Theor Appl Genet (1992) 85:222-228

© Springer-Verlag 1992

Linkage between an isozyme marker and a restorer gene in radish
cytoplasmic male sterility of rapeseed (Brassica napus 1..)

R. Delourme and F. Eber

INRA, Station d’Amélioration des Plantes, BP 29, F-35650 Le Rheu, France

Received January 5, 1992; Accepted March 10, 1992
Communicated by H.F. Linskens

Summary. Co-segregation studies of isozyme markers
and male fertility restoration showed that a restorer gene
from radish was introduced into rapeseed along with an
isozyme marker (Pgi-2). The radish chromosome seg-
ment carrying these genes was introgressed into rapeseed
through homoeologous recombination, substituting for
some of the rapeseed alleles. By crossing heterozygous
restored plants to male-sterile lines and to maintainers,
tight linkage was found between the restorer gene and the
marker. The recombination fraction was estimated at
0.2540.02%. Although few restored plants lacked the
radish isozyme marker, it was still possible to distinguish
male-fertile from male-sterile plants by their PGI-2 pat-
terns. Furthermore, homozygous and heterozygous re-
stored plants could be separated by specific PGI-2 phe-
notypes. Thus, the Pgi-2 marker is now currently used in
restorer breeding programs.

Key words: Brassica napus — Raphanus sativus — Cytoplas-
mic male sterility — Restorer — Isozyme

Introduction

An effective system of pollination control is required for
the production of rapeseed (Brassica napus L.) F1 hy-
brids on a commercial scale. Male-sterile hybrids have
been obtained through protoplast fusion between a male-
fertile rapeseed line and a cytoplasmic male-sterile
(CMS) line of rapeseed (with Ogura radish male sterility-
inducing cytoplasm; Pelletier et al. 1983). No restorer
was found in B. napus (Rousselle 1982) but restorer genes
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were introduced from radish into rapeseed (Heyn 1976)
through intergeneric crosses between a CMS line of rape-
seed and Raphanobrassica (Raphanus sativus X B. napus
amphidiploid, 2n=>56). Restored B. napus plants were
selected from the progeny of this cross (Pellan-Delourme
1986). Fully restored plants with one dominant restorer
gene were obtained for the best CMS cybrids (Pelletier
et al. 1987).

Male fertility restoration in these plants was accom-
panied by a decrease of female fertility (Pellan-Delourme
and Renard 1988). Therefore, it is likely that the restored
rapeseed plants have retained other radish genetic infor-
mation in addition to the restorer gene.

Progenies segregating for the radish restorer gene
were used to study possible association between this gene
and isozyme markers. This should provide information
on the genetic structure of the restored plants and would
be a useful tool in a breeding programme using this
cytoplasmic male sterility.

Materials and methods
Plant material

The origin of the B. napus restored lines was described in Pellan-
Delourme and Renard (1988). Breeding activities with this mate-
rial included self pollinations, backcrosses to double low rape-
seed lines and test crosses to male-sterile cybrid lines. Restored
plants carrying a single dominant restorer gene were selected on
cybrid 27 and 58 cytoplasms.

The following B. napus progenies were used for the co-segre-
gation studies (Fig. 1). The numbers in square brackets in Fig. 1
refer to progeny numbers: Progeny A: heterozygous restored
plants (Rr) were crossed to a male-sterile (rr) line to produce
F1s. Some F1s [1] were selfed to produce an F2 [2] and then test
crossed to a male-sterile line (TC [3]). Other Fis were selfed (F2
[4], [5]) and crossed to a maintainer (rr) line (BC1 [6]).

Progeny B: heterozygous restored plants (Rr) were crossed
to a maintainer line to give an F1 [7] and then backcrossed three
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[8], BC2[9], and BC3 [10]. Finally, the third backcross was selfed
(BC3F2 [11]).

Progeny C: homozygous plants (RR) from a F3 progeny
were selfed (F4 [12] and crossed to a maintainer line (F1 [13]).

