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Abstract

Key message We utilized a combination of BSA and
RNA-Seq to identify SNPs linked to the RfdI locus, a
restorer-of-fertility gene in radish. A high-density link-
age map was constructed using this approach.

Abstract Male fertility of cytoplasmic male sterility con-
ditioned by the Dongbu cytoplasmic and genic male-ste-
rility cytoplasm can be restored by a restorer-of-fertility
locus, Rfdl, in radish. To construct a high-density linkage
map and to identify a candidate gene for the RfdI locus,
bulked segregant analysis and RNA-seq approaches were
combined. A total of 26 and 28 million reads produced from
male-fertile and male-sterile bulked RNA were mapped to
the radish reference unigenes. After stringent screening of
SNPs, 327 reliable SNPs of 109 unigenes were selected.
Arabidopsis homologs for 101 of the 109 genes were clus-
tered around the 4,000 kb region of Arabidopsis chromo-
some 3, which was syntenic to the RfdI flanking region.
Since the reference unigene set was incomplete, the contigs
were de novo assembled to identify 134 contigs harboring
SNPs. Most of SNP-containing contigs were also clustered
on the same syntenic region in Arabidopsis chromosome.
A total of 21 molecular markers positioned within a 2.1 cM
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interval including the RfdI locus were developed, based on
the selected unigenes and contigs. A segregating population
consisting of 10,459 individuals was analyzed to identify
recombinants containing crossovers within this interval. A
total of 284 identified recombinants were then used to con-
struct a high-density map, which delimited the RfdI locus
into an 83-kb syntenic interval of Arabidopsis chromosome
3. Since no candidate gene, such as a pentatricopeptide
repeat (PPR)-coding gene, was found in this interval, 231
unigenes and 491 contigs containing putative PPR motifs
were analyzed further, but no PPR gene in linkage disequi-
librium with the Rfd1 locus could be found.

Introduction

Male sterility, inability of producing viable pollen grains in
plants, is naturally observed in many plant species (Laser
and Lersten 1972), and can arise due to both environmental
and genetic effects. In reference to genetic factors, causal
genes for male sterility are positioned in either nuclear or
mitochondrial genomes (Hanson 1991). Cytoplasmic male
sterility (CMS), caused by aberrant mitochondrial genes,
is a maternally inherited trait that has been widely used in
F, hybrid seed production in many economically impor-
tant crops (Budar et al. 2003; Hanson and Bentolila 2004;
Knoop 2004; Kubo and Newton 2008). All CMS-inducing
genes reported so far reside in mitochondrial genomes with
no exception (Hu et al. 2014).

Mitochondrial genes responsible for CMS are mostly
chimeric genes consisting of partial sequences of known
mitochondrial genes, along with unidentified sequences.
Partial sequences or promoters of genes coding for subunits
of ATP synthase or cytochrome ¢ oxidase have often been
involved in the creation of chimeric CMS-inducing genes
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(Hanson and Bentolila 2004). Dynamic mitochondrial
genome rearrangements in plants mediated by frequent
recombination are probably responsible for the produc-
tion of such chimeric genes (Small et al. 1989; Kmiec et al.
2006). Frequent rearrangement of mitochondrial genomes
is one the unique features of plant species.

Unlike stable, small-sized animal mitochondrial
genomes, plant mitochondrial genomes are unstable due to
frequent recombination (Backert et al. 1997; Oldenburg and
Bendich 2001; Allen et al. 2007), and their genome sizes
are highly variable among species, ranging from 208 kb
in Brassica hirta (Palmer and Herbon 1987) to 11,319 kb
in Silene conica (Sloan et al. 2012). Through recombina-
tion mediated by repeat sequences, plant mitochondrial
genomes often form multipartite structures and multiple
subgenomes (Palmer 1988; Small et al. 1989; Albert et al.
1998; Woloszynska and Trojanowski 2009). In addition, the
stoichiometry of subgenomes is sometimes changed by a
mechanism called substoichiometric shifting, in response
to mutations in nuclear genes (Abdelnoor et al. 2006; Zae-
gel et al. 2006; Shedge et al. 2007), although specific stoi-
chiometry is usually maintained throughout generations
(Sakai and Imamura 1993; Bellaoui et al. 1998; Janska
et al. 1998; Kim et al. 2007).

