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INTRODUCTION

F1 hybrids have been used in onion breeding for the past 50 years in the United States,
Europe and Japan (Brewster, 2008). Hybrid-onion (Allium cepa) seed became economically
feasible using sources of CMS. The production of hybrid seed through the CMS system
necessitates a male-sterile line (A-line), a male-sterility maintainer line (B-line, male fertile)
and male-fertility restorer line (C-, or R-line, male fertile) (Goldman et al., 2002). Male
sterility in onion is conditioned by the interaction of the male-sterile cytoplasm with the
homozygous recessive genotype at one nuclear locus (msms) (A-line) (Yu & Kim, 2021) that
all genes responsible for CMS have been existed in mitochondrial genomes (Fauron et al.,
1990; Budar et al., 2003; Hanson & Bentolila, 2004; Knoop, 2004). CMS-associated genes
often consist on the partial sequences of known mitochondrial genes and unknown sequences
(Chen & Liu, 2014; Hanson & Bentolia, 2004; Chen et al., 2017). In most cases, multiple
recombination events involving known mitochondrial genes as well as sequences of unknown
origin create new open reading frames (ORF) associated with cytoplasmic male sterility in
higher plants (Chen & Liu, 2014; Tuteja et al., 2013). These CMS-associated ORFs have been
used for producing molecular markers to identify the type of CMS (Khrustaleva et al., 2023).
The maintainer line (B-line) of the male-sterile line is produced by crossing normal fertile (N)
cytoplasm with the homozygous recessive genotype at one nuclear locus (msms). Thus, A-
and B-lines are isogenic lines, with the difference only for male sterility trait. Likewise, the
male-sterile plants were maintained and reproduced by mating with maintainer plants (Jones
& Clarke, 1943; Jones & Davis, 1944). The restorer of fertility (C/R line) governed by single
dominant (Ms) allele at the nuclear locus and normal cytoplasm (Manjunathagowda, 2021).
This review summarizes the molecular mechanism of male sterility and restoration of male
fertility, depicts the identification of male sterility systems through molecular markers that
could accelerate breeding of F1 hybrids and production of pure hybrid seed.

CMS cytoplasm

To date, three different types of CMS and fertility restoration systems, have been described
and utilized for F1 hybrid cultivar development in onion, termed CMS-S, was first identified
during 1925 in the cultivar ‘Italian-Red’ (Jones & Emsweller, 1936), CMS-R or T-like was
identified in ‘Rijnsburger’ onion (Banga & Petiet, 1958) and CMS-T, traced in the variety
‘Jaune paille des Vertus’ (Berninger, 1965). The CMS-S is conditioned by the sterility
inducing cytoplasm (S) and the single nuclear in its recessive condition (msms) with restorer
gene Ms/ms (Jones & Emsweller, 1936; Jones & Clarke, 1943). The CMS-T is influenced
from three independently segregating loci. The male-fertility restoration of CMS-T cytoplasm
had been controlled by three Rf genes, one independent gene (a) and two complementary
genes (b and c) that revealed a complex nature of inheritance (Schweisguth, 1973).

The discovery of these CMS, paved the way for hybrid onion development, besides
uniformity in size, shape, color and maturity and high yields (Khar & Saini, 2016). At present,
S cytoplasm due of its stability under diverse environmental conditions and simple monogenic
inheritance, is the most common source of CMS used to produce hybrid onion seed and made
it more popular among breeders around the world (Havey, 2000). T cytoplasm has been used
extensively to produce hybrid onions in European countries, although its use is less common
than S cytoplasm (Havey, 1994). The T-cytoplasm had originated from N-cytoplasm through
point mutation in the mitochondrial genome. R cytoplasm is very close to N and T cytoplasms
and is distantly related to S cytoplasm, and is widely used commercially (Havey & Kim,
2021). In a study with evaluating of onion breeding lines from commercial entities to
distinguish sources of onion CMS, their results reveal that T cytoplasm is rarely used
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commercially to produce hybrid-onion seed, and both S cytoplasm and “T-like” cytoplasm are
widely used (Havey & Kim, 2021). HRM analysis (Khrustaleva et al., 2023) showed that the
most and the least source of CMS, was S-cytoplasm and R-cytoplasm, respectively and the
proportion of T-cytoplasm among the analyzed onion breeding lines was 20.5%.

Marker assistant selection (MAS) of male sterility, maintainer and restorer lines in
onion

Identification of CMS types and Ms locus are key steps in onion F1 hybrid breeding.
However, since onion is a biennial crop, it takes 4-8 years to identify cytoplasm types and Ms
alleles using progeny tests (Khrustaleva et al., 2023). Thus, molecular markers can greatly
accelerate breeding processes by replacing time-consuming and laborious progeny tests. The
conventional method of hybrid development is less efficient as compared to molecular marker
assisted methods for identification of S, T, N cytoplasm, maintainer lines and fertility restorer
genes with high heterosis. Thus, tightly linked nuclear markers at the Ms Locus and CMS
genes would allow for molecular-assisted segregation analysis and facilitate the processing of
F1 breeding and development. In order to implement reliable marker assisted selection
systems for CMS types and the restorer-of-fertility locus (Ms) in onions (Allium cepa L.),
simple PCR based codominant markers linked to the Ms Locus were developed (Bang et al.,
2011).

