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Abstract The present study shows that the recently
described mitochondrial H haplotype is associated
with cytoplasmic male-sterility (CMS). This new source
of CMS appears to be different from the mitotype
E-associated CMS most frequently found in natural
populations. A mitotype H progeny with a sexual
phenotype segregation was used to identify a gene
restoring male fertility (R/H). Using bulk segregant
analysis (BSA), nine RAPD markers linked to this
restorer locus were detected and mapped. The compari-
son with other Beta genetic maps shows that the closest
RAPD marker, distant from R/H by 5.2 cM, belongs to
the same linkage group as the monogermy locus. In
order to determine the position of R/H more precisely,
four RFLP loci within this linkage group were mapped
in the segregating progeny. It thus became possible to
construct a linkage map of the region containing the
RFLP, RAPD and R/H loci. The closest RFLP marker
was located 1.7 cM away from R1H. However, a nuclear
gene restoring the ‘Owen’ CMS which is currently used
in sugar beet breeding is reportedly linked to the mono-
germy locus, raising the question of a possible identity
between the new CMS system and the ‘Owen” CMS.
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Introduction

Gynodioecy is a reproductive system in which both
hermaphrodite (male-fertile) and female (male-sterile)
individuals co-occur in natural populations (Darwin
1877). This system is known in more than 7.5% of the
angiosperm species in Europe (Delannay 1978). In most
of the cases, the inheritance of this system involves both
cytoplasmic, maternally inherited, and nuclear, bi-
parentally inherited, genes (Charlesworth 1981; Van
Damme 1983; Boutin et al. 1987; Belhassen et al. 1991;
Koelewijn and Van Damme 1995 a). In crop plants,
cytoplasmic male sterility (CMS) is due to chimeric
genes resulting from rearrangements of mitochondrial
DNA sequences (Hanson 1991; Saumitou-Laprade
etal. 1994; Vedel et al. 1994). Male fertility can be
restored by nuclear genes which suppress the expres-
sion of the sterilising mitochondrial factors. Within
a particular gynodioecious species, male sterility is gen-
erally due to different cytoplasmic types (CMS types),
each type being associated with specific restorer genes
(Kheyr-Pour 1981; Koelewijn and Van Damme 1995 a;
De Haan et al. 1997 a). Theoretical models show that
nucleo-cytoplasmic interaction is a key factor to under-
stand the occurrence and the maintenance of
gynodioecy (Charlesworth 1981; Delannay et al. 1981;
Frank 1989; Gouyon et al. 1991). It is therefore essen-
tial to elucidate the genetic control of male sterility.
Identification of both the different CMS types and their
specific nuclear restorer genes requires cross analyses.
These cross analyses are rather tedious due to three
main reasons (Kaul 1988; Koelewijn and Van Damme
1995 b; De Haan et al. 1997 b). First, sexual phenotypes
are often hard to assign because the trait can be con-
tinuously distributed from male-sterile to male-fertile.
Second, there can be a large number of CMS systems.
Third, several nuclear restorer genes are frequently
involved in a single CMS system. Developing markers
that allow fast identification of the CMS types and the
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restorer alleles would facilitate genetic analysis.
Moreover, such markers would also be useful for popu-
lation-genetics investigations. In several gynodioecious
species, such markers are in fact used to identify the
different CMS types (Belhassen et al. 1991; Saumitou-
Laprade et al. 1993; Cuguen et al. 1994; Ronfort et al.
1995; De Haan et al. 1997 a), but markers of the nuclear
restorer genes are not yet available (though see Van
Dijk 1984 for a loosely linked allozymic marker).
However, such nuclear restorer gene markers are avail-
able for a few cultivated species such as rice (Zhang
et al. 1994, 1997), rapeseed (Delourme et al. 1994),
bean (He et al. 1995) and maize, for which a re-
storer gene has even been sequenced (Xianggin et al.
1996).

