
1 3

Theor Appl Genet (2016) 129:2003–2017
DOI 10.1007/s00122-016-2755-6

ORIGINAL ARTICLE

Fine mapping of Restorer‑of‑fertility in pepper (Capsicum annuum 
L.) identified a candidate gene encoding a pentatricopeptide 
repeat (PPR)‑containing protein

Yeong Deuk Jo1,2 · Yeaseong Ha1 · Joung‑Ho Lee1 · Minkyu Park1 · Alex C. Bergsma3 · 
Hong‑Il Choi2 · Sandra Goritschnig3 · Bjorn Kloosterman3 · Peter J. van Dijk3 · 
Doil Choi1 · Byoung‑Cheorl Kang1 

Received: 1 April 2016 / Accepted: 15 July 2016 / Published online: 28 July 2016 
© Springer-Verlag Berlin Heidelberg 2016

the co-segregating region harboring the Rf locus was 
delimited to be within 821 kb of sequence. Prediction 
of expressed genes in this region based on transcription 
analysis revealed four candidate genes. Among these, 
CaPPR6 encodes a pentatricopeptide repeat (PPR) pro-
tein with PPR motifs that are repeated 14 times. Char-
acterization of the CaPPR6 protein sequence, based on 
alignment with other homologs, showed that CaPPR6 
is a typical Rf-like (RFL) gene reported to have under-
gone diversifying selection during evolution. A marker 
developed from a sequence near CaPPR6 showed a 
higher prediction rate of the Rf phenotype than those of 
previously developed markers when applied to a panel 
of breeding lines of diverse origin. These results sug-
gest that CaPPR6 is a strong candidate for the Rf gene 
in pepper.

Introduction

Cytoplasmic-genic male sterility (CGMS) has been used in 
commercial hybrid seed (F1) production in a large number 
of crops (Hanson and Bentolila 2004). In hybrid seed pro-
duction using CGMS, a male-sterile line carrying a mater-
nally inherited cytoplasmic male sterility (CMS)-inducing 
gene located on the mitochondrial genome is used as a 
seed parent line. This enables prevention of self-pollination 
without laborious emasculation during seed production. 
Meanwhile, a line carrying a Restorer-of-fertility (Rf) gene, 
nucleus-encoded gene that suppress the CMS-inducing 
gene, is used as an pollen parent. The resulting F1 plant is 
male-fertile due to the action of Rf although the F1 plant 
has the CMS-inducing gene.

Efforts to clone and characterize Rf genes have been 
made in many crop species because of their economic 
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value in efficient hybrid seed production, as well as their 
scientific importance as a model to analyze nuclear control 
of mitochondrial gene expression, and co-evolution of the 
nuclear genome with mitochondrial DNA (Chen and Liu 
2014; Hanson and Bentolila 2004; Fujii et al. 2011; Kubo 
et al. 2011). As a result, Rf genes have been successfully 
cloned in maize (Cui et al. 1996), petunia (Bentolila et al. 
2002), radish (Brown et al. 2003; Desloire et al. 2003; Koi-
zuka et al. 2003), rice (Hu et al. 2012; Huang et al. 2015; 
Kazama and Toriyama 2003; Komori et al. 2004; Luo et al. 
2013; Wang et al. 2006), and sugar beet (Matsuhira et al. 
2012).

The majority of cloned Rf genes are members of the 
pentatricopeptide repeat (PPR) gene family. Through 
genetic mapping, co-segregation of PPR genes with Rf has 
also been identified in several crops including sorghum, 
Mimulus, and maize (CMS-S) (Barr and Fishman 2010; 
Klein et al. 2005; Xu et al. 2009). However, four non-PPR 
Rf genes have also been cloned, encoding an aldehyde 
dehydrogenase (Rf2a), a glycine-rich protein (Rf17), a 
putative retrograde signaling control-related protein (Rf2), 
and a putative mitochondrial protein quality control-related 
protein (Rf1), in CMS-T maize, CW-CMS rice, LD-CMS 
rice, and sugar beet, respectively (Cui et al. 1996; Fujii and 
Toriyama 2009; Itabashi et al. 2011; Matsuhira et al. 2012).

PPR genes encode proteins with repeated motifs consisting 
of degenerate arrays of 35 amino acids of slightly different 
lengths. They can bind RNA through their superhelix struc-
ture (Small and Peeters 2000). Depending on their structure, 
which includes P and PLS-class subfamilies, PPR genes have 
been shown to be involved in RNA editing, splicing, process-
ing and degradation (Barkan and Small 2014; Lurin et al. 
2004). Most PPR-type Rf genes are in the P subfamily, which 
is characterized by an array of regular 35-amino acid motifs 
(Bentolila et al. 2002; Brown et al. 2003; Komori et al. 2004). 
The products of Rf genes of this type are involved in the pro-
cessing or degradation of transcripts from CMS-expressed 
genes, as exemplified by Rf1a and Rf1b, which function in 
cleavage or degradation of CMS-associated transcripts (atp6-
orf79) in rice (Wang et al. 2006).

PPR genes constitute a large gene family (e.g., 441 in 
Arabidopsis and 477 in rice). They are present only in land 
plants, although a few homologs have been detected in 
other species such as yeasts and algae (Fujii et al. 2011). 
The cloned PPR-type Rf genes typically form a cluster with 
closely located PPR genes, whereas other PPR genes are 
dispersed throughout the genome (Lurin et al. 2004; Wang 
et al. 2006). The Rf and clustered PPR genes share high 
sequence similarity; based on phylogenetic analysis using 
known PPR genes from a broad range of plant species, 
Fujii et al. (2011) classified these genes as Rf-like (RFL) 
genes. RFL genes from diverse plant species form a sep-
arate clade from other PPR genes. This implies that RFL 

genes originated from the same ancestral gene that existed 
before the speciation of land plants. Finally, RFL genes 
show much higher rates of non-synonymous to synony-
mous substitutions than other PPR genes (Fujii et al. 2011). 
The rate of diversifying selection is highest on the first, 
third and sixth amino acid of the PPR motif, which may 
be involved with RNA ligand interaction. Studies of PPR 
genes have shown that each of their 35 amino acid arrays 
determines the specificity of the protein to one nucleotide 
of target RNA. Furthermore, a combination of the first and 
sixth amino acids in the motif is crucial for determining 
specificity, implying that these amino acids interact directly 
with RNA (Barkan et al. 2012; Barkan and Small 2014). 
These characteristics of Rf genes support the hypothesis 
that they have evolved by a birth-and-death process usually 
found in disease resistance genes, to cope with the evolu-
tion of mitochondrial orfs including CMS genes (Dahan 
and Mireau 2013; Touzet and Budar 2004).