Isozyme studies

Isozyme studies were performed on all progenies. In addition, a
few radish varieties (Remus, Resal, Iris, Pegletta) were sampled.
In the analysis of the first progeny [1], nine isozyme systems were
studied using starch-gel electrophoresis. Young leaves were
crushed in a Tris-HC1 0.1 M buffer (pH 7.5) containing 1% w/v
glutathione. Gel/electrode buffers for starch gels were those
given by Shields et al. (1983). Malate dehydrogenase (MDH),
isocitrate dehydrogenase (IDH), leucine aminopeptidase (LAP),
6-phosphogluconate dehydrogenase (6PGD) were separated on
a G buffer system (pH 6.1), glutamate oxaloacetate transami-
nase (GOT), triose phosphate isomerase (TPI) on a C buffer
system (pH 8.3), and aconitase (ACO), phosphoglucomutase
(PGM) on an E buffer system (pH 7.0). Phosphoglucoisomerase
(PGI) was studied on the three preceding buffer systems and on
B buffer (pH 5.7). Staining procedures were as reported by
Vallejos (1983) except for LAP and ACO which followed the
protocols given by Arus and Orton (1983) and Wendel and
Stuber (1984) respectively. Only PGI was analysed in the rest of
the progenies.

Search for markers

In progeny [1], five isozyme systems (ACO, GOT, MDH,
PGI, 6PGD) were segregating but only PGI showed dif-
ferent patterns distinguishing male-fertile restored plants
and male-sterile plants. The restored plants had two ad-
ditional bands, absent in the male-steriles, in the PGI-2
region of activity (Fig. 2). This was explained by the
presence of a Pgi-2 radish allele interacting with Pgi-2
alleles 1 and 2 of rapeseed in the restored plants. Because
of its amphidiploid nature, two Pgi-2 genes express in
rapeseed: one from B. oleracea and the other from B.
campestris. PGI is a dimeric enzyme. Thus, an additional
allele results in two more bands: a dimer encoded by the
radish allele and an interallelic dimer encoded by this
allele and an allele of rapeseed. The heterodimer of the
radish allele with the other allele of rapeseed superposed
to one of rapeseed isozymes. The Pgi-2 radish allele was
observed in radish varieties included in the electrophoret-
ic analysis (Fig. 3).
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Fig. 2. A progeny segregating for male fertility restoration and
presence/absence of the Pgi-2 radish allele. F, male-fertile; S,
male-sterile
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Fig. 3. Pgi-2 patterns of male-sterile and restored plants and
comparison with radish varieties. F, male-fertile; S, male-sterile

Linkage studies

Linkage studies between the restorer gene and the Pgi-2
radish isozyme marker were carried out in the progenies
described in Fig. 1. Table 1 shows the segregation data
for male-fertility restoration and the presence or absence
of the isozyme marker for the different progenies. The
presence of the restorer gene was correlated with the
Pgi-2 radish allele except in very few plants. A few male-
fertile plants did not possess the marker. These included:
— One plant in the F2 [2] of a heterozygous restored plant.
— Three F2 plants [4].
— One plant in the cross [8] between a heterozygous re-
stored plant and a maintainer line.
— One plant in the cross [13] between a homozygous
restored plant and a maintainer line.
No male-sterile plant had the radish isozyme marker.
Only the crosses between heterozygous plants and
maintainer or male-sterile lines could be taken into ac-
count when estimating the recombination rate between
the genes. In F2 [2] a deviant segregation ratio for male-
fertile and male-sterile plants was observed. In the other
crosses, male-sterile plants were not studied.
Thus, the recombination fraction between the two
genes was assessed on 401 plants and was estimated to be
0.254+0.02%.