Previous studies on wild beet populations growing
along the French Atlantic coast have revealed that
42% of the populations are gynodioecious, with up to
80% of male-sterile individuals occuring locally (Bou-
tin-Stadler et al. 1989; Cuguen et al. 1994). In order to
differentiate CMS types, several authors have used
molecular markers to study the cytoplasmic diversity of
Beta vulgaris (Mikami et al. 1985; Halldén et al. 1988;
Mann et al. 1989; Saumitou-Laprade et al. 1993). As
a result, at least 12 mitochondrial haplotypes have been
reported. In natural populations, male sterility was
found to be associated mainly with two mitotypes,
referred to as E and G, the E type being the most
frequent (Cuguen et al. 1994). One male-sterile plant
with another rare mitotype, termed H, was also found
(Boudry et al. 1993). A different source of male
sterility is used in sugar beet breeding programs. This
CMS, originally described by Owen (1942), and called
the ‘Owen” CMS, is characterized by a specific
mitochondrial haplotype Svulg, rarely found in natural
populations. The nuclear component of male fertility
restoration has received less attention in wild beets, just
as in other gynodioecious species. The only system that
has been investigated is the ‘Owen’ CMS type (Owen
1945). A plant having this CMS type is male-fertile only
if it carries dominant alleles at both unlinked nuclear
loci X and Z. These loci have been localized in chromo-
somes III and IV, respectively, according to the new
nomenclature of Beta chromosomes (Schondelmaier
and Jung 1997), but close flanking markers are still
lacking. In the present study we report the first identi-
fication of a male fertility restorer locus in B. vulgaris
ssp. maritima. We focused on the recently described
H mitotype and found it to be associated with a new
cytoplasmic source of male sterility, differing from the
E mitotype-associated CMS most frequently found in
natural populations. A progeny segregating for male
sterility was the basis for identifying a gene restoring
male fertility to plants having the H male-sterile cyto-
plasm. A bulk segregant analysis was employed to
identify nine RAPD markers linked to this restorer
locus. A linkage map of this region was established
using both RAPD and RFLP loci and was compared

to the genetic maps of B. vulgaris currently available
(for a review see Schondelmaier and Jung 1997).

Materials and methods

Plant material

B. vulgaris ssp. maritima is a wind-pollinated, gynodioecious, short-
lived perennial species widely distributed along the coasts of western
Europe and around the Mediterranean Basin. It belongs to the same
species as cultivated beet (leaf, table, fodder and sugar beets referred
to as B. vulgaris ssp. vulgaris), and is the closest wild relative of these
taxa. Open-pollinated progenies were collected from six natural
populations located in Croze and Palavas les Flots (Hérault, Medi-
terranean coast), Lectoure and Bourgade (wild annual inland beets
from south-western France, Gers), Marans and Brouage (Charente-
Maritime, Bay of Biscay). Plants were grown under standard green-
house conditions, classified for pollen fertility, and used to produce
progenitors for subsequent crossing experiments.

Bulk segregant analysis and mapping

A family of 58 individuals was derived from a cross between a male-
sterile plant having mitotype H and a male-fertile plant having
mitotype A. These individuals originated from progenies collected in
Marans and Palavas respectively. Within this family, sexual pheno-
types were scored, and a BSA procedure was conducted using
RAPD markers. Both parents (P; and P,) of another progeny
implicated in the construction of the RAPD map of Merdinoglu
et al. (1995) were used to check the identity of markers between the
RAPD:s of the present study and those already mapped.

Reciprocal crosses

Five reciprocal crosses were conducted in the greenhouse
under standard conditions (16 h light, 20°C). Contamination
with foreign pollen was prevented by bagging the spikes before
flowering occurred. Beta maritima is self-incompatible so that
no precautions against self-pollination were needed when making
reciprocal crosses.

Four crosses were conducted between male-fertile individuals
having mitotypes-H and E. All four mitotype H parents were derived
from a cross between two male-fertile individuals originating from
Lectoure. All four mitotype E parents were derived from a cross
between two male-fertile individuals originating respectively from
Bourgade for the seed parent and Croze for the pollen parent. The
fifth cross was conducted between a male-fertile mitotype-H indi-
vidual issuing from the progeny used for the BSA, and a male-fertile
individual originating from Brouage. All progenies were grown in
the greenhouse under standard conditions (16 h light, 20°C) and
reciprocal pairs were always grown together. At flowering, plants
were classified according to pollen fertility.