In pepper, only a CMS cytoplasm originated from an 
Indian accession (USDA accession PI 164835) has been 
characterized (Peterson 1958) and used in hybrid seed 
production. A chimeric gene (orf507) and a pseudo gene 
(Ψatp6-2) have been isolated and characterized as strong 
candidates to be CMS-associated genes (Gulyas et al. 
2006; Kim and Kim 2006; Kim et al. 2007; Li et al. 2013). 
However, for Rf, only molecular markers have been devel-
oped, based primarily on random amplified polymorphic 
DNA (RAPD) or amplified fragment length polymorphism 
(AFLP) methods using random primers (Kim 2005; Kim 
et al. 2006; Lee et al. 2008a; Min et al. 2009). Additional 
markers linked to Rf were developed from end sequences 
of bacterial artificial chromosome (BAC) clones contain-
ing sequences homologous to petunia Rf, or by compara-
tive mapping using tomato RFL genes. This implies that 
the pepper Rf gene may be an RFL-type PPR gene (Jo 
et al. 2010). A 2013 study showed the differential expres-
sion of several PPR genes between the restorer and its near-
isogenic CMS line in pepper (Liu et al. 2013). Although 
several markers were closely linked to the Rf gene (e.g. 
OPP13: 0.4 cM, AFRF4: 0.1 cM; Min et al. 2009) in a 
given population, most of the markers were unable to cor-
rectly detect genotypes for a wider range of pepper lines, 
implying that rearrangements have occurred in the Rf locus 
(Jo et al. 2010). To overcome this limitation, the cloning of 
the Rf gene itself and development of markers based on co-
segregating sequences are required.

In this study, we identified a genomic region co-seg-
regating with the restoration-of-fertility phenotype, and 
cloned a candidate for the Rf gene through the use of com-
binational mapping strategies. These results should lead to 
more reliable and efficient molecular breeding for Rf and 
provide greater understanding of the interaction between Rf 
and CMS cytoplasm in pepper.
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Materials and methods

Plant materials, phenotyping, and test crosses

Two different F2 populations were used for molecular 
marker linkage analysis. A total of 1068 F2 plants—derived 
from a previously developed cross between a CMS line 
(S/rfrf) and a restorer line (N/rfrf) which were seed and pol-
len parents of a ‘Chungyang’ cultivar and named as ‘Chun-
gyang A’ and ‘Chungyang C’ in this study, respectively 
(Monsanto Korea, Chungju, Korea) (Jo et al. 2010)—were 
used for fine mapping of Rf (Table S1). Another F2 popu-
lation, described by Kim et al. (2013), was composed of 
160 F2 plants and derived from a cross between a CMS line 
‘TCMS’ (S/rfrf), and a restorer line ‘Milyang K’ (S/RfRf) 
(Table S1). Leaf samples from a total of 51 breeding lines 
provided by Monsanto Korea (Jo et al. 2010), and 50 lines 
from Enza Zaden (Enkhuizen, The Netherlands), were used 
to validate the developed markers. For the transcriptome 
analysis, anthers from a ‘Bukang’ seed parent ‘Bukang A’ 
(S/rfrf) and a pollen parent named as ‘Bukang C’ (N or 
S/RfRf), were used.

The fertility of F2 individuals was evaluated at least 
three times by careful inspection for the presence of pollen, 
as described previously (Jo et al. 2010; Kim et al. 2013). 
Monsanto Korea (Jo et al. 2010) and Enza Zaden provided 
phenotypes for the breeding lines.

To determine the Rf genotype of Criollo de Morelos 
334 (CM334) from which the pepper scaffold and BAC 
sequences used in this study originated, crosses CM334 X 
Milyang A (a CMS line) and CM334 X Bukang A (a CMS 
line) were performed. Fertility was investigated in five F1 
plants from each cross.

Amplified fragment length polymorphism (AFLP)

Tentative Rf genotypes of individuals from a 
TCMS × Milyang K F2 population (160 individuals) were 
determined based on plant fertility and the genotypes of 
the Rf-linked markers G05G1-HRM and OPP13C1-CAPS 
(Jo et al. 2010; Kim et al. 2013). Two different pairs of 
DNA pools consisting of DNA from ten individuals with 
RfRf and rfrf genotypes, respectively, were prepared. Using 
these DNA pools, bulked segregant analysis (BSA)-AFLP 
was carried out for 1024 primer combinations covering 
all combinations between EcoRI + ANN or CNN, and 
MseI + ANN or CNN. Primer combinations with clear 
polymorphisms were selected. To reduce efforts to apply 
all the selected primer combinations to all F2 individuals, 
further selection of primer combinations was performed by 
applying them to DNA pools of recombinants which were 

screened by application of only eight primer combinations 
randomly chosen among the selected primer combinations 
to all F2 individuals (160 individuals). The primer combi-
nations in which marker genotype was consistent with fer-
tility restoration phenotype of individuals in each recom-
binant pool were applied to all F2 individuals to confirm 
co-segregation with the phenotype. AFLP analysis was 
carried out according to a protocol developed by KeyGene 
(Wageningen, The Netherlands), modified from the meth-
odology reported by Vos et al. (1995). Re-amplification 
of amplicons from selected AFLP markers and Sanger 
sequencing of PCR products, were conducted to determine 
marker sequences.

Marker development based on tomato gene sequences

Thirteen expressed sequence tags (ESTs) from pepper, 
which showed high similarity to tomato genes located in the 
1.3–2.2 Mb region of tomato chromosome 6, were selected 
from an EST database of C. annuum ‘Bukang’ (Kim et al. 
2008; Tomato Genome C 2012). Putative positions of 
introns for pepper ESTs were predicted by comparing 
them with the tomato gene DNA sequences. Primers were 
designed from EST sequences to amplify predicted intron 
sequences. PCR using the designed primers was performed 
for Chungyang A and Chungyang C. Those primer combina-
tions generating amplicons in only one of the two lines were 
used as sequence characterized amplified region (SCAR) 
markers. When amplification occurred in both lines, ampli-
con sequences were compared to develop cleaved amplified 
polymorphic sequence (CAPS) markers or markers based 
on high resolution melting (HRM) analysis.

