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ABSTRACT. Hybrid-onion (Allium cepa) seed is produced using systems of cytoplasmic male sterility (CMS) and two
different CMS systems have been genetically characterized. S cytoplasm was the first source of onion CMS identified
in the 1920s, followed by T cytoplasm that was described in the 1960s. Numerous studies have documented polymor-
phisms in the organellar DNAs differentiating S and T cytoplasms from the normal male-fertile cytoplasm of onion.
There may be additional source(s) of onion CMS that have been described as “T-like” and appear to be more similar
to N and T cytoplasms than S cytoplasm. In this study, onion breeding lines from commercial entities were evaluated
for molecular markers distinguishing sources of onion CMS. Our results reveal that bona fide T cytoplasm is rarely
used commercially to produce hybrid-onion seed, and both S cytoplasm and “T-like” cytoplasm are widely used. We
propose that this “T-like” cytoplasm be labeled as “R” cytoplasm because it may have originated from population(s)
of ‘Rijnsburger’ onion in the Netherlands. The results of this study also help to clarify inconsistent reports regarding
nuclear male-fertility restoration for different sources of onion CMS.

Hybrid-onion (Allium cepa) seed is produced using sources
of CMS. The first source of onion CMS was described by Jones
and Clarke (1943), and male sterility is conditioned by the inter-
action of the male-sterile (S) cytoplasm with the homozygous
recessive genotype at one nuclear male-fertility restoration (Ms)
locus. A dominant allele at Ms conditions male fertility for plants
possessing S cytoplasm. Jones and Davis (1944) recognized that
male-sterile plants (S msms) can be seed propagated by crossing
with male-fertile plants with normal (N) male-fertile cytoplasm
and homozygous recessive at Ms (N msms), referred to as the
maintainer line. S cytoplasm has been commonly used to pro-
duce hybrid-onion seed since release of the first male-sterile
inbred lines in 1952 (Goldman et al., 2000). Molecular analyses
of the organellar genomes of N and S cytoplasms of onion have
revealed many polymorphisms in both the chloroplast (cp) and
mitochondrial (mt) DNAs (de Courcel et al., 1989; Havey, 1993;
Holford et al., 1991; Kim et al., 2009; Sato, 1998; Satoh et al.,
1993; von Kohn et al., 2013), likely because S cytoplasm is an
alien cytoplasm introgressed from another Allium species into
onion potentially via the triploid top-setting onion ‘“Pran”
(Havey, 1993). Another possibility is that S and N cytoplasms
existed as sympatric cytoplasmic variants in the progenitor of
onion, and were maintained during domestication and dispersal
of onion from its center of origin in Central Asia throughout
the world.

T cytoplasm is a second source of onion CMS that has been
genetically characterized (Berninger, 1965), and male sterility is
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conditioned by the interaction of T cytoplasm with three male-
fertility restoration loci (Schweisguth, 1973). T cytoplasm has
been used commercially to produce hybrid-onion seed, although
its use is less common than S cytoplasm (Havey, 1994). Analy-
ses of the cp and mt DNAs of N and T cytoplasms revealed few
polymorphisms, indicating a close relationship between these
two cytoplasms (de Courcel et al., 1989; Havey, 2000; Holford
et al., 1991; Kim et al., 2019b). De Courcel et al. (1989) pro-
posed that N and T cytoplasms arose from a progenitor (M)
cytoplasm, and T cytoplasm is a relatively recent cytoplasmic
variant closely related to N cytoplasm of onion.

There may be additional sources of CMS independently iso-
lated and used to produce onion hybrids. Havey (2000) reported
that sources of CMS used in Japan and the Netherlands were not
S cytoplasmic and possessed mitochondrial polymorphisms dif-
fering from both N and T cytoplasms. Kim and Kim (2019) and
Kim et al. (2009, 2019a, 2019b) reported variants of T cyto-
plasm (identified as “T,” “T-like,” and “Y”’) that showed differ-
ential stoichiometry of the mitochondrial 07725 and coxI genes.
These studies indicate that there may be additional sources of
onion CMS that are related, but not identical, to the T cytoplasm
genetically characterized by Berninger (1965).

