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Abstract Dominant genic male sterility (DGMS) has
been playing an increasingly important role, not only as
a tool for assisting in recurrent selection but also as an
alternative approach for eYcient production of hybrids.
Previous studies indicate that fertility restoration of
DGMS is the action of another unlinked dominant gene.
Recently, through classical genetic analysis with various
test populations we have veriWed that in a DGMS line
609AB the trait is inherited in a multiple allelic pattern.
In this study, we applied molecular marker technology to
provide further validation of the results. Eight ampliWed
fragment length polymorphism (AFLP) markers tightly
linked to the male sterility allele (Ms) were identiWed in a
BC1 population from a cross between 609A (a sterile
plant in 609AB) and a temporary maintainer GS2467 as
recurrent parent. Four out of the eight markers repro-
duced the same polymorphism in a larger BC1 popula-
tion generated with microspore-derived doubled haploid
(DH) parents (S148 and S467). The two nearest AFLP
markers SA12MG14 and P05MG15, Xanking the Ms
locus at respective distances of 0.3 centiMorgan (cM)
and 1.6 cM, were converted into sequence characterized
ampliWed region (SCAR) markers designated SC6 and
SC9. Based on the sequence diVerence of the marker
P05MG15 between S148 and a DH restorer line S103, we
further developed a SCAR marker SC9f that is speciWc
to the restorer allele (Mf). The map distance between
SC9f and Mf was consistent with that between SC9 and

Ms allele. Therefore, successful conversion of the marker
tightly linked to Ms into a marker tightly linked to Mf
suggested that the restoration for DGMS in 609AB is
controlled by an allele at the Ms locus or a tightly linked
gene (regarded as an allele in practical application). The
Ms and Mf-speciWc markers developed here will facili-
tate the breeding for new elite homozygous sterile lines
and allow further research on map-based cloning of the
Ms gene.

Introduction 

Dominant genic male sterility (DGMS) is often seen in
higher plants including some important crops, such as
rice, wheat and Brassica species (Liu 1992). DGMS
inherits in a dominant fashion, but its fertility can be
restored in many cases. For the control of fertility resto-
ration, three genetic models have been proposed. The fer-
tility is regulated: (1) by multiple alleles at one locus, (2)
by two linked genes, or (3) by two unlinked genes. In B.
napus, several cases of DGMS have been reported (Li
et al. 1985; Mathias 1985; Wang et al. 2001; Hu et al.
2002; Song et al. 2005). The double dominant gene inher-
itance characterized by Li et al. (1985, 1988, 1990) has
gained broad acceptance. This model suggests that an
unlinked inhibitory gene Mf (or Rf in previous reports)
suppresses the expression of a male sterility gene Ms.
Evidence from ingenious genetic test studies in B. napus
(Liu 1992; Zhou and Bai 1994; Hu et al. 2004) and stud-
ies conducted in Brassica rapa (Dong et al. 1998, 1999)
and other crops further supports this model. Besides this
unlinked digenic model, however, a multiple allele
inheritance model has been identiWed in Chinese cabbage
(B. rapa ssp.pekinesis) (Zhang et al. 1990; Xu et al. 2003),
one of the ancestral species of B. napus, implying that
these two genetic models might also exist in B. napus. In
our previous report, we presented strong evidence to sug-
gest that the multiple allele model likely exists in B. napus
(Song et al. 2005). Through genetic tests, we found that
the inhibitory (or restoration) genes in the fertile plants
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from 609AB and in the restorers tested are allelic to the
Ms allele. Nevertheless, it needs further molecular evi-
dence to verify our previous Wnding.