Development of polymorphic markers linked to the cytoplasms

Restriction-enzyme analyses of the chloroplast (cpDNA) and mitochondrial (mtDNA) DNAs
of normal (N) fertile, S-, and T-cytoplasms have demonstrated fragment size differences (de
Courcel et al., 1989; Holford et al., 1991; Havey, 1993; Satoh et al., 1993). de Courcel et al.
(1989) delineated four cytoplasmic groups (M | through M4) based on BamHI digests of the
mtDNA. Restriction enzyme digests of both the mtDNA and cpDNA distinguished S-
cytoplasm from the M-cytoplasmic groups (de Courcel et al., 1989). Holford et al. (1991)
were able to distinguish among N-, S-, and T-cytoplasms with BamHI and HindlIl digests of
mtDNA and among N- and S-cytoplasms with EcoRI, Hindlll, and Xbal digests of cpDNA.
Havey (1993) after digesting genomic DNA with 15 restriction enzymes and probing with a
complete set of chloroplast clones identified five polymorphisms between N- and S-
cytoplasms. The complete DNA isolations from single plants, restriction-enzyme digestions,
blotting, and hybridizations was time-consuming. For the facilitation of marker-assisted
selection and the acceleration of onion hybrids breeding, the Polymerase chain reaction (PCR)
would allow a quick and confident identification of the cytoplasm of individual plants. The
first published PCR-marker for cytoplasm types in onion amplifies (Havey, 1995)
demonstrated that there is a 100-bp insertion in the IGS in (N)-cytoplasm, resulting in a
bigger amplicon of corresponding size. Then, further variation within the (M) cytoplasmic
group was found and reported for the identification of onion cytotypes (Sato, 1998; Engelke
et al., 2003; Kim et al., 2009). Second PCR-marker anchors in the upstream region to the
mitochondrial gene cob were reported (Sato, 1998). According to the author, the (S)-
cytoplasm contains an insertion in this region, which is homologous to the chloroplast
orf1708 of Nicotiana tabacum, and which can be used to anchor a (S)-specific primer. Sato
(1998) suggested a second primer which should be (N)-specific, and a common antisense
primer. Then Engelke et al. (2003) developed a PCR-marker, orfA501 that distinguished all
the three known cytoplasms in the onion, both male sterility inducing cytoplasms, CMS-(S)
and CMS-(T), from the normal cytoplasm in onion (Allium cepa). The PCR RFLP marker was
located in a chloroplast psbA gene amplicon could distinguish male-fertile (N) and male-
sterile (S) cytoplasm in onions (Cho et al., 2006). Kim et al. (2009) designated a new marker,
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orf725. RT-PCR results showed that orf725 was not transcribed in normal cytoplasm.
Meanwhile, the normal coxl gene, which is essential for normal mitochondrial function, was
not expressed in CMS-S cytoplasm. However, both orf725 and coxI were transcribed in CMS-
T cytoplasm. Von Kohn et al. (2013) checked the size of two types of cytoplasm (N and S)
and found that the size difference was primarily due to small indels in intergenic regions and a
deletion in the accD gene of N-cytoplasmic onion. According that result, they designated a
new marker, accD.

This marker along with cob and MK were used in detecting of the cytoplasm types of
onion Indian germplasm (Khar & Saini, 2016). It was observed that accD should be used
more for cytoplasm determination because of the relative simplicity of two primers and its
visualization (Khar & Saini, 2016). Dehghani et al. (2021), identified the of Ms locus and
cytoplasmic types in 123 onion accessions (three populations, male sterile lines and
maintainer lines) by three cytoplasmic markers cob, accD and MK and four nuclear molecular
markers (OPT, PsaO, Jnurf-13 and AcSKP1). The two markers accd and cob detected the
type of cytoplasm as well, with 100% male sterility for male sterile lines and 100% fertility
for maintainer lines. Also, T-type cytoplasm could be distinguished by the MK marker.

Development of linked molecular markers to the maintainer lines and the restorer of
fertility