There are also conflicting results regarding the genetics of
male-fertility restoration for the different sources of onion CMS.
Numerous studies support male-fertility restoration of S cyto-
plasm by the Ms locus (Gokge et al., 2002; Havey, 2013; Jones
and Clarke, 1943; Kim et al., 2015a; Melgar and Havey, 2010).
Kim et al. (2015a) proposed AcPMS] as the candidate gene for
Ms, and segregation of this marker and the tightly linked jnurfi3
marker (Kim, 2014) were consistent with male-fertility restora-
tion of S cytoplasmic plants from North American (Havey and
von Kohn, 2017) and Asian (Kim et al., 2015a) populations, but
not necessarily for onion populations from the Indian subconti-
nent (Khar and Saini, 2016). Havey (2000) crossed the dominant
restoration allele at Ms onto T cytoplasmic male-sterile plants

351


https://doi.org/10.21273/JASHS05083-21
mailto:mjhavey@wisc.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/

and observed no restoration of male fertility. Kim (2014)
observed male-fertility restoration of a “T-like” CMS by the
dominant Ms allele, and proposed that the dominant allele at Ms
restores male fertility for both S and T cytoplasms. De Vries and
Wietsma (1992) crossed a CMS line from ‘Rijnsburger’ onion

with the wild species Allium roylei as the male and reported
male fertile progenies. These seemingly contradictory results
could be explained if there were numerous CMS systems in
onion, in addition to the genetically characterized S and T
cytoplasms.

Table 1. Proposed classification of onion cytoplasms as N, R, S, or T as determined by polymorphisms in the chloroplast (cp) or mitochon-
drial (mt) DNAs from commercial and control inbred lines of onion, as well as predicted genotypes at the nuclear Ms locus as deter-

mined by the 4cPMSI marker.

cp markers” mt markers” Nuclear

Control DNA or company  Proposed classification”  indel (kb)

accD (bp)  cob (bp)  orfA501 (bp)  orf725 (bp)  AcPMSI*

B1750A (S control) 1.0
B1750B (N control) 1.1
RJ70A (T control) 1.1
Company 1 1.1
1.0
1.0
1.1
1.1
1.0
1.1
1.1
1.1
1.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.1
1.1
1.1
1.1
1.0
1.0
1.1
1.1
1.0
1.1
1.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Company 2

Company 3

Company 4

Company 5

Company 6

NUNnunununununmnIZunIdxTIunmnnTZIIZAIJITLLLLLLLLLLLLLLNAH I I ITnIIunn IS Zwn

420 414 473 628 Rec
375 180 absent 833- Rec
375 180 473 833 Rec
375 180 473 628 + 833 Rec
420 414 473 628 Rec
420 414 473 628 Rec
375 180 473 628 + 833 Rec
375 180 473 628 + 833 Het
420 414 473 628 Het
375 180 473 628 + 833 Rec
375 180 473 628 + 833 Rec
375 180 473 628 + 833 Rec
375 180 473 833 Het
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
375 180 473 628 + 833 Rec
375 180 473 628 + 833 Rec
375 180 absent 833 Rec
375 180 473 628 + 833 Dom
375 180 473 628 + 833 Rec
420 414 473 628 Rec
420 414 473 628 Rec
375 180 473 628 + 833 Rec
375 180 473 628 + 833 Rec
420 414 473 628 Het
375 180 absent 833 Rec
375 180 473 628 + 833 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec
420 414 473 628 Rec

“Normal (N) male-fertile and male-sterile (S) cytoplasms as described by Jones and Clarke (1943); male-sterile (T) cytoplasm as described
by Berninger (1965); and a novel male-sterile (R) cytoplasm putatively selected from “Rijnsburger” onion.

YMarker states in kilobases (kb) or base pairs (bp) for various cytoplasms are presented Table 2: cp indel (Havey, 1995), cp accD (von
Kohn et al., 2013), mt cob (Engelke et al., 2003), mt orfA501 (Engelke et al., 2003), and mt orf725 (Kim et al., 2009).

*Genotypes at Ms are Rec = homozygous recessive; Het = heterozygous; and Dom = homozygous dominant (Kim et al., 2015a).
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Given the uncertainties with regards to the diversity of onion
CMS systems and the genetics of nuclear male-fertility restora-
tion, we undertook this study to genotype polymorphisms in the
organellar DNAs across commercially used sources of CMS to
estimate their diversity and prevalence, before attempting to
work out the genetics of different male-fertility restoration sys-
tems. Our results reveal that S cytoplasm is commonly used to
produce hybrid-onion seed, as well as another source of CMS
that may have originated from ‘Rijnsburger’ onion in the Nether-
lands. Bona fide T cytoplasm appears to be rarely used for pro-
duction of hybrid-onion seed.