Application of DNA markers

For SCAR markers, PCR reactions were carried out in 
20-µl reactions with 50 ng template DNA, 200 μM deoxy-
nucleotide solution mix (dNTP), 2 μl 10× Taq DNA pol-
ymerase buffer, 5 pmol each primer, and 1 unit DNA Taq 
DNA polymerase. PCR amplification was performed using 
an initial cycle of 94 °C for 5 min; 35 cycles of 94 °C for 
30 s, annealing temperature of each marker (Table S2) for 
30 s and 72 °C for 2 min; followed by a final extension of 
72 °C for 10 min. PCR products (5 µl each) were separated 
on 0.8 % agarose gels. For CAPS markers, the PCR ampli-
fication procedure was the same as that for SCAR markers, 
except it was followed by digestion of PCR products with 
5 units of suitable restriction enzyme (Table S2) at 37 °C 
for 3 h. Digestion products were separated on 1.5 % aga-
rose gels. For HRM analysis, the procedure described by 
Jeong et al. (2010) was applied.
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Screening pepper scaffold sequences containing 
sequences of developed markers

Scaffold sequences of the C. annuum CM334 genome 
were kindly provided by the Horticultural Crop Genom-
ics laboratory (Seoul National University, Seoul, Repub-
lic of Korea) in an earlier stage of fine mapping. Scaffolds 
containing marker sequences were selected by BLAST 
searches using the Pepper Genome Platform website 
(http://peppergenome.snu.ac.kr). Version 0.83 contigs and 
version 0.9 scaffolds were used to develop and anchor 
markers, respectively. Later, scaffold sequences included in 
the DNA region co-segregating with Rf were replaced with 
up-to-date versions of these chromosome sequences (ver-
sion 1.55) (Kim et al. 2014).

BAC library screening, chromosome walking, 
and sequencing selected BAC clones

A CM334 BAC library developed by Yoo et al. (2003) was 
strategically pooled for efficient screening of BAC clones 
based on PCR analysis. A three-step BAC screening pro-
cess was developed to include pooling of cell cultures 
from each column on each 384-well plate, pooling of cell 
cultures on the same 384-well plate, and two-dimensional 
pooling of the cell culture pooled from each plate. This 
BAC library pooling strategy enabled a single copy of a tar-
get BAC clone to be selected from among 221,184 clones 
using three rounds of PCR (140 PCR reactions).

Six chromosome walking cycles were carried out, each 
cycle including: (1) design of a primer set to amplify 
a specific sequence located on the distal end of former 
sequences; (2) screening new BAC clones with a PCR-
based BAC library screening system using the designed 
primer set; (3) BAC end sequencing for the selected BAC 
clones; and (4) elucidation of the overlap pattern between 
selected BAC clones, based on PCR amplification of BAC 
end sequences using BAC clone DNA as a templates. BAC 
clones with the longest extension from the former tiled 
sequences were selected for the next cycle of tiling.

The GS-FLX system (Roche Applied Science, Indi-
anapolis, USA) was used to sequence the selected BAC 
clones. Each BAC clone was given a different tag dur-
ing library construction for separate assembly. Gener-
ated sequences were assembled using Newbler Assembler 
Software Version 2.0 (454 Life Sciences, Branford, USA) 
at the National Instrumentation Center for Environmental 
Management (NICEM; Seoul, Republic of Korea). Gaps 
between BAC clone sequence contigs were filled with 
Sanger-sequenced PCR amplicons of gap sequences using 
primer sets designed from the distal ends of contigs and on 
the released pepper chromosome sequences (version 1.55) 
(Kim et al. 2014).

Transcriptome analysis and analysis of candidate genes

RNA was isolated from anther tissues of restorer line 
Bukang C and CMS line Bukang A using the Hybrid-RTM 
RNA extraction kit (GeneAll Biotechnology, Seoul, Repub-
lic of Korea) according to the manufacturer’s instructions. 
Transcriptome sequences were produced using Hiseq 2500 
(Illumina/Solexa, San Diego, USA) at NICEM.

To determine candidate genes, repeated sequences on 
the genomic region co-segregating with Rf were masked, 
and RNA-Seq reads were mapped on the unmasked euchro-
matic region. Repeated sequences were visualized using 
the MultiPipMaker program (available at: http://pipmaker.
bx.psu.edu/pipmaker/). Sequence regions showing similar-
ity (E value <10−5) with transposable element sequences 
released from the Pepper Genome Database (Qin et al. 
2014; available at: http://peppersequence.genomics.cn/) 
were BLAST-screened and visualized using an in-house 
Perl script. CLC Workbench 8.5 (CLC bio, Aarhus, Den-
mark) was used to map NGS reads; read mapping and 
large-gap mapping functions of this software were used to 
map reads with greater than 98 % similarity to the genomic 
sequence co-segregating with Rf. De novo assembly and 
transcript discovery functions in CLC Workbench 8.5 
were used to assemble reads mapped by read mapping and 
large-gap mapping functions, respectively. Assembled con-
tigs were curated manually. Only the contigs on unmasked 
genomic regions were selected for further analysis.

BLASTX was used to analyze contig sequences, com-
paring them with the GenBank protein database (http://
www.ncbi.nlm.nih.gov/genbank/) and the ITAG Solanum 
lycopersicum protein database (v2.3) (http://solanaceae.
plantbiology.msu.edu/). After mapping RNA-Seq reads to 
coding sequences using CLC Workbench 8.5, heat maps 
showing the expression levels of candidate genes were 
drawn using an in-house Perl script.

Cloning of genes homologous with PPR6

Forward and reverse primers designed from sequences 
located 5′ upstream and 3′ downstream of CaPPR6, respec-
tively, were used for PCR (forward: 5′-GTGCTGCCTG 
CTGGTGAAGAA-3′, reverse: 5′-GTATCACAGCGATA 
GCAGAGCC-3′). PCR amplicons were cloned using the 
pGEM®-T Easy vector system (Promega, Madison, USA) 
and randomly selected colonies were sequenced. Translated 
sequences of CaPPR6 and homologous genes were aligned 
using the ClustalW program in CLC Workbench 8.5.