Phenotypic classification and data analysis

Among the progenies involved in this study, three phenotypic
classes were distinguished: male-sterile individuals with white or
yellow empty anthers (ms), intermediate individuals with non-dehis-
cent anthers containing pollen (int), and male-fertile individuals
with full and dehiscent anthers (mf). Within the progeny used for
BSA, three kinds of observations were carried out on the sexual
phenotype:



(1) Throughout the first flowering period, in April 1996, under
inducing conditions (16 h light, 20°C), the sexual phenotype of each
plant was noted daily, either as male-sterile, intermediate or male-
fertile, on the basis of the examination of the anthers.

(2) Pollen viability was estimated on a sample of 53 plants by
a staining procedure which differentially stains abortive and non-
abortive pollen grains (Alexander 1969). Five to seven days after the
first flower had opened, two flower buds were sampled on each
plant, just before anthesis. Two stamens were then chosen from each
bud and individually squashed into a drop of Alexander’s stain.
When pollen grains were present, a minimum of 300 grains was
recorded per sample, and pollen viability was estimated for each
plant as the mean of the four estimates.

(3) After flowering, stalks were cut down. The plants were then
placed outside the greenhouse and flowered a second time in July
(under natural conditions of light and temperature). During this
second flowering period, one observation per plant was made to
detect the presence of pollen.

For each cross, differences in the segregation of sexual phenotypes
between reciprocal progenies were tested with two independent
contingency tables: for the first test, all three phenotypic classes were
considered (ms, int, mf), whereas in the second test intermediate
individuals were pooled with male-fertile individulas (male-steriles
ms, versus non-male-steriles int + mf). G-tests were performed as
described by Sokal and Rohlf (1995), using BIOM package version
2.1 (Rohlf 1992).

Molecular analyses

RFLP analyses

Total DNA extraction, as well as restriction and blotting proced-
ures, were carried out as described in Saumitou-Laprade et al.
(1993). Three diagnostic probes were used on EcoRI DNA digests to
discriminate between mitochondrial haplotypes. They were: ATPase
subunit 6 (Dewey et al. 1985), pBv4 (Saumitou-Laprade et al. 1993)
and Nvulg/N2 (Cuguen et al. 1994). Nuclear RFLP analyses were
performed on the segregating progeny used for BSA with the help
of four probes from chromosome IV according to the new nomen-
clature of Schondelmaier and Jung (1997): Koeln7, Koeln132
(Barzen et al. 1995), pKP753 and pKP823 (Pillen et al. 1993; Schon-
delmaier et al. 1995). Hybridization was performed on EcoRI diges-
ted DNA.

BSA and RAPD analyses

Total DNA extraction and amplification reactions were carried out
as described in Pelsy and Merdinoglu (1996). The DNAs of six
male-fertile and six male-sterile individuals were combined into two
separate pools for BSA. These bulks were screened by 160 arbitrary
10-mer oligonucleotide primers (kits A, B, D, F, K, L, M, P; Bio-
probe-System, Montreuil-sous-Bois, France), previously used to
construct a RAPD map (Merdinoglu et al. 1995). Primers detecting
polymorphism were then tested on the 12 individuals constituting
the bulks. Markers that were definitely linked to the restorer locus
were tested for linkage analysis in the 46 remaining F; individuals.
The nomenclature for the markers conforms to the convention of
primer designation, the fragment size being written down as a sub-
script (e. g. K11, designates a fragment of 1000 bp amplified by the
K11 primer).

One RAPD fragment of 1000 bp amplified by the K11 primer in
the present study had already been observed and mapped in a differ-
ent segregating progeny (Merdinoglu et al. 1995). The identity be-
tween both fragments was checked by a Southern hybridization.
To do this, the K110 fragment, which had previously been ampli-
fied from the P; parent, was isolated from an agarose gel with a
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NUCLEOTRAP kit (Macherey-Nagel, Diiren) and labelled with
digoxygenin (Boehringer, Mannheim) by a PCR reaction that used
the K11 primer. It then served as a probe to a Southern blot of 14
PCR products that had been amplified with the K11 primer for
which the templates were the DNA from six male-fertile and six
male-sterile individuals of the present mapping progeny and P, and
P,. The size and the segregation of the hybridized fragments were
compared to the size and the segregation of the K11,0¢0 amplified
fragment.

