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Summary. One natural population (Fo generation) o f  
Beta rnaritima situated on the French Atlantic coast has 
been analysed. It was composed of  62% female, 30% 
hermaphrodite and 8% intermediate plants. The analysis 
ofhalf-sib progeny (F1 generation) obtained from in situ 
open pollination demonstrates the cytoplasmic 
determination of  male sterility in Beta rnaritirna and the 
restoration of  fertility by nuclear genes. The 
mitochondrial DNA (mtDNA) and the chloroplast DNA 
(ctDNA) of  sixteen F1 plants, extracted from offspring of  
the three sexual phenotypes, were analysed using the 
restriction enzymes Sal I and Barn HI, respectively. Two 
cytoplasmic lines with their own peculiar genetic 
characteristics were distinguished using the restriction 
enzyme patterns of  mtDNA:  (i) the S cytoplasmic line 
was found in segregating progeny of  two F0 plants; all 
three phenotypes were produced (that is, progeny in- 
cluding hermaphrodite, female and intermediate plants); 
(ii) the N cytoplasmic line was found in the progeny of  
one F0 hermaphrodite plant; this produced only her- 
maphrodites. Thus, segregating and non-segregating her- 
maphrodite Fo plants can be distinguished. The nuclear 
genes maintaining sterility or restoring fertility are ex- 
pressed in line S. At the same time the analysis of  Beta 
vulgaris material has been carried out at the molecular 
level : N cytoplasmic fines of  B. vulgaris and B. maritima 
differed only by 3 fragments of  mtDNA; but the S cyto- 
plasmic line of  B. maritima was very different from 
Owen's cytoplasmic male sterile line of  B. vulgaris. No 
variation in the c tDNA pattern was detected within and 
between the two taxa. 

Key words: Wild and cultivated sugar beet (Beta 
rnaritima, Beta vulgaris) - Cytoplasmic male sterility, 
nuclear restorer genes - Mitochondrial and chloroplast 
DNAs - Restriction endonuctease fragment analysis 

Introduction 

The analysis of  male sterility in the genus Beta began with 
the very well known and classical work of  Owen (1942, 
1945) who focused attention on cultivated varieties of  
Beta vulgaris. 

Owen (1942, 1945) demonstrated that male sterility in 
B. vulgaris is based on two components: one cytoplasmic, the 
other nuclear. Specific nuclear restorer genes restore male 
fertility in S (male-sterile) cytoplasm. A plant with S cytoplasm is 
female if at least two nuclear restorers are present in the recessive 
homozygote state, but hermaphrodite if these genes possess the 
alternative dominant form. An intermediate sexual phenotype is 
produced when only one restorer gene occurs in the homozygous 
recessive state. These nuclear genes are also found in normal 
cytoplasm, which Owen called the N line. Plants with N 
cytoplasm are always hermaphrodite irrespective of the nuclear 
restorer alleles they contain. Among these plants two types are 
especially useful in selection breeding programs: (i) the 
maintainer of sterility, which is characterized by the presence of 
recessive homozygote restorer alleles and which permits the 
reproduction of female ( = male sterile) plants by sexual means; 
(ii) the restorer of fertility: this type of plant possesses the nuclear 
restorer genes in the dominant allelic form and in the 
homozygote state; on crossing with any female plant with S 
cytoplasm, non-segregating progeny comprised of only 
hermaphrodite plants are produced. Further work has confirmed 
the nuclear and cytoplasmic factors of this male sterility but 
varying results concerning the number of nuclear loci have been 
reported. Two or three loci of restorer genes have been proposed 
by some authors (Oldemeyer 1957; Hogaboam 1957; Nagao and 
Kinochita 1962; Bliss and Gabelman 1965; Bolz 1968) while 
others have presented evidence for a polygenic determination 
(Rohrbach 1965; Knapp 1969; Bosemark 1972). 