RT‑PCR analysis

Using the Hybrid-R™ RNA extraction kit (GeneAll Bio-
technology, Seoul, Republic of Korea) according to the 

http://peppergenome.snu.ac.kr
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http://solanaceae.plantbiology.msu.edu/
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manufacturer’s protocol, total RNA was isolated from 
stems, leaves, ovules, and anthers (obtained from 3 to 5 mm 
floral buds) from two individuals in the Chungyang F2 pop-
ulation with RfRf and rfrf genotypes, respectively. cDNA 
was synthesized from 2 μg total RNA using the MMLV 
reverse transcription kit (Promega, WI, USA). For RT-PCR, 
a primer set was designed (using polymorphisms between 
the gene sequence of CaPPR6 and homologous sequences 
of CaPPR6 in the CM334 genome which were screened by 
BLAST analysis via the Pepper Genome Platform website) 
to amplify a portion of the PPR6 gene in restorer parents of 
Chungyang and Bukang, but not in CMS parents of Chun-
gyang and Bukang. The sequences of forward and reverse 
primers were 5′-GCCTCTTCCTTCTCTTCATGTC-3′ 
and 5′-GCAGAAGGCATCAATAACACCA-3′, respec-
tively. The nucleotide on the 3′ end of the reverse primer 
was specifically matched with CaPPR6 in CM334, and to 
reduce nonspecific amplification, the third nucleotide from 
the 3′ end was designed not to match with CaPPR6 nor its 
homologs. Reverse-transcriptase PCR (RT-PCR) was per-
formed in 50-μl reactions with 10 mM Tris-HCl (pH 8.3), 
50 mM KCl, 1.5 mM MgCl2, 0.5 mM each dNTP, 10 pmol 
each primer, 1 μl synthesized cDNA, and 1 U rTaq poly-
merase (Takara, Shiga, Japan).

Results

Development of AFLP markers closely linked to the Rf 
gene

To select for AFLP markers closely linked to the pepper 
Rf gene, three BSA-AFLP cycles were carried out using 
1024 primer combinations on an Rf-segregating F2 popula-
tion (160 individuals) derived from a cross between TCMS 
(CMS line) and Milyang K (restorer line). Based on the 
results of BSA-AFLP using two different pairs of DNA 
pools for RfRf and rfrf genotypes, 92 primer combinations 
were selected. In the final BSA-AFLP cycle, recombinants 
on both sides of Rf were screened by applying eight prim-
ers randomly selected from the 92 primer combinations on 
160 F2 individuals. AFLP was then carried out on pools 
of recombinants to screen markers co-segregating with 
the Rf phenotype. After confirming co-segregation in 160 
F2 individuals, a total of 12 AFLP markers were selected 
(Table S1; Fig. S1a), eight of which showed clear genotyp-
ing results for all F2 individuals. These AFLP markers were 
regarded as markers co-segregating with Rf in this popula-
tion. Although no conflicts were detected between marker 
genotypes and dominantly scored phenotypes, recombi-
nation events between markers were found as, in most 
cases, marker genotypes were co-dominantly scored. Eight 
markers were classified into four groups, according to the 

recombination patterns between them. One of the devel-
oped markers, AF5, was identical to AFRF4, previously 
reported to be located 0.1 cM from Rf (Min et al. 2009; 
Fig. S1b).

Development of markers by comparative mapping 
using the tomato whole genome sequence

Genetic marker G05G1-HRM was previously developed 
from a tomato sequence (Jo et al. 2010); based on syn-
teny studies between tomato and pepper at the G05G1-
HRM genome region, it was possible to design additional 
markers. Three markers (1.31-SCAR, 1.51-CAPS and 
1.85-HRM) were developed from pepper EST sequences 
corresponding to orthologs of tomato genes located at 
the 1,307,093–1,310,260, 1,501,436–1,506,288, and 
1,846,027–1,849,951 bp positions of tomato chromosome 
6, respectively. Application of and G05G1-HRM and 1.85-
HRM to a subset (244 individuals) of a Chungyang F2 
population showed that the Rf gene was located within the 
pepper genomic region corresponding to the 1.71–1.85 Mb 
region on tomato chromosome 6 (Fig. 1b; Fig. S2). A total 
of 23 tomato genes were located in this region. Three fur-
ther markers, G16-CAPS, G20-HRM, and G23-HRM, 
were developed based on pepper sequences correspond-
ing to tomato genes located at the 1,795,940–1,797,216, 
1,808,475–1,809,248, and 1,835,086–1,845,250 bp posi-
tions of tomato chromosome 6, respectively. Application 
of these markers to recombinants revealed that the Rf locus 
is located between G20-HRM and G23-HRM, which cor-
responds to the 1.81–1.84 Mb region in tomato (Fig. 1b; 
Fig. S2). Two tomato genes were found in this region, 
and only the gene encoding a homolog of a male sterility 
5 (Ms5)-family protein in Arabidopsis could be aligned 
with the pepper genome sequence. However, two mark-
ers (ABHD1.5-SCAR, 4940-CAPS) flanking the pepper 
ortholog of tomato Ms5 resulted in recombinants when they 
were applied to 1068 individuals of the Chungyang F2 pop-
ulation (Fig. 1). These results imply that there might be no 
ortholog for the pepper Rf gene in the tomato genome and 
that the Rf-containing DNA region has uniquely evolved in 
pepper.

Anchoring developed markers on pepper genome 
sequences and integrating mapping information

To determine whether the pepper reference genomic DNA 
sequences from C. annuum CM334 (Kim et al. 2014) can 
be used in fine mapping to clone Rf candidate gene or not, 
we investigated Rf genotype in CM334. All the five F1 indi-
viduals originated from test crosses with two CMS lines, 
Bukang A and Milyang A, respectively (see “Materials 
and methods”), were male-fertile showing that the CM334 
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contains the Rf gene. Markers developed by AFLP and 
comparative mapping were anchored to scaffold sequences 
of CM334. Four scaffold sequences containing the marker 
sequences were arrayed around the Rf locus, based on 
genetic distance between the anchored markers. Using 
the scaffold sequences, three new markers (4940-CAPS, 
3336-last2-SCAR, 4162-SCAR) were developed and 
mapped using 1,068 individuals of the Chungyang F2 popu-
lation (Figs. 1c, 2). Scaffold 1281 was located on one side 
of the Rf locus, and the 4940-CAPS marker was found to 
be anchored to a 640-kb region of this scaffold. One recom-
binant was identified between 4940-CAPS markers and Rf 
locus. The 3336-last2-SCAR marker, which was developed 
from the right margin of the same scaffold, co-segregated 
with the Rf locus. Scaffold 7480 was located on the other 
side of the Rf locus, with the 4162-SCAR marker to one 
end of this scaffold. Three recombinants were identified 

between 4162-SCAR maker and Rf locus (Fig. 1c). There-
fore, the genomic region containing the Rf locus was delim-
ited to be between 4940-CAPS and 4162-SCAR (Figs. 1c, 
2, 3). The locations of the markers on the genetic maps 
and the genomic DNA sequences showed clearly that the 
newly developed markers were closer to Rf than previously 
developed Rf-linked markers (Fig. 1; Kim 2005; Kim et al. 
2006; Lee et al. 2008b). Comparative analysis between the 
genetic map of pepper and genomic sequence of tomato 
also showed that the Rf-containing region was unique to 
pepper (Fig. 1b, c).

