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linkage disequilibrium (LD) with the Ms locus, as deter-
mined by genotyping 251 domestic breeding lines. Fur-
thermore, molecular markers tagging the 14 contigs also 
showed almost perfect LD with each other in 124 exotic 
accessions introduced from 21 countries, except for one 
accession which contained a crossover event by which the 
14 markers were divided into two groups. After sequencing 
of the full-length cDNA of the 14 contigs showing perfect 
LD, the deduced amino acids sequences of the MF and MS 
alleles were compared. Four genes were shown to harbor 
putative critical amino acid changes in the known domains. 
Among them, the gene encoding PMS1, involved in the 
DNA mismatch repair pathway, was assumed to be the best 
candidate gene responsible for fertility restoration of male-
sterility in onion.

Introduction

Cytoplasmic male-sterility (CMS) is a maternally inher-
ited trait conferring failure in production of viable pol-
len without having a significant effect on female fertility. 
Although the selective advantage of CMS in evolution 
remains unclear (Hanson and Bentolila 2004), CMS has 
been adopted by more than 140 plant species as a success-
ful reproductive strategy in natural populations (Laser and 
Lersten 1972). To date, all known naturally occurring cases 
of CMS have arisen by the creation of aberrant genes in the 
mitochondrial genomes (Hu et al. 2014).

Several peculiar features of the plant mitochondrial 
genomes were assumed to be responsible for the occur-
rence of CMS induction (Schnable and Wise 1998; Budar 
et  al. 2003; Knoop 2004; Kubo and Newton 2008). In 
contrast to the small and stable animal mitochondrial 
genomes, their plant counterparts contain relatively large 
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genomes of variable size, ranging from approximately 
200 kb in Brassica species (Palmer and Herbon 1987) to 
11,319  kb in Silene conica (Sloan et  al. 2012). In addi-
tion to the variable size, the genome organization is also 
highly variable due to dynamic rearrangements (Palmer 
1988; Park et al. 2013b). Even the structure of plant mito-
chondrial genomes has not yet been unanimously defined 
(Backert et al. 1997; Oldenburg and Bendich 2001; Allen 
et al. 2007).

Frequent repeat sequence-mediated recombination leads 
to dynamic rearrangements (Palmer 1988; Small et  al. 
1989; Albert et  al. 1998; Woloszynska and Trojanowski 
2009). Relatively short (<1 kb) repeats can cause genome 
rearrangements, while large repeats are responsible for 
multipartite formation, through which diverse subgenomes 
are created. The copy numbers and stoichiometry of sub-
genomes are also variable, even at the intraspecific level. 
A specific stoichiometry of the subgenomes is normally 
maintained throughout generations, but the stoichiometry 
can sometimes be changed by a mechanism called sub-
stoichiometric shifting (Sakai and Imamura 1993; Bellaoui 
et al. 1998; Janska et al. 1998; Arrieta-Montiel et al. 2001; 
Kim et al. 2007). The copy number increase of a low-copy-
number subgenome containing a CMS-inducing gene by 
substoichiometric shifting could result in the induction of 
CMS for a short period of time (Janska et al. 1998). Tissue 
culture (Kanazawa et al. 1994) and the mutation of certain 
nuclear genes are known to induce substoichiometric shift-
ing in plants. The Msh1 (Abdelnoor et al. 2006) and RecA 
(Shedge et  al. 2007) genes involved in the DNA repair 
pathway, as well as OSB1 (Zaegel et al. 2006), one of the 
single-stranded DNA binding proteins, were all reported 
to be involved in suppression of mitochondrial genome 
rearrangements.

Male-sterility induced by aberrant mitochondrial genes 
is often reverted by nuclear restorer-of-fertility (Rf) genes 
in many plant species. Since the first isolation of an Rf 
gene in maize (Cui et al. 1996), several Rf genes have been 
cloned in other plant species. Four Rf genes were revealed 
to encode pentatricopeptide repeat (PPR) proteins (Ben-
tolila et al. 2002; Brown et al. 2003; Desloire et al. 2003; 
Koizuka et al. 2003; Komori et al. 2004; Klein et al. 2005), 
but other functions, such as an aldehyde dehydrogenase 
(Cui et al. 1996), glycine-rich protein (Itabashi et al. 2011), 
and uncharacterized protein (Fujii and Toriyama 2009), 
have been reported as well.