A CMS radish was first discovered by Ogura (1968),
and has been widely used in commercial F, hybrid culti-
var breeding. This CMS, normally called Ogura CMS, has
been transferred to Brassica species, such as rapeseed and
Chinese cabbage, through conventional backcross breed-
ing (Bannerot et al. 1974; Dickson 1985) and protoplast
fusion (Pelletier et al. 1983; Menczel et al. 1987; Jarl et al.
1989) for the establishment of stable CMS systems. Using
segregating cybrids produced from protoplast fusion, the
causal gene for Ogura CMS, orf138, was identified (Bon-
homme et al. 1991; Grelon et al. 1994). Male fertility of
Ogura CMS can be restored by a single restorer-of-fertility
(Rf) locus, Rfo, which was isolated by map-based clon-
ing approaches and was revealed to encode a pentatrico-
peptide repeat (PPR) protein (Brown et al. 2003; Desloire
et al. 2003; Koizuka et al. 2003). Likewise, the Rf genes
isolated from petunia (Bentolila et al. 2002), rice (Komori
et al. 2004), and sorghum (Klein et al. 2005) also code for
PPR proteins. However, Rf2, the first cloned Rf gene in
maize, was shown to encode alcohol dehydrogenase (Cui
et al. 1996), while two different rice Rf loci, Rf2 and Rf17,
encoded glycine-rich protein (Itabashi et al. 2011) and a
protein with unknown function (Fujii and Toriyama 2009),
respectively.

A different type of CMS called Dongbu cytoplasmic and
genic male sterility (DCGMS) was also reported in radish
(Lee et al. 2008), presenting a different phenotype from
that of Ogura CMS. In Ogura CMS, the tapetal cell layer
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was degenerated at the tetrad stage of pollen development,
thus no pollen grain was detected in mature flowers. On the
other hand, maturation of the microspores released from
the tetrad was disabled in DCGMS, and clumped non-via-
ble pollen grain was detected in mature anthers (Lee et al.
2008). Molecular markers designed on the basis of variable
mitochondrial (Lee et al. 2009) and chloroplast genomes
(Kim et al. 2009) showed different patterns between the
DCGMS and Ogura cytoplasms. Indeed, the organiza-
tion of the mitochondrial genomes of DCGMS and Ogura
CMS was proven to be highly variable, after the complete
mitochondrial genomes of the two were released (Park
et al. 2013). A novel chimeric gene designated as orf463
was identified in the DCGMS-unique region, which may
be responsible for CMS induction in DCGMS cytoplasm
(Park et al. 2013).

In addition, the nuclear gene found to be responsible
for fertility restoration of male sterility conferred by the
DCMGS cytoplasm was different from that of Ogura CMS
(Lee et al. 2008). A single Rf gene, designated as Rfdl,
was identified in the previous study (Kim et al. 2010), and
a high-density linkage map was constructed using synteny
between radish and Arabidopsis genomes (Cho et al. 2012).
To increase the resolution of the linkage map and to iden-
tify candidate genes for the Rfdl locus, a combination of
bulked segregant analysis (BSA, Michelmore et al. 1991)
and next-generation sequencing of transcript (RNA-Seq)
was deployed in this study.