In order to improve the biological understanding of male 
sterility in Beta vulgaris, we began a study of natural populations 
of the ancestral form, Beta maritima. First, populations of 
B. maritima along the Atlantic coast of France were surveyed for 
the occurrence of female plants. Females were found to comprise 
5% of the population in Mont-Saint-Michel Bay (Varinard 
unpubl.) and were found in even greater frequency in the Canche 
Estuary at the southern end of the English Channel. The presence 
of females in these numbers has to be explained and cannot be 
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considered as an adaptation promoting outcrossing since 
B. maritima is self-incompatible. However, the population- 
genetic model proposed by Gouyon (Gouyon et al. 1983; Couvet 
et al. 1985; Gouyon and Couvet 1985) explains the occurrence of 
female plants by interaction between nuclear and cytoplasmic 
genes. It also explains the presence of several cytoplasmic 
sterility and nuclear restorer genes within a single population 
(Khey-Pour 1976, in Origanum vulgare; Van Damme 1984, in 
Plantago lanceolata; Dommre et al. 1983; Dommre and 
Jacquard 1985, in Thymus vulgaris). 

In addition to these genetic studies, molecular analysis of 
mitochondrial DNA (mtDNA) was undertaken in the genus 
Beta because some work in other taxa had shown an association 
between mtDNA and male sterility. Powling (1981) first 
reported the existence of short circular DNA molecules in 
Beta vulgaris mitochondria. Then, with Owen's material and 
using restriction enzymes, he demonstrated that mtDNA from 
sterile cytoplasm differed from normal mtDNA (Powling 1982). 
The same author tested the 'USI' variety and found an exact 
concordance between the digestion patterns of mtDNA and the 
sexual phenotypes (Powling and Ellis 1983). Moreover, he 
observed no variation between the chloroplast DNA (ctDNA) of 
the S and of the N lines. Kinoshita's team (Mikami et al. 1985) 
extended the molecular analysis to wild beets from Oldemeyer's 
collection (USDA) without knowing the precise origins and 
genetic composition of the wild populations from which they 
were taken. The same authors distinguished four mtDNA groups 
within the S cytoplasm, one of them being identical to the 
mtDNA of Owen's strain of Beta vulgaris. Finally, they also 
found a variability of the chloroplast genome among S plants. 

This work represents a joint  genetic and molecular 
analysis of one Beta maritima population and of the 
plants obtained from it. Beta vulgaris material is included 
for comparison. The genetic part of the study was carried 
out at Lille University (France), and the molecular 
genetic part at DUsseldorf University (FRG). The 
cytoplasmic and nuclear factors determining the ob- 
served male sterility in Beta maritima are charac- 
terized. The mitochondrial  genome of sterile plants 
is demonstrated to be different from that of Beta 
vulgaris. 

Materials and methods 

The population and its offspring 

The B. maritima population forming the F0 generation is situated 
in the Canche estuary near the town of Etaples, South of 
Boulogne-sur-Mer (France). It was composed of about 60 plants 
that covered an area approximately 40 m long and 10 m wide. 
The plants belonged to one of the three sexual phenotypes 
defined at anthesis by the characters of anthers and pollen: 1. 
hermaphrodite plants (H), with yellow stamens containing viable 
and functional pollen; 2. intermediate plants (I), with more or 
less dehiscent anthers containing little pollen, a part of which was 
empty; plants of this class were heterogeneous because of large 
variations in viable pollen; 3. female plants (Fe), with white 
stamens lacking pollen. 

Pollen was analysed in June 1984 in situ using a binocular 
microscope. Ten plants were examined again in June 1985 and 
thus the stability of sexual phenotypes was established over two 
years. 

Fruits were harvested between 10-20 August 1984. Their 
seeds were sown in February 1985, and seedlings were 
individually planted in small pots in the experimental garden of 
the University of Lille, and these formed the FI generation. 
Plants obtained from 1 F0 plant represent a half-sib family whose 
size varied from 4 to 80 F1 plants. In the different families not all 
plants reached the flowering state, and several families with 
fewer than 10 plants were not taken into account. Thus, 926 F~ 
plants, shared between 41 families, were available for the genetic 
analysis. 

Plant material used for biochemical analysis 

Beta maritima. 16 Fx plants from the Canche estuary, 1 
hermaphrodite plant from the botanical garden of Dtisseldorf 
University. Its natural origin is not known. 