Two types of CMS systems were previously reported in 
onions: CMS-S (Jones and Emsweller 1936) and CMS-T 
(Berninger 1965). These have been broadly used in F1 
hybrid seed production. Although the male-sterility pheno-
types of these two CMS are indistinguishable upon visual 
observation, the inheritance mechanisms of fertility restora-
tion were reported to differ between the two. One Rf gene, 

the Ms locus, was found to control fertility restoration in 
CMS-S (Jones and Clarke 1943), but more than three inde-
pendent Rf loci were reported to be involved in the fertil-
ity restoration of CMS-T (Schweisguth 1973). However, 
Kim (2014) recently reported that the male fertility of both 
CMS-S and CMS-T might be commonly restored by the 
same Ms locus, or by tightly linked genes.

Since onion is a biennial crop and economic F1 hybrid 
seed production is only possible using CMS, the rapid and 
reliable identification of cytoplasm types and Rf genotypes 
is fundamental for onion F1 hybrid breeding. Accord-
ingly, many molecular markers based on mitochondrial 
and chloroplast genome polymorphisms have been devel-
oped for identification of cytoplasm types (Havey 1995; 
Sato 1998; Engelke et al. 2003; Kim et al. 2009). In addi-
tion, several molecular markers linked to the Ms locus have 
also been developed for marker-assisted selection of the 
Ms genotypes (Gökçe et  al. 2002; Bang et  al. 2013; Park 
et al. 2013a; Yang et al. 2013; Kim 2014). Recently, Havey 
(2013) reported three SNP markers showing strong linkage 
disequilibrium (LD) with the Ms locus. In the present study, 
candidate genes responsible for the restoration of male fer-
tility of CMS onions were identified through the combined 
approaches of bulked segregant analysis (BSA, Michel-
more et  al. 1991) and RNA-seq, and a reliable molecular 
marker for Ms genotyping was developed on the basis of 
polymorphism in the candidate gene.

Materials and methods

Plant materials

F2:5 segregating populations originating from the cross 
between a male-sterile (MS) maternal line (506L) and a 
male-fertile (MF) paternal line (H6) were used for BSA 
and RNA-seq analysis. To screen tightly linked contigs, two 
recombinants (12-510 and 11-248) which contained cross-
over events between the Ms locus and the closely linked 
jnurf05 (Park et  al. 2013a) and OPT (Bang et  al. 2013) 
markers, respectively, were selected from among 4273 seg-
regating plants produced in the previous study (Park et al. 
2013a). The OPT marker was a simple PCR marker which 
had been converted from a RFLP marker, AOB272 (Gökçe 
et  al. 2002). The contigs which were in LD with the Ms 
locus were identified using 251 breeding lines maintained 
by six different breeding institutes in Korea (Supplemen-
tary Table 1). The male fertility phenotypes and the cyto-
plasm types of these breeding lines were identified in the 
previous study (Kim 2014).

In addition, 124 exotic accessions introduced from 21 
countries were also analyzed to estimate the LD levels of 
the contigs which showed perfect LD among the breeding 
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lines (Supplementary Table 2). Among them, 83 accessions 
were introduced from the National Plant Germplasm Sys-
tem, Agricultural Research Service, Baltimore, MD, USA. 
The other 41 were commercial cultivars bred in diverse 
countries. The origins of these cultivars are shown in Sup-
plementary Table 2.

RNA‑seq analysis and identification of homozygous 
SNPs between MF and MS bulks

Ten individuals from each group of MF and MS homozy-
gous plants were selected by male fertility phenotypes, as 
determined by visual examination, and genotyping of the 
closely linked molecular markers (jnurf05 and OPT) flank-
ing the Ms locus. These two markers were developed in 
previous studies (Bang et al. 2013; Park et al. 2013a). RNA 
was extracted from the unopened flowers of ten bulked 
samples of MF and MS plants using an RNA extraction kit 
following the manufacturer’s instructions (RNeasy Plant 
Mini Kit, QIAGEN, Valencia, CA, USA). The ensuing 
RNA-seq and SNP discovery were carried out by a spe-
cialized company (Phyzen, Seoul, Republic of Korea). In 
brief, cDNA libraries were produced from the RNA sam-
ples using the Illumina TruSeq® RNA sample preparation 
v2 guide (Illumina, Hayward, CA, USA). The transcrip-
tomes were sequenced by the HiSeq2000 (Illumina), and 
101  bp paired-end reads were produced. The transcrip-
tome sequences were then deposited into the SRA data-
base under the accession numbers SRP056991. Trimmed 
raw reads from the MF and MS bulks were combined and 
de novo assembled into contigs using the Trinity software 
(Haas et al. 2013). Raw reads from the MF and MS bulks 
were separately mapped to the assembled contigs to find 
SNPs occurring between the bulks using SAMTools soft-
ware (Li et al. 2009a). Quantification of each contig in the 
MF and MS bulks was carried out using RSEM software 
(Li and Dewey 2011).

