
Abstract Hybrid-onion (Allium cepa) seed is produced
using systems of cytoplasmic-genic male sterility
(CMS). Two different sources of CMS (S and T cyto-
plasms) have been genetically characterized. Testcrosses
of N-cytoplasmic maintaining and restoring genotypes to
S and T cytoplasmic lines demonstrated that different al-
leles, or loci, restore male fertility for these two male-
sterile cytoplasms. Other sources of CMS have been
used or reported in Europe, Japan and India, and their re-
lationships to S and T cytoplasms are not clear. Restric-
tion fragment length polymorphisms were identified in
the organellar genomes among commercially used male-
sterile cytoplasms from Holland, Japan and India, and
were compared to S and T cytoplasms. Mitochondrial
DNA diversity among 58 non-S-cytoplasmic open-polli-
nated onion populations was also assessed. All five puta-
tive CMS lines selected from the Indian population Nas-
ik White Globe were identical to S cytoplasm for all
polymorphisms in the chloroplast genome, and always
possessed the same-sized mitochondrial fragments as S
cytoplasm. T cytoplasm, the male-sterile cytoplasm used
to produce the Dutch hybrid Hygro F1, and two sources
of CMS from Japan, were similar and showed numbers
of mitochondrial polymorphisms similar to those ob-
served among the 58 non-S-cytoplasmic open-pollinated
populations. This research demonstrates that the same, or
very similar, male-sterile cytoplasms have been indepen-
dently isolated and exploited for hybrid-seed production
in onion.
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Introduction

The production of hybrid-onion seed requires a male ste-
rility system. Although outcrossing is encouraged by
protandry (Currah and Ockendon 1978), the onion umbel
is composed of hundreds of small perfect flowers that
shed pollen when adjacent flowers have receptive stig-
mas. Large-scale emasculation is not practical. Cytoplas-
mic-genic male sterility (CMS) is the most economical
and widely used method to produce hybrid-onion seed;
although asexual propagation of individual male-sterile
plants has been used on a limited scale (Jones et al.
1949; Fujieda et al. 1979; Pike and Yoo 1990). Two
sources of CMS have been genetically characterized in
onion. S cytoplasm is widely used by seed producers be-
cause of stable male sterility over many environments,
no reduction in female fertility, and the relatively com-
mon occurrence of the recessive allele at the nuclear
male fertility restoration locus (MS) allowing seed prop-
agation of male-sterile lines (Jones and Clarke 1943).
The second source of male-sterile cytoplasm (T) was
identified by Berninger (1965), genetically characterized
by Schweisguth (1973), and is used to produce hybrid-
onion seed in Europe.

In the 1970s maize hybrids generated using T cyto-
plasm suffered an epidemic of Southern Corn Leaf
Blight (Pring and Lonsdale 1989; Levings 1993), forcing
recognition of the cytoplasmic uniformity and genetic
vulnerability of major food crops (Anonymous 1972).
Today, some of our most economically important crops
are still too genetically uniform and vulnerable to major
epidemics. The bulb onion (Allium cepa L.) is a case in
point. Annually, the US onion crop is the third most-
valuable commercial vegetable, averaging $ 665 000 000
through 1993–95, and following only tomato and lettuce
(USDA 1995). The majority of hybrid-onion cultivars
are produced using S cytoplasm (Havey 1995). This
source of sterile cytoplasm traces back to a single onion
plant identified in Davis, Calif., in 1925 (Jones and 
Emsweller 1936). Numerous research groups (Courcel et
al. 1989; Holford et al. 1990; Havey 1993, 1995; Satoh
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et al. 1993; Sato 1998) identified restriction fragment
length polymorphisms (RFLPs) in the organellar geno-
mes distinguishing normal (N) male-fertile and S cyto-
plasms of onion. These RFLPs have been used to dem-
onstrate that many open-pollinated (OP) populations of
onion also possess S cytoplasm (Courcel et al. 1989;
Havey 1993; Satoh et al. 1993; Havey and Bark 1994),
including ones grown widely in the USA (NuMex Sun-
lite and Texas Grano 1015Y), Japan (Sapporo-Ki), and
New Zealand (Pukekohe Longkeeper). Often bulb and
seed production occurs in the same areas, e.g., the Cen-
tral Valley of California or the Treasure Valley of Idaho,
resulting in year-round cultivation of onion and an unde-
sirable state of genetic uniformity. 