Materials and methods
Plant materials

The F, hybrid and F, populations originating from the
cross between a male sterile line (MS19) containing the
DCGMS cytoplasm and a male-fertile line (R219) were
produced. The genotypes of the RfdI locus of 224 F, plants
were deduced from marker genotypes of five RfdI-flank-
ing markers (CAPS3700, ILP3585, ILP3510, CAPS3100,
and RSS0818), which had been developed in the previous
study (Cho et al. 2012). The RfdI genotypes of the 224 F,
plants showed a single-gene inheritance (x> = 4.74 and
P = 0.09). Among the F, plants, 86 heterozygous plants
were selected for random pollination in an isolated green-
house to produce a large-sized segregating F,.; population.
Pollination was carried out using honeybees as pollinators
to produce a large amount of seeds. Seeds of the F,.; pop-
ulation were germinated in 128-cell plug trays measuring
54 x 28 x 8 cm, and total genomic DNA was extracted
from the cotyledon of the seedlings using a CTAB (Cetyl
trimethylammonium bromide) method (Doyle and Doyle
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1987). Recombinants between two flanking markers
(CAPS3100 and ILP3510) had been selected from 5,424
plants in 2012, and recombinants between CAPS3100 and
CAPS3700 markers had been selected from 5,035 plants
in 2013. Selected recombinants were transplanted in the
greenhouse and vernalized through a winter season before
male-fertility phenotypes were evaluated using multiple
visual examinations.

RNA-Seq analysis and SNP identification
between male-fertile and male-sterile bulked samples

To construct a high-density linkage map of the Rfd! locus,
the BSA approach (Michelmore et al. 1991) and next-gen-
eration sequencing of the transcriptome were combined.
Ten individuals of each group, male-fertile and male-sterile
homozygous F, plants, were selected based on male-fertil-
ity phenotypes and the five previously mentioned flanking
markers. Total RNA was extracted from the bulked sam-
ples of unopened flowers detached from the ten selected
F, plants using an RNA extraction kit, following the manu-
facturer’s instructions (RNeasy Plant Mini Kit, QIAGEN,
Valencia, CA, USA).

The process of RNA-Seq, raw read mapping, and SNP
calling was performed by a specialized company (Mac-
rogen, Seoul, Republic of Korea). In brief, the cDNA
sequencing library was produced using the Illumina
TruSeq® RNA sample preparation v2 guide (Illumina, Hay-
ward, CA, USA). The cDNA library was sequenced by the
HiSeq 2000 (Illumina), and 101-bp paired-end reads were
produced. Raw reads were mapped to the radish reference
unigenes (Shen et al. 2013) using Bowtie software (Lang-
mead et al. 2009), and quantification of transcripts was car-
ried out using RSEM software (Li and Dewey 2011). The
SNPs between reference unigenes and mapped reads were
identified using SAMTools software (Li et al. 2009). Alter-
natively, raw reads produced from the male-fertile bulk
were de novo assembled into contigs and isoforms using
the Trinity software (Haas et al. 2013). Both raw reads
from male-fertile and male-sterile bulks were mapped to
the de novo assembled contigs. The SNPs between bulks
were identified using SAMTools software (Li et al. 2009).

Development of molecular markers based on the SNPs
discovered from transcriptome sequences

After the unigenes or contigs containing reliable SNPs were
selected, putative intron positions were deduced by align-
ment of unigene/contig sequences and genomic sequences
of corresponding Arabidopsis homologs. Primer pairs
were designed based on the exon sequences separated by
up to three introns to detect more polymorphic sequences.

PCR amplifications were carried out using parental DNA
as templates. PCR was performed in 25-pwL reaction mix-
tures containing 0.05 pg template, 2.5 wL 10x PCR buffer,
0.2 pL forward primer (10 pM), 0.2 pL reverse primer
(10 uM), 0.2 pLL dNTPs (10 mM each), and 0.25 pL pol-
ymerase mix (Advantage 2 Polymerase Mix, Clontech,
Palo Alto, CA, USA). PCR amplification was performed
with an initial denaturation at 95 °C for 4 min, followed
by 10 cycles of 95 °C for 30 s, 67 °C (with 0.8 °C decre-
ments after each cycle) for 30 s, and 72 °C for 2 min, then
30 cycles of 95 °C for 30 s, 59 °C for 30 s, and 72 °C for
2 min, and a final 7-min extension at 72 °C. PCR products
were visualized on 1.5 % agarose gels after ethidium bro-
mide staining. If single clear PCR products were produced,
the PCR products of both parental lines were directly
sequenced. PCR products were purified using a QIAquick
PCR Purification kit (QIAGEN). Sequencing reactions
were carried out using Big Dye (Applied Biosystems, Fos-
ter City, CA, USA), according to the manufacturer’s proto-
col, and the sequences were obtained using an ABI PRISM
3730XL Analyzer (Applied Biosystems).