To identify floral tissue-specific contigs showing signifi-
cant increase of expression in the MF bulk, 30,004 contigs 
which were previously assembled from leaf tissues were 
employed (Kim et al. 2015). These contigs were produced 
using the same parental line (H6) as used in the present 
study. Differentially expressed contigs which were not 
detected among the 30,004 contigs were considered to be 
floral tissue specific.

DNA extraction, PCR amplification, and sequencing 
of PCR products

The total genomic DNA of all samples was extracted from 
the leaf or flower peduncle tissues using the cetyltrimeth-
ylammonium bromide (CTAB) method (Doyle and Doyle 
1987).

PCR amplification of contigs was performed in a 
25  μL reaction mixture containing a 0.1  μg template, 
2.5 μL 10× PCR buffer, 0.5 μL forward primer (10 μM), 
0.5 μL reverse primer (10 μM), 0.5 μL dNTPs (10 mM 
each), and 0.25 μL polymerase mix (Advantage 2 Poly-
merase Mix, Clontech, Palo Alto, CA, USA). PCR ampli-
fication consisted of an initial denaturation step at 95 °C 
for 4 min, 10 cycles at 95 °C for 30 s, 65 °C (0.8 °C dec-
rements in each cycle) for 30 s, and 72 °C for 1 min, 35 
cycles at 95  °C for 30  s, 57  °C for 30  s, and 72  °C for 
1  min, and a final 10  min extension at 72  °C. The PCR 
products were visualized on 1.5 % agarose gels after eth-
idium bromide staining. If single clear PCR products were 
observed, the PCR products were purified for sequenc-
ing using a QIAquick PCR Purification kit (QIAGEN). 
Sequencing reactions were carried out using Big Dye 
(Applied Biosystems, Foster City, CA, USA), accord-
ing to the manufacturer’s protocol, and the sequences 
were obtained using an ABI PRISM 3730XL Analyzer 
(Applied Biosystems).

As for the PCR amplification of cleaved amplified poly-
morphic sequence (CAPS) and intron length polymorphism 
(ILP) markers, a 10 μL reaction mixture and 0.25 U Taq 
polymerase (Prime Tag DNA polymerase; GeNet Bio, 
Nonsan, Korea) were used for the analysis of a large num-
ber of samples. The same PCR amplification conditions 
were employed as described above. The PCR products 
of the CAPS markers were digested with their respective 
restriction enzymes for 3 h at the recommended tempera-
tures. The PCR products or digested products were then 
visualized on 1.5  % agarose gels after ethidium bromide 
staining. The primer sequences and restriction enzymes are 
described in Supplementary Table 3.

RT‑PCR and rapid amplification of cDNA ends (RACE)

To obtain MF and MS full-length cDNA sequences of 
the contigs which were in perfect LD with the Ms locus, 
RT-PCR was carried out if full-length cDNA sequences 
were available from the assembled contigs. If only par-
tial sequences were assembled, RACE was performed 
to obtain the full-length cDNA sequences of both the 
MF and MS alleles. Regarding RT-PCR, the same MF 
and MS bulk RNAs used for the RNA-seq analysis were 
used to produce cDNA with a commercial cDNA syn-
thesis kit (SuperScript™ III first-strand synthesis system 
for RT-PCR, Invitrogen, Carlsbad, CA, USA). RT-PCR 
amplification was performed with an initial denatura-
tion step at 94  °C for 3  min, followed by 40 cycles of 
94  °C for 30  s, 65  °C for 30  s, and 72  °C for 3  min, 
and a final 10-min extension at 72  °C. RACE was per-
formed with a commercial RACE kit (SMART RACE 
cDNA Amplification Kit; Clontech), according to the 



2292	 Theor Appl Genet (2015) 128:2289–2299

1 3

manufacturer’s instructions. The PCR products were 
purified and sequenced as described above.

