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Abstract We have used two targeting approaches
[pairs of nearly isogenic lines (NILs) and bulked seg-
regant analysis] to identify DNA markers linked to the
Rfp1 restorer gene for the pol CMS of canola (Brassica
napus L.). We were able to target the Rfp1 locus as
efficiently by comparing NILs as by bulked segregant
analysis, and it was demonstrated in this instance that
double-screening strategies could significantly improve
the overall targeting efficiency. The chance occurrence
of shared homozygosity at specific unlinked chromo-
somal regions in the bulks was found to limit the
efficiency of bulked segregant analysis, while the effi-
ciency of NIL comparison was limited by residual
DNA from the donor cultivar at scattered sites
throughout the genome of the NILs.

Keys words Targeted mapping · RFLP · RAPD ·
Brassica napus · Polima CMS · Nearly isogenic
line · Bulked segregant analysis

Introduction

Finding genetic markers linked to a particular locus
can be a laborious process if markers are tested at
random. Two targeted mapping approaches have been
described to ease this process: comparison of nearly
isogenic lines (NILs) (Muehlbauer et al. 1988) and
bulked segregant analysis (Michelmore et al. 1991).

NILs are the natural result of introgressive and back-
cross breeding programs aimed at transferring impor-
tant agronomic characteristics into elite cultivars. The
donor of the trait is first crossed to the recipient cul-
tivar. The F

1
hybrid generated is then crossed back to

the recipient cultivar (designated as the recurrent par-
ent), and the process is repeated several times until the
unwanted portion of the genome from the donor is
largely eliminated while the genome from the recipient
strain is retained and the desired trait is introduced.
The new breeding line is then nearly isogenic to the
recurrent parent (the original elite cultivar) but still
contains a limited amount of DNA from the donor,
some of it flanking the introgressed gene, and some
scattered at random sites in the genome.

Comparing recurrent parent, donor parent and their
derived NILs to identify regions of the genome contain-
ing residual donor DNA can be an efficient way to
identify markers linked to a gene of interest. This ap-
proach has been successfully used to find DNA
markers linked to several genes (Young et al. 1988;
Sarfatti et al. 1989; Martin et al. 1991; Messeguer et al.
1991; Paran et al. 1991; Diers et al. 1992; Schüller et al
1992; van der Beek et al. 1992; Barua et al. 1993).
Unfortunately, NILs are often not available for impor-
tant agronomic traits and producing them is a lengthy
process.

Bulked segregant analysis allows marker targeting
using any population segregating for a given character-
istic. In this approach, the DNA from plants
homozygous for a shared character (a phenotype or
genomic interval) are mixed together to generate two
DNA bulks representing alternate forms of the charac-
ter. The DNA bulks will contain a random assortment
of alleles for markers unlinked to the trait of interest
but will have contrasting alleles for markers linked to
the target, with the bulk representing a particular
phenotype carrying the same allele as the donor of that
phenotype. A growing number of publications have
reported success using bulked segregant analysis to



target markers to particular genes or genomic intervals
(Giovannoni et al. 1991; Reiter et al. 1992; Barua et al.
1993; Chalmers et al. 1993; Kesseli et al. 1993; Williams
et al. 1993; Delourme et al. 1994).

Our main interest is the Rfp1 restorer gene for the
‘Polima’ (pol ) cytoplasmic male sterility (CMS) of
Brassica napus. In the study presented here, we tested
two targeting approaches (the comparison of NILs and
the bulked segregant analysis) for their efficiency in
identifying DNA markers linked to the Rfp1 locus. We
also analyzed the limitations of each approach and
assessed what can be done to maximize the targeting
efficiency.

Materials and methods

Plant materials and fertility scoring

The plant materials used for the present study were described in Jean
et al. (1997). Cytoplasms and genotypes are designated by parenth-
esized italics following the cultivar name. Since a pol CMS and pol
restorer lines derived from the same breeding program were not
available, the NIL comparison was performed with a plant from the
breeding line Westar-Rf (Rfp1Rfp1; pol ) and a plant from the cultivar
‘Westar’ (rfprfp;nap). A plant from the cultivar ‘Italy’, the donor
source of the Rfp1 gene in Westar-Rf, was also used for comparison.