If the PCR products showed length polymorphism in
introns between the parental lines, the primer combination
was used as an intron length polymorphism (ILP) marker.
Otherwise, cleaved amplified polymorphic sequence
(CAPS) markers were designed based on the SNPs between
parental lines. For ILP and CAPS marker detection, PCR
was performed in 10-pwL reaction mixtures with the same
conditions mentioned above, with substitution for an eco-
nomical Taq polymerase (Prime Tag DNA polymerase;
GeNet Bio, Nonsan, Korea). The PCR products of CAPS
markers were digested with their respective restriction
enzymes for 3 h at the recommended temperatures. The
primer sequences for molecular markers developed in this
study are presented in Supplementary Table 1.

Construction of a phylogenetic tree of PPR proteins
isolated from radish and other species

The deduced amino acid sequences of PPR genes isolated
from radish and other species were aligned using BioEdit
software (Hall 1999). Five Arabidopsis Rf-PPR-like (RFL)
genes which were evenly distributed in the phylogenetic
tree of 26 RFL genes (Fujii et al. 2011) were included in the
alignment. Five PPR-encoding Rf genes isolated from rad-
ish, maize, rice, and petunia were also included. The gaps
in alignment were removed using Gblocks software (Cas-
tresana 2000), with options for less stringent selections. A
phylogenetic tree was constructed using MEGA version
4 (Tamura et al. 2007) using a neighbor-joining method.
Node support of the phylogenetic tree was assessed by
1,000 bootstrap replicates.
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Table 1 Filtering criteria for identification of reliable SNPs and differentially expressed genes between male-fertile and male-sterile bulks

Category Filtering criteria Number of SNPs
or unigenes
SNPs in the unigenes SNPs between reference unigenes and samples 437,474
SNPs between bulks 135,068
SNPs with quality scores higher than 200 1,679
Homozygous SNPs* 1,288
SNPs visually confirmed by the IGV viewer 327
SNPs in de novo assembled contigs SNPs between bulks 28,320
SNPs with quality scores higher than 200 974
SNPs visually confirmed by the IGV viewer 752
Differentially expressed unigenes Expression in male-fertile bulk (RPKM > 10) 16,664
10-fold higher expression in male-fertile bulk 100
Expression in male-sterile bulk (RPKM > 1) 63

% Homozygous SNPs were defined as the SNPs containing less than one read showing different SNP alleles

Table 2 Distribution of Arabidopsis homologs of radish unigenes or contigs containing SNPs or differential expression between male-fertile

and male-sterile bulks in Arabidopsis chromosomes

Selected radish genes Arabidopsis chromosomes No hit* Total
1 2 3 4 5

Unigenes containing SNPs 101 2 3 1 109

Differentially expressed unigenes 2 46 1 3 6 63

De novo assembled contigs containing SNPs 0 124 4 2 3 134

 No significantly homologous Arabidopsis genes were found using BLAST search

Results

Identification of SNPs from transcriptome constructed
from male-fertile and male-sterile bulks

Bulked segregant analysis and next-generation sequenc-
ing were combined to develop molecular markers closely
linked to the RfdI locus, a restorer-of-fertility gene in
radish. Transcriptome sequences were constructed from
male-fertile and male-sterile bulked RNA. A total of 26
and 28 million reads were produced from the male-fer-
tile and male-sterile bulks, respectively (Supplementary
Table 2), and these raw reads were mapped to the radish
reference unigene set consisting of 85,083 entries (Shen
et al. 2013). Approximately, 30 % of the raw reads were
mapped to the unigenes, and a total of 437,474 SNPs were
identified between the unigene reference and the samples.
Among them, reliable SNPs were screened using the cri-
teria listed in Table 1. A total of 135,068 SNPs showed
polymorphism between male-fertile and male-sterile
bulks. After filtering low quality and heterozygous SNPs,
1,288 SNPs were selected for further analysis. Finally, the
mapped reads were visually investigated using Integrative
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Genomics Viewer (IGV: Robinson et al. 2011) to confirm
homozygous SNPs, and a final set of 327 reliable SNPs
was screened (Supplementary Table 3). These SNPs were
distributed over 109 unigenes.