Beta vulgaris. Clone no. 0049Y 1, cytoplasmic male fertile, clone 
no. 0052A1, cytoplasmic male sterile; both clones were kindly 
provided by Kleinwanzlebener Saatzucht AG, Einbeck (FRG). 

The sexual phenotypes and the provenance of the 16 plants 
originating from the Canche population were as follows: 
6 hermaphrodite plants were taken among the 57 F1 plants of the 
B21 family composed only of hermaphrodite plants; the B21 
mother plant belonged to the "non-segregating hermaphrodite" 
type; material from the six plants was pooled for the DNA 
preparation; 3 hermaphrodite and 2 intermediate plants were 
taken from 20 F1 plants of the B62 family; this family is 
composed of 5 hermaphrodite, 13 intermediate and 2 female 
plants; the B62 mother plant belonged to the "segregating 
hermaphrodite" type; 5 intermediate plants were taken from 63 
F1 plants originating from the female B9; this family is composed 
of 4 hermaphrodite, 31 intermediate and 28 female plants. 

DNA analysis 

a) Isolation of mitochondrial DNA. Mitochondrial DNA was 
isolated from 400 g of leaves and shoots from Beta maritima or 
from about 800 g of taproot tissue from Beta vulgaris, according 
to the method of Boutry and Briquet (1982) with the following 
modification: a sucrose cushion (0.6 M sucrose, 0.01 M TES, 
0.02 M EDTA, pH 7.2), instead of a discontinuous sucrose 
gradient, was used as the last step in the purification of 
mitochondria. Centrifugation was performed at 9,000 rpm for 
20 min in a SorvaU SS-34 rotor. One gram of mitochondria was 
lysed in 4ml lysis buffer (5% SDS, 2% sarkosylate, 150mM 
NaC1, 20 mM EDTA, 10 mM Tris-HC1, pH 8.0) for 10 min at 
room temperature. After phenol extractions the DNA was pre- 
cipitated by ethanol. The CsC1 density gradient centrifugation 
was replaced by centrifugation through a discontinuous CsC1 
gradient, following the method of Kolodner and Tewari (1975). 

b) Isolation of chloroplast DNA. All steps of the preparation 
were performed at 4~ Leaves (20g) were blended in 10 
volumes of homogenization medium (Boutry and Briquet 1982). 
After filtration through one layer of gauze and two layers of 
miracloth the chloroplasts were pelleted in a Sorvall GSA rotor at 
5,000 rpm for 5 min. They were washed twice in 200 ml of the 
same buffer. The chloroplast fraction was resuspended in 10 ml 
of homogenization medium, layered on a discontinuous sucrose 
gradient (15ml 20% sucrose, 15ml 40% sucrose in 
homogenization buffer) and centrifuged in a Sorvall HB-4 rotor 
at 5,000 rpm for 15 min. The chloroplast fraction was diluted 
with the same volume of TE buffer (50 mM Tris-HC1, 20 mM 
EDTA, pH 7.2). After centrifugation the chloroplast pellet was 
lysed for 1 h at 37~ with three volumes of the following 
medium: 2% sodium sarkosylate, 1% SDS, 0.1 M NaC1, 10 mM 
EDTA, 10 mM Tris-HC1, pH 8.4, supplemented with 0.I mg/ml 



proteinaseK. The chloroplast DNA was purified in a 
discontinuous CsC1 gradient according to Kolodner and Tewari 
(1975). 

c) Restriction and gel electrophoresis of DNA. Restriction 
endonuclease digestions were carried out under conditions 
suggested by the suppliers. The DNA was electrophoresed on 
agarose slab gels buffered with 40 mM Tris-HC1, 20 mM Na- 
acetate, 2 mM EDTA, 18 mM NaCI, pH 8.0. 
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Results 

Description of the in situ population and o f i t s  offspring 

The Canche population contained a high proportion of 
females. Of 66 plants studied, 62% were females, 8% 
intermediates and 30% hermaphrodites. From these 66 
plants, 41 half-sib progeny were analysed. Female and 
intermediate plants (i.e. 27/41) always generated 
segregating progeny (composed of two or three pheno- 
types). Offspring of hermaphrodites are separated into 
two groups: (i) segregating hermaphrodites (5 plants) 
which generate two or three sexual phenotypes as do the 
female and intermediate plants mentioned above; (ii) 
non-segregating hermaphrodites (9 plants) which 
produce only hermaphrodite plants. The problem is to 
understand the genetic basis of the two types of progeny. 
They cannot be explained by maternal inheritance 
because female plants should produce only females. We 
have therefore to distinguish between pure nuclear 
inheritance and interaction between nuclear and 
cytoplasmic factors. The molecular analysis might help us 
to choose between the alternatives. 