Identification of onion PPR genes and construction of a 
phylogenetic tree of PPR proteins isolated from onion 
and other plant species

Onion contigs containing the PPR motifs were identified 
through a local BLAST search using BioEdit software (Hall 
1999). The rice Rf1a protein (GenBank accession number 
ABC42330) was used as the query. The deduced amino 
acid sequences of the onion PPR genes which were rela-
tively close to the PPR-containing Rf genes were aligned 
using BioEdit software (Hall 1999), together with PPR-
containing Rf genes isolated from maize, rice, radish, and 
petunia. Five Arabidopsis Rf-PPR-like (RFL) genes (Fujii 
et al. 2011) were also included in the alignment. The gaps 
in the alignment were removed using Gblocks software 
(Castresana 2000), with options for less stringent selection. 
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 
1000 bootstrap replicates.

Results

Selection of contigs tightly linked to the Ms locus using 
BSA and RNA‑seq analysis

To identify the candidate genes responsible for restora-
tion of male fertility in onion, RNAs extracted from 
the floral tissues of MF and MS bulked samples were 
used for transcriptome sequencing. A total of 4.9 and 
5.3  Gb of raw sequences were obtained from the MF 
and MS bulked samples, respectively. After trimming 
the low quality sequences and pooling the MF and MS 
sequences, 32,674 contigs were de novo assembled (Sup-
plementary Table 4). The raw reads from the MF and MS 
bulks were separately mapped to the assembled contigs 

for identification of the SNPs between bulks. A total of 
430 perfectly homozygous SNPs between bulks were 
identified, which were distributed in 141 contigs. The 
SNPs were further confirmed by visual investigation of 
the aligned reads using the IGV viewer (Robinson et al. 
2011), and two contigs showing heterozygous SNPs were 
removed (Table 1).

For validation of the homozygous SNPs between bulks, 
primer pairs flanking the SNPs were designed for each 
of the 139 contigs (Supplementary Table  5). Putative 
exon–intron junctions were predicted using orthologous 
rice genes, if available, and the primers were designed 
based on the exon sequences flanking one or two introns. 
The rice orthologous sequences were retrieved from the 
Rice Genome Annotation Project (Ouyang et  al. 2007). 
Initially, MF and MS bulk DNAs, each consisting of 10 
homozygous individuals selected from the segregating 
population, were used as templates for the PCR amplifi-
cation. If the PCR amplification failed, alternative pairs 
of primers were designed. In the case of successful PCR 
amplification, the PCR products were directly sequenced 
to verify the homozygous SNPs. Except for 11 contigs, 
all contigs were found to contain perfectly homozy-
gous SNPs between bulks, as expected. In addition, the 
sequencing results showed that the intron positions of 
81.3  % of the contigs (61 out of 75 contigs containing 
at least one intron) matched perfectly with those of rice 
orthologs (Supplementary Table  6). However, the chro-
mosomal positions of the rice orthologous genes were not 
linked with each other in the rice genome, although the 
positions were not completely random (Supplementary 
Fig. 1).

As the next screening step, the recombinant (12-510) 
harboring a crossover event between the Ms locus and 
the jnurf05 marker was genotyped by sequencing for 
the SNPs on 128 selected contigs (Fig.  1). The jnurf05 
marker was previously shown to be tightly linked to the 
Ms locus with a distance of 0.047 cM (Fig. 1a, Park et al. 
2013a). The male fertility phenotype of the ‘12-510’ plant 
was male-sterile; therefore, its Ms genotype should be 

Table 1   Screening process for the selection of contigs in LD with the Ms locus

Step Screening criterion Number of contigs

1 De novo assembly of contigs from raw reads produced by RNA-seq 32,674

2 Contigs containing homozygous SNPs between MF and MS bulks 141

3 Contigs containing reliable SNPs verified by the IGV viewer 139

4 Contigs containing perfectly homozygous SNPs verified by PCR amplification and sequencing of bulked DNAs of MF 
and MS individuals

128

5 Contigs containing the SNPs showing perfect linkage with the Ms locus in the large-sized segregating population 
consisting of 4273 plants

30

6 Contigs containing the SNPs showing perfect LD with the Ms locus in diverse breeding lines 14
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homozygous recessive. However, the SNP genotypes of 
85 contigs in this recombinant were heterozygous, indi-
cating that these 85 genes were linked to the Ms locus 
at positions in the same direction as the jnurf05 marker 
(Fig.  1b). Next, another recombinant (11-248) contain-
ing a crossover between the Ms locus and the OPT marker 
(Fig.  1) was analyzed for the SNPs of the 43 contigs 
which had shown homozygous recessive SNP genotypes 
in the 12-510 recombinant. Among them, 30 contigs 
showed identical genotypes with that of the Ms locus, 
indicating perfect linkage with the Ms locus in this large-
sized segregating population (Table 1).

