitate the
marker assisted selection in breeding of CMS-FA hybrid rice.
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CMS-FA hybrid rice, a new type of three-line hy-
brid rice, was developed recently by using the sterile
cytoplasm and the corresponding nuclear restorer
gene of common wild rice (O. rufipogon L.) originat-
ing in Zhangzhou, Fujian Province, China. Both the
cytoplasmic male sterility gene and nuclear fertility
restoring gene are different from those of the other
hybrid rice systems reported (Wang et al. 2008b).
Therefore, Rf{fa) is a new restoring gene for three-
line hybrid rice.

In 1966, Longping Yuan, “the father of hybrid rice”
in China, first put forward the concept of heterosis
utilization for self-pollination crop (Yuan 1966), thus
opened the prelude of three-line hybrid rice research.
In 1970, the research group led by Longping Yuan
found a rice male sterile mutant plant among wild rices
growing in Hainan, China. In 1973, the research team
led by Longan Yan successfully developed Zhenshan
97A, the first male sterile line for three-line hybrid
rice based on the mutant. Wild-abortion hybrid
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rice (CMS-WA) system was established in 1973,
and it has been applied in production since 1976.
So far, besides WA hybrid rice, the other developed
three-line hybrid rices include CMS-BT, CMS-HL,
CMS-DA, CMS-LD, CMS-D, CMS-DT, CMS-CW,
CMS-D1 and CMS-FA etc. (Virmaniss 1988; Li et al.
2016; Xie et al. 2018), the restoring genes involved
include RfI, Rf2, Rf3, Rf4, Rf5, Rf6, Rf17, Rf98 etc., the
molecular mechanisms for some of the genes have
been elucidated preliminarily (Wang et al. 2006; Sota
& Kinya 2009; Eitabashi et al.2011; Hua et al. 2012;
Tomohiko & Kinya 2014; Huang et al. 2015; Li et al.
2016). Rf1 is the restorer for CMS-BT, including Rfla
and RfIb. Rf1b is near the upstream of Rfla. Rfla
and Rf5 are actually the same gene but are named
Rf5 in CMS-HL, located between two molecular
markers RM1108 and RM5373 on Chromosome
10 of rice (Liu et al. 2004). However, the molecular
mechanisms of Rfla and Rf5 differ: in BT system,
Rfla restored male fertility by being directly involved
in the processing of the cytoplasmic male sterility
gene ORF79 transcript, cutting the transcript into
two fragments of 1.5 kb and 0.45 kb (Wang et al.
2006); but in HL system, Rf5 restores male fertility
via a complex with the glycine-rich protein GRP162
(Hua et al. 2012). Rfla and Rf1b restore the male
fertility of BT hybrid rice by blocking the produc-
tion of the sterile protein ORF79 via endonucleolytic
cleavage (Rfla) or degradation (Rf1b) of the double
cistrons of atp6-orfH79 mRNA; when the two pro-
tein genes exist simultaneously, RfIa is epistatic
over RfIb in the processing (Wang et al. 2006). Rf2,
located on Chromosome 2 ofrice, is the restorer for
LD hybrid rice, encoding a protein (with 152 amino
acid residues and a glycine-rich domain) targeted
to mitochondria. Rf2 protein contains only 80 amino
acid residues excluding mitochondrial signal peptide
sequence (Eitabashi et al. 2011), and needs to interact
with the protein with a ubiquitin-binding domain
to restore the male fertility of CMS-LD line because
of the lack of a RNA-binding domain (Shinya et al.
2014). Rf3 and Rf4, restorers for CMS-WA, located
on Chromosome 1 and Chromosome 10 respectively,
restore male fertility by regulating the expression
of the sterile gene WA352: Rf3 restores male fertility
by preventing the translation of WA352 mRNA into
proteins, whereas Rf4 by blocking the production
of WA352 mRNAs (Luo et al. 2013). However, Rf4
can only partially restore male fertility, complete
fertility restoration requires the presence of both Rf3
and Rf4 genes (Ponnuswany et al. 2020). Recently,
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anew gene Rf18(t), encoding hexokinase, is reported
to be another fertility restorer for CMS-WA (Zhang
etal. 2022), suggesting the complexity of the fertility
restoration of CMS-WA hybrid rice. Rf5 and Rf6 are
restorers for CMS-HL, but their molecular mecha-
nisms are different: Rf5 restores fertility via a complex
with the glycine-rich protein GRP162 as mentioned
above, Rf6 functions with hexokinase 6 to rescue
cytoplasmic male sterility (Hua et al. 2012; Huang
et al. 2015). Rf17 from Chinese wild rice, encoding
a mitochondria protein of unknown function, was
mapped between two molecular markers SNP7-16
and SNP7-4; the down-regulation expression can
restore the male fertility of CMS-CW male sterile
lines while the normal expression will lead to the
abortion of pollens (Fujii & Toriyama 2009). Rf98,
located between two DNA markers SSRH10027 and
IndelT003 on Chromosome 10, can partially restore
the male fertility of RT98 type (Keisuke et al. 2016).
Most of these Rf genes in rice belong to PPR protein
genes, except for Rf2, Rf17 and Rf18(¢). Rf2 in maize,
encoding aldehyde dehydrogenase, is also not a PPR
protein gene (Cui et al. 1996). Thus, it can be seen
that no two cloned Rf genes have shared completely
the same fertility mechanism, neither have Rfla and
Rf5. Therefore, the mapping and cloning of Rf{fa) will
certainly help to reveal a new fertility mechanism
in hybrid rice.