The backcrossed populations used for the bulked segregant analy-
sis and the co-segregation analysis were generated as described in
Jean et al. (1997). The KW population was made of 111 BC

1
plants

derived from an intervarietal cross between a pol CMS Karat
(rfprfp;pol ) and pol restorer Westar-Rf (Rfp1Rfp1;pol ) plants. The
WW population was composed of 64 BC

1
plants derived from an

intravarietal cross between the 2 ‘Westar’ plants used for the NIL
comparison (a ‘Westar’ (rfprfp;nap) and Westar-Rf (Rfp1Rfp1;pol )
individuals). Different Westar-Rf (Rfp1Rfp1;pol ) individuals were
used to generate the two populations.

Plants were grown to maturity in growth chambers or green-
houses under standard conditions (16-h photoperiod, day/night
temperatures of 22°/16°C). The scoring of fertility was as described
in Jean et al. (1997).

Bulked segregant analysis

Bulked segregant analysis (Michelmore et al. 1991) was performed
with plants from the KW and the WW populations. Bulked DNA
samples were made for each population by combining DNA of
sterile plants (S bulk) and fertile plants (F bulk). For the WW
population, the S and F bulks each contained DNA from 15 plants.
For the KW population, two S bulks and one F bulk were made, and
different bulks were used for the restriction fragment length poly-
morphism (RFLP) and random amplified polymorphic DNA
(RAPD) analyses. For the RFLP analysis, the S1, S2 and F bulks
contained the DNA from 4, 9 and 30 plants, respectively. For the
RAPD analysis, the S1, S2 and F bulks contained the DNA from 6,
12 and 15 plants, respectively. The S1 and S2 bulks were made of
different plants; the plants from the S2 (RFLP analysis) and
F (RAPD analysis) bulks were subsets of those from the S2 (RAPD
analysis) and F (RFLP analysis) bulks.

Bulked segregant analysis is usually performed by comparing
bulks of individuals homozygous for the alternate genotype, and
markers potentially linked to a targeted locus are detected as a band
specific to each bulk, usually similar to the one found in the parent
with which it shares its phenotype. However, since we used a back-

cross population, only alleles from the donor parent segregated, and
the only homozygous plants were those with the genotype of the
recurrent parent. A marker potentially linked to the targeted locus
was therefore detected as the absence of a band from the donor
parent (non-recurrent) in the bulk of plants with the phenotype of
the recurrent parent.

RAPD and RFLP analyses

Plant DNA extractions, RAPD and RFLP analyses, as well as the
preparation of the probe OPF14, were performed as described in
Jean et al. (1997). For RAPD analysis, random 10-mer primers
(Operon Technologies, Alameda, Calif.; kits A to G) were tested on
the parental DNAs. The probes used for RFLP analysis were hy-
bridized on four restriction enzyme digests (BamHI, EcoRI, EcoRV
and HindIII) of the parental DNAs. Some of the probes tested in the
present study were chosen from among those localized on the
linkage map of B. napus genome (Landry et al. 1991), while the
others were unmapped anonymous cDNAs prepared from a library
of B. napus embryo cDNA clones (Harada et al. 1988). A RAPD
marker for the pol CMS restorer (OPF14, Jean et al. 1997) was also
used as probe. Probe preparation and hybridizations were per-
formed as described in Jean et al. (1997).

Primers and probes identifying polymorphisms (additional DNA
bands) from the Westar-Rf (Rfp1Rfp1;pol ) parent were tested on the
bulks. The segregation of the markers selected as potentially Rf-
linked by bulked segregant analysis or by comparing the 2 ‘Westar’
plants was then assessed in the BC

1
populations. These markers

were also hybridized to restriction enzyme digests of DNA from the
cultivar ‘Italy’.

Genetic mapping

Loci are named after the probe or primer that revealed them, with
lowercase letters (a, b . . . ) designating separated loci revealed with
the same probe or primer. Loci common to the present and pre-
viously published maps of B. napus genome (Landry et al. 1991) are
labeled identically whenever possible.