Next, the SNPs of the 30 contigs showing perfect link-
age with the Ms locus were genotyped in four randomly 
selected breeding lines (90377, 90143, 90904, and 90027) 
whose genotypes of the Ms and linked markers had been 
identified (Fig. 1b). Among the 30 contigs, 16 showed iden-
tical genotypes with those of the Ms locus. For analysis 
of a large number of samples, co-dominant CAPS or ILP 
markers were developed on the basis of SNPs and indel 
polymorphisms present in these 16 contigs (Supplementary 
Table 3). The developed markers were then used to analyze 
a total of 251 breeding lines bred by six different institutes, 
and the genotypes of all markers were found to be per-
fectly matched with the phenotypes of the Ms locus, except 
for the RF24000 and RF24437 markers (Supplementary 
Table 1), indicating that 14 of the contigs were in almost 
perfect LD with the Ms locus.

Additionally, 124 exotic accessions introduced from 21 
countries were analyzed with the 14 markers (Supplemen-
tary Table 2) to estimate the LD level of these markers in 
diverse germplasm. One accession (PI233186) was found 

to have a crossover which separated the 14 markers into 
two groups (Fig.  2). The nine markers comprising group 
A in Fig.  2 showed perfect LD with each other, but one 
(RF27528) out of five markers of group B showed several 
recombinants. The jnurf13 marker developed in the previ-
ous study (Kim 2014) was also included in group B. How-
ever, we were unable to determine the position of the Ms 
locus since this accession (PI233186) contained normal 
cytoplasm (Supplementary Table 2).

Analysis of differentially expressed genes between MF 
and MS bulks and linkage relationship between the Ms 
locus and onion PPR gene family

If the recessive Ms allele were not transcribed in the MS 
plants, candidate genes could not be detected in the pre-
ceding SNP analysis. Therefore, contigs showing more 
than 10-fold increase of expression in the MF bulk com-
pared with the MS bulks were screened. Using the stepwise 
screening process presented in Supplementary Table  7, a 
total of 145 contigs were finally selected (Supplementary 
Table 8). Transcription of 97 of the 145 contigs appeared to 
be floral tissue specific, since they were not detected in the 
transcriptome assembled from leaf tissues. However, none 
of the contigs showed perfect LD with the Ms locus after 
analysis of the PCR products amplified from the MF and 
MS bulks, recombinants, and four breeding lines, as shown 
in the SNP analysis, though five of the contigs (RF02974, 
RF06810, RF13742, RF15612, and RF27928) showed tight 
linkage with the Ms locus.

Since the majority of Rf genes cloned so far in other 
plant species were found to encode PPR proteins, the 

Fig. 1   Linkage map of the Ms 
locus and marker genotypes 
of selected recombinants and 
breeding lines. a Linkage map 
flanking the Ms locus devel-
oped in the previous study 
(Park et al. 2013a). b Marker 
genotypes of two recombinants 
selected from a large-sized 
segregating population and four 
randomly selected breeding 
lines. Homozygous recessive 
genotypes are shown in gray 
boxes. A homozygous dominant, 
H heterozygous, B homozygous 
recessive, D homozygous domi-
nant or heterozygous
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contigs containing PPR domains were selected from the 
onion transcriptome as candidate genes. A total of 483 
contigs harboring at least one PPR motif were retrieved 
from a local BLAST search using the rice RF1a pro-
tein as the query (Supplementary Table 9). Two contigs 
(RF02436 and RF14756) were included from among the 
list of contigs containing homozygous SNPs between 
MF and MS bulks, but they did not show perfect link-
age with the Ms locus (Supplementary Table 5). In addi-
tion, 14 PPR genes showing at least threefold increase 
of expression in the MF bulk were analyzed, but none 
of them showed any linkage with the Ms locus. Further-
more, 41 PPR genes which were closely related to the 
Rf and Rf-like PPR genes isolated from other species 
were also analyzed (Supplementary Fig.  2), but none 
contained homozygous SNPs or showed more than two-
fold increase of expression in the MF bulk (data not 
shown).