CMS-FA hybrid rice has been utilized in produc-
tion for ten years and has excellent comprehensive
performance. Systematic studies related to the inher-
itance of Rf{fa) (Wang et al. 2008a), parent resource
utilization rate (Wang et al. 2008b), yield-related
traits and heterosis (Wang et al. 2010), genetic effect
of nucleo-cytoplasmic interaction (Chiu et al. 2013)
etc. have been carried out. However, the previous
mapped range was still too large, based on which
it is difficult to realize the cloning. To date, we still
lack a comprehensive and deep understanding of the
fertility mechanism of CMS hybrid rice due to too
few restorers cloned across the world. The further
fine mapping of Rf{fa) will lay a solid foundation
for the ultimate cloning and molecular mechanism
analysis of the gene.

MATERIAL AND METHODS

Plant material. Rice varieties Jinnong 1A, Jin-
nong 1B, 9311-9 were a male sterile line, a male
sterile maintainer line and a restorer line for CMS-FA
respectively, of which Jinnong 1A was developed
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by crossing the common wild rice (?) with an indica
rice cultivar Zaohui 89 (&) to get F; seeds first, and
then by continuous backcrossing with Zaohui 89 as the
recurrent parent, hence its cytoplasm was the same
as that of the common wild rice from Zhangzhou,
Fujian. 9311-9 is an iso-cytoplasmic restorer line
of Jinnong 1A, with the nuclear background of 9311,
but carrying the target gene Rf{fa).

Construction of mapping segregation popula-
tion. First, hybrid F; was obtained from the cross
Jinnong 1A (9) x 9311-9 (&), and then a backcross
of Jinnong 1A (9) x the F; (&) was made to produce
the BC;F; mapping segregation population with the size
of 12 000 plants. Theoretically, the fertile plants and
sterile plants in the population would segregateat 1:1.

Field sampling and DNA extraction. The BC;F;
population was planted in the breeding base in Sanya,
Hainan Province, China, in the winter of 2016. During
the flowering and grain filling period in April 2017,
typical male sterile plants were selected, and the
fresh leaves were harvested for extraction of DNA.

Table 1. Primers used in the study

Sterile plants and fertile plants were determined
mainly by their plant phenotypes or characteristics
in the field. The genomic DNA was extracted by ce-
tyltrimethyammonium bromide (CTAB) method
(Murray & Thompson 1980).

Linkage genetic analysis. The linkage between
the SSR marker and Rf{fa) was analyzed to further
reduce the range of the previous mapping region.
Primers of SSR molecular markers (Table 1) were
designed according to the rice SSR molecular markers
map data published by Zhejiang University, China
(Zhang et al. 2007). First, we identified those SSR
molecular markers that exhibit polymorphism with-
in the previous mapping region between RM6100
and MM2023. Then, using 5 088 male sterile plants
as genetic analysis materials, we identified crossing-
over plants at RM25670 and RM25633, which were
good in polymorphism, flanking the target gene and
having clear bands. Subsequently, we used these
crossing-over plants and the polymorphism mark-
ers to perform the linkage genetic analysis between

Primer names Forward primer (5'-3')

Reverse primer (5'-3')