In the previous study (Cho et al. 2012), we showed that
the Rfdl-flanking regions were syntenic to the Arabidop-
sis chromosome 3. Therefore, if the selected SNPs were
truly authentic, most of the Arabidopsis homologs to the
109 unigenes containing SNPs would be positioned in
the Arabidopsis chromosome 3. To verify this hypothesis,
Arabidopsis homologous genes showing the highest homol-
ogy with each of the 109 unigenes were identified using a
BLAST search. Most unigene homologs, excluding only
eight of the unigenes, were positioned in the Arabidopsis
chromosome 3 (Table 2). Furthermore, the positions of the
Arabidopsis homologs were clustered around the 4,000 kb
region, where the RfdI-flanking regions showed synteny
between radish and Arabidopsis genomes (Fig. la). This
indicated reliable screening of SNPs between the male-fer-
tile and male-sterile bulks.

Although multiple unigenes showing reliable SNPs
were identified, the gene corresponding to the Rfd! locus
could not be detected if the recessive mutant allele of the
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Fig. 1 Distribution of Arabidopsis genes homologous to the radish unigenes or contigs containing the SNPs between male-fertile and male-
sterile bulks. a Unigenes containing SNPs. b Differentially expressed unigenes. ¢ De novo assembled contigs containing SNPs

causal gene was not sufficiently expressed for detection
in SNP calling. Thus, unigenes showing significant differ-
ential expression were screened using the criteria listed in
Table 1. Overall, the expression levels of most unigenes
were similar between the two bulks (Supplementary Fig. 1),
and showed a high correlation coefficient of 0.88. First, the
unigenes showing low expression in male-fertile bulk were
first filtered to remove technical noise. A total of 94 uni-
genes showing 10-fold higher expression in the male-fer-
tile bulk compared to the male-sterile bulk were identified,
and a final set of 63 unigenes was screened after removal
of the unigenes whose expression level in the male-sterile
bulk was higher than one RPKM value, since these could
have been detected in the preceding SNP screening. Simi-
lar to results of the previous SNP screening, Arabidopsis
homologs of 46 of the 63 differentially expressed unigenes
were positioned around the 4,000 kb region of the Arabi-
dopsis chromosome 3 (Fig. 1b).

We mapped the raw reads to the radish unigene refer-
ence to identify SNPs, but it is unlikely that the unigene
set included all radish genes, as it is possible that causal
genes may not be included in the reference unigene list.
Therefore, raw reads of the male-fertile bulk were de
novo assembled into 96,748 contigs and isoforms to iden-
tify SNP-containing contigs which were not included in
the reference unigenes. A total of 752 SNPs were selected
after removal of low-quality SNPs and IGV investigation
(Table 1). The selected SNPs were distributed in 134 con-
tigs and isoforms. Like the SNP-containing unigenes, the
majority of Arabidopsis homologs to the contigs (124 out
of 134) were positioned around the 4,000 kb region in
chromosome 3 (Table 2; Fig. 1c).

The selected SNP-containing and differentially
expressed unigenes and contigs were annotated with
BLAST search using the Arabidopsis database (Sup-
plementary Tables 4, 5, and 6). Almost half of the
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Fig. 2 Diagram showing the proportion of common unigenes or con-
tigs screened by raw read mapping to the reference unigenes or de
novo assembled contigs, and comparison of expression levels of uni-
genes. DEG Differentially expressed gene

SNP-containing unigenes and de novo assembled contigs
were commonly selected by two different mapping meth-
ods. Among 53 common genes, six genes also showed dif-
ferential expression between the two bulks (Fig. 2). How-
ever, in these six genes, no unigenes or contigs were found
with similar functions encoded by previously isolated Rf
genes, such as PPR proteins (Supplementary Table 7).