In the production of hybrid-onion seed, Ms/ms alleles were used in maintainer (B) lines of
male sterility (are used to create male-sterile (A) lines) and restorer-of-Fertility (R/C) lines.
As a result, identifying restorer (Nmsvs) and maintainer (Nmsms) lines is critical for onion
hybrid development (Manjunathagowda, 2021). However, molecular markers capable of
distinguishing genotypes at a nuclear locus (Ms) are crucial for breeders to save time and
effort. Few molecular markers for allelic selection of the nuclear Ms Locus have been
reported (Gokge et al., 2002; Martin et al., 2005). For the facilitation of marker-assisted
selection, Ms locus-specific simple PCR co-dominant markers were created (Bang et al.,
2011; Huo et al., 2012; Bang et al., 2013; Kim et al., 2019). Two markers OPT and PSAO
were designed by Bang et al. (2011). A simple PCR marker for OPT was developed by
designing a primer pairs on the flanking regions of the 108-bp indel which is created by two
tandem repeats. The OPT marker was tightly linked to the Ms Locus at a distance of 1.5 cM
(Bang et al., 2011). Despite the low distance between the OPT marker and Ms locus (1.5 cM),
the researcher studies (Khar & Saini, 2016, Dehghani et al., 2021) did not show significant
linkage disequilibrium between this marker and the Ms locus, indicating that crossing-over
contiguous to the Ms locus mostly occurred throughout the history of onion breeding. Yu and
Kim (2021) stated that the discrepancy between genotypes of molecular markers tagging the
Ms locus and phenotypes of male-fertility in Indian and Brazilian onion germplasm, is
probably because of the presence of the Ms2 locus that needs more studies. Also, it is likely
that the relatively low expressivity of the Ms2 locus caused unstable male-sterility (Kim et al.,
2019). PSAO marker was designed using tandem repeats (14 and 39 bp) based on the
photosystem-I-subunit-O (PsaQO) gene, which was isolated by genome walking of EST-RFLP
probe, which was linked to the Ms locus at a istance of 6.5 cM (Bang et al., 2011). A PCR-
based marker (WHR240) related to the AcCPME gene was designed and validated in six
different onion lines, and it successfully identified male fertility restorer lines (Huo et al.,
2012). Two markers (DNF-566 and RNS-357) from the AFLP markers linked to the ms allele
might be used to distinguish MsMs, Msms or msms allelic phenotypes among varieties, F1
hybrids and the OP population (Yang et al., 2013). A more reliable simple PCR marker
(jnurfl3) linked to the Ms Locus was constructed using a 12-bp InDel sequence and 5.5 kb
flanking sequences. The male-fertility phenotypes of all studied breeding lines were perfectly
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matched with marker genotypes (Kim, 2014). Another marker such as ACms.1100 (Bang et
al., 2013) and CAPS markers (jnurf05, jnurf06, jnurfl0, jnurfl7) (Park et al., 2013), having
tight linkage with Ms Locus, and these markers are of co-dominant nature, thus effectively
differentiate the dominant from recessive alleles. The markers linked to cytoplasm types and
Ms Genotypes and validation of identified markers in different studies are shown in Table 1

and Table 2, respectively.

Table 1. Marker assistant selection of male-sterile cytoplasmic and Ms Locus lines for breeding of F1 hybrid

onion.

The Marker based on genes

Method

Cytoplasm's/male-
fertility loci

Reference

A two-step HRM marker system with
both cox1 and orf725 genes

Ms2 locus was likely to be positioned at
the end of chromosome 2

AcPMS1 gene

molecular marker (AcCN)

(two markers at the Ms loci and one
cytoplasm marker)

100 breeding lines of Onbreetech Corp.,
Haenam, Korea seed company were
employed using CAPS markers

301 plants of F2 and F3 populations
developed from H6 male-fertile line and
506L male-sterile line using CAPS
marker

F2 populations developed from H6 male-
fertile line and 506L male- sterile line
using OPT and PSAO marker

176 breeding lines and cultivars using
orf725 marker
orfA501

W202B (Nmsms), W202A (S msms) and
the S-cytoplasmic male-fertile

High-resolution melting
(HRM) analysis
High-resolution melting
(HRM) analysis based on
single nucleotide
polymorphisms (SNPs)
detected by RNA-Seq
PCR

multiplex-PCR

PCR

PCR

PCR

PCR

PCR
PCR

PCR

Identification of the N-,
S-, R- and T-cytoplasms

Ms locus

Ms locus

CMS and Ms locus

CMS-S, -T and N-
cytoplasm and Ms locus

Ms locus

Ms locus

Ms locus

CMS-S, -T and fertile N-
cytoplasm

CMS-S, -T and fertile N-
cytoplasm

CMS-S and fertile N-
cytoplasm

(Khrustaleva
et al., 2023)

(Yu & kim,
2023)

(Kim & Kim,
2021)

(Liu et al.,
2019)

(Kim & Kim
2015)

(Bang et al.,
2013)

(Yangetal.,
2013)

(Bang et al.,
2011)

(Kimetal.,
2009)

(Engelke et
al., 2003)

(Sato, 1998)
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Table 2. Validation of identified markers in different studies.

Cytoplasm's/male-fertility loci

Genetic material

Reference

cytotype and Ms locus

CMS-S, -T and fertile N-cytoplasm/
Ms locus

CMS-S, -T and fertile N-cytoplasm

CMS-S

CMS Y and Ms locus

CMS-S and -T and fertile N-
cytoplasm
CMS-S, -T and fertile N-cytoplasm

CMS-S, -T and fertile N-cytoplasm/
Ms locus

CMS-S and fertile N-cytoplasm

CMS-S, -T and fertile N-cytoplasm/
Ms locus

Cytotype markers, accD, and MKFR and for Ms
locus identification, PCR markers AcPMS1 and
AcSKP1 in Indian breeding lines, variety and
hybrids

Three cytoplasmic markers cob, accD and MK and
four nuclear molecular markers (OPT, PsaO, Jnurf-
13 and AcSKP1) on 123 onion accessions (three
populations, male sterile lines and maintainer lines)