Annotation of full‑length cDNA sequences of contigs 
showing LD with the Ms locus and identification 
of candidate genes for the Ms locus

The full-length cDNA sequences of 14 contigs which 
showed perfect LD with the Ms locus in the breeding lines 
were obtained by RT-PCR and RACE from both homozy-
gous MF and MS individuals. The SNP frequencies in the 
coding regions of the 14 genes were significantly higher 
compared with the other linked genes (Fig. 3). In particu-
lar, the nine genes belonging to group A in Fig. 2 showed 
the highest SNP frequency. As the location of genes 
became closer to the Ms locus, the SNP frequency tended 
to become higher.

Next, the putative functions of the 14 genes were anno-
tated by the BLAST-p search using their deduced amino 
acid sequences (Table 2). No previously known functions 
of Rf genes, such as PPR proteins, were identified. The 
deduced amino acid sequences of the 14 genes of the MF 
and MS alleles were compared to identify any putative 
critical mutations. One of the genes (RF15334) showed 
no polymorphic amino acid sequences between the MF 
and MS alleles, and was thus excluded from further anal-
ysis. As for the remaining 13, the amino acid sequences 
of the top 50 homologous proteins isolated from other 
plant species were aligned with the onion sequences 
to identify conserved regions. The amino acid changes 
which were unique to the MS allele and positioned in the 
known domains were searched. Four genes (RF31446, 
RF28839, RF26780, and RF27528) were found to contain 

Fig. 2   Linkage relationship of 14 molecular markers tagging the 
candidate genes for the Ms locus in exotic accessions. The previ-
ously reported jnurf13 marker (Kim 2014) was also included. The 
marker genotypes which were inconsistent with those of the majority 
of markers are shown in filled boxes. The horizontal arrow indicates 
PI233186, which contains a crossover event separating the mark-
ers into two groups (Group A and B). The order of accessions is the 
same as that in Supplementary Table  2. The detailed marker geno-
types of all tested markers and accession names are shown in Sup-
plementary Table 2. 1 RF15334, 2 RF23881, 3 RF24123, 4 RF24998, 
5 RF25191, 6 RF28184, 7 RF28314, 8 RF31446, 9 RF31869, 10 
RF24501, 11 RF26780, 12 RF27463, 13 RF28839, 14 jnurf13, and 
15 RF27528

Fig. 3   Comparison of the SNP frequencies in four groups of genes 
which were linked or showed perfect LD with the Ms locus. a Nine 
genes showing perfect LD in the breeding lines and belonging to 
Group A in Fig. 2. b Five genes showing perfect LD in the breeding 
lines and belonging to Group B in Fig. 2. c 15 genes showing perfect 
linkage with the Ms locus in the large-sized segregating population, 
but not showing perfect LD in the breeding lines. d 98 Genes linked 
to the Ms locus, but not showing perfect linkage with the Ms locus in 
the segregating population
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putative critical amino acid changes in the known domains 
(Fig. 4). In the case of RF23881, two amino acid changes 
were observed in the conserved regions, though no known 
domain was found (Fig.  4). On the basis of annotated 
functions, LD analysis, and the presence of critical amino 

acid changes, the gene (RF31446) encoding DNA mis-
match repair protein PMS1 might be the most plausible 
candidate for the restorer-of-fertility gene in onion. The 
PMS1 gene identified in this study is hereafter designated 
as AcPMS1. 