The segregation of each locus was compared to Mendelian ratios
expected in a BC

1
population using a Chi2 for goodness-of-fit

analysis, performed with Yate’s correction as described in Little and
Jackson-Hills (1978). Loci that did not fit a 1 :1 ratio (P'0.05) were
not included in the present analysis. Co-segregation analyses were
performed with the software MAPMAKER v. 2.01 (Lander et al.
1987, supplied by S. Tingey, DuPont) on a Macintosh LC III
computer, as described in Jean et al. (1997). The statistical thresholds
were set at a minimum LOD score of 4.0 and a maximum recombi-
nation fraction of 0.30. The Kosambi mapping function was used to
convert the recombination frequency into centiMorgans.

Results and discussion

Targeting efficiency of NIL and bulked segregant
analyses

Two targeting approaches, nearly isogenic line (NIL)
analysis (Muehlbauer et al. 1988) and bulked segregant
analysis (Michelmore et al. 1991), were tested for their
efficiency in identifying DNA markers linked to the
Rfp1 restorer gene for the pol CMS. A total of 208
probes and 127 primers were screened by the analysis
of DNAs from a pair of ‘Westar’ NILs. Potentially
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Table 1 Targeting efficiency
achieved by bulked segregant
analysis, by NIL analysis and by
double-screening strategies

Percentage of screening Percentage of targeting
achieved! achieved"

RAPD RFLP RAPD RFLP
analysis analysis analysis analysis

Single-screening strategies
— A single pair of bulks#

— the F and S1 bulks 2.4% 8.3% 33.3% 40.0%
(3/127) (20/242) (1/3) (8/20)

— the F and S2 bulks 5.5% 8.3% 12.5% 40.0%
(7/127) (20/242) (1/8)% (8/20)

— A single pair of NILs$ 3.1% 7.2% 0% 40.0%
(4/127) (15/208) (0/4) (6/15)

Double-screening strategies
— Two pairs of bulks from a regular population#

1.6% 3.3% 50.0% 100%
(2/127) (8/242) (1/2) (8/8)

— One pair of bulks from a NIL-derived population$

0% 2.9% — 100%
(0/127) (6/208) — (6/6)

! The values in parentheses are the number of primers or probes displaying a polymorphism selected as
potentially linked to the Rfp1 locus over the total number of primers or probes tested
"The values in parentheses are the number of RAPD or RFLP markers truly linked to the Rfp1 locus
over the total number of RAPD or RFLP markers selected as potentially linked to the Rfp1 locus
# These analyses were performed with plants from the KW population as described in Materials and
methods and in Results and Discussion
$These analyses were performed with plants from the WW population as described in Materials and
methods and in Results and Discussion
% One of the seven RAPD primers (OPA13) revealed two potentially Rf-linked loci

Rf-linked markers were detected with 15 (7.2%) RFLP
probes and 4 (3.1%) RAPD primers (Table 1). Sim-
ilarly, 242 probes and 127 primers were screened by the
analysis of DNAs from the parents of the KW popula-
tion and from pairs of DNA bulks derived from this
population. Potentially Rf-linked markers were detec-
ted with 20 (8.3%) RFLP probes and 3 (2.4%) RAPD
primers when the screening was performed with the
F and S1 bulks, and with 20 (8.3%) RFLP probes and
7 (5.5%) RAPD primers when the screening was per-
formed with the F and S2 bulks (Table 1).

Co-segregation analyses were performed with the
WW population to confirm linkage between the Rfp1
locus and the DNA loci selected as potentially Rf-
linked by the analysis of the NILs. Among these,
6 (40.0%) RFLP markers and no (0%) RAPD markers
proved to be linked to the targeted Rfp1 locus
(Table 1). Similarly, co-segregation analyses were per-
formed with the KW population to confirm linkage
between the Rfp1 locus and the DNA loci selected as
potentially Rf-linked by the analysis of the bulks.
Among these, a total of 8 RFLP markers and 1 RAPD
marker proved to be linked to the targeted Rfp1 locus
(Table 1). This corresponds to 40.0% of the RFLP
markers and 12.5% of the RAPD markers selected with
the F and S1 bulks and 40.0% of the RFLP markers
and 33.3% of the RAPD markers selected with the

F and S2 bulks. These results suggest that, with regard
to the Rfp1 locus, the screening and targeting efficien-
cies of NILs and bulked segregant analyses are similar.