Molecular marker technology is extensively used in
genetic mapping, map-based gene cloning, genetic
diversity analysis, variety protection and breeding
selection. Various types of markers have been devel-
oped to map important traits involving resistance (Bar-
ret et al. 1998; Pilet et al. 1998; Plieske et al. 1998;
Manzanares-Dauleux et al. 2000), quality (Somers et al.
1998; Tanhuanpää et al. 1998; Schierholt et al. 2000;
Gupta et al. 2004) and seed coat color (Negi et al. 2000;
Sabharwel et al. 2004; Liu et al. 2005). The respective
restorer genes for Ogu cytoplasmic male sterility
(CMS) (Hansen et al. (1997), Pol CMS (Jean et al. 1997,
1998) and Tour CMS (Janeja et al. 2003) in Brassica
have been characterized with various molecular mark-
ers and are even localized to a particular linkage region.
The markers developed have been employed to assist
the practical selection in breeding program of gene
introgression (Delourme et al. 1998) and resistance
improvement (Varshney et al. 2004). The genes respon-
sible for recessive genic male sterility in B. napus (Ke
et al. 2004) and Brassica rapa (Ying et al. 2003) have
been Xanked with ampliWed fragment length polymor-
phism (AFLP) markers. In addition, the gene for
DGMS in B. napus has been mapped in a linkage group
with a nearest marker at a distance of 3.7 centiMorgan
(cM) (Lu et al. 2004a, b), which is converted into a
sequence characterized ampliWed region (SCAR)
marker. The multiple allele inheritance results in six
genotypes on the whole, of which four share an identi-
cal fertile phenotype. The determination of a desired
genotype traditionally takes more resources and two
growing seasons or more. Therefore, the development
of markers tightly linked to Ms gene for DGMS will
make the associated breeding more eYcient.

Because of its stable and complete sterility perfor-
mance, extensive distribution of restorers, diverse cyto-
plasmic sources and the availability of 100% sterile plant
population, genic male sterility controlled by recessive or
dominant genes is gaining importance in rapeseed breed-
ing, not only being an assistant part but an alternative
approach for hybrid seed production. DGMS has been
extensively used to construct recurrent selection popula-
tions for improvement of important quantitative agro-
nomic traits. The three-line approach proposed by Li
et al. (1985) has been demonstrated to be practical for
hybrid production, and two commercial hybrids have
been registered and released in China. In such a three-
line system, a temporary maintainer, which cannot suc-
cessively maintain an entire sterile population as a main-
tainer in the CMS system, is utilized to cross to the
homozygous sterile line to produce a population with
100% sterile individuals, with which the hybrid seed pro-
duction is subsequently carried out. Thus, manual
removal of fertile plants in sterile line, a step that is
required in a two-line approach, can be obviated.
Whether the maintainer is homologous to the sterile line,

however, is critical to the uniWcation and heterosis per-
formance of commercial F1 hybrid. Therefore, it is neces-
sary to determine the inheritance pattern of DGMS
before designing a breeding program to make both
homologous.

In this study, we attempted to investigate the genetic
model of DGMS in a newly bred sterile line 609AB. We
described the development and evaluation of AFLP
markers tightly linked to Ms, and the direct conversion
of one Ms marker into an Mf marker, which led us to
conclude that markers linked to Ms are also linked to
Mf.

Materials and methods

Plant materials 

The 609AB (provided by Jiangxi Academy of Agricul-
tural Sciences, Jiangxi, China) is a newly bred DGMS
line from a spontaneous mutant. It is completely male
sterile, with withered anthers and normal pistil, but to
some extent it shows ecotypic sensitivity (mainly to tem-
perature) in some other genic backgrounds. It is a homo-
zygous sterile type, including sterile plants (609A, MsMs)
and fertile plants (609B, MsMf)). A doubled haploid
(DH) sterile line S148 was developed from the 609B with
isolated microspore culture and maintained with tissue
culture method. A DH temporary maintainer line S467
was puriWed from GS2467, a breeding line previously
identiWed as a temporary maintainer, and a DH restorer
S103 was generated from a F1 plant between 609A and a
restorer line RS4.

Population construction for marker development 
and validation

BC1 populations were constructed to develop and vali-
date AFLP markers tightly linked to Ms, and to further
verify the inheritance pattern. A plant of 609A was
crossed as female parent to the maintainer GS2467,
resulting in a sterile F1 population. A segregating popu-
lation designated as Popu1 was obtained by backcross-
ing a sterile F1 plant with GS2467. To validate markers
developed and to characterize allelism between Ms and
Mf, another two BC1 populations were generated with
three microspore-derived DH lines. The S467 was
crossed to the S148 and the resulting F1 was backcrossed
to S467, producing a population designated as Popu2.
We produced another population Popu3 by crossing the
restorer S103 to the sterile line S148 and subsequently
backcrossing to S148. This population speciWcally segre-
gated at the restorer locus. Plants were Wrst grown in
plastic culture plates with safe soil medium and were
transplanted to a Weld when plants had reached to 4–5
leaf age. The fertility was determined during Xowing and
the young leaves of each individual were collected for
DNA extraction.
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DNA preparation