Additional sources of CMS may exist in onion. A pu-
tative CMS was recently extracted from the Indian popu-
lation ‘Nasik White Globe’ (Pathak and Gowda 1993);
however, genetic studies on this putative CMS have not
appeared in print. Other potentially unique sources of
CMS have been isolated from Japanese populations (Mr.
Toyoshi Iwata, Shippo Seed Company, Japan, personal
communication). Dutch seed-companies use CMS of un-
certain origin to produce Rijnsburger-type hybrids. The
relationships among S, T, and these other male-sterile
cytoplasms are not known. The objective of the present
study was to evaluate for RFLPs among S, T, and com-
mercially used male-sterile cytoplasms from Holland, In-
dia and Japan, and to determine if different male-sterile
cytoplasms are used commercially to produce hybrid-
onion seed. Preliminary results of this study were pub-
lished in a non-refereed format (Havey 1994). I also
compared the mitochondrial polymorphisms among
these CMS sources with the diversity observed among
non-S-cytoplasmic open-pollinated onion populations
(Havey 1997). To study the nuclear restoration of male
fertility among S and T cytoplasms, I testcrossed main-
tainer and restorer lines of S cytoplasm and a maintainer
of T cytoplasm to S- and T-cytoplasmic male-sterile
lines and scored male fertility restoration. 

Materials and methods

Genomic DNA was isolated (Havey 1991) from inbred popula-
tions possessing normal (N) male-fertile, S, T, and uncharacterized
male-sterile cytoplasms (Table 1). I included DNA from 45 USDA

plant introductions (PIs) of onion previously demonstrated to not
possess S cytoplasm (Havey 1997): 164807, 168960, 168961,
168967, 174019, 174021, 175571, 177247, 179167, 181929,
207456, 210994, 218059, 222228, 222698, 222764, 223327,
233186, 233187, 235353, 236025, 239633, 243008, 251021,
251509, 262915, 262919, 262920, 262924, 262925, 262928,
264140, 269415, 269417, 269418, 269423, 271309, 271312,
273626, 274781, 274782, 280554, 288274, 288275 and 288692.
These PIs were from the former USSR, the Indian subcontinent,
the Middle East, or the Mediterranean region and were introduced
into the USDA system prior to 1964. The following OP popula-
tions from Asia were provided by Dr. C. Pathak [Asian Vegetable
Research and Development Center (AVRDC), Taiwan] and were
included in the chloroplast and mitochondrial evaluations: Agri
Found Dark Red (India), Agri Found Light Red (India), Akta Ni-
ketan (India), Kalpatiya (Sri Lanka), N-53 (India), Nasik Red (In-
dia), Phule Sayed (India), Poona Red (India), Pusa Madhvi (In-
dia), Pusa Red (India), Pusa White (India), Red Bombay (Tanza-
nia), Red Pinoy (Philippines) and Tahirpuri (Bangladesh). Restric-
tion-enzyme digestions, electrophoresis, alkaline transfer to filters,
and hybridization conditions have been previously described
(Havey 1991, 1993). The DNAs listed in Table 1 and the OP pop-
ulations from AVRDC were evaluated for 29 polymorphisms (1, 2,
3, 4, 5, 8, 9, 11, 15, 17, 18, 19, 21, 24, 25, 26, 27, 28, 29, 30, 31,
32, 35, 36, 37, 38, 39, 40 and 41) in the chloroplast DNA that dis-
tinguish between Allium species closely related to onion (Havey
1992, 1993). All DNAs were evaluated for polymorphisms at or
between restriction-enzyme sites by hybridizing with the mito-
chondrial clones cox1 (Isaac et al. 1985), cox2 (Fox and Leaver
1981), cox3 (Hiesel et al. 1987), cob (Dawson et al. 1984), atp6
(Dewey et al. 1985) and atpα (Morikami and Nakamura 1987), to
blots carrying single restriction-enzyme digests of BamHI, BstEII,
DraI, EcoRI, EcoRV, HindIII, SacI, XbaI or XhoI. Polymorphisms
were scored as band-size differences on autoradiograms. Fragment
sizes were estimated by comparison to HindIII-digested λ DNA
(Schaffer and Sederoff 1981).