Limitations to the targeting efficiency of NILs
and bulked segregant analyses

In order to identify the main limitations to the target-
ing efficiency of NILs and bulked segregant analyses,
the polymorphic DNA fragments detected in the
Westar-Rf (Rfp1Rfp1;pol) breeding line for the markers
selected by these targeting approaches were compared
to the DNA fragments observed in cvs ‘Westar’ and
‘Italy’.

NIL analysis

In the case of the markers selected by the NIL analysis,
the polymorphic fragments observed in the Westar-Rf
(Rfp1Rfp1;pol) breeding line were usually similar to
DNA fragments that could be detected in the ‘Italy’
cultivar (Table 2). The polymorphisms still present in
the BC

6
Westar-Rf (Rfp1Rfp1;pol) breeding line thus

represent residual alleles from the ‘Italy’ cultivar, from
which the Rfp1 gene was originally introgressed. This
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Table 2 Analysis of the markers selected by comparing the two
‘Westar’ NIL plants

Marker Selected as Percentage of Presence of an
Rf-linked sterile plants allele similar
when compa- with a restorer- to the Westar-Rf
ring the F associated allele in the
bulk to the allele in the cultivar
S bulk! S bulk" Italy#

Linkage group A-I (containing the Rfp1 locus)
5NB12 # 20 #

5NF2 # 20! #

Rfp1 # 0 #

cRF1b # 0 #

4ND7b # 13! #

3NF2 # 13 #

6NC2 # 13 !

Linkage group A-II
OPD05 ! 33" N.A.
1ND1c ! 40 (#)
4NC1b ! 40 (#)
5NA2c ! 40 (#)
OPD08b ! 40 #

OPG13 ! 40 #

Linkage group A-III
4ND1 ! 33! (#)
6NC12 ! 40 #

6ND9 ! 40 N.A.
pCOT39 ! 53 !

Unlinked markers
4NF4d ! 53 #

5NB9b ! 53 #

OPF15 ! 53" N.A.

!The linkage groups correspond to those from Fig. 1A
"This percentage was calculated by dividing the number of recorded
heterozygous individuals by the total number of individual tested. It
must be considered the minimum possible value when the scoring
from one or more individuals is missing. ! Data missing for one
individual; "data missing for three individuals
#For some markers, hybridization data for the restriction enzyme
digest used to score the segregation of the marker were not available
for all the cultivars tested. ( ) the correspondence of Rf-linked alleles
was estimated from another common restriction enzyme digest;
N.A., data not available

observation confirms that the targeting power of NILs
is related to linkage drag, i.e. the presence of residual
DNA from the donor cultivar at markers located near
the introgressed gene.

Most of the markers selected by NIL analysis that
were not linked to the Rfp1 locus were clustered on two
short chromosomal segments (Fig. 1). In these areas
also, the Westar-Rf (Rfp1Rfp1;pol) breeding line still
carried alleles similar to those of cv ‘Italy’ (Table 2).
These chromosomal segments thus represent residual
DNA from the donor cultivar that have not yet been
eliminated by backcross breeding. This observation
confirms that the targeting power of NILs is mainly
limited by the occurrence of residual DNA from the
donor cultivar at scattered sites around the genome of
the NILs.

Bulked segregant analysis

In the case of the markers selected by the bulked
segregant analysis performed with the KW population,
the polymorphic fragments observed in the Westar-Rf
(Rfp1Rfp1;pol) breeding line were usually similar to
DNA fragments that could be detected in the regular
‘Westar’ cultivar (Table 3). The polymorphisms se-
lected with bulked segregant analysis thus correspond
to normal variations between the cultivars ‘Westar’ and
‘Karat’ (i.e. the parents of the KW population). Bulked
segregant analysis is therefore insensitive to residual
DNA from ‘Italy’, the original donor of the Rfp1 gene.
Indeed, the targeting power of bulked segregant analy-
sis is related to the presence, among the plants of the
phenotypic bulks, of a shared genotype in the chromo-
somal area containing the gene (or genes) responsible
for the targeted phenotype and of a random assortment
of genotypes for markers unlinked to the targeted
regions.