OPV onion genetic stock of Punjab province using
orf725 markers

OPV onion genotypes using orf725 marker

S1 segregating population was produced from a
single plant selected from P1273626 (containing

cytotype Y)
Brazilian onion germplasm using orf725 marker

5’ cob/orfA501 and orf725 markers deployed in 59
genotypes of the Embrapa Onion Germplasm Bank
for MAS of cytoplasms

Five cytoplasmic (5’cob, orfA501, orf725, IGS and
cob-type 2) and four nuclear markers (jnurfl3,
isotig34671_610, isotig30856_1351 and
isotig29186_1830)

Open-pollinated populations of onion varieties
Punjab Naroya, Punjab Selection and Punjab White
using ‘cob’ marker for cytotype

Three cytoplasmic markers cob, accD and MK and
four nuclear molecular markers (OPT, PsaO, Jnurf-
13 and AcSKP1)

(Khar et al., 2022)

(Dehghani et al., 2021)

(Ahmad et al., 2020)

(Manjunathagowda &
Anjanappa, 2020)

(Kim et al., 2019)

(Ferreira & Santos, 2018)

(Ferreira et al., 2017)

(Gazendam et al., 2018)

(Malik et al., 2017)

(Khar & Saini, 2016)

CONCLUSION

F1 hybrid cultivars are popular due to more bulb uniformity and higher productive potential
for heterosis. The sources of onion CMS, their maintainer plants and fertility restorer lines can
be distinguished by markers, saving times spent on crop establishment and avoiding the
complex of phenotypic screening. Cytoplasmic determinations in onion have been greatly
simplified by molecular markers in the mitochondrial and chloroplast DNAs distinguishing N
and S cytoplasms (von Kohn et al., 2013). Marker-assisted selection of the PCR markers in
determining types of S/N and T cytoplasm and Ms locus were reported in Indian onion
germplasm (Khar & Saini, 2016) and Brazilian germplasm (Ferreira et al., 2017; Ferreira et
al., 2018) and Iranian germplasm (Dehghani et al., 2021). Although these molecular markers
do not shorten the generation time of onion, they represent a more sensible use of resources
because only plants with known cytoplasms are used for crossing (Havey, 1995). The
development of F1 hybrids in onion heterosis breeding was made possible by the use of PCR
markers that linked cytoplasms and restorer-of- fertility genes. Many onions in North
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America are three-way hybrids. An example is the hybrid ‘Spartan Banner 80,” which was
developed and released jointly by the USDA and Michigan Agricultural Experiment Station.
Another three-way hybrid developed by Dr. Peterson was ‘Sweet Sandwich,” from the cross
(MSU5718A x MSU8155B) x MSU826B (Havey, 2018).

Two important factors in successful deployment of a CMS breeding pipeline are CMS
stability and sterility and fertility transition. Recently, three proposed strategies for the genetic
control of sterility and fertility transition to engineer “on—off” switches include gene editing
or RNA interference of MSH1, design of Rfs, and mt-targeted gene editing of CMS-
associated ORFs in the CMS line (Xu et al., 2022). Recent attempts have been made to
develop restorer lines using wide hybridization (Yu et al., 2020) and genetic transformation
(Lietal., 2021).

The cp-cytotype RFLP marker (Havey, 1995), cob gene-specific marker (Sato, 1998),
orfA501 gene marker (Engelke et al., 2003), the psbA gene marker (Cho et al., 2006), orf725
gene-specific marker (Kim et al., 2009), atp6 gene CAPS marker, atpl gene, cob gene and
cox2 gene-specific markers (Kim & Yoon, 2010), petN gene-specific marker (Kim & Kim,
2015; Kim et al., 2015) and mtDNA CAPS marker (Kim & Kim, 2019) were able to
differentiate CMS-S, CMS-T and normal (N) cytoplasm in a mixed population. These
cytoplasmic markers, coupled with single nucleotide polymorphisms (SNPs) tightly linked to
the nuclear Ms locus (Havey, 2013), can be used to select individual plants using high-
throughput genotyping platforms to aid in the development of male-fertile maintainer (N
msms) and restorer lines (N/S MsMs) lines for the production of hybrid onion seed (von Kohn
et al., 2013). The restorer-of-fertility locus distinguishes through SSCP marker (McCallum et
al., 2001), RFLP marker (Gokge et al., 2002), OPT and PSAO gene-specific markers (Bang et
al., 2011), AcPME gene (Huo et al., 2012), CAPS marker (Bang et al., 2013), SCAR marker
(Yang et al., 2013), InDel marker (Kim, 2014), AcSKP1 (Huo et al., 2015) and AcPMS1
genes-specific markers (Kim et al., 2015). Liu et al. (2019) designed a multiplex-PCR marker,
AcCN that could detect cytoplasm types and the nuclear locus in a single PCR experiment.

Conflict of interest
Author has no conflict of interest, financial or otherwise to declare.

REFERENCES

Ahmad, R., Hassan, M. U., Akhtar, G. B., Saeed, S., Khan, S. A., Shah M. K. N., & Khan, N. (2020).
Identification and characterization of important sterile and maintainer lines from various
genotypes for advanced breeding programmes of onion (Allium cepa L). Plant Breeding, 139,
988-995. https://doi.org/10.1111/pbr.12844

Banga, O., & Petiet, J. (1958). Breeding male sterile lines of Dutch onion varieties as a preliminary to
the breeding of hybrid varieties. Euphytica, 7,21-30.