Materials and Methods

Seeds were voluntarily donated by private companies of pro-
prietary inbred lines used for commercial production of hybrid-
onion cultivars (Table 1). Origins of inbred lines with N
(B1750B), S (B1750A), or T (RJ70A) cytoplasm were previ-
ously described by Havey (2000). About 50 seeds of each onion
line were planted in a greenhouse in a soilless mix (PRO-MIX
HP Mycorrhizae; Premier Tech Horticulture, Quakertown, PA)
in 11.4-cm pots and plants were grown in a greenhouse at 28 °C
days and 25°C nights with supplemental lighting by sodium
vapor lamps for 14 h per day. Four weeks after planting, leaf tis-
sue was harvested in bulk from seedlings of each onion line, fro-
zen in liquid N,, and freeze-dried. Tissue was then pulverized
and DNA isolated using a kit (NucleoSpin Plant II Midi;
Macherey-Nagel, Diiren, Germany) according to the manufac-
turer’s instructions. DNA concentrations were quantified with a
spectrophotometer (NanoDrop ND-1000; Thermo Fisher Scien-
tific, Waltham, MA) and quality was assessed by electrophoresis
of DNA through 1% agarose gels. Molecular markers distin-
guishing onion cytoplasms were indel markers in an intergenic
region (Havey, 1995) and the accD gene (von Kohn et al., 2013)
in the cp DNA that distinguish S cytoplasm from N and T cyto-
plasms; the cob and orfA4501 polymorphisms in the mt DNA that
distinguish N, S, and T cytoplasms (Engelke et al., 2003); and
the orf725 marker in the mt DNA that distinguishes N, S, and T
cytoplasms (Kim et al., 2009). The DNAs were also genotyped
for the nuclear AcPMS1 marker that distinguishes alleles at the
Ms locus (Kim et al., 2015a).

Results and Discussion

Markers in the cp and mt DNAs clearly distinguished S cyto-
plasm from the other onion cytoplasms (Table 1), in agreement
with previous studies (de Courcel et al., 1989; Holford et al.,
1991; Havey, 1993; Kim et al., 2015b; Sato, 1998; Satoh et al.,

Unknown Cytoplasm
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N, R, or T Cytoplasm
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Fig. 1. Molecular markers distinguishing onion cytoplasms.

1993; von Kohn et al., 2013). We recommend that markers in the
cp DNA be used first to separate S cytoplasm from other onion
cytoplasms (Fig. 1; Table 2). All but two of the commercial lines
with S cytoplasm were homozygous recessive at Ms as deter-
mined by the AcPMS1 marker (Kim et al., 2015a), as expected if
these lines are used as female parents for production of hybrid
seed. However, two of the commercial lines with S cytoplasm
were scored as heterozygous at Ms and warrant further study.
Melgar and Havey (2010) reported that the dominant allele at Ms
can show reduced penetrance, complicating efforts to purge dom-
inant alleles from an inbred line or population. Two of the com-
mercial lines were classified as N-cytoplasmic across all cp and
mt markers (Table 1), homozygous recessive at Ms based on the
AcPMS1 marker, and therefore are likely maintainer lines.

The cob and orfA501 markers in the mt DNA developed by
Engelke et al. (2003) correctly classified S, N, and bona fide T
cytoplasms (inbred lines B1750A, B1750B, and RJ70A, respec-
tively; detailed in Table 1). Only one commercially used CMS
line from company #1 (Table 1) had T cytoplasm, indicating that
this cytoplasm is rarely used to produce hybrid-onion seed.
RJ70A, the T cytoplasm control (Table 1), was scored by the
AcPMS1 marker as homozygous recessive at Ms, agreeing with
Havey (2000) who reported RJ70B (the maintainer line of
RJ70A) did not restore male-fertility for S cytoplasmic male-
sterile lines. The commercially used source of T cytoplasm from
company #1 (Table 1) was scored by the 4cPMSI marker as het-
erozygous at Ms, further supporting the report that Ms does not
restore male-fertility for T cytoplasm (Havey, 2000).

Table 2. Polymorphic markers in the chloroplast (cp) and mitochondrial (mt) DNAs distinguishing onion cytoplasms based on the results

of this study.