Construction of a high-density linkage map of the Rfd]
locus

To construct a high-density linkage map of the RfdI locus,
a large-sized F,.; population was analyzed to identify
recombinants between two previously developed molecu-
lar markers, CAPS3100 and CAPS3700 (Cho et al. 2012),
which flanked the RfdI locus within a 3.2 cM interval. A
total of 284 recombinants were identified out of 10,459
individuals. The selected recombinants were further ana-
lyzed using molecular markers developed in this study, as
follows, for fine mapping of the Rfd! locus.

For development of closely linked markers, SNP-con-
taining unigenes or contigs for which the Arabidopsis
homologs were positioned at the 3,098-3,702 kb interval
in Arabidopsis chromosome 3 were selected. Two Arabi-
dopsis genes, which were orthologous to the radish genes
containing the CAPS3100 and CAPS3700 markers, were
positioned at the boundary of this interval. In addition,
SNP-containing unigenes or contigs whose Arabidopsis
homologs were positioned in areas other than chromo-
some 3, or for which there were no Arabidopsis homologs,
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Fig. 3 A high-resolution linkage map of the RfdI locus. The physical
map of Arabidopsis chromosome 3 is shown on the right, and syn-
tenic regions are connected with horizontal lines. The ILP3521 and
ILP3585 markers were developed in the previous study (Cho et al.
2012). The interval delimited by CAPS3450 and CAPS3533 makers
is indicated by a black filled box

were analyzed to confirm their linkage relationship with
the RfdI locus. ILP or CAPS markers were developed on
the basis of polymorphic sequences between the male-fer-
tile and male-sterile bulked DNAs. After confirming co-
segregation of the markers and the Rfd! locus, 21 reliable
and robust molecular markers were selected for analysis
of the 284 identified recombinants. Among the 21 selected
markers, one of the markers was designed based on SNPs
in contigs which showed no Arabidopsis homologs, but
this marker was positioned outside the interval delim-
ited by the CAPS3100 and CAPS3700 markers (data not
shown).

The 284 recombinants were analyzed using the newly
developed markers. Radish genes containing marker
sequences were perfectly collinear with the Arabidopsis
orthologs except for one translocation of the radish gene
harboring ILP3521 marker (Fig. 3). The CAPS3450 and
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CAPS3533 markers further delimited the Rfdl locus to
the interval of an 83 kb syntenic region on the Arabidopsis
chromosome 3, and four markers showed no recombinants
between the RfdI locus and the markers (Fig. 3). A total
of 25 genes were positioned in the delimited 83 kb region
on the Arabidopsis chromosome 3. However, none of these
25 genes were PPR genes or Rf-like genes (Supplementary
Table 8).

Isolation of radish PPR genes and their linkage relationship
with the RfdI locus

Since most restorer-of-fertility genes cloned so far encoded
PPR genes, PPR genes may be the best candidate for the
Rfdl locus. First, Arabidopsis PPR genes in the syn-
tenic region to the RfdI flanking region were searched for
using the Gramene database (Monaco et al. 2013). A total
of 492 Arabidopsis genes containing PPR domains were
retrieved (data not shown). Among them, only one PPR
gene (AT3G11380) was positioned in the 3,098-3,702 kb
interval. However, no highly homologous radish unigene
or contigs corresponding to AT3G11380 were identified,
and radish genes showing some degree of homology did
not show any SNPs between the male-fertile and male-ster-
ile bulks (data not shown). Furthermore, the PPR protein
encoded by AT3G11380 was distantly related with other
RFL genes in Arabidopsis (Fujii et al. 2011) and other PPR-
coding restorer-of-fertility genes isolated in petunia, rice,
and maize (Fig. 4), suggesting involvement of AT3G11380
in biological processes other than fertility restoration.