Bang, H., Cho, D. Y., Yoo, K. S,, Yoon, M. K., Patil, B. S., & Kim, S. (2011). Development of simple
PCR-based markers linked to the Ms locus, a restorer—of— fertility gene in onion (Allium cepa L.).
Euphytica, 179,439-449.https://doi.org/10.1007/s1068 1-010- 0342- 5.
https://doi.org/10.1007/s10681-010-0342-5

Bang, H., Kim, S,, Park, S. O., Yoo, K., & Patil, B. S. (2013). Development of a codominant CAPS
marker linked to the Ms locus controlling fertility restoration in onion (Allium cepa L.). Scientia
Horticulturae, 153, 42-49. https://doi.org/10.1016/j.scien ta.2013.01.020

Berninger, E. (1965). Contribution a 1’étude de la sterilité male de I’oignon (Allium cepa L.). Annuals
of Amélior Plant, 15, 183-199.

Brewster, J. L. (2008). Onions and other vegetable alliums (2nd ed.). Horticulture Research
International. https://www.cabi.org/books hop/book/97818 45936 228/ CAB International, Oxon,
UK.

377


https://doi.org/10.1111/pbr.12844
https://doi.org/10.1007/s10681-010-0342-5
https://doi.org/10.1016/j.scien%20ta.2013.01.020
https://www.cabi.org/books%20hop/book/97818%2045936%20228/

Abbasi/J. HORTIC. POSTHARVEST RES., 6(4), DECEMBER 2023

Budar, F., Touzet, P., & De Paepe, R. (2003). The nucleo-mitochondrial conflict in cytoplasmic male
sterilities revised. Genetica, 117, 3—-16. https://doi.org/10.1023/a:1022381016145

Chen, L. & Liu, Y. G. (2014). Male sterility and fertility restoration in crops. Annual Review of Plant
Biology, 65, 579-606. https://doi.org/10.1146/annurev-arplant-050213-040119

Chen, Z.; Zhao, N.; Li, S.; Grover, C. E.; Nie, H.; Wendel, J. F. & Hua, J. (2017). Plant mitochondrial
genome evolution and cytoplasmic male sterility. Critical Reviews in Plant Sciences, 36, 55-69.
https://doi.org/10.1080/07352689.2017.1327762

Cho, K. S., Yang, T. J., Hong, S. Y., Kwon, Y. S., Woo, J. G., & Park, H. G. (2006). Determination of
cytoplasmic male sterile factors in onion plants (Allium cepa L.) using PCR-RFLP and SNP
markers. Molecules and Cells, 21(3), 411-417. PMID: 16819305.

de Courcel, A de., Veder, F., & Boussac, J. (1989). DNA polymorphism in Allium cepa cytoplasms
and its implications concerning the origin of onions. Theoretical and Applied Genetics,77,793-
798. https://doi.org/10.1007/bf00268328

Dehghani, R., Abbasi, Z., Talebi, M., Shahmansouri, E., & Sayed Tabatabaei, B. E. (2021).
Identification of male sterile (T, S) of fertility (N) cytoplasm by PCR-based molecular markers to
access maintainer lines in onion. Journal of Horticulture and Postharvest Research, 4(3), 277-288.
https://doi.org/10.22077/jhpr.2020.3665.1163

Engelke, T., Terefe, D. & Tatlioglu, T. 2003. A PCR-based marker system monitoring CMS-(S),
CMS-(T) and (N)-cytoplasm in the onion (Allium cepa L.). Theoretical and Applied Genetics, 107,
162-167. https://doi.org/10.1007/s00122-003-1230-3

Fauron, C. M. R., Havlik, M., & Brettell, R. I. S. (1990) The mitochondrial genome organization of a
maize fertile cmsT revertant line is generated through recombination between two sets of repeats.
Genetics, 124, 423-428. https://doi.org/10.1093/genetics/124.2.423

Ferreira, R. R. & Santos, C. A. F. (2018) Partial success of marker-assisted selection of ‘A’ and ‘B’
onion lines in Brazilian germplasm. Scientia Horticulturae, 242, 110-115.
https://doi.org/10.1016/j.scienta.2018.08.002

Ferreira, R. R., Santos, C. A. F. & Oliveira, V. R. (2017) Fertility restoration locus and cytoplasm
types in onion. Embrapa Hortaligas-Artigo em periddico indexado (ALICE).