Purpose

RM25633 ATGCTTTCTTGAGCCTCCAAACC
RM5629 CAACAACATCTGTGAGGGTTTCG
MM1981 TTATACCCCGTCCGTCAAAA
MM1992 CCTCCGACGAACTGACTTTC
RM6100 TTCCCTGCAAGATTCTAGCTACACC
MM2000 TCCGTTCCCAGATACTGGTC
MM2008 AGTGGGCAGCTAGGGTTTTT
RM25658 ACGATCAGACGCCTAACTACAGC
MM2014 CGTAGCGGCGAAGGATATAG
MM2023 CCTTTTAGTGGAAATCCGCA
MM2027 TGCTTCCTCCTGCAATTCTT
MM2043 CATTTGATCCGAAATCTCAGC
RM25663 GCTTGAGCTCGTCGTGGAAGG
RM25670 CCATGAGCTCCCACTGGTTCC
GenelRT CAAGGAGGGAGCGGTGAAGGA
Gene2RT GAATGCAGGGAACACGAACAC
Gene3RT ATCTTCTGGTAGTGATGCTGGTC
Gene4RT CAAATTGCTCATTCCTGTCCACC
Gene5RT AGCTCGAGAAGACAATTAAGTCA
Gene6RT GCCCTCAACATCCTTTCCCCTGC
Gene7RT GCGGAGGGAGACTGTGGTGAG
Gene8RT CACGTCGCTGCCCCGCTGCCA
Gene9RT GTGTCGTACAGCACCGTCATC
GenelORT CAGGTTAAAGAAGTTGGCAAA

GTAACCCAAACTCCCAAAGTGTAGC
CACCACCATCTCCTCTTTCACC
TTACGTTTCATTGATCGCCA
CACGCAGTAGGTCCACTCCT
TGTTCGTCGACCAAGAACTCAGG
CCCCTCAACGGGATATTTCT
GATGGAAGCAAAACCAGGAA
CCCTCCTGCTAACTTGAGACG
TGATCTTTTTGTCAGCTGCG
GGACGAAAACAGAGCTTGGA
TTGCATCTGCATAAGCATCC
CAAGAAGGGAAGCAGGTCAG
CTCCTGCGTTCTCCATCGAAGC
CTCTGTCGTGTAGTTCTGGGTGTGG
GGAGGGGTAGTCGGAGGAGGT
GGAACAGCGGGACGTGCTCCCGG
CTCTCGTGTTATAGTTGTTGTCC
ACGCACGCCTCGCCCCATCCCGT
GAAGAAGGAAAAGAAGAAAAAAC
ATTGCCCATTTCACCACCCGTCC
AAGGAGGAGATGGCAGGGATG
CCACTCCCTCCCCCTTTCTCC
ACTCTTCAGCCTTCTCCCATT
ACCAGGACTAATAGATGAGGG

gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
gene mapping
RT-PCR of Gene 1
RT-PCR of Gene 2
RT-PCR of Gene 3
RT-PCR of Gene 4
RT-PCR of Gene 5
RT-PCR of Gene 6
RT-PCR of Gene 7
RT-PCR of Gene 8
RT-PCR of Gene 9
RT-PCR of Gene 10
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the target gene and each polymorphism SSR marker.
Once a crossing-over plant was identified, the range
where the target gene was would be reduced by some
genetic distance; we continued the analysis until
no crossing-over plant or no polymorphism marker
were available.

PCR reaction system (20 uL) consisted of 10 pL
Premix Taqg DNA polymerase (TaKaRa, Japan), 1 uL
template DNA (100 ng), 1 pL of forward and reverse
primer (10 mM) each, ddH,O 7 pL. PCR reaction
procedure: 94 °C for 30 s, 35 cycles 0f 98 °C for 105,
51-58 °C for 30 s and 72 °C for 20 s, with a final
extension at 72 °C for 2 min. The PCR products
were separated by electrophoresis on 6% denaturing
polyacrylamide gel and visualized by silver staining.

De novo sequencing and gene prediction. Using
de novo sequencing method, we sequenced the ge-
nome of a CMS-FA restoring line variety 9311-9 to ob-
tain the genomic sequence of the previous mapped
range between RM6100 and MM2023. Genes of the
mapping region were predicted by using FGENESH
online software (http://www.softberry.com).

RNA expression analysis. Total RNA was ex-
tracted from 9311-9 young panicle tissues using
TaKaRa MiniBEST Plant RNA Extraction Kit (Dalian,
China), and reverse transcription was performed
using AMV first chain ¢cDNA synthesis kit (Sangon
Biotech, Shanghai, China). PCR primers (Table 1)
were designed according to mRNA sequences of the
predicted genes within the final mapping region.
RT-PCR conditions used were as follows: 94 °C for
30 s, followed by 35 cycles 0f 98 °C for 10's, 51-55 °C
for 30s, 72 °C for 30 s, and a final extension at 72 °C
for 10 min. RT-PCR products were purified and
recycled by agarose gel electrophoresis and using
Agarose Gel DNA Extraction Kit (TaKaRa), and
finally sequenced by TA-cloning method.

Informatics analysis. DNA sequence informatics
analysis (blast) was performed by using NCBI on-line
software (https://www.ncbi.nlm.nih.gov/ncbisearch/)
and The EMBL-EBI on-line software (https://www.
ebi.ac.uk/Tools/msa/clustalo/).