Genetic mapping

In order to locate the nuclear restorer gene on published genetic
maps, three different maps of Beta were consulted. First, the map by
Merdinoglu et al. (1995) was referred to in order to identify the
linkage group that contained the markers linked to the restorer
locus. Then the maps by Barzen et al. (1995) and Schondelmaier
et al. (1995), including RFLP, RAPD and morphological markers,
were used to produce a joint map of the region in which the restorer
locus was situated.

Within the progeny used for BSA, a 1:1 ratio fitted the observed
ratio of: (1) the sexual phenotypes, and (2) the co-segregant RAPD
markers detected by BSA. To produce this ratio, the parents must be
respectively heterozygous and recessive homozygous at these loci. It
was therefore assumed that the sexual phenotype variation was
determined by the polymorphism of one restorer locus. Linkage
analysis between the restorer locus and linked-loci was performed
using MAPMAKER version 3 (Lincoln 1992). Since the observed
segregation was that of a test-cross design, data were encoded as
recommended for such a cross. However, the genotypes observed for
the RFLP markers had to be adapted to that design. In particular,
when more than two alleles were segregating in the progeny, alleles
were bulked to produce two synthetic classes, depending on the
co-segregation with the sexual phenotype. Linkage groups were
established with a LOD-score threshold of 3.0. The map order was
based on maximum-likelihood estimation. Multipoint analysis was
used to determine the genetic distance between markers using the
mapping function of Kosambi (1994).

Results

Characterization of mitochondrial haplotype
H-associated CMS

RFLP analyses using Nvulg/N2 and Pbv4 probes con-
firmed that mitochondrial type H is clearly different
from the three other male sterile mitotypes (E, G or
Svulg), as illustrated in Fig. 1. Among the families de-
rived from the reciprocal crosses, 405 plants having
a H mitotype were surveyed (Table 1). Among these, 88
were found to be male-sterile. The examination of sexual
phenotypes within progenies derived from cross 1 re-
vealed a highly significant difference between segregat-
ing reciprocal crosses: male-sterile individuals were
systematically found to be associated with the H cytop-
lasmic type. These results show that mitotype H is asso-
ciated with cytoplasmic male sterility. Within the eight
other progenies involving mitotypes E and H, a segre-
gation of sexual phenotypes was observed: male-sterile,
intermediate and male-fertile individuals were scored.
Nevertheless, the difference in segregation among re-
ciprocal progenies was always highly significant. This
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was true for each reciprocal pair, whatever the classi-
fication adopted (with two or three phenotypic classes).
These results show that mitotypes E and H correspond
to two different CMS systems. There were also signifi-
cant differences among the various progenies with the
same cytoplasm: G =859, df=6, P=0.001 and
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Fig. 1 Southern-blot analysis of the EcoRI-digested total DNA of B.
vulgaris ssp. maritima (lanes 1, 2, 4) and B. vulgaris ssp. vulgaris (lane
3) with two probes: Nvulg/N2 (A) and Pbv4 (B). Four mitochondrial
haplotypes are identified: G (lane 1), E (lane 2), Svulg (lane 3) and
H (lane 4). Both probes clearly discriminate mitotype H from the
other male-sterile mitotypes (G, E and Svulg)

Table 1 Reciprocal crosses conducted on B. vulgaris ssp. maritima.
For each cross both parents are given as the seed parent, but each
acted as the pollen parent in the reciprocal cross. For each cross, the
mitochondrial DNA haplotype (mtDNA), the segregation of sexual
phenotypes (ms, int, mf), and the total number of descendants
observed on each seed parent (total) are indicated. Heterogeneity

G =44.7,df = 6, P = 0.001 for progenies having cytop-
lasms H and E, respectively. This result indicates that
even though parents, who were full-sibs, presented the
same cytoplasms, they were not identical for the nu-
clear restorer components.

Segregation of male sterility in the progeny
used for BSA

A total of 23 male-sterile and 35 male-fertile individuals
was observed in the progeny used for bulk segregant
analysis. Various examinations of the sexual phenotype
were consistent: no modification was observed, neither
within nor between the two flowering periods. Alexan-
der-staining also supported these observations: the pol-
len stainability of male-fertile individuals was very high
(above 85%); on the other hand, the majority of male-
sterile individuals had empty stamens: some excep-
tional grains were found, but they were always aborted.
A 1:1 theoretical ratio fitted the observed ratio
(G =214, df = 1, P = 0.144). This result suggests that
a single nuclear locus, referred to as R/ H, is responsible
for the sexual-phenotype variation in this progeny.