Gazendam, I., Greyling Maria, M., & Laurie S. M., (2018). The application of molecular markers to
accelerate the recovery of cytoplasmic and nuclear male sterility in South African onion (Allium
cepa L.) Hybrid Parental Lines. Journal of Agricultural Science, 10(7), 95-1009.
https://doi.org/10.5539/jas.v10n7p95

Goldman, I. L., Schroeck, G., & Havey. M. J. (2002). History of public onion breeding programs and
pedigree of public onion germplasm releases in the United States. Plant Breeding Reviews, 20, 67—
103. https://doi.org/10.1002/9780470650189.ch3

Gokee, A. F., McCallum, J., Sato, Y., & Havey, M. J. (2002) Molecular tagging of the Ms locus in
onion. The Journal of the American Society for Horticultural Science, 127, 576-582.
https://doi.org/10.21273/jashs.127.4.576

Hanson, M. R., & Bentolila, S. (2004) Interactions of mitochondrial and nuclear genes that affect male
gametophyte development. Plant Cell, 16, S154-S169. https://doi.org/10.1105/tpc.015966

Havey, M. (1993) A putative donor of S-cytoplasm and its distribution among open-pollinated
populations of onion. Theoretical and Applied Genetics, 86, 128-134.
https://doi.org/10.1007/bf00223817

Havey, M. J. (1994). The cytoplasms of sterile lines used to produce commercial hybrid-onion seed.
Allium Improvement Nwsl, 4, 25-27.

Havey, M. J. (1995). Identification of cytoplasms using the polymerase chain reaction to aid in the
extraction of maintainer lines from open pollinated populations of onion. Theoretical and Applied
Genetics, 90, 263-268, https://doi.org/10.1007/BF00222212

Havey, M. J. (2000). Diversity among male sterility inducing and male fertile cytoplasms of onion.
Theoretical and Applied Genetics, 101, 778-782, https://doi.org/10.1007/s001220051543

Havey, M. J. (2013). Single nucleotide polymorphisms in linkage disequilibrium with the male—
sterility restoration (Ms) locus in open—pollinated and inbred populations of onion. Journal of the
American Society for Horticultural Science, 138, 306-309.

378


https://doi.org/10.1023/a:1022381016145
https://doi.org/10.1146/annurev-arplant-050213-040119
https://doi.org/10.1080/07352689.2017.1327762
https://doi.org/10.1007/bf00268328
https://doi.org/10.22077/jhpr.2020.3665.1163
https://doi.org/10.1007/s00122-003-1230-3
https://doi.org/10.1093/genetics/124.2.423
https://doi.org/10.1016/j.scienta.2018.08.002
https://doi.org/10.5539/jas.v10n7p95
https://doi.org/10.1002/9780470650189.ch3
https://doi.org/10.21273/jashs.127.4.576
https://doi.org/10.1105/tpc.015966
https://doi.org/10.1007/bf00223817

Abbasi/J. HORTIC. POSTHARVEST RES., 6(4), DECEMBER 2023

https://doi.org/10.21273/jashs.138.4.306

Havey, M. J., & Kim, S. (2021). Molecular marker characterization of commercially used cytoplasmic
male sterilities in onion. Journal of the American Society for Horticultural Science, 146(5), 351-
355. https://doi.org/10.21273/jashs05083-21

Holford, R., Croft, J.,, & Newbury, H. (1991) Differences between, and possible origins of, the
cytoplasms found in fertile and male-sterile onions (Allium cepa L.). Theoretical and Applied
Genetics, 82, 737-744. https://doi.org/10.1007/bf00227319

Huo, Y. M, Liu, B. J., Yang, Y. Y., Miao, J., Gao, L. M., Kong, S. P., Wang, Z. B., Kitano, H., & Wu,
X. (2015). AcSKP1, a multiplex PCR-based co-dominant marker in complete linkage
disequilibrium with the male-fertility restoration (Ms) locus, and its application in open-pollinated
populations of onion. Euphytica, 204, 711-722. https://doi.org/10.1007/s1068 1-015- 1374- 7

Huo, Y., Miao, J., Liu, B., Yang, Y., Zhang, Y., Tahara, Y., Meng, Q., He, Q., Kitano, H., & Wu, X.
(2012). The expression of pectin methylesterase in onion flower buds is associated with the
dominant male—fertility restoration allele. Plant Breeding, 131, 211-216.
https://doi.org/10.1111/j.1439-0523.2011.01907.x

Jones, H. A., & Clarke, A. (1943). Inheritance of male sterility in the onion and the production of
hybrid seed. Proceedings of the American Society for Horticultural Science, 43, 189-194.

Jones, H. A., & Davis, G. (1944). Inbreeding and heterosis and their relation to the development of
new varieties of onions. USDA Technical Bulletin, p. 874.

Jones, H. A., & Emsweller, S. L. (1936). A male—sterile onion. Proceedings of the American Society
for Horticultural Science, 34,582-585.

Khar, A. & Saini, N. (2016). Limitations of PCR-based molecular markers to identify male-sterile and
maintainer plants from Indian onion (Allium cepa L.) populations. Plant Breeding, 135, 519-524.
https://doi.org/10.1111/pbr.12373

Khar, A., Zimik, M., Verma, P., Singh, H., Mangal, M., Singh, M. C., & Gupta, A. J. (2022).
Molecular marker-based characterization of cytoplasm and restorer of male sterility (Ms) locus in
commercially grown onions in India. Molecular Biology Reports, 49(6), 5535-5545.
https://doi.org/10.1007/s11033-022-07451-9

Khrustaleva, L., Nzeha, M., Ermolaev, A., Nikitina, E., & Romanov, V. (2023). Two-Step
Identification of N-, S-, R-and T-Cytoplasm Types in Onion Breeding Lines Using High-
Resolution Melting (HRM)-Based Markers. International Journal of Molecular Sciences, 24(2),
1605. https://doi.org/10.3390/ijms24021605