At least ten bulbs of two S-cytoplasmic F1 male-sterile lines
(MSU5718A × MSU8155B and MSU611–1A × MSU611B) and a
T-cytoplasmic male-sterile inbred line (RJ70 A) were planted in
three 4 × 5 m mesh cages. In the first cage at least ten bulbs of
RJ70B, the male-fertile maintainer of T cytoplasm, were planted
as the source of pollen. In the second cage, at least ten bulbs of
BYG15–23B, a male-fertile maintainer of S cytoplasm, were
planted. In the third cage, the sources of pollen were five N-cyto-
plasmic S1 families selected from the open-pollinated populations
Brigham Yellow Globe, Mountain Danvers and Sapporo-Ki,
known to be homozygous dominant (MsMs) at the nuclear male
fertility restoration locus for S cytoplasm (Havey, unpublished).
After establishing the male fertility or sterility of all caged plants,
honey bees or blue-bottle flies were introduced as pollinators.
Umbels from each entry in the cages were separately harvested,
seed cleaned, and bulbs produced, vernalized, and flowered. At
least 25 bulbs were planted and male fertility restoration of the S-
and T-cytoplasmic populations were scored over at least 2 years.

Table 1 Sources and cytoplasmic types of commercially used onion populations evaluated for restriction fragment length polymor-
phisms in their chloroplast and mitochondrial DNAs

Population Type Source

B1750 A USDA S-cytoplasmic inbred (Jones and Clarke 1943) USA
B1750 B N-cytoplasmic inbred maintainer of B1750 A USA
RJ70 A T-cytoplasmic male-sterile inbred from Clause Seed Company (Schweisguth 1973) France
RJ70 B N-cytoplasmic inbred maintainer of RJ70 A France
Hygro F1 Rijnsburger-type hybrid from Bejo Seed Company Holland
57–3 A Male-sterile inbred from Shippo Seed Company Japan
57–3 B N-cytoplasmic inbred maintainer of the 57–3 A Japan
Imai Wa-Se A Male-sterile inbred from Shippo Seed Company Japan
OMI13, 7, 5, 8 and M11I1 Male-sterile populations from Nasik White Globe (Pathak and Gowda 1993) India
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Results and discussion

Cytoplasms of OP populations from AVRDC

Chloroplast polymorphisms demonstrated that the
Asian populations Agri Found Light Red, Akta Nike-
tan, Kalpatiya, N-53, Nasik Red, Phule Sayed, Pusa
Madhvi, Pusa Red, Pusa White, Red Bombay, Red
Pinoy and Tahirpuri do not possess S cytoplasm at lev-
els revealed by DNA gel-blot analyses (Havey 1993).
The population Poona Red possessed a mixture of N
and S cytoplasms, with N cytoplasm predominating
(autoradiograms not shown).