Table 2   Annotation of genes 
showing perfect LD with the Ms 
locus, and the number of amino 
acid changes between MF and 
MS alleles

Gene Annotation Length of coding 
sequences (bp)

Number of amino acid 
changes

RF15334 60S ribosomal protein L37a 276 0

RF23881 Peroxisome biogenesis protein 22 765 6

RF24123 Inactive leucine-rich repeat receptor-like 
serine/threonine protein kinase

2001 8

RF24501 66 kDa stress protein 1766 4

RF24998 Beta-galactosidase 2487 6

RF25191 Uncharacterized protein 744 11

RF26780 Protein AAR2 homolog 1224 10

RF27463 KH domain-containing protein 1920 6

RF27528 2-hydroxyacyl-CoA lyase 1701 5

RF28184 Uncharacterized protein 942 10

RF28314 Kinesin-13A 2163 7

RF28839 Mannose-6-phosphate isomerase 1275 13

RF31446 DNA mismatch repair protein PMS1 2640 26

RF31869 Serine/threonine protein kinase EDR1 2724 17

Fig. 4   Comparison of proportions of MF- and MS-specific amino 
acid changes in the top 50 homologous proteins isolated from other 
plant species. The black and gray bars indicate the proportion of the 
MF- and MS-specific amino acids, respectively. The known domains 

were identified using Pfam search (Finn et  al. 2014), and the posi-
tions are shown with horizontal lines above the bar charts. The amino 
acid changes which were unique to the MS allele and positioned in 
the known domains are indicated with asterisks above the bars
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Discussion

Identification of genes in perfect LD with the Ms locus 
using a combination of BSA and RNA‑seq approaches

Fourteen genes which showed perfect LD with the Ms 
locus were successfully identified herein through a combi-
nation of BSA and RNA-seq approaches. With the advent 
of next-generation sequencing, RNA-seq has become 
a powerful tool for massive SNP discovery in many spe-
cies (Schneeberger and Weigel 2011; Mutz et  al. 2013; 
Wolf 2013). RNA-seq analysis is especially useful for the 
examination of crop species containing complex or huge 
genomes, such as onion (16,400 Mb/1C), since no reliable 
reference genomic sequence is required for this analysis 
(Edwards et al. 2013). A few previous studies demonstrated 
the efficiency of combined BSA and RNA-seq analysis in 
cloning the causal genes for important traits in maize (Liu 
et al. 2012) and wheat (Trick et al. 2012).

To validate the SNPs identified in silico and to develop 
PCR-based markers, primers were designed based on the 
exon sequences flanking one or two introns. Since rice is 
the most closely related model plant with onion, the exon–
intron boundaries of each contig were predicted using 
information from the rice orthologous genes. Approxi-
mately 81 % of the intron positions of onion were matched 
with rice orthologous genes. Similarly, Martin et al. (2005) 
showed that the positions of 83  % of onion introns were 
identical to those of rice introns, but there was no collinear-
ity between the onion and rice genomes. We also confirmed 
the lack of microsynteny between two monocotyledonous 
crops. The positions of the rice genes which were ortholo-
gous to the onion genes that were tightly linked to the Ms 
locus were almost random (Supplementary Fig.  1). If the 
synteny between the rice and onion genomes were well 
conserved, the rice orthologous genes should form a cluster 
in the rice genome, since the onion genes analyzed herein 
were all linked to the Ms locus. Therefore, independent 
efforts are required in the future for establishment of onion 
genomic resources.

Identification of candidate genes responsible 
for restoration of male fertility in onion CMS

Two recombinants (12-510 and 11-248) selected from a 
large-sized population consisting of 4273 individuals were 
effectively used for the screening of candidate genes. Using 
these recombinants, 30 genes which were positioned within 
the approximately 0.55 cM interval between the OPT and 
jnurf05 markers could be successfully identified. Analysis 
of 251 breeding lines further eliminated 16 of the genes. 
Although these breeding lines were collected from six 

different institutes, their genetic diversity seemed to be nar-
row, since the six institutes were all located in Korea.

Extended analysis of 124 exotic accessions introduced 
from 21 counties enabled separation of 14 genes into two 
groups (group A and B in Fig. 2). In particular, one acces-
sion (PI233186) contained a crossover event between the 
two groups. The marker genotypes of group A were het-
erozygous, but genotypes of markers belonging to group 
B were homozygous recessive. However, we failed to 
observe male fertility phenotypes of this exotic accession 
due to disagreeable growth conditions. In addition, it will 
take at least 4 years to genotype the Ms locus of PI233186, 
because this accession contained normal cytoplasm. 
Despite the unidentified Ms genotypes, the Ms locus is 
likely located within group A, since one marker (RF27528) 
in group B contained several recombinants among the 124 
accessions. In contrast, the markers belonging to group A 
showed perfect LD in all tested accessions. In addition, 
the SNP frequency in the coding sequences of the genes in 
group A was slightly higher than those of group B, and was 
3.8-fold higher than the linked genes (group D in Fig. 3). 
The high SNP frequency in the LD block harboring the 
group A genes was considered to be a signature of selection 
during the long breeding history, as suggested by Gupta 
et al. (2005). The SNP frequencies gradually decreased as 
the distance between the genes and the Ms locus became 
farther due to decay of LD (Fig. 3).