Chromosome walking to define the DNA region 
co‑segregating with Rf

Because of a high copy number of repetitive sequences, 
the genome sequence assembly at the Rf-containing region 

Fig. 1  Integration of mapping information and comparative analy-
sis between genetic and physical maps. Markers reported in previous 
research are marked with superscript letter z (Kim 2005; Kim et al. 
2006; Lee et al. 2008b). Markers or genes that were used to link dif-
ferent maps are underlined. a A genetic map from previous research 
(Jo et al. 2010) consisting of markers developed from end sequences 
of BAC clones screened with RFL probes. b Localization of pepper 
markers on a corresponding sequence of S. lycopersicum chromo-
some 6. Numbers of recombinants in a subset of the Chungyang F2 
mapping population (244 individuals) are in the parenthesis beside 

the marker names. The DNA region genetically corresponding to 
pepper Rf locus is depicted as an open rectangle. c Localization of 
markers on pepper scaffolds, and a sequence obtained during chromo-
some walking. Numbers of recombinants in the complete Chungyang 
F2 mapping population (1068 individuals) are in parenthesis beside 
marker names and are highlighted in red type. d A genetic map con-
sisting of markers developed by AFLP analysis (Fig. S1). Numbers 
of recombinants in ‘TCMS’ X ‘Milyang K’ F2 mapping population 
(160 individuals) are in parenthesis beside marker names (color figure 
online)
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might be unreliable. Therefore, six rounds of chromosome 
walking were carried out using a pepper BAC library (Yoo 
et al. 2003). The first chromosome walking cycle started 
from one end of scaffold 1281, which contains the marker 
co-segregating with Rf (3336-last2-SCAR, Fig. 3). Four 
SNP-based markers and two SCAR markers were devel-
oped to include the end sequences of each BAC clone from 
CM334 scaffold sequences. In the case that a developed 
marker in a selected BAC was found to co-segregate with 
Rf, the next BAC library screen was performed using the 
most distant end sequence of that BAC clone. The BAC 
clone ‘415P19’ was isolated from the sixth round of chro-
mosome walking, and from this, two markers (PPR12-
SCAR, 415SP6-SNP) showing three recombinants from 
the Rf locus of the Chungyang F2 population were identi-
fied (Fig. 3). Therefore, the region co-segregating with 

Rf was delimited to be between 4940-CAPS and PPR12-
SCAR (developed from the BAC clone ‘415P19’) (Figs. 1c, 
3). Among those BAC clones identified as spanning the 
Rf locus, the ‘BAC-PPR5-70’ clone was identical to that 
selected in a previous study (Jo et al. 2010; Fig. 3).

Analysis of the DNA sequence co‑segregating with Rf 
and candidate gene screening

The Rf locus-containing DNA sequence in the region 
between 4940-CAPS and PPR12-SCAR was 821 kb 
in length and contained numerous repeated sequences, 
mainly transposable elements or transposable element-like 
sequences, covering 82.3 % of the co-segregating region 
(Fig. 4a, b). By mapping reads (similarity >0.98) generated 
by sequencing the transcriptome of Bukang C anther tissue 

Fig. 2  Performance of 
markers developed from the 
co-segregating region, or its 
flanking region. a Performance 
of co-dominant markers. b 
Performance of dominant mark-
ers. Genotypes of individual 
samples are indicated at the 
bottom. z Two kinds of DNA 
fragments, which are 576 and 
601 bp in length, are mixed in a 
single DNA band because of the 
small size difference between 
fragments

Fig. 3  Schematic diagram of chromosome walking to define the DNA region co-segregating with pepper Rf. The markers developed during 
chromosome walking are depicted as red triangles (color figure online)



2010 Theor Appl Genet (2016) 129:2003–2017

1 3

against the fine-mapped region, eleven transcript contigs 
with no similarity to transposable elements were identified 
(Table 1). Seven of the contigs (contigs 2, 22, 24, 30, 39, 

40, and 83), and their corresponding sequences on CM334 
BAC clones, contained no ORFs encoding peptides longer 
than 100 amino acids or covering more than 60 % of the 

Fig. 4  Sequence analysis of the 
Rf-containing genomic region. 
a Dot plot analysis of repeat 
sequences in the Rf co-segre-
gating region, visualized by the 
PIP maker program. b Heat map 
for RPKM of reads mapped on 
four contigs, localized on the 
co-segregating region in Bukang 
C and Bukang A. Read map-
ping was performed with two 
levels of stringency (similar-
ity = 1.0 and similarity > 0.98). 
c Distribution of transposable 
elements and candidate genes in 
the co-segregating region. DNA 
regions covered by transposable 
elements are shown in orange, 
and the remaining region in blue 
(color figure online)

Table 1  Characteristics of transcripts from the pepper genomic region tightly linked with Rf locus

Contig name Location on the  
co-segregating region

Contig length Length of the 
longest orf  
in contig

Information on protein sequence in GenBank showing the  
highest similarity with ORF

GenBank ID Characteristics Length of CDS

Contig 3 101,892 102,670 779 534 XP_009631312.1 NAC domain-containing 
protein

699

Contig 20 127,366 127,875 510 342 XP_009601179.1 Uncharacterized 525

Contig 22 164,603 166,584 1837 273 XP_006352584.1 Putative rRNA methylase 858

Contig 24 166,675 166,990 316 51 – –

Contig 2 177,521 177,916 396 222 XP_009766553.1 NAC domain-containing 
protein

546

Contig 39 356,246 357,846 1077 261 – –

Contig 40 360,670 361,145 476 174 XP_009759827.1 Uncharacterized 1920

Contig 83 443,184 444,605 588 249 XP_009803299.1| Mitochondrial import 
receptor subunit TOM40-
1-like