RESULTS AND DISCUSSION

Plant characteristics of BC;F; population. The
difference between male sterile plants and male fertile
plants in the BC;F; population was obvious in the
field. When seeds matured, panicles of male fertile
plants showed normal yellow, while those of male
sterile plants remained green (Figure 1). During the
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grain filling period, male fertile plants displayed obvi-
ous characteristics of bearing seeds, while male sterile
plants were characteristic of enclosed panicles, and
were shorter without bearing seeds. All these features
made it easy to distinguish male sterile plants from
male fertile plants. In WA, BT and HL-type hybrid
rice, there are two restoring fertility genes at least
for each, one of restoring genes may not completely
restore male fertility. Huang et al. (2012) reported
that hybrid F; plants containing either of Rf5 and Rf6
displayed 50% fertile pollen grains, while those with
both Rf5 and Rf6 showed 75% normal pollens. Rice
variety Swarna with Rf4 was identified to be a partial
restorer, but it exhibited complete fertility restora-
tion when another restorer Rf3 was introduced into
Swarna (Ponnuswamy et al. 2020). In comparison,
CMS-FA rice has only one restorer Rf{fa), which can
completely restore male fertility (Figure 1).

Rf(fa) was mapped between MM2000 and
RM25658. To further fine map the target gene, Rf{fa),
we first conducted the polymorphism analysis of SSR
molecular markers between RM6100 and MM2023,
which located at both ends of the previous mapping
region (Li et al. 2016), to obtain new polymorphism
SSR molecular markers. As a result, three SSR markers
were found to exhibit polymorphism between two
parents Jinnong 1A and 9311-9, they were MM2014,
RM25658 and MM2000 (Figure 2; Figure S1 in Elec-
tronic Supplementary Material (ESM)). Using the
three markers we identified three crossing-over plants

Figure 1. Panicle feature of male sterile (left) and fertile
(right) plants from the BC,F; mapping segregation popu-
lation

bar =2 cm
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Figure 2. Polymorphism SSR markers identified within the previous mapping region between RM6100 and MM2023
M; — DL1000 DNA marker; P; — Jinnong 1A (9); P2 — 9311-9 (&); F1 — F1 of Jinnong 1A x 9311-9; *F; and any crossing-over
plant from the BCF; population shared the same band pattern, thus used as the control

(No. 538, 2579 and 4400) at MM2000 (Figure 3A; Fig-
ure S2 in ESM), two crossing-over plants (No. 2322
and 3276) at MM2014 (Figure 3B; Figure S2 in ESM)
and one crossing-over plant (No. 2322) at RM25658
(Figure 3C; Figure S2 in ESM). Thus the target gene
Rf(fa) was finally mapped between two SSR molecular
markers MM2000 and RM25658 (Figure 4), a range
of 78.87 kb based on the de novo sequencing result.

The polymorphism of MM2000 marker between
the parents was extremely poor (Figure S1 in ESM;
Figure 2; Figure 3A). To find out what the maximum

200 bp

resolution which could be achieved by the poly-
acrylamide gel electrophoresis was, we sequenced the
marker band DNAs of Jinnong 1A and 9311-9 by TA
cloning, the result (data unpublished) showed that
the length for MM2000 marker band DNA of 9311-9
was 216 bp, while that of Jinnong 1A was 213 bp,
thus the minimum difference between two genotypes
which could be determined by polyacrylamide gel
electrophoresis might be about 3 bp. Although SSR
marker sequences are highly susceptible to mutation
(Tautz 1989), and there are more than 50 000 SSR

Fi (B)

MF 1

2 3 4 5 6 7 8

300 bp —

200bp —

Figure 3. Plants displaying crossing-over bands at MM2000 (A), MM2014 (B) and RM25658 (C)
A: M - DL1000 DNA marker; Py — Jinnong 1A (?); P, — 9311-9 (£); 1, 3, 4 — recombinants (plant numbers: 538, 2 579, 4 400);

2 — non-crossing over plant; F; — F; of Jinnong 1A x 9311-9

B: M — DL1000 DNA marker; F; — F; of Jinnong 1A x 9311-9; 1, 2, 4~7 — non-crossing-over plants; 3, 8 — crossing-over plants

C: M — DL1000 DNA marker; F; — F; of Jinnong 1A x 9311-9; 1~2, 4~8 — non-crossing over plants, 3 — crossing-over plant
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molecular markers developed so far in rice (Zhang
et al. 2007), still it seems insufficient for gene fine
mapping sometimes. In the absence of polymorphism
molecular markers available or the polymorphism
is too poor to discriminate the difference, it might
solve the problem to find out the sequence difference
between two genotypes by the sequencing of the
DNA from molecular marker bands.