Identification and mapping of RAPD markers
linked to the R1H locus

Repeatability of the RAPD reactions was satisfactory
assessed, as similar profiles were observed during inde-
pendent amplifications conducted for both the bulks
and the individuals. Using 160 primers, the amplified
fragments ranged in size from 300 to 2600 kb. Among
these primers, 32 revealed a polymorphism between the
bulks. They were utilized to individually analyze the
DNA of the 12 individuals forming the bulks: 120
polymorphic bands were thus identified. Among them,
only K111000 was fully associated with the male-fertile
phenotype (Fig. 2), while eight other fragments were

between the reciprocals is tested with two G tests: first, three
phenotypic classes were taken into account (ms, int, mf); second,
intermediates were bulked with the male-fertile individuals, as they
both produce some viable pollen. The G values, their significance
level, and the degrees of freedom (df) are given

Cross Seed parent 1 Seed parent 2 fint:h fi(int + h)
mtDNA ms int mf Total mtDNA ms int mf Total G df G df

1 H 15 0 9 24 +*? 0 0 8 8 - - 12.48 (***) 1
2 H 6 9 82 97 E 28 15 57 100 2144 (**%%) 2 17.62 (***) 1
3 H 39 34 27 100 E 66 17 17 100 15.09 (¥*¥*) 2 14.80 (***) 1
4 H 18 14 59 91 E 39 11 45 95 10.09 (**) 2 10.08 (**) 1
5 H 10 11 72 93 E 41 9 47 97 25.63 (***) 2 2541 (***) 1
Total H 88 68 249 405 E 174 52 174 400

*E% P < 0.001; **P < 0.01
*This mitotype has not been determined



Fig. 2 RAPD-amplification profiles obtained with the K11 primer
on the two bulks (A) and the 12 individuals of the two bulks (B). The
sexual phenotypes are male-fertile (mf) or male-sterile (ms). The
arrows indicate the polymorphic fragment of 1000 pb, K11;¢00,
associated with the male-fertile phenotype

only preferentially associated with one phenotype:
within the 12 individuals tested, one potential recom-
binant was detected. Linkage between these nine
markers and the sexual phenotype was confirmed when
the remaining 46 individuals were amplified. No signifi-
cant deviation was observed from the expected 1:1
segregation ratio. The fact that all these markers were
located on the same linkage group as RI/H was estab-
lished (Fig. 3 A). The RAPD marker nearest R/H was
K111000, located 5.2cM away; six other markers
were clustered 13.9 cM away, one was 17.4 cM away,
and the most remote was situated 26.1 cM away from
RIH. All of them were found on the same side of the
RIH locus.

Location of the RAPD marker K111000,
and mapping of RFLP markers

Hybridization showed that the present K111000 frag-
ment was identical to the one previously mapped by
Merdinoglu et al. (1995). Hybridization on amplified
DNA revealed five major bands (data not shown). Two
of them were polymorphic but did not co-segregate
with the sexual phenotype. Three other bands were
specific to the male-fertile individuals, including the
smallest one (1000 bp), which is actually the original
polymorphic RAPD marker linked to the restorer al-
lele. The K1li000 fragment is located on the same
linkage group as the monogermy locus (Merdinoglu et
al. 1995, see also Fig. 3D), identified as chromosome IV
(Schondelmaier and Jung 1997). Four RFLP markers
within this linkage group were then mapped in the
progeny, and were found to be polymorphic (data not
shown). Linkage analyses showed that they belonged to
the same linkage group as the R/H locus, thus confirm-
ing its position (Fig. 3A). Two RFLP probes were map-
ped on the same side as the nine RAPD markers: the
Koeln132 locus was mapped within the cluster of the
six RAPD markers, 13.9 ¢cM away from the R/H locus,
and pKP823 co-segregated with the A161450 RAPD
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Fig. 3 Partial linkage map for the R/H region obtained from the
segregating progeny used for BSA (A) and comparison with different
genetic maps (B, C and D). A Genetic distances in cM are shown on
the right of the vertical line. The restorer locus RI1H (in bold charac-
ters), nine RAPD markers (in italics) and four RFLP markers were
mapped. B Schondelmaier et al. (1995); C Barzen et al. (1995);
D Merdinoglu et al. (1995). For a comparison between genetic maps,
common markers are named; other mapped markers are indicated
by dashes. The monogermy locus is indicated by m.