1170

Contig 85 444,723 446,627 588 589 NP_001306789.1 PPR protein 1776

Contig 75 481,504 482,547 805 513 XP_006362984.1 TIR1-like protein 1533

Contig 30 490,809 491,258 451 165 XP_009587921.1 Uncharacterized 1158
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contig sequence in length. Although BLASTX analysis 
showed that five of these contigs encoded peptides similar 
to protein sequences in GenBank, stop codons were found 
in the middle of matching sequences, implying that they 
are not likely to encode intact or functional proteins. The 
remaining four contigs (contigs 3, 20, 75, and 85) encoded 
ORFs longer than 100 amino acids (Table 1; Fig. 4b). The 
ORFs in contigs 3 and 75 were identical to previously pre-
dicted coding sequences (CDS) in the CM334 genome pro-
ject, while the ORF in contig 20 could not be matched with 
any CDS in the CM334 database (Kim et al. 2014). Contig 
85 showed similarity with a CDS, but many mismatches 
were found (63 out of 1770 bp). Contigs 3, 75, and 85 
encoded a NAC (NAM, ATAF1/2, and CUC2) domain pro-
tein, a TIR1 (transport inhibition response 1)-like protein, 
and a PPR protein, respectively, while contig 20 encoded an 
uncharacterized protein (Table 1). When the transcriptome 
sequence reads of Bukang C and Bukang A (CMS line) 
were mapped onto these four contigs under stringent con-
ditions (similarity = 1.00, similarity > 0.98), many more 
sequences were mapped from Bukang C than from Bukang 
A (Fig. 4c). In addition, several sections of CaPPR6 could 
not be mapped at all by transcriptome sequence reads of 
Bukang A (data not shown). These results indicate that 
the expression levels or sequences of these four genes 
were different between Bukang C and Bukang A. The dif-
ference in the number of reads mapped to contig 85 was 
greatly reduced in the milder mapping condition (similar-
ity > 0.98) compared to the most stringent condition (simi-
larity = 1.00). This finding implies that there is expression 
of sequences that are highly similar to contig 85 even in 
Bukang A. When expression levels of these genes were 
compared based on number of reads mapped, contig 85 had 
the highest expression of the four contigs (Fig. 4c).

Expression analysis and characterization of CaPPR6

The gene contained in contig 85 encoded a P-type PPR pro-
tein and was named CaPPR6. To investigate the expression 
of CaPPR6 in plant tissues, RT-PCR was performed using 
a primer set specifically designed to amplify a portion of 
CaPPR6 in CM334. Amplification products were found 
in four different plant tissues of Chungyang F2 individuals 
with the RfRf genotype, but not in the same four tissues in 
the rfrf genotype (Fig. 5).

Based on transcriptome analysis, we suspected that 
multiple, highly similar homologs of CaPPR6 would 
be present in both restorer and CMS lines. Using prim-
ers designed from the 5′ and 3′ end of CaPPR6, PCR was 
used to amplify two sequences including CaPPR6 from the 
Chungyang restorer line and two homologs from the Chun-
gyang CMS line (Fig. 6). Comparing protein sequences 

translated from homologous genes, CaPPR6 showed 93 % 
identity (96 % similarity) with CaPPR2 from the restorer 
line, while it was less similar (88 % identity/94 % simi-
larity) to both CaPPR3 and CaPPR4 from the CMS line. 
CaPPR3 and CaPPR4 shared high similarity (98 % iden-
tity/98 % similarity).

Another pepper PPR protein sequence, encoded by a 
gene that was previously found to be located 14 cM from 
Rf (CaPPR1, Jo et al. 2010), was clearly distinguished 
from other PPR sequences in terms of protein length 
and sequence. Alignment of five PPR protein sequences 
revealed seven amino acids specific for CaPPR6 (Fig. 6). 
All five sequences contained 14 PPR motifs, with the level 
of conservation between them being lowest on the first, 
third and sixth amino acids across the 35 residues con-
stituting each PPR motif (except for repeat 4, which con-
sisted of 36 amino acids). Comparing the different PPR 
motif repeats, amino acid sequences in the tenth, eleventh, 
and twelfth repeats showed the lowest level of conserva-
tion (Fig. S3). When read mapping was carried out using 
CaPPR6 as reference sequence (data not shown), it was 
not possible to map the DNA region corresponding to 
these repeats with high-throughput sequencing reads from 
Bukang A (CMS line).

Application of Rf‑linked markers to breeding lines

Along with previously described markers, the newly devel-
oped Rf-linked markers from this research were applied to 
breeding lines provided by seed companies (Tables 2, 3). 
Application of the markers to 53 lines provided by Mon-
santo Korea revealed that CRF-SCAR, which had previ-
ously been tested on these lines, and the new markers 
developed from the region co-segregating with Rf showed 
a high ratio of successful genotyping (Table 2). Co1Mod1-
CAPS, which was developed from the region closest to the 

Fig. 5  PCR and RT-PCR outputs using a primer set that generates 
amplicons in Chungyang C and Bukang C, but not in Chungyang A 
and Bukang A. a PCR from genomic DNA from each parental line. 
b RT-PCR in different tissues of Chungyang F2 individuals with RfRf 
and rfrf genotypes. Actin is included as an expression control
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CaPPR6 gene (11 kb away), showed the highest accuracy 
(92.2 %), although several other newly developed mark-
ers including 4940-CAPS (88.5 %) and 3336-last2-SCAR 
(88.2 %) exhibited comparable accuracies. The 4940-
CAPS marker was developed as a co-dominant marker in 
the Chungyang population, but it was not possible to gen-
erate amplicons in several lines, mainly those with the rfrf 
genotype. Other previously developed markers, OPP13-
CAPS and BAC13T7-SCAR (Kim 2005; Lee et al. 2008b; 
Jo et al. 2010), and new markers developed from outside of 
the co-segregating region showed a very low ratio of suc-
cessful genotyping (between 24.5 and 52.9 %; Table 2). 

Application of the markers to 50 lines provided by Enza 
Zaden showed that the markers developed from the region 
tightly linked to Rf had a significantly higher ratio of suc-
cessful genotyping (88.0 % for Co1Mod1-CAPS, 92.0 % 
for 3336-last2-SCAR) than CRF-SCAR (70.0 %) and 
4940-CAPS (60.0 %). The accuracies for 3336-last2-SCAR 
and Co1Mod1-CAPS were equivalent considering that co-
dominant genotyping was carried out for Co1Mod1-CAPS, 
whereas it was done dominantly for 3336-last2-SCAR 
(Table 3).