Mapping segregation population use. Develop-
ment and application of rice SSR molecular markers
greatly facilitate the mapping and cloning of rice
functional genes. The mapping segregation population
size required for preliminary mapping may be only
a few hundred individuals, while that needed for
fine mapping may be much too much larger. In the
previous study, Li et al. (2016) used a BC;F; popula-
tion of about 800 plants (380 male sterile plants used
for genetic analysis) and an F, population of about
2 000 individuals (570 male sterile plants used for
analysis) to perform the preliminary mapping. In this
study, we used a re-constructed BC,F; population
of 12 000 plants (5 088 male sterile plants used for
analysis) to locate the target gene to a 78.87 kb region,
identified a crossing-over plant at RM25658 and
three crossing-over plants at MM2000, which might
have reached the limit the population could achieve.
Studies have shown that the mapping population
size required for an actual mapping varies, depend-
ing on the position of the gene on the chromosome
and the mapping segregation population type used.
Rice photosensitive nuclear sterility gene pm3 was
mapped to a 28.4 kb area using an F, population

https://doi.org/10.17221/49/2022-CJGPB

of 7 000 plants (Ding et al. 2012); Keisuke et al. (2016)
used an F, population of 1 248 plants and a BC;F;
population of 6 432 plants to realize the fine mapping
of Rf98 gene; Zhang et al.(2002) used 117 completely
sterile plants from an F, population to preliminar-
ily map Rf4 gene; the rice Zebra leaf mutant gene
zebral349 was mapped to a region of 89 kb with
a genetic distance of 0.21 ¢cM using 1 192 recessive
plants from a segregation population (Guo et al.
2016). Tan et al. (2015) located Green-Revertible
Chlorina Gene grc2 in rice between two molecular
markers (31 kb) using 960 mutant individuals from
an F; population. Thus the population size required
for the mapping of different genes may vary greatly,
while that for preliminary mapping may be only more
than 100 plants.

Genomic sequence divergence between wild
rice and cultivated rice. The length of the genom-
ic sequence between RM6100 and MM2023 was
144.6 kb based on the de novo sequencing result,
which spanned the whole mapping region determined
by this study. Comparing this sequence with those
of a few cultivated rice varieties, we found the fol-
lowing differences: (1) The sequence from the wild
rice species was significantly longer than those of cul-
tivated rice varieties. The corresponding sequences
for Nipponbare, Minghui 63 and Zhenshan 97B were
120.8, 114.7 and 140.2 kb, namely 23.8, 29.9 and
4.4 kb shorter than that of the wild rice respectively.
Obviously, the difference varied depending on differ-
ent genetic backgrounds or genotypes. (2) Between
RM6100 and MM2023, the gene number in Nip-

@ o=z z = & EE £ z
=2 2 = B 5 8 = Molecular markers
= =2 0 g o B P =3
& N3 =3 =) —_ o -~
£ g = 2 = 8 &
: : | ! | : : I Chromosome 10
] 4 3J 1\» 2 4 9 Recombinants

(B) 78.87kb r---l-——--l---‘!

1 2 3 4 5 6

(C) PPR protein genes

/ \
ST 8 9 10\
14.58 kb 8.32 kb 9.16 kb
PPRI1284 PPR831 PPR876

Figure 4. Further fine mapping of the target gene Rf{fa): the position of the target gene Rf{fa) on Chromosome 10 (A), Rf{fa)
was finally mapped between MM2000 and RM25658, a range of 78.87 kb, with 10 predicted genes (Gene 1~Gene 10) (B),
Gene 7, Gene 9 and Gene 10 were PPR protein genes, and one of genes PPR1284 was predicted as the candidate gene

of Rf(fa) (C)
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Table 2. Genes and their functions of the final mapping region
Gene Genome size Total exon length Possibl ) Reference
sequence No. (bp) ossible protein type (NCBI Sequence ID)
Gene 1 2451 738 protochlorophyllide reductase B XP-015614945.1
Gene 2 2 046 597 protochlorophyllide reductase B XP-015614945.1
Gene 3 13 984 3630 uncharacterized protein LOC4349005 isoform X2 XP-015614617.1
Gene 4 2 814 255 XS domain containing protein-like BAD26426.1
Gene 5 3 846 2 844 retrotransposon protein AAX96828.1
Gene 6 9 647 6333 retrotransposon protein ABB47352.2
. . . . L XP-015614273.1;
Gene 7 14 587 3 855 PPR protein; protein Rfl, mitochondrial isoform X1 ABC42330.1
Gene 8 4 547 654 membrane-associated protein AAL58263.1
. . XP-015614275.1;
Gene 9 8322 2 496 PPR protein; protein Rfl BAD13709.1
. . . AAL58282.1;
Gene 10 9 164 2 631 PPR protein; membrane-associated protein ABC42330.1