Mitochondrial DNA diversity among non-S-cytoplasmic
OP populations

I previously used polymorphisms in the chloroplast ge-
nome to demonstrate that most open-pollinated onion pop-
ulations introduced into the USDA plant germplasm
system prior to 1964 do not possess S cytoplasm (Havey
1997). However, these chloroplast polymorphisms also do
not distinguish between normal (N) male-fertile and T cy-
toplasmic populations (Havey 1993). I evaluated mito-
chondrial DNA diversity among 45 non-S-cytoplasmic OP
populations (Havey 1997) and the 13 non-S-cytoplasmic
Asian populations from AVRDC described above, scoring
the most-commonly occurring fragments as wild-type. The
majority of mitochondrial probe-enzyme combinations did
not reveal RFLPs among these non-S-cytoplasmic OP pop-
ulations. When RFLPs were present, polymorphic frag-
ments were often shared among several populations (Fig. 1
A). Four non-S-cytoplasmic OP populations were distin-
guished from the other populations for numerous mito-
chondrial probe-enzyme combinations (autoradiograms not
shown): Pusa Red (cob/EcoRI, cox2/EcoRI, cox3/EcoRV,
atp6/EcoRI, atp6/EcoRV and atpα/HindIII); N-53 (cox2/
EcoRI); Red Pinoy (atp6/EcoRV, cox1/BamHI, and cox2/
EcoRI); and PI273626 (cox2/EcoRV and cob/EcoRI). The
occurrence of RFLPs for numerous mitochondrial probe-
enzyme combinations indicates that these populations may
possess a relatively unique cytoplasm, as compared to the
other populations in this sample of onion germplasm. 

Mitochondrial DNA diversity among commercially 
used sources of CMS

The most-widely used source of CMS is S cytoplasm
(Jones and Clarke 1943). This CMS source is most likely
an alien cytoplasm (Havey 1993) and differs from N cy-
toplasm for many polymorphisms in the chloroplast and
mitochondrial genomes (Courcel et al. 1989; Holford et
al. 1991; Havey 1993, 1995; Satoh et al. 1993; Sato
1998). All five putative CMS lines from Nasik White
Globe were identical to S cytoplasm for all polymor-
phisms in the chloroplast genome (autoradiograms not
shown), and always possessed the S-cytoplasmic frag-

ments for all mitochondrial probe-enzyme combinations
(Fig. 1B). These results indicate that the putative CMS
sources from Nasik White are identical, or very similar,
to S cytoplasm. 

A second genetically characterized source of CMS is
T cytoplasm (Berninger 1965; Schweisguth 1973). Cour-
cel et al. (1989) assigned both N and T cytoplasms to the
M cytoplasmic group, which was clearly distinguished
from S cytoplasm (Courcel et al. 1989; Havey 1995). No
chloroplast polymorphisms were observed among RJ70
A, RJ70 B, 57–3 A, 57–3 B, Imai Wa-Se A, and the
male-sterile cytoplasm used to produce Hygro F1, indi-
cating that they are all members of the M-cytoplasmic
class (Courcel et al. 1989). Although some mitochondri-
al polymorphisms were observed among these cyto-
plasms, none were consistent across all male-sterile
cytoplasms (Table 2). I previously reported that T cyto-
plasm and its N-cytoplasmic maintainer can be distin-
guished by cob and XbaI (Havey 1995); however, it is
not likely that this polymorphism is associated with the
expression of CMS because the N-cytoplasmic fragment
was present in Hygro F1 (Table 2). These results imply
that the T-cytoplasmic source of CMS, or closely related
types, have been independently isolated from diverse on-
ion populations. In spite of their different geographical
origins, it is possible that the same mitochondrial le-
sion(s) conditions male sterility in Imai Wa-Se A, RJ70
A, Hygro F1 and 57–3 A.