Most of the markers selected with a single pair of
bulks that were not linked to the Rfp1 locus were
clustered in seven chromosomal areas (Fig. 1). Four of
these areas contained markers selected solely with the
F and S2 bulks, while the other three contained
markers selected with the F and S1 bulks. For all the
false positive markers, 67% or more of the individuals
included in the S bulk were of the same genotype as the
‘Karat’ pol CMS parent (Table 3). These results indi-
cate that the most important limitations to bulked
segregant analysis are the chance occurrence of shared
homozygosity at specific unlinked chromosomal re-
gions in the bulks. Indeed, with a segregating popula-
tion derived only one generation after the original
intercross (e.g. double haploid, F

2
and BC

1
popula-

tions), it is very likely that some genomic regions will be
uncovered where the markers will have not yet been
randomized through meiosis and recombination. Fur-
thermore, a similar level of false positives was observed
with the S1 bulk (containing 4—6 plants) and the S2
bulk (containing 9—12 plants) (see Table 1). Increasing
the number of DNA samples combined to generate the
bulks might therefore not be sufficient to eliminate all
the false positives detected by bulked segregant analy-
sis. Indeed, when a plant with a large genome size is
being studied, such as B. napus, a number of such
regions of shared homozygosity caused by linkage
disequilibrium will likely be found in bulks of any
convenient size.

Finally, it was noted that RFLP markers were se-
lected as potentially Rf-linked by bulked segregant
analysis only if 33% or fewer of the individuals from the
S bulks carried the allele from the Westar-Rf
(Rfp1Rfp1;pol) breeding line (Table 3; see also Table 2).
This result indicates that the allele of the donor parent
must be in a proportion of 16.5% or less to allow
a variation of intensity to become identifiable. It was
also observed that the S1 bulk (containing 4 BC

1
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Fig. 1A,B Linkage assignment
of the markers selected by
various targeting approaches. In
A, markers have been selected by
NIL analysis (normal type); those
in bold were also polymorphic in
the analysis of bulks from the
NIL-derived WW population
(see Discussion). Co-segregation
analyses were performed with the
WW population as described in
Materials and methods. In B,
markers have been selected by
the analysis of the F and S1 bulks
(normal type) or the F and S2
bulks (underlined type) from the
KW population; those in bold
type were polymorphic with both
pairs of bulks (see Discussion).
Co-segregation analyses were
performed with the KW
population as described in
Materials and methods. The
scales represent 10 cM. Residual
DNA segments from the cv ‘Italy’
are in black while DNA segments
in white are from cv ‘Westar’ or of
unidentified origin. Gray boxes
designate markers for which the
origin of the allele could not be
identified (see Tables 2 and 3).
The names (right) represent
RFLP markers, RAPD markers
(OP2) and seedling-specific
cDNAs (pCA15 and pCOT39)

plants) was much easier to score than the S2 bulk
(containing 9 BC

1
plants) (data not shown). The vari-

ation in intensity thus appears to be maximized by
using bulks generated by pooling DNA from a small
number of plants. Indeed, when a bulk contains a small
number (e.g. 4) of BC

1
plants of the recurrent pheno-

type, a linked marker will be detected either as an
absence of band or a faint band since none of the plants
or only a single plant from the bulk will carry the allele
of the donor parent. Such a faint band is easily dis-
criminated from the more intense band of an unlinked
marker as, in this case, 2—4 plants from the bulk would
carry this allele. This also makes it improbable that
a linked marker will be overlooked as a false negative
result, since this could only happen if several misscored
individuals or individuals with recombination events
near the targeted gene were by chance included in the
bulk.