Total DNA from each individual plant was extracted
using a modiWed CTAB method (Doyle and Doyle 1990).
The method was modiWed for the mini-preparation of
large numbers of individuals. DNA concentration and
purity were measured by a Beckman spectrophotometer
at a wavelength of 260 versus 280 nm and was adjusted
to 50 ng/�l with sterilized double-distilled water
(ddH2O). To identify molecular markers for the Ms
allele, we prepared two sterile bulks and two fertile bulks,
each by pooling equal quantities of DNA from six indi-
viduals of the BC1 population Popu1.

AFLP marker analysis

Bulked segregation analysis (Michelmore et al. 1991) was
applied according to a double-screening strategy (Jean
et al. 1998) so as to reduce the inXuence of background
and increase the identiWcation eYciency. The two sterile
bulks and two fertile bulks constructed from Popu1 were
in parallel subjected to AFLP analysis to identify puta-
tive markers linked to the Ms allele. AFLP analysis was
carried out as described in Vos et al. (1995) with minor
modiWcations. In brief, digestion reaction was performed
in a volume of 12.5 �l with 100 ng genomic DNA, 2.5 U
of the rare-cutting enzyme EcoRI (or PstI, SacI) and
1.5 U of the frequent-cutting enzyme MseI (MBI Fer-
memtas). The speciWc double-stranded EcoRI (or PstI,
SacI) and MseI adaptors were subsequently ligated to
the restriction fragment ends. The ligation product was
diluted (1:10) with sterilized ddH2O, 5 �l of which was
employed for the pre-ampliWcation reaction in a volume
of 25 �l, including 50 ng each of primers EA (or P0, SA),
and MC or MG, each having one selective nucleotide
except P0. The pre-ampliWed DNA was diluted (1:40),
2 �l of which was used for selective ampliWcation with
M + 3 (MseI-adaptor primer with three additional selec-
tive nucleotides at the 3� ends; the other ends are similar)
and E + 3 (P + 3, S + 3) primers. The PCR products were
then separated on 6% denaturing polyacrylamide gels
and visualized by the silver staining system (Promega,
Madison, WI.).

Cloning of AFLP markers and conversion to SCAR

Candidate AFLP fragments were separately recovered
from gel (Ke et al. 2004). Recovered DNA was used for

another round PCR in conditions similar to the second
selective ampliWcation of AFLP. And ampliWed PCR
products were puriWed with UNIQ10 Column DNA Col-
lection Kit (Sangon) and were cloned into pGEM-T vec-
tor (Promega, Madison) or pMD18-T vector (TaKaRa
Bio.) as described (Molecular cloning: a laboratory man-
ual, 3rd edn.) and sequenced (Beijing Sunbiotech Co.,
Ltd). Based on the sequence information, PCR primers
for SCAR were designed using a primer design program
Oligo 5 (National Biosciences, Inc., Plymouth, MN.,
USA).

PCR walking for the isolation of the Xanking regions 
of AFLP markers 

PCR walking (Siebert et al. 1995) was used to extend the
regions adjacent to a speciWc marker locus. The method-
ology was simpliWed as a procedure similar to that of
AFLP. The restriction reaction was performed at 37°C
for 18 h in a volume of 10 �l with 200 ng DNA, 10U
endonuclease, 1 �l of the Y + TANGO buVer (Fermen-
tas MBI ). It was then added with 10 �l of the ligation
mixture with 10 U T4 DNA ligase, 2 �l of the ligation
buVer, 2 �l of 50% PEG 4,000, and 2 �l of the 25 �M
adaptor (duplex strands processed with single strand 5�-
GTAATACGACTCACTATAGGGCACGCGTGGT
CGACGGCCCGGGCTGGT-3� and 5�-ACCAGCCC-
NH2-3�). The ligation reaction proceeded Wrst for 1–2 h
at room temperature and then at 4°C overnight. The
walking step included two rounds of PCR ampliWcation
of the adaptor-ligated DNA. In the Wrst PCR ampliWca-
tion step, 2 �l of the diluted ligation liquid (10£) was
used in a reaction volume of 20 �l containing 50 ng each
of the adaptor-speciWc primer AP1 (5�-GTAATACG
ACTCACTATAGGGC-3�) and the gene-speciWc primer
(Table 1). The PCR was performed in a PTC-225 Ther-
mocycler (MJ Research, Waltham, Mass.) and it con-
sisted of seven cycles of 2 s at 94°C, 3 min at 72°C, 32
cycles of 2 s at 94°C, 3 min at 67°C followed by a Wnal
extension step of 4 min at 72°C