Analysis of mitochondrial and chloroplast DNA (mtDNA 
and ctDNA) 

a) Restriction patterns of mtDNA. Mitochondrial DNA 
was isolated from the various lines of Beta maritima and 
Beta vulgaris described in Materials and methods. The 
Sal I digests ofmtDNA from Beta maritima plants of the 
Canche population are compared in Fig. 1. Two types of 
restriction patterns can be distinguished. One type is 
represented by family B62 (lanes 3 and 4 of Fig. 1). This 
family comprises plants with different sexual phenotypes 
(H and I). An identical Sal I restriction pattern is obtained 
with mtDNA of the progeny from the female plant B9 
(lane 1 of Fig. 1). The second type ofmitochondrial DNA 
is found in the B21 non-segregating hermaphrodite 
family (lane 2 of Fig. 1; lane 4 of Fig. 2) and in the 
hermaphrodite Beta maritima from the botanical garden 
of the University of Diisseldorf (lane 3 of Fig. 2). 

As described already in the literature, hermaphrodite 
and female plants of Beta vulgaris possess different Sal I 
restriction patterns (lanes 5 and 6 of Fig. 2). These 
patterns differ from those of Beta maritima, as shown in 
Fig. 2. While the differences between hermaphrodite and 

Fig. 1. Sal I digests ofmitochondrial DNA from Beta maritima 
plants (origin: Canche population). Mitochondrial DNA from 
progeny of: 1 female plant (B9): intermediate offspring 
(mtDNA from 5 plants); 2 hermaphrodite non-segregating 
plant (B21): mtDNA from 6 hermaphrodite plants; 3 her- 
maphrodite segregating plant (B62): hermaphrodite offspring 
(mtDNA from 3 plants); 4 hermaphrodite segregating plant 
(B62): intermediate offspring (mtDNA from 2 plants) 

female plants of B. vulgaris involve many fragments, the 
homologous restriction patterns of B. maritima show 
fewer variations. The hermaphrodite plants of 
Beta vulgaris (lane 5 of Fig. 2) and the hermaphrodite 
non-segregating plants of Beta maritima (lane 4 of Fig. 2) 
differ only by three DNA fragments. 

From these data it can be concluded that the wild 
population of B. maritima contains two mitochondrial 
genomes: the genome of female, intermediate and 
hermaphrodite segregating plants and the genome of 
non-segregating hermaphrodite plants. These two 
mitochondrial genomes can be distinguished from those 
of Beta vulgaris. Thus, the male sterile cytoplasms of Beta 
vulgaris and Beta maritima reveal characteristic 
differences. 

b) Restriction pattern of ctDNA. The variation of 
mitochondrial DNA contrasts with the uniform Bam HI 
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Fig. 2. Sal I digests of mitochondrial DNA from various Beta 
maritima (B.m.) and Beta vulgaris (B.v.) plants. 1 Lambda 
DNA digested with Hind III as marker; 2 Sal I digest of chlo- 
roplast DNA from Beta maritima (Di~sseldorf) as a control; 3 
B.m. from Dt~sseldorf botanical garden (origin and progeny 
unknown); mtDNA of one hermaphrodite plant; 4 B.m. from 
Canche population:hermaphrodite offspring (mtDNA from 6 
plants) of the hermaphrodite non-segregating plant B21 (idem 
Fig. 1: lane 2); 5 B.v. from KWS cytoplasmic male fertile 
(=hermaphrodite clone 0049Y1; 6 B.v. from KWS cyto- 
plasmic male sterile (=female) clone 0052A1; 7 B.m. from 
Canche population:intermediate offspring (mtDNA from 2 
plants) of the hermaphrodite segregating plant B62 (idem 
Fig. 1 : lane 4) 

restriction pattern of  c tDNA (Fig. 3). Not  a single 
deviation could be observed when the various chloroplast 
DNAs ofB.  maritima and B. vulgaris were compared.  