Targeting efficiency of double-screening strategies

Two approaches involving a double-screening strategy
were tested for their efficiency in targeting markers to
the Rfp1 gene. The first strategy was designed to take
advantage of the targeting power of both NIL and
bulked segregant analyses. One of the main drawbacks
of NIL analysis is that pairs of NILs are not available
for many agronomically important traits and produ-
cing them would be a lengthy process. Each step of
a traditional backcross breeding program, however,
results in the production of populations derived from
crosses between very similar plants (the current breed-
ing line and its recurrent parent). We thus hypothesized
that performing a bulked segregant analysis with one of
the generations of such a breeding program could be
a very powerful targeting strategy. Indeed, all 6 (100%)
RFLP markers selected with a pair of bulked
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Table 3 Analysis of the markers selected by a bulked segregant analysis performed with the ‘Karat’ (rfprfp;pol )]‘Westar-Rf (Rfp1Rfp1;pol)
BC

1
population

Marker! Selected as Rf-linked when Percentage of sterile plants with a Presence of an allele similar
comparing the F bulk to the restorer-associated allele in the" to the Westar-Rf allele in the

cultivar#

S1 bulk S2 bulk S1 bulk S2 bulk Italy Westar

Linkage group B-I (containing the Rfp1 locus)
4NB3 # ! 0! 44 ! #

1NF2c # ! 0 44 (!) #

7NA8 # ! 0 44 ! #

5NF4 # # 0 22 (#) #

OPF14 # # 0 17 ! #

0NF14b # # 0 11 ! #

4NB6b # # 0 0 N.A. #

5NE12b # # 0 0 # #

Rfp1 # # 0 0 # !

cRF1b # # 0 0 # !

4ND7b # # 0 22 # !

3NF2 # # 0 22 # !

6NC2 # # 0 22 ! !

Linkage group B-II
OPD08a ! # 83 25 ! #

1NF7b ! # 100 11 ! #

1ND1 ! # 100 11! (#) !

2NC8b ! # 100 11 ! #

3NB2 ! # 75! 11 # #

Linkage group B-III
2NB10a # ! 25! 67 N.A. #

2ND7b # ! 0 67 (!) (#)
3NH12 # ! 0 67 (!) (#)
5NB8b # ! 0 67 N.A. #

5NF3b # ! 0 78 ! #

Linkage group B-IV
OPG05 ! # 67 17 N.A. (!)
3NG3 ! # 75 22 N.A. !

2ND1 ! # 75 22 # !

3NC3 ! # 75 11 N.A. !

OPG03a ! # 50! 25 N.A. #

Linkage group B-V
3NE11b ! # 50 22 # #

pCA15 ! # 75 22 ! #

Linkage group B-VI
4NB8 # ! 0 67 N.A. #

5NE2a # ! 0 67 N.A. #

Linkage group B-VII
1ND4 ! # 50 33! N.A. #

OPA13b # # 17 58! N.A. N.A.

Unlinked markers
1NF7a # ! 25 67! ! #

3NB4 # ! 0 67 N.A. #

4NC5a ! # 75 33 (!) #

6NC3a ! # 75 11 # !

OPA02 # ! 17 33 N.A. #

OPA13a ! # 83 25! N.A. N.A.

!The linkage groups correspond to those from Fig. 1B
"This percentage was calculated by dividing the number of recorded heterozygous individuals by the total number of individual tested. It
must therefore be considered as representing the minimum possible value when the scoring from one or more individuals is missing. ! Data
missing for one individual
#For some markers, hybridization data for the restriction enzyme digest used to score the segregation of the marker were not available for all
the cultivars tested. ( ), The correspondence of Rf-linked alleles was estimated from another common restriction enzyme digest; N.A., data
not available
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segregants from the WW population derived from the
‘Westar’ NILs proved to be linked with the Rfp1 locus
(Table 1). Our results thus indicate that bulked seg-
regant analysis can efficiently screen out the false posit-
ive markers that slipped through NIL analysis,
probably because it is insensitive to residual donor
DNA unlinked to the target locus (see above).