To identify a candidate gene responsible for the RfdI
locus, radish genes showing homology with the radish Rfo
gene, the previously isolated Rf gene encoding a PPR pro-
tein, were isolated from reference unigenes and de novo
assembled contigs using a BLAST search. A total of 231
unigenes (Supplementary Table 9) and 491 contigs (Supple-
mentary Table 10) were identified as PPR motif-containing
genes (cut-off E value >E-03). Among them, seven SNP-
containing PPR genes, designated as RsPPRI-RsPPR7,
were selected by screening with SNP-calling quality and
IGV investigation. (Supplementary Table 11). Primer
pairs were designed for these PPR genes, and PCR prod-
ucts were sequenced. RsPPRI and RsPPR4 showed close
linkage with the Rfdl locus (Supplementary Table 11), but
both were positioned outside the interval delimited by the
CAPS3100 and CAPS3700 markers, suggesting that these
genes were not responsible for fertility restoration. Alter-
natively, 12 radish PPR genes which were closely related
to the RFL genes isolated from other species were selected
for detection of SNPs (Fig. 4). These were designated as
RsRFLI-RsRFLI2 (Supplementary Table 11). However, no
SNPs between the male-fertile and male-sterile bulks were
detected in these RFL genes.

AtRFL18 (AT1G64100)
Radish Rfo (CAD61285)
AtRFL3 (AT1G12620)
AtRFL24 (AT5G41170)
AtRFL5 (AT1G62590)
AtRFL6 (AT1G62670)

RsRFL1
RsRFL4

Maize Rf3 (NP001183938)
495|—7':Rice Rfla (ABC42330)
6] 99 Rice Rf1b (ABC42331)
66 RSRFL5
2
RsRFL11

1 RSRFL6
RSRFL3
1 RSRFL9
3 RSRFL12
3 RSRFL2
30 RsRFL10

[
18 Petunia Rf (AAM52339)
RsRFL7

RsPPR1

31 AT3G11380
38 RsPPR8

RsPPR4

02

Fig. 4 Phylogenetic relationship of radish PPR genes with Arabidop-
sis RFL genes and PPR-coding Rf genes isolated from maize, petu-
nia, rice, and radish. An Arabidopsis PPR gene (AT3G11380) posi-
tioned in the syntenic region containing the Rfd! locus was included
to assess its relationship to other restorer-like PPR genes. The names
and nucleotide sequences of radish PPR genes are shown in Sup-
plementary Tables 11 and 10, respectively. The tree was constructed
using the deduced amino acid sequences by a neighbor-joining
method. The numbers at the nodes are the bootstrap probability (%)
with 1,000 replicates

Discussion

Construction of a high-resolution linkage map using BSA
and RNA-Seq

For construction of a high-resolution linkage map and iden-
tification of candidate genes for the Rfd! locus in radish,
a combination of BSA and RNA-Seq technology was uti-
lized. Since the BSA approach was first devised by Michel-
more et al. (1991), numerous studies have been carried out
to construct linkage maps encompassing genes of interest,
and BSA has become the routine analysis used for mapping
specific genomic regions. For map construction, random
markers such as RAPD and AFLP markers have been used
most commonly (Kim et al. 2011; Gonthier et al. 2013), but
random markers have some limitations to practical applica-
tion. First, RAPD markers need to be converted into SCAR
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markers for reliable PCR amplification due to their inher-
ent low reproducibility, and AFLP markers are not appro-
priate for large-scale analysis of breeding materials due to
the complicated and time-consuming detection protocol
required for analysis. Second, random markers usually tag
non-coding regions, and tagging of regions tightly linked to
the gene of interest solely depends on luck. The closer the
molecular markers are positioned to the target genes, the
more useful they are in marker-assisted selection in breed-
ing programs.

In contrast, development of molecular markers based on
coding regions used to be difficult because of inadequate
availability of genomic sequence information for most
crop species, except for a few model organisms. However,
with the advent of next-generation sequencing technology,
throughput of sequencing has sharply increased while the
cost has steadily decreased. These days, a large amount of
transcriptome sequence can be produced by RNA-Seq in
any crop species regardless of the size and complexity of
the genomes. Although RNA-Seq has been mainly used to
estimate abundance of transcripts to identify differentially
expressed genes in response to internal or external stimuli,
this technique has also been used to detect a large number
of SNPs for the development of molecular markers.