*the candidate gene of Rf{(fa): PPR1284

ponbare and the wild rice species was different. Ac-
cording to the gene prediction by Softberry Software
(http://www. softberry.com), there were 28 genes
based on the wild rice genome, and 23 genes based
on Nipponbare genome. Within the final fine mapping
region, there were only 9 genes for Nipponbare and
10 genes for the wild rice. (3) 9311-9 and 9311 are
isogenic lines with similar nuclear background, but
9311-9 possesses the sequence introduced from the
wild rice with Rf(fa). The mapping region between
MM2000 and RM25658 of 9311-9 was 25.8 kb longer
than that of 9311. Compared with 9311-9, 9311 had
discontinuous large-fragment deletions. Zhang et al.
(2016) compared the genomic sequence differences
between Minghui 63 and Zhenshan 97A, uncover-
ing surprising structural differences resulting from
inversions, translocations, presence/absence varia-
tions, and segmental duplications, suggesting that

(bp) 1000
700

\
500

—
400
300 —
200

100

Figure 5. RT-PCR fragments of 10 predicted genes

there exists extensive sequence differences between
rice varieties.

Gene structure and function of the final mapping
region. Within the mapping region (78.87 kb), all the
predicted genes contained introns. Bioinformatics
analysis showed that the protein sequences of the
predicted genes could partially match the sequences
of some functional proteins such as protochlorophyl-
lide reductase B, XS domain containing protein-like,
retrotransposon protein, PPR protein, membrane-
associated protein etc. (Table 2; Table S1 in ESM).

Transcriptional level analysis of candidate genes.
Using 10 pairs of RT-PCR primers (Table 1), we ob-
tained 10 DNA fragments (Figure 5) corresponding
to the 10 predicted genes. Through TA cloning and
sequencing, we found that the full-length RT-PCR
sequence of Gene 2 (287 bp) was identical with the
mRNA sequence (3.239) of Gene 2 (Figure 6A); that

M - DL1000 DNA marker; 1~10 — fragments for predicted Gene 1~ Gene 10

49


https://www.agriculturejournals.cz/web/cjgpb/
https://www.agriculturejournals.cz/publicFiles/417160.pdf

Original Paper

Czech Journal of Genetics and Plant Breeding, 59, 2023 (1): 43-53

of Gene 3 (647 bp) was identical with the mRNA
sequence (1639-2335) of Gene 3 (Figure 6B), while
that of Gene 7 (201 bp) was consistent with Gene 7
genomic sequence (g537-6631) (L1) and genomic se-
quence (9764-9887) (L2) respectively (Figure 6C), not
completely consistent with the predicted mRNA
sequence. Except for the three genes, the RT-PCR
sequences for the rest seven genes either had no sig-
nificant similarity or were not completely consistent
with the corresponding genomic sequence or pre-
dicted mRNA sequences, suggesting that these RT-
PCR sequences might be sequences of genes outside
the final mapping region. Our result also indicated
that during the young panicle development, only
a small number of genes within the final mapping
region were selectively expressed, which is in line
with the general cognition.

(A)
RT-PCR —~GAATGCAGGGAACACGAACACGCTGGCGGGGAACGTGCCGCCGAAGGCGAACCTGGGG 58
mRNA* ATGAATGCAGGGAACACGAACACGCTGGCGGGGAACGTGCCGCCGAAGGCGAACCTGGGG 60
RT-PCR GACCTCCGGGGGCTCGCCTCGGGCCTCGACGGCGTGTCGAGCTCCGCCATGATCGACGGC 118
mRNA GACCTCCGGGGGCTCGCCTCGGGCCTCGACGGCGTGTCGAGCTCCGCCATGATCGACGGC 120
RT-PCR GGCGAGTTCGACGGCGCCAAGGCCTACAAGGACAGCAAGGTGTGCAACATGCTGACGATG 178
mRNA GGCGAGTTCGACGGCGCCAAGGCCTACAAGGACAGCAAGGTGTGCAACATGCTGACGATG 180
RT-PCR CAGGAGTTCCACCGCCGGTACCACGGCGAGACCGGGGTGACGTTCGCGTCGCTCTACCCC 238
mRNA CAGGAGTTCCACCGCCGGTACCACGGCGAGACCGGGGTGACGTTCGCGTCGCTCTACCCC 240
RT-PCR GGGTGCATCGCCACCACGGGCCTCTTCCGGGAGCACGTCCCGCTGTTCC————————— 287
mRNA GGGTGCATCGCCACCACGGGCCTCTTCCGGGAGCACGTCCCGCTGTTCCGCCTCCTCTTC 300
©
L GCGG 4
Gene 7 GGTGTATCGGCCGCGCTGCTCCGCCCTGGTCCGCAGGCTTTGGCGGCGAGCTGGCGGCGG 6540
skt
L AGGGAGACTGTGGTGAGATCGGATTTCGCCGCTGGTGGTGTCGCTACCATGGGGGATTCG 64
Gene 7 AGGGAGACTGTGGTGAGATCGGATTTCGCCGCTGGTGGTGTCGCTACCATGGGGGATTCG 6600
L CCGCAGGCGCTCTCAGG 81
Gene 7 CCGCAGGCGCTCTCAGGTTTGCAGCCTCCTCCACTCTCTTCCCTTTTTTATTTTTTTTCT 6660
ekl Rk kkokkok
L. AGCGCCGCGCAGA 13
Gene 7 TTTCAGTTTCCTTCTGAACGGAAATTTCTGTTTTTTTTTCCCCCAGGAGCGCCGCGCAGA 9780
sokkkkokkokokk