Kim, S., Lee, E. T., Cho, D. Y., Han, T., Bang, H., Patil, B. S., Ahn, Y. K., & Yoon, M. K. (2009).
Identification of a novel chimeric gene, orf725, and its use in development of a molecular marker
for distinguishing among three cytoplasm types in onion (Allium cepa L.). Theoretical and Applied
Genetics, 118, 433-441. https://doi.org/10.1007/s00122-008-0909-x

Kim, S., & Yoon, M. (2010). Comparison of mitochondrial and chloroplast genome segments from
three onion (Allium cepa L.) cytoplasm types and identification of a trans—splicing intron of cox2.
Currrent Genetics, 56, 177-188. https://doi.org/10.1007/s0029 4-010- 0290-6

Kim, S. (2014). A codominant molecular marker in linkage disequilibrium with a restorer—of— fertility
gene (Ms) and its application in reevaluation of inheritance of fertility restoration in onions.
Molecular Breeding, 34, 769-778. https://doi.org/10.1007/s1103 2-014-0073- 8

Kim, S., & Kim, S. (2015). Application of the molecular marker in linkage disequilibrium with Ms, a
restorer-of-fertility locus, for improvement of onion breeding efficiency. Korean Journal of
Horticultural Science and Technology, 33(4), 550-558. https://doi.org/10.7235/ hort.2015.15006

Kim, S., Kim, C., Park, M., & Choi, D. (2015). Identification of candidate genes associated with
fertility restoration of cytoplasmic male—sterility in onion (Allium cepa L.) using a combination of
bulked segregant analysis and RNA-seq. Theoretical and Applied Genetics, 128, 2289-2299.
https://doi.org/10.1007/s0012 2-015-2584-z

Kim, B., Yang, T., & Kim, S. (2019). Identification of a gene responsible for cytoplasmic male—
sterility in onions (Allium cepa L.) using comparative analysis of mitochondrial genome sequences
of two recently diverged cytoplasms. Theoretical and Applied Genetics, 132, 313-322.
https://doi.org/10.1007/s0012 2-018-3218- z

379


https://doi.org/10.21273/jashs.138.4.306
https://doi.org/10.21273/jashs05083-21
https://doi.org/10.1007/bf00227319
https://doi.org/10.1111/pbr.12373
https://doi.org/10.3390/ijms24021605
https://doi.org/10.1007/s00122-008-0909-x
https://doi.org/10.1007/s0029%204-010-%200290-6
https://doi.org/10.7235/

Abbasi/J. HORTIC. POSTHARVEST RES., 6(4), DECEMBER 2023

Kim, B., Kim, C., & Kim, S. (2019) Inheritance of fertility restoration of male-sterility conferred by
cytotype Y and identification of instability of male fertility phenotypes in onion (Allium cepa L.).
The Journal of Horticultural Science and Biotechnology, 94, 341-348.
https://doi.org/10.1080/14620316.2018.1512383.

Kim, T., & Kim, S. (2021). Identification of a novel haplotype of the Ms locus controlling restoration
of male-fertility and its implication in origination of cytoplasmic male-sterility in onion (Allium
cepa L.). The Journal of Horticultural Science and Biotechnology, 96(6), 750-758.
https://doi.org/10.1080/14620316.2021.1925598.

Knoop, V. (2004). The mitochondrial DNA of land plants: peculiarities in phylogenetic perspective.
Current Genetics, 46, 123-139. https://doi.org/10.1007/s00294-004-0522-8

Li, Q. F., Xu, B., Du, Y., Li, Q., Xu, B., Du, Y., Peng, A., Ren, X., Si, J.,, & Song, H. (2021).
Development of Ogura CMS restorers in Brassica oleracea subspecies via direct Rfo (B) gene
transformation. Theoretical and Applied Genetics, 134, 1123-1132.
https://doi.org/10.1007/s00122-020-03757-z

Liu, B., Huo, Y., Yang, Y., Gao, L., Yang, Y., & Wu, X. (2019). Development of a genotyping
method for onion (Allium cepa L.) male—fertility based on multiplex PCR. The Journal of
Horticultural Science and Biotechnology, 95(2), 203-210. https://doi.org/10.1080/14620
316.2019.1656113

Malik, G., Dhatt, A. S., & Malik, A. A. (2017). Isolation of male sterile and maintainer lines from
north—Indian onion (Allium cepa L.) populations with the aid of PCR—based molecular marker.
Vegetos, 30(2), 94-99. https://doi.org/10.5958/2229-4473.2017.00142.2

Manjunathagowda, D. C. (2021). Perspective and application of molecular markers linked to the
cytoplasm types and male-fertility restorer locus in onion (Allium cepa). Plant Breeding, 140(5),
732-744. https://doi.org/10.1111/pbr.12948

Manjunathagowda, D. C., & Anjanappa, M. (2020). Identification and development of male sterile and
their maintainer lines in short-day onion (Allium cepa L.) genotypes. Genetic Resources and Crop
Evolution, 67(2), 357-365. https://doi.org/10.1007/s10722-019-00879-2