Table 1. Segregation data for male fertility and Pgi-2 radish
a@lele presence (PGI+) or absence (PGI—) in different proge-
nies

Progeny Type of crosses Number of plants

Fertile Fertile Sterile
PGI+ PGI- PGI-—

Progeny A

F1[1] Sterile x heterozygous® 45 0 36
F2[2] Heterozygous x maintainer 111 1 2
TC[3] Sterile x heterozygous 44 0 72
F2 [4] Heterozygous x maintainer 0 3 0
F2[5]  Heterozygous x maintainer 66 0 —°
BC[6] Heterozygous x maintainer 64 0 -
Progeny B

F1[7] Heterozygous x maintainer 36 0 23
BC1[8] 72 1 72
BC2 [9] 38 0 -
Progeny C

F4 [12] Homozygous® X maintainer 57 0 0
F1[13] Homozygous x maintainer 78 1 0

® Heterozygous or homozygous for the restorer gene
® No sterile plant was studied

Isozyme studies on plants with the marker

Two heterozygous restored plants (plant I and plant IT)
from progeny [1] were self pollinated and test crossed to
a male-sterile line (Cybrid 27 x ‘RP1’°). Their genotypes
and gametes were deduced from their progeny. The dif-
ferent patterns observed and the numbers of plants with-
in each class are given in Table 2.

Plants I and II were selected from progeny where the
recurrent parent was the rapeseed variety ‘Drakkar’.
They carried Pgi-2 alleles 1 and 2 of ‘Drakkar’ and the
Pgi-2 radish allele (Table 2). They were both test crossed
to the male-sterile cybrid line ‘RP1’ which carried the
rapeseed allele 3 and a null allele at Pgi-2 loci but their
progenies did not show the same patterns.

Plant I produced two types of gametes (r,1; 1,2) and
each gamete could carry two alleles: one of each homoe-
ologous Pgi-2 gene from B. oleracea and B. campestris.
The radish allele replaced allele 2 of rapeseed in some of
the gametes. As expected two patterns could be observed
in the test cross in equal proportions (3>=0.05, P=
0.82). No sterile plant was found in the self pollination,
so one of the three expected patterns was not observed.

Plant IT produced four types of gametes (r,1; r,n; 1,2;
2.n). Therefore, it is likely that the Pgi-2 radish allele
replaced allele 2 of rapeseed on one of the parental chro-
mosomes and a null allele was present on the homologue.
All the expected patterns were observed in the progenies
except for the self pollination (Table 2) where the Pgi-2
homozygotes (n,n; 2,2) were absent, perhaps due to the
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Table 2. Pgi-2 genotypes of two restored plants (plant I and plant IT) and of their progeny in test crosses to the male-sterile line

‘RP1’ (TC) and in self pollination

Drak- RP? PlantI TC Self pollination
kar
—_fr T —r __r
Patterns 1 —1 1 1 —1 1t __1
_2 S 2 2
3 3 3
Genotypes® 11 nn 1 In in 11 11 11
22 33 r2 r3 23 T r2 22
Theoretical number 15 15 7.5 15 7.5
Observed number 13 17 9 21 0
Drak- RP1  PlantIl TC Self pollination
kar
_r _r __r —T _..r __r __x
Patterns 1 1 1 1 1 —1 1
2 ) Y T 2 2 __2 _.2
__3 —3 3 /3 3
Genotypes 1 nn 1n nn 1n in nn nn nl nn In 11 nn
22 33 2 r3 r3 23 23 T rr 12 r2 22 22
+ + +
11 1 in
I 2 22
Theoretical number 7.5 7.5 7.5 7.5 1.8 54 3.6 10.9 5.4 1.8
Observed number 5 9 8 8 2 7 5 14 1 0

® 1,2, 3, n, Pgi-2 alleles of rapeseed; r, Pgi-2 allele of radish

small size of this progeny. However, the segregation was
not significantly different from the expected ratio (y%=
7.31, P=0.20).

Thus, the following two genotypes could be proposed
for the restored plants; each pair of homoeologous chro-
mosomes (from B. oleracea and B. campestris) being de-
picted:

Plant I Plant IT
R Pgi-2 Pgi-2" R Pgi-2 Pgi-2n
Pgi-2? Pgi-2* Pgi-2? Pgi-2*

R: Restorer gene

Four other progenies (self pollinations and back-
crosses) were also analysed. The same patterns, geno-
types and segregation ratios were observed (data not
shown).