L. AGAGATCGATCGCGATCTCCCTGCCCCGACGTCGCCGGCCGATCTCTCATTCTCTCCACG 73
Gene 7 AGAGATCGATCGCGATCTCCCTGCCCCGACGTCGCCGGCCGATCTCTCATTCTCTCCACG 9840
L. CCCTGCTCGTCGCCGATCTCCTACACCATCCCTGCCATCTCCTCCTT 120
Gene 7 CCCTGCTCGTCGCCGATCTCCTACACCATCCCTGCCATCTCCTCCTTCCCCTCC 9900

https://doi.org/10.17221/49/2022-CJGPB

Prediction for candidate gene(s) of Rf{fa). Ac-
cording to the bioinformatics analysis of the genes
within the final mapping region, the proteins of three
predicted genes were partially similar to several PPR
proteins in sequence, and therefore were considered
to be PPR protein genes, which encoded proteins
of 1 284, 831 and 876 amino acid residues, hence
named PPR1284, PPR831 and PPR876, respectively
(Figure 4). But at transcriptional level, only one
of the PPR protein genes (PPR1284) was expressed.
Although two other genes (Gene 2 and Gene 3) were
expressed at RNA level, they were less likely to be the
target gene, taking into consideration the function
of restoring genes for hybrid rice. Therefore, PPR1284
was most probably the candidate gene of Rf{fa). Till
now, hybrid rice restoring genes identified across the
world are mainly located on Chromosome 10 (Liu

(B)
RT-PCR ~  ———— ATCTTCTGGTAGTGATGCTGGTCTGTCACAGAAGGCATTCAATTGTTCTCCA 52
mRNA* ATTACTATATCTTCTGGTAGTGATGCTGGTCTGTCACAGAAGGCATTCAATTGTTCTCCA 1740
RT-PCR TCTATATCAAGCAATGGGGCATCAAGTGGTTCATTAGGCGAGAGACATAGCAATGGTGGT 112
mRNA TCTATATCAAGCAATGGGGCATCAAGTGGTTCATTAGGCGAGAGACATAGCAATGGTGGT — 1800
RT-PCR GCTTTGAAGTTGAATATAAAAAAGGATCGTGGCAATGCAAATCCAATTAGAGGCTCAAGT 172
mRNA GCTTTGAAGTTGAATATAAAAAAGGATCGTGGCAATGCAAATCCAATTAGAGGCTCAAGT 1860
RT-PCR GGGTGGATTTCAATAAGAGCGCACAGTTCTGATGGGAACTCCAGAGAAATGGCAAAAAGA 232
mRNA GGGTGGATTTCAATAAGAGCGCACAGTTCTGATGGGAACTCCAGAGAAATGGCAAAAAGA 1920
RT-PCR CGCCGTCTATCTGAAAATGTAATCACCGACAGTGGTGGCGGTGATGACCCTTTTGCTTTIT 292
mRNA CGCCGTCTATCTGAAAATGTAATCACCGACAGTGGTGGCGGTGATGACCCTTTTGCTTTT 1980
RT-PCR GATGATGTTGATCAGGAGCCTTCAAATTGGGAACTGCTTGGTCCAAAAAAGAAATCGCCT 352
mRNA GATGATGTTGATCAGGAGCCTTCAAATTGGGAACTGCTTGGTCCAAAAAAGAAATCGCCT 2040
RT-PCR CAGAAACATCAAGACAAATCAGGAAATGGAGTGCTAGTTGCAAGTCATGAACCAGACCAA 412
mRNA CAGAAACATCAAGACAAATCAGGAAATGGAGTGCTAGTTGCAAGTCATGAACCAGACCAA 2100
RT-PCR CCTGAAGATCTTAATCAGTCGGGTACAACATCTCTTTTTAGTGCTAAAGATGAATCCAGT 472
mRNA CCTGAAGATCTTAATCAGTCGGGTACAACATCTCTTTTTAGTGCTAAAGATGAATCCAGT 2160
RT-PCR CTTTTGGAAGACTGCCTCTTGGCATCAGTTAAGGTTCTTATGAACTTAGCAAATGACAAC 532
mRNA CTTTTGGAAGACTGCCTCTTGGCATCAGTTAAGGTTCTTATGAACTTAGCAAATGACAAC 2220
RT-PCR CCATCTGGTTGTGAATTGATTGCGTCATGTGGTGGACTTAACACCATGGCCTCCTTGATC 592
mRNA CCATCTGGTTGTGAATTGATTGCGTCATGTGGTGGACTTAACACCATGGCCTCCTTGATC 2280
RT-PCR ATGAAGCATTTCCCCTCATTTTGTTTTGTCGTGGACAACAACTATAACACGAGAG———— 647
mRNA ATGAAGCATTTCCCCTCATTTTGTTTTGTCGTGGACAACAACTATAACACGAGAGATGTC 2340