Discussion 

Only one cytoplasm conferring male sterility is so far 
available for sugar beet breeding and cultivation (for 
review see Barocka 1985). Therefore, it would be 
interesting to obtain new male sterile material  which 
could be used as an alternative to Owen's  S line. Studying 
the natural  variability of  the ancestral form of 

Fig. 3. Barn HI digests of chloroplast DNA from various Beta 
maritima (B.m.) and Beta vulgaris (B.v.) plants. 1 Lambda 
DNA digested with Hind III as marker; 2 B. m. from Canche 
population:intermediate offspring of the female plant B9; 3 
B.m. from Canche population:intermediate offspring of the 
hermaphrodite segregating plant B62; 4 B.m. from Canche 
population:hermaphrodite offspring of the hermaphrodite 
segregating plant B62; 5 B.m. from Canche popu- 
lation:hermaphrodite offspring of the hermaphrodite non-se- 
gregating plant B21; 6 B. v. from KWS cytoplasmic male fertile 
(= hermaphrodite) clone 0049Y1; 7 B. v. from KWS cytoplas- 
mic male sterile (=female) clone 0052A1 

Beta maritima along the Atlantic coast of  France, we were 
able to identify male sterile plants in the wild population. 
The genetic factors of  this male sterility in Beta maritima 

can be clearly deduced from the present results. The 
nuclear component  is demonstrated by the fact that 
females segregate and give hermaphrodites  among their 
progenY. The number  of  nuclear restorer genes involved 
requires a further analysis. The existence of the 
cytoplasmic component  was shown by m t D N A  
differences among maternal  offspring. On one hand, the 
female, the segregating hermaphrodi te  and their progeny 
plants (whatever their sexual phenotype) all present the 
same mtDNA, while on the other hand, the non- 
segregating hermaphrodi te  plants present a clearly 
different m t D N A  pattern. Thus, the joint genetic and 
molecular analysis of  these three plants and their progeny 
allow the detection of  two cytoplasmic types within the 
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populat ion.  These results can be extended to all plants of  
the populat ion.  The more  abundan t  one, the S cytoplasm, 
in which the male sterility genes and their restorers are 
expressed, gives the popula t ion  its gynodioecious 
character. The second one, the N cytoplasm, gives all the 
plants and their progeny the hermaphrodi te  pheno-  
type. Thus, the populat ion contains two types of  
hermaphrodi tes  which cannot be separated by their 
sexual phenotypes  but  can be dist inguished either by the 
sexual phenotype of  their progeny or by their m t D N A  
pattern. 

The cytoplasmic determination of male sterility combined 
with nuclear restorer genes appears more frequently than a pure 
nuclear one like that observed in particular B. maritima material 
by Kinoshita and Takahashi (1972). However, their study was 
based on only one family and so it is possible that the cytoplasmic 
component escaped the attention of the experimenters. Finally, 
genetic data obtained by authors on different species (Kheyr- 
Pour 1976; Van Damme 1984), molecular data obtained by 
Mikami et al. (1985) on Beta, and theoretical models (Gouyon 
and Couvet 1985) suggest that more than two cytoplasmic types 
differing by mtDNA and/or ctDNA could exist. 

Mitochondrial  and chloroplast  DNAs from 
Beta maritima and cultivated Beta vulgar& plants were 
compared  in our  study. No variabi l i ty  of  chloroplast  
D N A  could be detected between the two taxa. Fert i le  
plants of  Beta maritima and Beta vulgaris gave closely 
similar restriction patterns of  mi tochondr ia l  DNA. 
Betamarit ima hermaphrodi tes  from two different 
provenances present the same pat tern and differed from 
Beta vulgaris m t D N A  only by three bands.  The 
interesting results o f  the present s tudy o f  the Cancbe 
populat ion demonst ra te  a novel cytoplasmic male 
sterility system which differs from that described by 
Owen. 
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