Homozygous restored lines obtained from the selfing
of plants which had the same genotypes as plant I or

plant II were also studied. They possessed the Pgi-2
radish allele and allele 1 of rapeseed. This confirms that
the Pgi-2 allele of radish has replaced allele 2 of rapeseed.

Isozyme studies of plants without the marker

The progeny of one restored plant which lacked the
radish isozyme marker was analysed. This plant ap-
peared in the cross between a heterozygous restored
plant and a maintainer line (BC1 [8], Fig. 1). The results
presented here were obtained from BC3 [10] and BC3F2
[11] progenies.

It was possible to differentiate male-fertile from male-
sterile plants by their PGI-2 phenotypes. The male-sterile
plants showed a three-banded pattern and the male-fer-
tile ones showed either a three-banded or a one-banded
pattern (Fig. 4, Table 3). The difference between the two
three-banded patterns was based on the intensity of the
most cathodal band. The separation made on isozyme
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Fig. 4. Pgi-2 patterns of male-sterile and restored plants lacking
the radish isozyme marker. rr, male-sterile plants; RR, ho-
mozygous restored plants; Rr, heterozygous restored plants

Table 3. Segregation in progenies of restored plants lacking the
radish isozyme marker

Progeny BC3 [10] BC3F2 [11]

Patterns I — —_— —_ —
— 2 - -

Number of plants 12 18 138 206 80

Number of plants 12 18 81 73 30

noted for male

fertility

Male fertility® 128 18F 788:3F 70F:3S  30F

® 1, 2, Pgi-2 alleles of rapeseed
b S sterile; F, fertile

Table 4. Genotypes of a mother restored plant lacking the Pgi-2
radish allele and of its progeny

Mother plant

Pattern — 17
—2
Genotype 1 R®
_—'— +
1 2
Progeny
Patterns — — —_
Genotypes 1 2 1 R 1 R
—_ 4+ —+— —t+ —— ——
—_— 4 —— +—— —t— —
1 2 1 2 1 R
Male fertility ~ Sterile Fertile Fertile
heterozygous homozygous

2 1, 2, Pgi-2 alleles of rapeseed
b R, restorer gene

phenotypes was in agreement with-the male fertility/male
sterility of the plants except for six cases (Table 3).

The genotypes of the mother plant and its progeny
were deduced from the isozyme phenotypes (Table 4).
The production of two types of gametes could explain the
segregations obtained for Pgi-2 and the male-fertility
restoration genes. Thus, male-fertile and male-sterile
plants could be quite easily distinguished by their PGI-2
patterns and it was possible to differentiate homozygous
restored plants from heterozygous ones even when the
Pgi-2 radish allele had been eliminated.

Discussion

In the present study, the restorer gene introduced from
radish into rapeseed was found to be associated with a
Pgi-2 isozyme allele of radish.

Observation of metaphase-I pairing in heterozygous
restored plants showed that most of the pollen mother
cells had 19 bivalents (data not shown). Thus, the intro-
gression of the restorer gene could not be the result of a
substitution. The Pgi-2 radish allele was co-segregating
with the Pgi-2 alleles of rapeseed. The plants which were
homozygous for the restorer gene have lost one Pgi-2
allele of rapeseed. The most likely hypothesis is that a
radish chromosome segment had, by recombination, re-
placed its homoeologue carrying the Pgi-2 gene.

Similar results have been obtained by Yu (1991)
through the transfer of resistance to the root knot ne-
matode (Meloidogyne naasi) from Aegilops variabilis into
Triticum aestivum. The chromosome segment intro-
gressed into wheat carried the resistance gene and an
esterase gene (Est-5) from Ae. variabilis which replaced
its homoeologous segment carrying one Est-5 gene of
wheat. Another example has been reported for the trans-
fer of resistance to eyespot (Pseudocercosporella herpotri-
choides) from Aegilops ventricosa to wheat (Gale et al.
1984; McMillin et al. 1986).