The second strategy was designed to maximize the
targeting achieved with bulked segregant analysis.
It has been demonstrated that the targeting power
of NIL analysis could be increased by combining
the information from the analysis of several
distinct pairs of NILs (Paran et al. 1991). This ap-
proach is thought to screen out the detection of
unlinked residual donor DNA since distinct NILs
are unlikely to carry the same residual regions. By
analogy to this approach, we thus hypothesized that
the comparative use of two or more pairs of bulks
should improve the targeting efficiency of bulked seg-
regant analysis. Indeed, all 8 (100%) RFLP markers
and 1 of the 2 (50.0%) RAPD markers selected by
combining the information from the analysis of two
pairs of bulks from the KW population proved to be
linked with the Rfp1 locus (Table 1). Our results thus
indicate that the comparative use of two or more pairs
of bulks, even small ones, can efficiently screen out the
false positive markers that slipped through a bulked
segregant analysis performed with a single pair of
bulks, probably by screening out the detection of re-
gions of shared homozygosity unlinked to the targeted
locus (see above). Such an approach also has the ad-
vantage of decreasing the negative impact resulting
from the accidental inclusion in a bulk of misscored
individuals or plants with recombination near the locus
of interest. Indeed, 2 plants scored as CMS at an early
stage of our experiment and included in the S2 bulk
used for RAPD analysis in the KW population were
found to be completely sterile (e.g. both female and
male sterile), hence not CMS. These misscored indi-
viduals could be responsible for some of the false posit-
ives detected with this particular bulk. Since misscoring
can be frequent if the trait studied is difficult to assay,
affected by environmental conditions or conditioned by
several genes and since misscored plants are often de-
tected late in a mapping program, the use of more than
one bulk during the screening process could prevent
research efforts being wasted by the analysis of unreli-
able bulks.

Toward the restoration of isogenicity
in the Westar-Rf breeding line

If the residual ‘Italy’ fragment found around the Rfp1
locus is considered to be defined by the 6 markers
5NE12b, 5NB12, 5NF2, cRF1b, 4ND7b and 3NF2
(Table 3), its size can be estimated to 26.1 cM in the
‘Westar-Rf (Rfp1Rfp1;pol) parent from the WW popu-

lation, and 17.7 cM in the Westar-Rf (Rfp1Rfp1;pol)
parent from the KW population (Fig. 1). This chromo-
somal segment, however, represents only 40.0% (6/15)
of the total residual ‘Italy’ DNA still present in the
Westar-Rf (Rfp1Rfp1;pol) breeding line (estimated to
7.2% (15/208), see Table 1). According to Muehlbauer
et al. (1988), after six backcrosses, followed by an inter-
cross and another backcross (t"8), in a plant like B.
napus (n"19) with a predicted genome length of
2826 cM [two times the map of Landry et al. (1991),
which was estimated to cover half of the B. napus
genome], there should be about 1.3% of the donor
genome (i.e. about 36 cM) left in the breeding line, 70%
(25 cM) of which should be around the introgressed
locus. The size of the residual ‘Italy’ fragment found in
the BC

6
Westar-Rf (Rfp1Rfp1;pol) breeding line is thus

in good agreement to this theoretical value. The pro-
portion of unlinked residual ‘Italy’ DNA, however,
appears to be much higher than it should at this stage
of a backcross breeding program. Our results thus
indicate that the six backcrosses yet performed have
only been moderately effective in restoring isogenicity
to the Westar-Rf (Rfp1Rfp1;pol) breeding line. Indeed,
traditional backcross breeding programs rely solely on
segregation to eliminate residual donor DNA unlinked
to the introgressed gene and on recombination to de-
crease the size of donor DNA associated with the
introgressed gene. The amount of progress achieved
therefore heavily depends on the stochastic fluctuation
in the amount of residual donor DNA present in the
individuals chosen as parents for each backcross gen-
eration. Although most of the donor DNA can be
effectively eliminated in the early backcrossing steps if
parents are chosen on a random basis, the removal of
donor DNA becomes increasingly inefficient if the pro-
cess is continued into the later generations of an introg-
ressive breeding program. This inefficiency to achieve
an increase toward the isogenicity of the NILs applies
both to residual donor DNA unlinked to the targeted
locus, as demonstrated by the results of the present
study, as well as to the residual donor DNA linked to
a targeted locus, as already pointed out by Young and
Tanksley (1989). By allowing the selection of the best
progenitors from each generation, a marker-assisted
breeding program would therefore be more efficient in
restoring the recurrent genome, and the number of
generations needed to achieve this goal could be re-
duced. As markers are identified for an ever-increasing
number of agronomically important traits, breeding
programs for various crops should benefit from the
implementation of strategies based on marker-assisted
selection.
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