Discussion

Strategy for cloning PPR‑type Rf genes using 
characteristics of RFL genes

To fine map the Rf locus in pepper, we used information 
obtained from AFLP and comparative mapping in com-
bination with results from a candidate gene approach 
attempted in our previous study (Jo et al. 2010). Based on 
BAC clone and pepper genome sequences, the genomic 
region co-segregating with the Rf locus in our population 
was delimited to a sequence of 821 kb (Kim et al. 2014). 
This region contains a strong candidate gene for Rf, the 
PPR gene CaPPR6. CaPPR6 is located on a BAC clone 
(BAC-PPR-5-70), which had previously been identified 
using a pepper EST sequence with high similarity to the 
petunia Rf gene, and typical characteristics of RFL genes 
(Jo et al. 2010). However, because of highly repetitive 
sequences and an incomplete whole genome sequence at 
that time, this BAC clone was neither grouped nor mapped 
by Jo et al. (2010). A comparative mapping approach using 
information about the tomato genome was not successful 

Fig. 6  Alignment of protein sequences encoded by CaPPR6, three 
homologs of CaPPR6 isolated from Chungyang C (CaPPR2) and 
Chungyang A (CaPPR3, CaPPR4), and PePPR1 (Jo et al. 2010). 
The predicted PPR motifs are indicated and numbered below the 

sequence. Open red circles indicate residues that were identical in 
CaPPR6 and only one of homologs. Filled red circles indicate resi-
dues specific for CaPPR6. Dark blue triangles indicate the first, sec-
ond, and third amino acids in each PPR motif (color figure online)
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in identifying the Rf gene because of a lack of synteny in 
the Rf region. Our current work demonstrates that hybrid-
ization-based BAC screening using RFL gene probes can 
be a straightforward and rapid strategy to isolate func-
tional Rf genes, if linkage between one of the RFL genes 
and the Rf locus is confirmed by mapping analysis. RFL 
genes share high similarity between plant species, whereas 
they are clearly distinguished in their sequence from other 
PPR genes, even within a species (Dahan and Mireau 2013; 
Fujii et al. 2011). This feature enables specific BAC clones 
containing RFL genes to be isolated, and RFL genes may 
be screened based on known Rf gene sequences from other 
species. The utility of high-throughput short-read sequenc-
ing technologies to assemble PPR-type Rf genes is limited 
due to existence of many paralogs that show very high sim-
ilarity in nucleotide sequence (Fig. 6). Indeed, the CaPPR6 
sequence was not found in the CM334 whole-genome 
sequence assembly, which was based on next-generation 
sequencing (Kim et al. 2014). The use of a BAC library can 
help to separate and classify each RFL gene. In addition, 
identified BAC clones can provide additional sequence 

information that can be used to develop markers to test for 
linkage with the restoration phenotype. The direct develop-
ment of markers from RFL gene sequences is often ham-
pered by the existence of highly similar sequences.

Isolation of a PPR‑type Rf candidate gene

We identified four Rf candidate genes positioned on a 
genomic region tightly linked to the Rf phenotypes and spe-
cifically expressed in the restorer line. Except contig 85, 
all other contig are not likely to be Rf, since the Rf genes 
cloned thus far encode mitochondrion-targeted proteins 
that interact with CMS genes or are involved in metabolism 
or signaling in mitochondria (Chen and Liu 2014; Dahan 
and Mireau 2013). Contig 85 showed the highest level of 
expression among candidate genes and encoded a P-sub-
family PPR protein (named CaPPR6 in this study). BLAST 
analysis for this protein against Arabidopsis protein data-
base revealed the highest similarity to mitochondrion-tar-
geted proteins that are classified as P-subfamily PPR pro-
teins and encoded by genes clustered around a 4183–4326 

Table 2  Application of seven markers linked to Rf to a panel of C. annuum breeding lines from Monsanto Korea

a Underlined numbers indicate the breeding lines whose phenotype was predicted correctly by each marker
b Although 4940-CAPS was developed as a co-dominant marker in the Chungyang population, it was not able to generate amplicons in many 
breeding lines, mostly those with the rfrf genotype. Therefore, when calculating the ratio of successful genotyping, the absence of amplicon in 
4940-CAPS was counted as rfrf

Markers Marker haplotypes Number of lines classified as 
homozygous for Rf (total 22  
lines)

Number of lines classified as 
homozygous for rf (total 31  
lines)

Ratio of successful 
genotyping (%)

OPP13-CAPS OPP-haplotype 1 7a 0 24.5

OPP-haplotype 2 1 6

OPP-haplotype 3 14 24

Heterozygous for OPP-
haplotype 1 and 2

0 1

CRF-SCAR RfRf or Rfrf 20 4 88.7

rfrf 2 27

BAC13T7-SCAR RfRf or Rfrf 5 9 50.0

rfrf 16 20

4940-CAPSb RfRf or Rfrf 18 2 88.5

Rfrf 1 1

rfrf 1 16

No amplification 1 12

3336-last2-SCAR RfRf or Rfrf 19 4 88.2

rfrf 2 26

Co1Mod1-CAPS RfRf 20 1 92.2

Rfrf 1 1

rfrf 1 27

4162-SCAR RfRf or Rfrf 19 22 52.9

rfrf 2 8

PPR12-SCAR RfRf or Rfrf 19 28 41.2

rfrf 2 2
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or 23,176–23,509 kp region on Arabidopsis chromosome 
1. Classified as RFL genes, the Arabidopsis P-subfamily 
PPR genes are densely clustered in this region and have 
been reported to be involved in processing mitochondrial 
transcripts (Fujii et al. 2011; Geddy and Brown 2007; Lurin 
et al. 2004; Jonietz et al. 2011; Holzle et al. 2011). CaPPR6 
also shares high similarity with PPR-type Rf proteins iso-
lated in other crops (63 % identity/76 % similarity to petu-
nia Rf-PPR592, 33 % identity/54 % similarity to radish 
Rfo). The majority of Rf genes cloned so far belong to the 
P-subfamily of PPR genes, which show high similarity to 
RFL genes. Taking into account the predicted function of 
the encoded protein, the predicted organellar protein locali-
zation, the intact state of the gene, and the gene expression 
level in anthers, CaPPR6 can be regarded as the strongest 
candidate for Rf among genes in the Rf-locus containing 
region of pepper genome.

Characteristics of CaPPR6 and its homologs

The genomic region tightly linked to Rf was not syntenic 
with the tomato genome and consisted of many transpos-
able elements and truncated genes (Fig. 6a, c; Table 2). 
Kim et al. (2014) demonstrated that retrotransposon pro-
liferation, especially of members of the Gypsy family, 
resulted in extreme expansion of the pepper genome com-
pared to tomato. Transposable element coverage in the 

Rf-co-segregating region (82.3 %) exceeded that in the 
CM334 whole genome (76.4 %). In this region, retrotrans-
posons in the Gypsy family occupied the highest proportion 
among repeated sequences, indicating that extensive retro-
transposon insertions may have contributed to the pepper-
specific evolution of this region (data not shown). Outside 
of the defined co-segregation region, three additional PPR 
pseudogenes, which were truncated or contained numerous 
stop codons, were found on the BAC clone 415P19, sug-
gesting that the Rf gene resides within a genomic region 
containing multiple PPR genes.