Recombination between radish and rapeseed genomes
could occur since possible allosyndetic pairing between
these two species has been observed (Dolstra 1982; Rous-
selle 1983). The study of the meiotic behaviour of restorer
material in the earlier generations showed that there were
meiotic irregularities: up to three multivalents per pollen
mother cell were observed (Pellan-Delourme and Renard
1988). These multivalents implied that radish chromo-
some segments had been retained. Since meiotic pairing
was greatly regularised (data not shown), it can be as-
sumed that, during the successive backcrosses, new re-
combinations could have eliminated most of the remain-
ing radish chromosome segments, thus reducing their
amount. This is supported by the fact that female fertility
improved as the number of backcrosses increased (De-
lourme et al. 1991).



When searching for isozyme markers, only Pgi-2
from radish was present in the restored plants and was
closely linked to the restorer gene. In any case, repeated
backcrosses could quite easily remove radish chromo-
some segments which were unlinked to the restorer gene.
By contrast, elimination of linked segments would be
more difficult due to ‘linkage drag’ (Zeven et al. (1983).
Young and Tanksley (1989) measured the size of intro-
gressed segments flanking the 7in-2 locus in several culti-
vars of tomato using a high density map of restriction
fragment length polymorphism markers (the Tm-2 locus
was introduced from Lycopersicon peruvianum and con-
ferred resistance to tobacco mosaic virus). The smallest
introgressed segment was estimated to be 4 cM in length,
while the longest was over 51 ¢cM. Moreover, Young and
Tanksley (1989) showed that, through additional back-
crosses, plants containing desirable recombination near
the resistance gene were rarely selected and, as a result,
the backcross breeding method was largely ineffective in
reducing the size of linked DNA around the Tm-2 locus.
By contrast, the use of a marker closely located near the
target gene during the backcrosses quickly reduced the
length of the introgressed segment.

Actually, in the present study, recombination be-
tween the restorer gene and the Pgi-2 gene occurred in
very few plants. However, the recombination rate does
not provide a reliable estimate of the physical distance
between the two genes. Recombination preferentially
takes place in the homologous parts of the genomes and
this reduces recombination in the homoeologous parts
(Poisson 1970). The recombination rate should be stud-
ied in radish itself in order to assess the minimum length
of the introgressed segment. This task will be difficult
because of the fact that several restorer genes are present
in radish.

We have deduced the presence of a null allele at one
Pgi-2 locus for plant II. Spring restorer material was
originally crossed to the variety ‘RP1’ which carries a
Pgi-2 null allele. This null allele might have been retained
from that cross.

Recombination events could not explain the occur-
rence of a restored plant lacking the radish isozyme
marker in the progeny of a plant which was homozygous
for the Pgi-2 gene and the restorer gene. A deletion or an
unequal cross-over might be the cause of the loss of the
radish isozyme marker in this case. Deletion of the re-
storer gene in the progeny of plants which were ho-
mozygous for this gene has also been observed, with a
frequency of 2%. (Delourme et al., unpublished).

Linkage between the restorer gene and the radish
isozyme marker proved very useful for understanding the
genetic structure of restored plants. Moreover, this link-
age is of great value for screening the restored plants at
the plantlet stage. This was possible even when the radish
isozyme marker was eliminated but was more difficult
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since the difference between the three-banded patterns
relies on the intensity of one band. What is more interest-
ing is that it was also possible to screen homozygous
restored plants. Thus, this isozyme marker is now cur-
rently used in restorer line breeding schemes.
Additional markers, such as RFLP (restriction frag-
ment length polymorphism) and RAPD (random ampli-
fied polymorphic DNA) markers, will now be analyzed
for the location of the restorer gene on an existing B.
napus map (Landry et al. 1991). Furthermore, the satura-
tion of the Pgi-2-restorer chromosome segment with ad-
ditional markers may ultimately lead to the cloning of the
restorer gene via the technique of chromosome walking,.
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