marker, 26.1 cM away from the RIH locus. The two
other RFLP probes were mapped on the opposite side
of the RIH locus: 1.7 cM away for the pKP753 probe,
and 16.3 cM farther for the Koeln7 probe. The RIH
locus is therefore flanked by molecular markers within
a genetic window of 6.9 cM. The linear order of the four
RFLP loci deduced from our progeny analysis was
identical to that described by Schondelmaier et al.
(1995). The genetic distances between the four RFLP
loci inferred from our progeny analysis were relatively
close to those estimated by Schondelmaier et al. (1995)
but much lower than the estimates of Barzen et al.
(1995) (Fig. 3 A, B, C).

Discussion

A new source of male sterility, genetically different from
the type most commonly found in natural populations

In the present study, we showed that mitochondrial
type H is clearly associated with cytoplasmic male
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sterility, and identified one nuclear locus restoring
male fertility in plants having this mitochondrial
type. The expression of this gene seems to have a dras-
tic effect on male fertility because no intermediate
plants were found within the segregating progeny used
for the bulk segregant analysis: plants were either
fully male-sterile or fully male-fertile. This is differ-
ent from what is observed in segregating progenies
carrying the ‘Owen’ CMS, where wide variations in
male fertility and many intermediates were reported
among the offspring (Owen 1945). Such clear-
cut phenotypes in segregating progenies are considered
as characteristic of Mendelian male sterility (Owen
1952) and could suggest that R/H confers such sterility.
However, a reciprocal cross involving offspring of
the progeny used for BSA allows us to rule out the
hypothesis of a purely nuclear inheritance of male
sterility, since segregation of the sexual phenotypes
was observed only in the maternal progeny carrying
mitotype H.

Until now, three mitotypes were reportedly asso-
ciated with cytoplasmic male sterility in beets (Powling
1982; Mikami et al. 1985; Boutin et al. 1987; Halldén et
al. 1988; Mann et al. 1989; Halldén et al. 1990;
Saumitou-Laprade et al. 1991; Saumitou-Laprade et al.
1993). Molecular characterization clearly discriminated
them from mitotype H. These observations strongly
suggest that mitotype H is a novel mitochondrial
source of cytoplasmic male sterility. The analysis of
reciprocal crosses also suggests that the CMS asso-
ciated with type-H mitochondrial DNA is genetically
different from the E mitotype-associated CMS most
frequently found in natural populations.

The joint analysis of crossing experiments and the
molecular mitochondrial polymorphism associated
with male sterility suggests that five different CMS
systems exist in B. vulgaris: the four male-sterile mito-
types, E, G, H and Swulg, could each represent one
CMS system, and be distinct from the one associated
with fertile mitotypes. Theoretical studies show that the
number of CMS systems can strongly influence the
conditions under which gynodioecy can be maintained:
increasing the number of CMS systems results in re-
laxed maintenance conditions for male-sterile indi-
viduals (Frank 1989) and permits a higher male-sterile
frequency at equilibrium (Manicacci 1993). In most
gynodioecious species, polymorphism in the CMS sys-
tems has been found, but the extent to they vary is not
precisely known. Simple crossing analyses allowed the
discrimination of a minimum of two CMS systems in
Nemophila menziesii (Ganders 1978), Thymus vulgaris
(Belhassen et al. 1991), and Plantago coronopus
(Koelewijn and Van Damme 1995 a). In Daucus carota,
(Ronfort et al. 1995) and Plantago lanceolata (De
Hann et al. 1997 a) a combination of mitochondrial
DNA polymorphism studies and crossing experiments
identified a minimum of three and four CMS system:s,
respectively.