In the second PCR ampliWcation step, 4 �l of 30-fold
PCR product from the Wrst PCR was used in a volume of
50 �l with 100 ng each of the adaptor-speciWc primer
AP2 (5�-ACTATAGGGCACGCGTGGT-3�) and the
nested gene-speciWc primer (Table 1). The PCR parame-
ters were: six cycles of 2 s at 94°C, 3 min at 72°C, 22
cycles of 2 s at 94°C, 3 min at 67°C followed by an addi-
tional extension step of 10 min at 72°C.

Table 1 Gene-speciWc primers 
and enzymes for PCR walking PCR Markers Primers (5�–3�) Enzymes

First round SA12MG14 W6R1: AGTCAGAGTCAAGGTATCATATTCAAC� ScaI
P05MG15 W9F1: TGCAGCCACAAATCCGACAAGTACGAG DraI

W9R1: CAGCAAAACAGGGACAAAAGTAATCCT SspI
Second round SA12MG14 W6R2: ACATTCGATGATCTTGAGCCGGTGTTT

P05MG15 W9F2: AGGATTACTTTTGTCCCTGTTTTGCTG
W9R2: CTCGTACTTGTCGGATTTGTGGCTGCA
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PCR products from the second PCR were retrieved,
cloned and sequenced as mentioned earlier. The SCAR
marker primers were designed based on the sequences
obtained from the marker sequence and the Xanking
sequence extended by PCR walking.

Conversion of a marker tightly linked to Ms 
into a marker tightly linked to Mf

With the primer pairs used as SCAR markers tightly
linked to Ms, or redesigned based on the Xanking
sequence, a PCR ampliWcation was performed on
restorer S103 along with S148 at higher annealing tem-
perature. The products were retrieved, cloned and
sequenced as above. Based on the sequence diVerence
between the line S148 and S103, the primers were
designed and analyzed on the population Popu3.

Data analysis

The putative markers that revealed consistent reproduc-
ible polymorphism between the two bulk pairs were fur-
ther veriWed among the individuals from which the bulks
were constructed. Each putative marker was conWrmed
in Popu1 Wrst and further in Popu2. Linkage analysis
was conducted on the segregation data of all markers
and fertility trait using the software package MAPMAKER/
EXP 3.0 (Lander et al. 1987; Lincoln et al. 1992). The
recombination frequencies between the Ms allele and the
molecular markers were calculated using two-point anal-
ysis. The most likely map order was determined by three-
point or multi-point analysis with a minimum LOD
threshold of 4.0 and a maximum recombination fraction
of 0.3. The Kosambi map function (Kosambi. 1944)) was
employed to convert the recombination frequencies into
centiMorgans.

Results

Inheritance of DGMS in 609AB

For the DGMS, the sterile lines can be classed into two
types: the homozygous and the heterozygous. 609AB
was conWrmed as a homozygous line, since crossing its
sterile plants (MsMs) with temporary maintainers
(msms) produced populations of 100% sterile individuals
(Msms) and selWng its fertile plant (MsMf) resulted in a
segregation ratio of three fertile: one sterile.

We recently identiWed the restorer allele (Mf) for the
DGMS in 609AB (B. napus) (Song et al. 2005). To exam-
ine the allelism of Ms and Mf in 609AB, 609B was
crossed to temporary maintainers, resulting in F1s segre-
gating in an expected ratio of 1:1. The fertile plants
(msMf) in the F1s population were selected to backcross
to maintainers (msms). As a result, all the BC1s
(msMf + msms) were fertile, which suggested that the Mf
is allelic to the Ms (Fig. 1a); otherwise they would gener-
ate one-fourth sterile plants, as would the digenic pattern
expected (Fig. 1b). Furthermore, the Mf alleles in restor-
ers (MfMf) were also proven to be allelic to Ms, since all
testcrosses made between the restored F1s (MsMf) and
maintainers shared a 1:1 segregation ratio in agreement
with the expectation of the multiple allele inheritance
(Fig. 1c) rather than a 3:1 segregation ratio as the digenic
pattern expected (Fig. 1d). Therefore, the DGMS in
609A is conditioned by a locus with three alleles, Ms, Mf,
and ms.