Martin, W., McCallum, J., Shigyo, M., Jakse, J., Kuhl, J. C., Yamane, N., Sink, K. C., Town, C. D., &
Havey, M. J. (2005). Genetic mapping of expressed sequences in onion and in-silico comparisons
show scant colinearity with rice. Molecular Genetics and Genomics, 274, 197-204.
https://doi.org/10.1007/s0043 8-005- 0007- 6

McCallum, J., Leite, D., Pither-Joyce, M., & Havey, M. J. (2001). Expressed sequence markers for
genetic analysis of bulb onion (Allium cepa L.). Theoretical and Applied Genetics, 103, 979-991.
https://doi. org/10.1007/s0012 20100630

Park, J., Bang, H., Cho, D. Y., Yoon, M.-K., Patil, B. S., & Kim, S. (2013). Construction of high-
resolution linkage map of the Ms locus, a restorer-of- fertility gene in onion (Allium cepa L.).
Euphytica, 192, 267-278. https://doi.org/10.1007/s1068 1-012- 0851- 5

Satoh. Y., Nagai, M., Mikami, T., & Kinoshita, T. (1993). The use of mitochondrial DNA
polymorphism in the classification of individual plants by cytoplasmic genotypes. Theoretical and
Applied Genetics, 86, 345-348. https://doi.org/10.1007/bf00222100

Sato, Y. (1998). PCR amplification of CMS-specific mitochondrial nucleotide sequences to identify
cytoplasmic genotypes of onion (Allium cepa L.). Theoretical and Applied Genetics, 96, 367- 370.
https://doi.org/10.1007/s001220050750

Schweisguth, B. (1973). Etude d’un nouveau type de stérilité male chez 1’oignon, Allium cepa L.
Annual Amélior Plant, 23, 221-233.

Tuteja, R.; Saxena, R. K., Davila, J., Shah, T., Chen,W., Xiao, Y. L., Fan, G., Saxena, K., Alverson,
A. J., Spillane, C., et al. (2013). Cytoplasmic male sterility-associated chimeric open reading
frames identified by mitochondrial genome sequencing of four Cajanus genotypes. DNA Research,
20, 485-495. https://doi.org/10.1093/dnares/dst025

von Kohn, C., Kietkowska, A., & Havey, M. J. (2013). Sequencing and annotation of the chloroplast
DNAs and identification of polymorphisms distinguishing normal male—fertile and male—sterile
cytoplasms of onion. Genome, 56(12), 737-742. https://doi.org/10.1139/ gen-2013- 0182.

380


https://doi.org/10.1080/14620316.2018.1512383
https://doi.org/10.1080/14620316.2021.1925598
https://doi.org/10.1007/s00294-004-0522-8
https://doi.org/10.1080/14620%20316.2019.1656113
https://doi.org/10.1080/14620%20316.2019.1656113
https://doi.org/10.5958/2229-4473.2017.00142.2
https://doi.org/10.1111/pbr.12948
https://doi.org/10.1007/s0043%208-005-%200007-%206
https://doi.org/10.1007/s1068%201-012-%200851-%205
https://doi.org/10.1007/bf00222100
https://doi.org/10.1007/s001220050750
https://doi.org/10.1093/dnares/dst025
https://doi.org/10.1139/

Abbasi/J. HORTIC. POSTHARVEST RES., 6(4), DECEMBER 2023

Xu, F., Yang, X., Zhao, N., Hu, Z., Mackenzie, S. A., Zhang, M., & Yang, J. (2022). Exploiting
sterility and fertility variation in cytoplasmic male sterile vegetable crops. Horticulture Research,
9, uhab039. https://doi.org/10.1093/hr/uhab039.

Yang, Y. Y., Huo, Y. M., Miao, J., Liu, B. J., Kong, S. P., Gao, L. M., Liu, C., Wang, Z. B., Tahara,
Y., Kitano, H., & Wu, X. (2013). Identification of two SCAR markers co-segregated with the
dominant Ms and recessive ms alleles in onion (Allium cepa L.). Euphytica, 190, 267-277.
https://doi.org/10.1007/s1068 1-012- 0842- 6

Yu, N., & Kim, S. (2021). Identification of Ms2, a novel locus controlling male-fertility restoration of
cytoplasmic male-sterility in onion (Allium cepa L.), and development of tightly linked molecular
markers. Euphytica, 217(10), 191. https://doi.org/10.1007/s10681-021-02927-4

Yu, H. L., Li, Z. Y., Ren, W. J., Han, F. Q., Yang, L. M., Zhuang, M., ... & Zhang, Y. Y. (2020).
Creation of fertility-restored materials for Ogura CMS in Brassica oleracea by introducing Rfo
gene from Brassica napus via an allotriploid strategy. Theoretical and Applied Genetics. 133,
2825-2837. https://doi.org/10.1007/s00122-020-03635-8

381


https://doi.org/10.1093/hr/uhab039
https://doi.org/10.1007/s1068%201-012-%200842-%206
https://doi.org/10.1007/s10681-021-02927-4
https://doi.org/10.1007/s00122-020-03635-8

Abbasi/J. HORTIC. POSTHARVEST RES., 6(4), DECEMBER 2023

382