Identification and mapping of the R/H restorer gene

One mitochondrial type-H family of B. vulgaris ssp.
maritima enabled us to map the R/H nuclear locus, as
well as nine RAPD and four RFLP markers, on chro-
mosome IV, according to the nomenclature of Schon-
delmaier and Jung (1997). The closest flanking markers
were located 5.2 and 1.7 cM away, on opposite sides of
the restorer locus. Until now, nuclear genes restoring
male fertility in B. vulgaris had only been identified for
the cultivated ‘Owen’ CMS, but close flanking markers
are not yet available. The present study reports the first
case in which molecular markers tightly linked to a re-
storer locus have been found in beets. The Z restorer
locus was reported to be loosely linked to the mono-
germy locus (Kinoshita and Takahashi 1968; Roundy
and Theurer 1974) in chromosome IV. Restorer locus
X is located in a terminal region of chromosome III, 11
cM away from the nearest marker (Pillen et al. 1993).
Close markers of restorer genes have been described in
other cultivated species. The BSA strategy was recently
used in rapeseed (Delourme et al. 1994) and bean (He
etal. 1995) to identify markers completely linked to
previously located restorer genes. This strategy was
also effective in identifying and mapping two unlinked
loci governing the photoperiod-sensitive male sterility
in rice (Zhang et al. 1994). However, due to the lack of
close flanking markers for the nuclear restorer genes in
any gynodioecious species, the nuclear component of
male sterility has been little investigated, compared
with the cytoplasmic component. The frequencies of
restorer alleles and their distribution in natural popula-
tions are particularly poorly known. Until now, the
only way to obtain this key information was to estimate
the frequency of male-fertile individuals among plants
with a given CMS type. This has been carried out for T.
vulgaris (Manicacci et al. 1997), P. lanceolata (Van
Damme 1986; De Haan et al. (1997 b), B. vulgaris ssp.
maritima (Forcioli 1995; Laporte, unpublished), and P.
coronopus (Koelewijn and Van Damme 1995 b), but it
is a tedious and not very accurate procedure. Close
flanking markers that allow a quick identification of
the restorer genes will facilitate population-genetics
investigations and an understanding of the mainten-
ance and evolution of gynodioecy. For this purpose,
continuation of the present work will focus on the
search for markers even more tightly linked to the R/IH
locus. These markers can also be used to select indi-
viduals when designing the relevant crosses needed to
investigate the genetic determination of male fertility
restoration.

Comparison with the Owen CMS
Several authors have reported weak linkage between

the monogermy locus and the Z restorer gene asso-
ciated with the ‘Owen’ CMS (Kinoshita and Takahashi



1968; Roundy and Theurer 1974). In spite of numerous
studies, male fertility restoration associated with
‘Owen’ CMS is still poorly known: the consensus
model assumes that two unlinked loci act in epistasis to
restore male fertility, but this does not explain all the
crossing results reported (Owen 1945). Moreover, the
precise position of the Z restorer locus is still unknown.
As estimated by Roundy and Theurer (1974) from the
segregation analysis of F2 progenies, the recombination
value between the monogermy locus and Z is 0.40
(SE = 0.037). In the present study, the monogermy
locus did not segregate, but its closely linked marker,
Koeln7, did (Barzen et al. 1995). The recombination
value between Koeln7 and the RIH restorer gene
was estimated to be 0.172 (SE = 0.050). Although situ-
ated in the same linkage group, the R/H and Z
genes appear to be distinct. However, given the discrep-
ancies observed between recombination frequencies in
different mapping populations (Schumacher et al.
1997), the possibility of a single locus repressing
both the ‘Owen’ CMS and the mitotype H-associated
CMS cannot be excluded. Hence, two possibilities
remain with respect to the CMS types. First, the H and
the Svulg mitotypes could carry the same mitochon-
drial gene coding for male sterility. In this case, restora-
tion of male fertility would be controlled by the
same nuclear genes. To explain the observed segrega-
tion of the sexual phenotypes in our families, the
offspring must then carry a restorer allele on the X
locus. Second, mitotypes H and Svulg could be asso-
ciated with different CMS types but share a common
restorer gene. In this case, it should be possible to find
other nuclear restorer genes specific to one or the other
CMS type. The molecular characterization of the mito-
types argues for different CMS types, since large differ-
ences were found between them. Nevertheless,
reciprocal crosses between male-fertile individuals car-
rying these mitotypes should be carried out in order to
reach a conclusion.

Markers close to the other restorer genes are
required to elucidate the control of nuclear restora-
tion and to conduct population investigations. The
BSA approach presented here turned out to be
an efficient method to obtain markers linked to a re-
storer locus, and is a promising approach for further
investigations.
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