AFLP marker development

Popu1 was initially constructed to identify AFLP mark-
ers linked to Ms. Ninety four plants were randomly
selected, including 48 sterile plants and 46 fertile plants.

Fig. 1 Comparison of fertility segregation in genetic test popula-
tions between the multiple allelic inheritance (MAI) and unlinked 
digenic inheritance (UDI) of DGMS in 609AB. a, b Supposed segre-
gation performance in populations from crosses between 609B and 
maintainers and from backcrosses between selected fertile plants in 

F1 and maintainers based on MAI (a) and UDI (b). c, d Supposed 
segregation performance in populations from crosses between 609A 
and restorers and from test crosses between F1 plants and maintain-
ers based on MAI (c) and UDI (d). F: fertile. S: sterile

a

c d

b
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Two pairs of the bulks were in parallel subjected to per-
form AFLP analysis. We analyzed a total of 1,536 pairs
of primer combinations including MseI + C + 2 or
MseI + G + 2 with either of PstI + 3, SacI + A + 2 or
EcoRI + A + 2. The selected combinations were ana-
lyzed again beginning from the digestion of DNA and to
conWrmation of consistently reproducible polymorphism
between the two pairs of bulks. The candidate combina-
tions were Wrst examined in a small sample of 24 plants
selected from Popu1 and then in the other plants. Conse-
quently eight AFLP markers were observed as being
closely linked to the Ms allele. The map distance for each
marker was evaluated (Table 2). Based on the linkage
analysis in Popu1, all the markers were located on one
side of the Ms locus, with SA13MC06, SA12MG14 being
closest to it at a distance of 1.1 cM (Fig. 2a)

To conWrm the exact order and linkage relationship
among the markers and the Ms allele, similar AFLP
analyses of eight markers identiWed in Popu1 were per-
formed in a larger population Popu2, which consisted
190 sterile plants and 196 fertile plants. Four markers
lost their polymorphism, and the SA12MG14, formerly
observed in Popu1 as being residing on the same side
with P05MG15, was identiWed on the other side of the
Ms locus. Thus the Ms allele was Xanked with the two
closest AFLP markers SA12MG14 and P05MG15 on
either side at distances of 0.3 and 1.6 cM, respectively
(Fig. 2b).

Conversion of AFLP markers to SCARs

To transfer the two closest AFLP markers into SCARs,
the fragments of SA12MG14 and P05MG15 were cloned
and sequenced. After removal of adaptor the sequence
their actual sizes were 182 bp and 78 bp, respectively.
Based on their sequences, we designed primers for PCR
walking to amplify sequences adjacent to these two
markers. As a result, the sequence of P05MG15 locus
was stretched on both directions to a total 1873 bp;
whereas the sequence of SA12MG14 locus was extended

on one direction to a size of 544 bp. Based on the
extended sequences, primer pairs (SC9 for P05MG15
and SC6 for SA12MG14, Table 3) were designed and
both allowed generating dominant polymorphism spe-
ciWc to the Ms allele from the sterile parent and the ster-
ile individuals in the Popu2 (Fig. 3). The two SCARs
exhibited consistent with each of the corresponding
AFLP markers.