In most cases of SNP discovery, inbred parental lines
have been used as materials for RNA-Seq to construct link-
age maps. However, in this study, we used bulked samples
of segregating populations for RNA-Seq to identify SNPs
in the genes linked to the target locus. A few previous
reports used similar approaches. Two near-isogenic lines
showing polymorphisms in a grain protein content locus
(GPC-BI) were used to identify SNPs around this locus in
wheat (Trick et al. 2012). Liu et al. (2012) also used a simi-
lar approach to clone the glossy3 gene in maize, and they
coined the new term ‘bulked segregant RNA-Seq (BSR-
Seq)’ to describe this kind of approach.

SNPs tightly linked to the radish Rfd! locus were suc-
cessfully identified in this study. Unlike SNP discovery
from two inbred parental lines, efficient removal of hete-
rozygous SNPs in the bulked samples might be the key fac-
tor for successful selection of reliable SNPs tightly linked
to the target locus. Most heterozygous SNPs were derived
from unlinked genes. Initially, hundreds of thousands of
SNPs were detected by the SAMtools software (Li et al.
2009). Reliable SNPs were selected using relatively strin-
gent filtering criteria (Table 1). Particularly, visual investi-
gation of read alignment using the IGV greatly improved
the reliability of SNPs.

Since complete genomic sequences of radish are not
yet available, 85,083 unigenes were used as the refer-
ence for raw read mapping and SNP discovery. Although
the recently released radish unigene set seems to contain
most radish genes, not all of the genes may be included,

@ Springer

due to insufficient genomic sequence information of rad-
ish. Indeed, only 30 % of the raw reads were mapped to the
reference unigenes. For this reason, we de novo assembled
the contigs and isoforms using Trinity software (Haas et al.
2013), and identified ten novel genes which were tightly
linked to the RfdI locus, and not included in the unigene
set. Therefore, SNP discovery using de novo assembled
contigs can complement mapping with a unigene set and
help find novel genes which might be responsible for the
target phenotypes, in the case that reference data are either
incomplete or unavailable.

Identification of candidate genes for the RfdI locus
in radish

We further delimited the interval containing the Rfdl locus
down to 0.17 cM, using tightly linked markers and a large-
sized segregation population in this study. This radish
interval corresponded to an 83 kb interval in the syntenic
Arabidopsis chromosome 3. Twenty-five genes were posi-
tioned in this Arabidopsis genome, but none of them con-
tained PPR motifs. This result suggests that either the Rfd!
gene may not be a PPR-coding gene, or the orthologous
PPR gene may not be present in the Arabidopsis genome.
Likewise, the Rfo gene responsible for fertility restoration
of Ogura CMS in radish encoded a PPR protein, but has
no corresponding gene in the Arabidopsis syntenic region
(Brown et al. 2003). Most plant genomes have been found
to contain approximately 400 PPR genes, but a subclass of
10-30 Rf-like PPR genes has been shown to be fast evolv-
ing compared to the other PPR genes (Fujii et al. 2011;
Dahan and Mireau 2013). Therefore, an Rf-like PPR gene
might have been created in the RfdI locus after the diver-
gence of Arabidopsis and radish.

Alternatively, as mentioned above, the Rfdl locus may
not be a PPR gene, since other functions such as alcohol
dehydrogenase (Cui et al. 1996), glycine-rich protein (Ita-
bashi et al. 2011), and as of yet unknown functions (Fujii
and Toriyama 2009) have also been reported for the Rf
genes in other plant species. More than 500 unigenes or
contigs containing putative PPR domains were isolated in
this study, but we failed to identify a PPR gene which was
in linkage disequilibrium with the Rfdl locus. However,
we still cannot exclude the possibility of having missed the
responsible PPR gene in the transcriptome analysis due to
a low level of transcription. An upcoming radish genome
project will be able to show the exact gene organization of
the RfdI-flanking regions. If the genomic sequences of the
delimited region were revealed, closely linked markers and
recombinants containing crossover events adjacent to the
RfdI locus would be useful for cloning the causal gene for
fertility restoration of male-sterility conferred by DCGMS
cytoplasm.
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