The candidate gene CaPPR6 remained intact and was 
normally transcribed, clearly distinguishing it from other 
truncated genes. In addition, this gene was located far 
from the nearest PPR genes (PPR pseudogenes on BAC 
clone 415P19) unlike RFLs in rice, Arabidopsis and petu-
nia, which are densely clustered (Lurin et al. 2004; Ben-
tolila et al. 2002; Wang et al. 2006). It has been suggested 
that RFLs undergo active evolution and are maintained or 
lost according an ‘arms race’ with mitochondrial target 
genes following birth-and-death processes similar to dis-
ease resistance genes (Dahan and Mireau 2013; Touzet 
and Budar 2004). Therefore, the protection of CaPPR6 
from the severe modifications or rearrangements that are 
predicted to occur on surrounding sequences implies that 
the role of CaPPR6 has remained undiminished during 
evolution.

Table 3  Application of five Rf markers to a panel of pepper breeding lines from Enza Zaden

a Underlined numbers indicate the breeding lines whose phenotype was predicted correctly by each marker
b Although 4940 CAPS was developed as co-dominant marker in the Chungyang population, it was not able to generate amplicons in many 
breeding lines, mostly those with the rfrf genotype. Therefore, when calculating the ratio of successful genotyping, the absence of amplicon in 
4940-CAPS was counted as rfrf

Markers Marker haplotypes Number of lines clas-
sified as RfRf (total 24 
lines)

Number of lines clas-
sified as Rfrf (total 12 
lines)

Number of lines clas-
sified as rfrf (total 14 
lines)

Ratio of successful 
genotyping (%)

OPP13-CAPS OPP-haplotype 1 8a 0 0 24.0

OPP-haplotype 2 1 0 0

OPP-haplotype 3 12 9 14

Heterozygous for 
haplotype 1 and 2

3 3 0

CRF-SCAR RfRf or Rfrf 15 8 2 70.0

rfrf 9 4 12

4940-CAPSb RfRf 14 5 1 60.0

Rfrf 1 4 1

rfrf 9 3 4

No amplification 0 0 8

3336 last2 RfRf or Rfrf 21 12 1 92.0

SCAR rfrf 3 0 13

Co1Mod1-CAPS RfRf 19 0 1 88.0

Rfrf 2 12 0

rfrf 3 0 13
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The manner in which RFL genes evolve makes it dif-
ficult to elucidate the recessive allele of the PPR gene. 
However, we isolated two genes homologous to CaPPR6 
in a CMS line, as well as one RFL gene showing high 
similarity to CaPPR6 in a restorer line. Alignment of 
homologous RFL protein sequences, such as petunia Rf 
protein (Bentolila et al. 2002), showed that all of them 
contained 14 PPR repeats and divergence among the pro-
teins was highest for the first, third, and sixth amino acids 
in each PPR repeat. Fujii et al. (2011) reported that RFL 
genes have undergone diversifying selection, particu-
larly on these three amino acids. Although CaPPR6 and 
CaPPR2 were very similar (identity: 93 %), there were 
10 polymorphic amino acids between them on the first or 
sixth residue of the PPR motifs (Fig. 6). It has been sug-
gested that the first and sixth amino acids of PPR motifs 
directly interact with target RNA sequences (Barkan et al. 
2012; Barkan and Small 2014). Taking this into account, 
the results presented here imply that divergence of these 
amino acids may have caused the differentiation of mito-
chondrial target genes between CaPPR6 and its homologs. 
In silico analysis of PPR sequences is needed to predict 
interactions between CaPPR6 (and its homologs) and 
transcripts of CMS candidate genes, including orf507 and 
Ψatp6-2. In vitro experiments are also required confirm 
these interactions (Kim and Kim 2006; Kim et al. 2007; 
Li et al. 2013) and to suggest a mechanism for fertility 
restoration.

Development of markers with broader applicability 
to molecular Rf breeding

For efficient molecular breeding of CGMS in pepper, 
development of markers that are tightly linked to Rf and 
broadly applicable for a wide range of breeding progenitors 
has been attempted. In addition, as partial restoration and 
instability of restoration have been observed, particularly in 
sweet peppers (Kim et al. 2013; Shifriss 1997), the mark-
ers were also applied in discrimination between lines with a 
stable restorer from those with unstable restorers (Lee et al. 
2008a, b; Min et al. 2008, 2009). For example, OPP13 and 
the other markers derived from OPP13 have been devel-
oped (Kim 2005; Kim et al. 2013; Lee et al. 2008b; Min 
et al. 2008, 2009; Zhang et al. 2000). Although the mark-
ers were shown to be 0.37 (Zhang et al. 2000) to 1.1 (Lee 
et al. 2008b) cM from Rf depending on Rf-segregation 
populations, application of these markers, for example 
OPP13-CAPS, to a broad range of breeding lines showed 
very low accuracy (below 30 %). CRF-SCAR showed the 
highest accuracy (70.0–89.1 %) among the Rf-linked mark-
ers (Jo et al. 2010 and in this study). The markers devel-
oped from the co-segregating sequence region defined in 

this study perform significantly better than any of the pre-
viously developed markers in terms of their applicability 
to a broad range of breeding lines (Tables 2, 3). They also 
showed high accuracy in a mapping population (Table S1; 
Table S2; Fig. 1c). Of particular note, Co1Mod1-CAPS, 
which is located near CaPPR6, was developed as co-domi-
nant marker and is expected to be useful in practical molec-
ular breeding. Although the applicability of markers tends 
to correlate with their proximity to CaPPR6, those devel-
oped from the co-segregating region were not able to cor-
rectly detect the genotype in more than one-tenth of breed-
ing lines. It is possible that there are multiple Rf genes. In 
rice, two Rf genes were identified in three CMS cytoplasms 
including WA-CMS (Rf3, Rf4; Luo et al. 2013), BT-CMS 
(Rf1a, Rf1b; Wang et al. 2006), and HL-CMS (Rf5, Rf6; Hu 
et al. 2012). In addition, different haplotypes can exist even 
for an allele of the Rf gene. Ohgami et al. (2016) reported 
that there are at least three haplotypes for the recessive 
allele of Rf (rf1) in sugar beet. Further studies on the clas-
sification of haplotypes for CaPPR6 and genetic analysis of 
Rf for lines in which markers were not applicable is needed 
to investigate these possibilities.
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