Development of SCAR markers tightly linked 
to the Mf allele 

A primer pair was designed on outsides of both primer
sites from which the SCAR marker SC9 for Ms allele
was developed. With the primer pair SC9-3 (F: 5�-
TCCGAGCTTGAGCCCTTGTCT-3�, R: 5�-GCGGC
GCGTTGTATTCTTCTC-3�) for locus P05MG15, PCR
ampliWcation was performed at gradient annealing tem-
peratures of 55–67°C and generated one identical band
between the two parents: S148 and S103, but showed a
larger product at lower annealing temperature and
absent at higher annealing temperature for S467 (Fig. 4).
The fragments ampliWed from the two parents S148 and
S103, from which the Popu3 was developed, were
retrieved, puriWed, cloned and sequenced. Fragments
from both parents shared the length of 1,215 bp, suggest-
ing that they were ampliWed from the same locus. Based
on information from the sequence alignment, a primer
pair (F: 5�-TATCTGGGAGGTGACAATGTTCT-3�,
R: 5�-GTACTGGTTGGATTAGTGGCTGT-3�) was
designed to amplify the marker locus speciWc to the Mf
allele instead of the Ms allele. The PCR ampliWcation
conducted with 40 cycles and an annealing temperature
of 66°C produced a band of 456 bp, which was present in
fertile plants and absent in sterile plants in Popu3
(Fig. 5). Linkage analysis showed this SCAR marker
SC9f was tightly linked to Mf, and the map distance was

Table 2 Primers, fragment sizes and map distances of AFLP mark-
ers for Ms allele in Popu1

Map distances were calculated from recombination frequencies. E
EcoRI primer. 5�-GACTGCGTACCAATTC-3�; S SacI primer. 5�-
GACTGCGTACAAGCTC-3�; P PstI primer. 5�-GACTGCGTA-
CATGCAG-3�; M MseI primer: 5�-GATGAGTCCTGAGTAA-3�

Marker names Primers Approximate
marker size
(bp)

Map
distances 
(cM)

EA07MG12 E + ATC/M + GCG 100 5.3
EA09MC11 E + ACA/M + CCC 260 3.2
SA13MC06 S + AGA/M + CTT 90 1.1
SA02MG14 S + AAT/M + GGT 80 4.3
SA12MG14 S + ACG/M + GGT 210 1.1
P03MC15 P + CAC/M + CGC 420 2.2
P04MC11 P + CAG/M + CCC 200 4.3
P05MG15 P + CCA/M + GGC 100 3.2

Fig. 2 Comparison of genetic linkage relationship of AFLP and
SCAR markers analyzed on the three populations: a Popu1; b
Popu2; c Popu3
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SC6 
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consistent with that between the corresponding SC9 and
Ms (Fig. 2b, c).

Discussion

Inheritance of DGMS in B. napus

Previous studies indicate that two unlinked dominant
genes regulate the DGMS in B.napus . However, classical
genetic analysis with diverse segregating populations has
been applied and veriWed that the gene responsible for
the fertility restoration of DGMS is an allele at the Ms
locus (Song et al. 2005). This is conWrmed not only in the

609AB but also in the earlier reported DGMS line (data
not shown). We presumed here that two possibilities may
account for the diVerent conclusions: either there may
exist two kinds of restorer genes, the unlinked which has
been identiWed before (Li et al. 1985; Zhou and Bai 1994;
Hu et al. 2004) and the allelic which was identiWed here,
that is, the sterility of DGMS may be controlled by two
loci with multiple alleles, or the previous results are likely
aVected by ecotypic fertility restoration, for the sterility
of DGMS is sometimes broken in some genetic back-
grounds. In addition, the inference based on the expected
segregation ratios is easily aVected by the experimental
conditions and the sizes of populations. In the present
report, using the molecular marker technology, the
inheritance of the fertility restoration for DGMS in

Table 3 Primer sequence, 
annealing temperature and PCR 
product length of SCARs devel-
oped

SCAR 
names

Markers Sequences of primer pairs 5�–3� Annealing 
temperature 
(°C)

Product 
length

SC9 P05MG15 F:AAGATGTTAACCCGAGAGAT 
R: CTAAGAAACTTCGCCACAC

62 899

SC6 SA12MG14 F:AGCAAATCTCATCAATAACA 
R: ATACAAAACCCACCACA

57.5 493

Fig. 3 AmpliWcation patterns 
of the SCAR markers SC6 (top) 
and SC9 (bottom) in a subset of 
population Popu2. 1–10  lanes: 
sterile individuals, 11–20 lanes: 
fertile individuals, lane 21: S148, 
lane 22: S467, and lane M: DNA 
ladder