Figure 6. Comparison of three gene RT-PCR sequences with their corresponding mRNA or genomic sequences of Gene 2,

Gene 3 and Gene 7: comparison of the RT-PCR sequence with the mRNA sequence for Gene 2 (A), comparison of the

RT-PCR sequence with the mRNA sequence for Gene 3 (B), comparison of the RT-PCR sequence with the genomic

sequence for Gene 7 (C)

L; — RT-PCR sequence (1-81); Lo — RT-PCR sequence (82—201); *here all the U bases in the mRNA sequence were replaced by T
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etal. 2004; Huang et al. 2012; Luo et al. 2013; Keisuke
et al. 2016; Zhang et al. 2022), including Rfla, Rf1b,
Rf4, Rf5, Rf98 and Rf18(t), the rest are on the other
chromosomes: Rf2, Rf3, Rf6, Rf17 and Rf18(t) were
on Chromosome 2 (Eitabashi et al. 2011), Chromo-
some 1 (Zhang et al. 1997), Chromosome 8 (Huang
etal. 2012), Chromosome 4 (Fujii & Toriyama 2009)
and Chromosome 1 (Zhang et al. 2022) respectively.
Rf(fa) was also located on Chromosome 10. Accord-
ingly, rice male sterile restorers might originate from
a common ancestral gene, which was later replicated
and inserted into adjacent positions on the same
chromosome, even into the other chromosomes. Later,
these genes further turned into highly homologous
genes through mutation, but were functionally dif-
ferent from each other.

About two months after this manuscript was sub-
mitted, Jiang et al. (2022) published online a paper
entitled “Fujian cytoplasmic male sterility and the
fertility restorer gene OsRf19 provide a promising
breeding system for hybrid rice” Their cloned OsRf19
turned to be our predicted candidate gene Gene 7 for
Rf{fa) within our final mapping region in this study.
They used RICE6K microarray analysis along with
an F, population and a BCyF;, population to map
the target gene, while we used a small F, population
and a large BC;F; population, combined with the
expression analysis of genes within the final mapping
region to complete the mapping and the subsequent
prediction of the candidate gene. Their result proved
that our mapping and the prediction of the candidate
gene for Rf(fa)/ OsRf19 is correct and accurate. They
and we used different materials and methods in the
mapping of the target gene, but obtained the same
mapping result, which provided important reference
for later researchers. What is particularly important
is that we provided several SSR molecular markers
tightly linked to Rf{fa)/ OsRf19 other than those they
provided, which will be very useful to the develop-
ment and application of CMS-FA hybrid rice. They
analyzed the origin of the target gene, but did not
investigate the genomic sequence differences of the
previous mapping region between the wild rice and
cultivated rices. We performed RT-PCR analysis
of all the genes in the final mapping region to help
predict the candidate gene for Rf{fa)/OsRf19, and
their result demonstrated the effectiveness of this
method for the candidate gene prediction. In addi-
tion, we discussed the size of mapping segregation
populations required for the preliminary and fine
mapping of a gene. Therefore our study is not just

a confirmation of Jiang et al. (2022), but further
provides new information.

CONCLUSION

The target gene Rf{fa) was finally mapped to an area
0f 78.87 kb on Chromosome 10 of rice, flanked by two
SSR molecular markers MM2000 and RM25658.
Within this mapping region, the expression of three
genes at transcriptional level was detected, includ-
ing Gene 2, Gene 3 and Gene 7 (PPR1284), and that
of the other genes at transcriptional level was not.
Thus the PPR protein gene PPR1284 was predicted
as the candidate gene of Rf{fa). There existed exten-
sive genomic sequence divergence between the wild
rice and the cultivated rice.
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