Cytoplasms”
Marker Reference N R S T
cp indel Havey (1995) 1.1-kb amplicon 1.1-kb amplicon 1.0-kb amplicon 1.1-kb amplicon
cp accD von Kohn et al. (2013) 375-bp amplicon 375-bp amplicon 420-bp amplicon 375-bp amplicon
mt cob Engelke et al. (2003) 180-bp amplicon 180-bp amplicon 414-bp amplicon 180-bp amplicon
mt orfA501 Engelke et al. (2003) Absent Absent 473-bp amplicon 473-bp amplicon
mt orf725 Kim et al. (2009) 833-bp amplicon 628- and 833-bp amplicons 628-bp amplicon 833-bp amplicon

“Normal (N) male-fertile cytoplasm and male-sterile cytoplasms S (Jones and Clarke, 1943) and T (Berninger, 1965). Male-sterile R cyto-
plasm was identified in this study. Sizes of amplicons in kilobases (kb) or base pairs (bp).
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Bona fide T (RJ70A) and N (B1750B) cytoplasms were not
differentiated by the mitochondrial orf725 marker (Kim et al.,
2009) and both cytoplasms produced the 833-base pair (bp)
amplicon (Table 1). All lines with S cytoplasm produced the
628-bp amplicon (Table 1). Another cytoplasm can be distin-
guished from N, S, and T by production of both the 628- and
833-bp amplicons from orf725 (Tables 1 and 2). This unique
cytoplasm is more similar to N and T cytoplasms than S cyto-
plasm, and is widely used commercially (13 of the 42 commer-
cial lines in Table 1). This unique source of CMS may trace
back to ‘Rijnsburger’, an onion population commonly grown in
the Netherlands. Banga and Petiet (1958) reported that they were
able to select CMS and maintainer lines directly from the
‘Primeur’ strain of ‘Rijnsburger’ onion. Van der Meer and van
Bennekom (1971) also reported that male-sterile and maintainer
lines could be extracted from different strains of ‘Rijnsburger’
onion. At the time this was important because selection of CMS
and maintainer lines directly from commercially grown popu-
lations avoided time-consuming backcrosses to introgress S
cytoplasm, resulting in faster development of locally adapted
hybrids. We recommend that the unique cytoplasm that produces
both the 628- and 833-bp amplicons of orf725 (Kim et al., 2009)
can be designated as “R” cytoplasm because it may have been
selected directly from ‘Rijnsburger’ onion. Most of the compa-
nies that provided CMS lines classified as R were from Europe
or had European subsidiaries. The existence of R cytoplasm may
explain the observation by Kim (2014) that the dominant allele
at Ms restores male fertility for T cytoplasm, which disagrees
with Havey (2000) who observed that the dominant allele at Ms
did not restore male fertility in T cytoplasm. This discrepancy
can be reconciled given that both the R and S cytoplasms pro-
duce 628-bp orf725 amplicons and male fertility is restored by
the dominant Ms allele for both cytoplasms; bona fide T cyto-
plasm does not produce the 628-bp orf725 amplicon and is not
restored by Ms (Havey, 2000).

In summary, this study reveals that three commercially used
sources of onion CMS can be distinguished by markers in the cp
and mt DNAs (Fig. 1; Table 2). S and R cytoplasms are com-
monly used sources of onion CMS; T cytoplasm as described by
Berninger (1965) is rarely used commercially. S cytoplasm can
be distinguished from N, R, and T cytoplasms by chloroplast
markers (Havey, 1995; Kim et al., 2015b; von Kohn et al.,
2013). N and T cytoplasms can be distinguished by mitochon-
drial polymorphisms cob and orfA501 developed by Engelke
et al., (2003). R cytoplasm can be distinguished from the other
cytoplasms by the presence of both 628- and 833-bp amplicons
of mitochondrial orf725 (Kim et al., 2009). With these cytoplas-
mic markers, onion breeders should be able to confidently deter-
mine cytoplasms presently in commercial use.

Although we did not score male fertility vs. sterility across
the onion inbreeds used in this study, genotypes at Ms as pre-
dicted by the AcPMS1 marker (Kim et al., 2015a) were consis-
tent with previous reports of male-fertility restoration by
dominant allele(s) at the Ms locus for S (Havey, 2000; Jones and
Clarke, 1943) and R (Kim, 2014) cytoplasms, both of which pro-
duce the orf725 amplicon (Table 1). Dominant alleles at Ms do
not condition male-fertility restoration for T cytoplasm (Havey,
2000), which does not produce the orf725 amplicon (Table 1).
The classification of onion CMS systems proposed by this
research will be helpful to design genetic studies of nuclear
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male-fertility restoration systems across commercially used
male-sterile cytoplasms of onion.
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