Based on the annotated function, high SNP frequency 
(1.97/100 bp), and presence of putative critical amino acid 
changes, AcPMS1 seems to be the most plausible candi-
date gene responsible for restoration of male fertility in 
onion CMS. This gene encodes the PMS1 protein, which is 
involved in DNA mismatch repair (MMR). The MMR sys-
tem is one of the DNA repair pathways, and is highly con-
served from bacteria to animals and plants. Three homodi-
meric proteins (MutS, MutL, and MutH) are members of 
the MMR system in Escherichia coli. MutS first recognizes 
mismatches and recruits MutL, which subsequently recruits 
MutH, possessing endonuclease activity, to the regions har-
boring mismatch (Kolodner and Marsischky 1999; Bray 
and West 2005; Kimura and Sakaguchi 2006). The PMS1 
protein was known to form a heterodimer with the MLH1 
protein, playing a similar role as MutL in yeast and plants 
(Bray and West 2005).

Two independent mutants of the PMS1 gene in Arabi-
dopsis showed more than 50 % collapsed pollen grains and 
increased homeologous recombination (Li et  al. 2009b). 
A high proportion of collapsed pollen was also observed 
in the Arabidopsis with a mutant MLH1 gene, a partner 
forming a heterodimer with PMS1 (Dion et  al. 2007). In 
addition, the Msh1 gene product, which is homologous 
to MutS, is known to be involved in the MMR and con-
trol of plant mitochondrial recombination (Abdelnoor 
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et  al. 2003). The Msh1 mutant in Arabidopsis produced 
extensive mitochondrial genome rearrangement (Arrieta-
Montiel et al. 2009). Furthermore, inactivation of the Msh1 
gene via RNAi created heritable cytoplasmic male-sterility 
in tobacco and tomato (Sandhu et al. 2007). Although the 
relationship between the MMR system and CMS induction 
is not yet clearly understood, the AcPMS1 gene identified 
herein may be a good material for studying their relation-
ship if this gene is truly responsible for the fertility resto-
ration of onion CMS. It should be noted that although the 
AcPMS1 gene was proposed as the best candidate for the 
Ms locus in this study, we could not exclude the possibility 
that the real causal gene might have escaped our screening 
process for identification of homozygous SNPs and differ-
entially expressed genes.

Application of molecular markers in perfect LD 
with the Ms locus in onion breeding

Transition from open-pollinated cultivars into F1 hybrid 
varieties has become a worldwide trend in the vegetable 
seed market, including onion. Therefore, CMS has become 
an essential tool in onion F1 hybrid breeding, since CMS is 
the sole method by which F1 hybrid seed production can be 
achieved. However, the development of diverse maintainer 
lines has been limited due to the requirement for time-con-
suming and labor-intensive progeny tests. This limitation 
can be overcome by using reliable molecular markers for 
genotyping of the Ms locus.

We previously reported a molecular marker (jnurf13) 
which was in LD with the Ms locus (Kim 2014). However, 
this marker was designed on the basis of indel polymor-
phisms in the intergenic region, and the size of the indel 
(12 bp) was so small that marker genotyping was only pos-
sible on acrylamide gels. In addition, jnurf13 was found 
to belong to the group B markers in Fig.  2. Therefore, if 
the AcPMS1 gene proves to be responsible for fertility 
restoration in onion, the simple PCR marker (RF31446) 
based on polymorphism in the AcPMS1 gene would be 
the most reliable marker for genotyping of the Ms locus. 
This marker belonged to group A, which showed perfect 
LD in all tested accessions collected from 21 different 
countries. In addition, this marker can easily be genotyped 
using agarose gels, since a relatively large 34-bp indel was 
utilized. Therefore, it is likely that the RF31446 marker 
developed in this study can be used universally, and will 
greatly enhance the efficiency of onion F1 hybrid breeding. 
Besides practical application, AcPMS1 and the other genes 
in perfect LD with the Ms locus will ultimately be invalu-
able materials for cloning of the Ms locus in the future.
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