1 2 3 4 5 6 7 8 9 1  11 12  13  14  15  16  17  18  19  20  21  22   M  

2000bp

1000bp

750bp

500bp

250bp

100bp

2000bp

1000bp

750bp

500bp

250bp

100bp

0 

Fig. 4 AmpliWcation pattern of SC9-3 at gradient annealing tem-
peratures between 55–67°C (from left to right, with products at the
temperature of 55°C omitted because of insuYcient lanes at a row)

on S148 (lane 1), S467 (lane 2) and S103 (lane 3), showing an identical
band between S148 and S103 along the range of annealing tempera-
ture. Lane M is DNA ladder (2,000, 1,000, 750, 500 bp)

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 M
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609AB was further characterized. The marker tightly
linked to Ms allele proved to be linked to Mf allele, indi-
cating that the restorer gene for DGMS is an allele at the
Ms locus. Even so, a tightly linked dominant restorer
gene or a pseudo-allele one could not be excluded before
the associated genes are Wnally cloned.

AFLP marker development and conversion to SCAR

Out of 1536 primer combinations, only eight AFLP
markers were polymorphic in the bulks selected from
Popu1. The success rates were very low in contrast to
some previous reports of AFLP analyses (Negi et al.
2000; Janeja et al. 2003; Liu et al. 2005). The two parents
used in this study were not intentionally selected for
AFLP analysis while the breeding for an elite sterile line
was mainly taken into consideration. The populations of
BC1 generation possess potential diVerence from only
one allele unlike near isogenic line (NIL), DH and F2
population with genotypes determined by F3 generation
assessment, which can exhibit either diVerence of the two
alleles at a locus. As to the present investigation, only
BC1 can be used as the segregating population, because
the F1 generation was sterile and cannot be employed to
develop F2 or DH population.

Although four AFLP markers developed based on
Popu1 lost their polymorphism in examining Popu2, the
remaining four markers included the nearest two, local-
ized on both sides of the Ms locus, with map distances of
0.3 and 1.6 cM, respectively. Compared to previous
research (Lu et al. 2004a, b), the distance of the marker
to Ms is much nearer. The reasons that why the marker
orders in the two populations were a little diVerent might
be the presence (in an individual of pupu1) of double
exchanges on both sides Xanking the Ms. The nearest
two AFLP markers were successfully converted into
SCARs SC6 and SC9, which are much more easily
manipulated and more valuable in breeding for new
DGMS lines with marker-assisted selection and in the
next step of map-based cloning of the Ms.

To develop markers tightly linked to the Mf allele, we
believe that AFLP analysis is a practical and eVective
technology as we did in the development of markers for
Ms. In this case for validation of the allelism between Ms
and Mf, however, it was not the best choice. Basing on
the assumption that the Mf is allelic to the Ms, with the
identical primer pair of an Ms marker the ampliWed
region from the restorer parent was homologous to that
from the sterile parent. PCR ampliWcation of SC9-3 only

produced a band in the sterile line S148 and the restorer
S103, two parents of Popu3. Further, we recovered and
sequenced the DNA fragment of SC9f, and the sequence
alignment result indicated that the 456 bp sequence of
the Mf marker SC9f was completely consistent with that
of the expected PCR product (data not shown). These
results suggested that the Mf marker was converted from
the very Ms marker. Accordingly, we not only developed
a SCAR marker for restorer breeding but also validated
that the Mf is likely an allele at the Ms locus.

Application of DGMS

Whether DGMS was inherited by multiple allele or inher-
ited by double unlinked genes, it can be used in a three-line
approach for large-scale commercial production of rape-
seed hybrid. This approach would generate a population
of 100% sterile individuals with a temporary maintainer,
with which the hybrid seed production is subsequently
carried out, thus avoiding manual removal of fertile plants
in the sterile line when using a two-line approach. Though
there needs artiWcially eliminating the fertile plants in the
propagation of the complete sterile line, that does not add
much to overall cost of hybrid seed production because of
the high reproducibility of rapeseed (Fu 1995). Neverthe-
less, the discrimination of the inheritance models is critical
to the breeding of new homozygous sterile lines homolo-
gous to the maintainers, or of new maintainers homolo-
gous to the homozygous sterile lines. Compared to the
digenic inheritance, the multiple allele inheritance has
fewer genotypes in the segregation populations involved in
the breeding program, of which there is only one fertile
genotype capable of segregating sterile and fertile plants in
selfed progenies. This is a very useful characteristic that
could simplify the breeding process.
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