Fig. 1 Representative restriction fragment length polymorphisms
in the mitochondrial genome among male-sterile (S) cytoplasm
and its maintainer (N), T cytoplasm (RJ70 A) and its maintainer
(RJ70B), N cytoplasmic populations (Red Pinoy, Tahirpuri, Poona
Red, N-53, and plant introduction 273626), other M-cytoplasmic
sources of CMS (Hygro F1, 53–7 A, and Imai Wa-Se-A) and a
maintainer (57–3B), and the Nasik-White (OMI3, OMI5, OMI7,
OMI18, and M11I1) sources of putative cytoplasmic male sterility.
For descriptions of populations, see Materials and methods and
Table 1. Probe-enzyme combinations usedare cox1 with XbaI (A)
and cox2 with EcoRV (B). Probes are described in the Materials
and methods. Approximate fragment sizes in kilobases are shown
on the right.
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Male fertility for plants possessing S cytoplasm is re-
stored by a dominant allele at a single locus (Jones and
Clarke 1943). Male fertility restoration for T cytoplasm is
more complex and is conditioned by at least three indepen-
dently segregating loci (Schweisguth 1973). Although the
genetics of male fertility restoration are different, the rela-
tionships among these male fertility restoration loci for S
and T cytoplasms are unclear. I test-crossed known main-
tainers of S and T cytoplasm to S and T cytoplasmic male-
sterile inbreds. Maintainers of S cytoplasm did not restore
male fertility in the T-cytoplasmic male-sterile line RJ70 A.
A maintainer of T cytoplasm (RJ70B) did not restore male
fertility in S cytoplasm and was scored as homozygous re-
cessive at the Ms locus. As expected, all crosses of main-
tainers to their male-sterile counterparts [(MSU5718A ×
MSU8155B) × BYG15–23B, (MSU611–1A × MSU611B)
× BYG15–23B, and RJ70A × RJ70B] produced only male-
sterile testcross progenies. The testcrosses of known restor-
ers of S cytoplasms to the T-cytoplasmic inbred RJ70 A did
not show male fertility restoration. Although I did not have
a known restorer of T cytoplasm to complete all possible
testcrosses, these results clearly demonstrate that a main-
tainer of T cytoplasm did not restore male fertility for S cy-
toplasm and a restorer of male fertility for S cytoplasm was
a maintainer for T cytoplasm. Therefore, different loci or
different alleles at the same locus or loci must condition the
restoration of male fertility for S and T cytoplasm. 

Vries and Wietsma (1992) generated interspecific hy-
brids between Hygro F1 as the male-sterile female parent
and Allium roylei Stearn. They reported that a hybrid
plant was male-fertile, indicating that A. roylei possessed
nuclear factors restoring male fertility for an onion male-
sterile cytoplasm. My study demonstrates that Hygro F1
possesses a T-cytoplasmic-like CMS system and that the
male fertility restoration locus, or loci, in A. roylei may
therefore not be the same as the Ms locus restoring male
fertility for S cytoplasm. 

These experiments establish that the same, or very sim-
ilar, male-sterile cytoplasms have been independently iso-
lated and exploited for hybrid-seed production in onion.
Using these results and those from earlier publications
(Havey 1993, 1995, 1997), I can expand upon the relation-
ships among CMS sources previously proposed by Cour-
cel and co-workers (1989) (Fig. 2). S cytoplasm is most
likely an alien cytoplasm transferred to onion via Allium x
proliferum (Moench) Schrad. (Havey 1993). S cytoplas-
mic-like sources of CMS have been independently extract-
ed from Italian Red (Jones and Emsweller 1936) and Nas-
ik White Globe (Pathak and Gowda 1993). N and T cyto-
plasms most likely originated from a progenitor M cyto-
plasm (Courcel et al. 1989), which I proposed came from
the wild species Allium vavilovii M. Pop. et Vved. (Havey
1997). T-cytoplasmic-like sources of CMS may have been
extracted from Japanese (57–3 A and Imai Wa-Se A) and
Dutch (cytoplasm used to produce Hygro F1) populations.
Because most of the world’s hybrid-onion seed is pro-
duced using S or T cytoplasms, it would be prudent for
seed companies to establish which source(s) of CMS is
(are) in use and to consider diversifying cytoplasms to re-
duce an undesirable state of genetic uniformity. 
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