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Abstract We mapped the dwarf Bzh gene in B. napus with
RAPD and RFLP markers. Research of the linked markers
proceeded in two ways: a random approach through the
construction of a detailed genetic map and targeting of the
dwarf gene using both near-isogenic lines (NILs) and the
bulked segregant analysis (BSA) method. The BSA ap-
proach was the most efficient in finding DNA markers
linked to Bzh, whereas the efficiency of the NILs approach
was limited by a too great similarity of the genetic back-
ground between the dwarf donor parent and the recurrent
lines. Eight RAPD markers were identified as linked to
Bzh, the closest being at 0.8+0.7 cM. The random genetic
mapping approach added markers and extended the link-
age group containing Bzh. This work represents the first
step towards a better understanding of the dwarf mutation,
the development of marker-assisted selection, and the clon-
ing of the underlying gene responsible for dwarfing.
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Introduction

Susceptibility to lodging is an important problem in oil-
seed rape (Brassica napus L..) crops which may lead to a
significant yield decrease and reduce the final crop dry
weight and harvest index (Islam and Evan 1994). During
the last few years, the use of plant-growth retardants in oil-
seed rape fields has been increased due to the planting of
some varieties more susceptible to lodging and the avail-
ability of new and efficient plant-growth regulator prod-
ucts. Lodging problems might increase in the near future
with the orientation of rapeseed breeding towards the de-
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velopment of hybrid varieties; hybrid vigor can lead to a
height gain of more than 20 cm in size. Rapeseed breed-
ing for lodging resistance is hampered since this trait is
under complex genetic control and its expression is influ-
enced by environmental conditions. This problem could be
partially circumvented with the control of plant height by
the use of specific dwarfing genes.

Whereas dwarf or semi-dwarf genes have largely been
used and studied in species like rice (Liang et al. 1994),
barley (Laurie et al. 1993) and wheat (Worland et al. 1994),
no dwarfing genetic material has been exploited or pro-
posed in rapeseed breeding other than the spontaneous
rapid cycling dwarf mutants used only for physiological
studies (Williams and Hill 1986; Zanewich et al. 1991).
A few years ago we identified a rapeseed dwarf mutant,
obtained from chemical mutagenesis of seeds (MSE
0.50%), in the Primor cultivar, at INRA, Rennes. Genetic
analysis of this character revealed that it is under control
of a single gene (Bzh) with an additive effect, the dwarf
plant being bzh/bzh. The bzh mutated allele was then in-
troduced into many different rapeseed lines by backcrosses
and the agronomic performance of the dwarf and semi-
dwarf progenies have been compared to that of the recur-
rent parent. Encouraging results were obtained regarding
the level of resistance to lodging as well as yield perfor-
mance. The final height of the plant, however, was influ-
enced by the genetic background of the recipient line,
which complicates the identification of heterozygous
plants in segregating progenies. In order to simplify and
speed up the introduction of this character in many more
breeding lines, and ultimately to gain a better understand-
ing of its function, we initiated molecular tagging of the
dwarf Bzh gene.

The search for markers linked to the BzA gene was in-
tegrated in a B. napus mapping project. The mapping pop-
ulation consisted of doubled haploid lines derived from F;
microspores. This population segregates for different ag-
ronomic characters including the dwarf trait. The dwarf
gene was targeted using either near-isogenic lines (Young
et al. 1988) or the bulked segregant analysis (Michelmore
et al. 1991) approach, coupled with a random mapping ap-



proach during the construction of the genetic map (with
RFLP and RAPD markers).

In the present paper, we report on the mapping of the
linkage group including the Bzh gene. The efficiency of
the different tagging approaches is also discussed.

Materials and methods

Origin of the Bzh gene

The dwarf Bz line, called ‘B192’, originated from the ‘Primor’ cul-
tivar through chemical mutagenesis on seeds (MSE 0.50%). ‘B192’
was first crossed with the ‘Jet Neuf” cultivar and the Bzk gene was
then introduced into different rapeseed lines, such as ‘Bienvenu’,
2405’ and ‘Darmor’, by backcrossing and selfing.

Mapping population and trait analysis

A doubled haploid (DH) population was derived from isolated mi-
crospore cultures (as described by Polsoni et al. 1988) of one F; plant
from the cross ‘Darmor-bzh’ (B3F3)x ‘Yudal’. Dwarfism was first
scored on primary regenerated Hy plants by measuring their height
(cm) from the ground to the first buds of the main stem at flowering
(stage 4.1; Harper and Berkenkamp 1975) in the glasshouse. A cor-
relation between height and the Bzh genotype (Bzh/Bzh or bzh/bzh)
was confirmed during the 93/94 season on 174 H, lines produced by
self pollination of H, plants and arranged in a field experiment with
three replicates. The lines were scored at the vegetative stage (stage
3.1; Harper and Berkenkamp 1975) to identify Bzh/Bzh and bzh/bzh
types. From the DH lines analysed in the field, a total number of 152
were used to construct the genetic map of B. napus.

DNA extraction, RAPD and RFLP markers

DNA was extracted by a CTAB procedure (Doyle and Doyle 1990).
Procedures for RAPD and RFLP analyses were as described by Qui-
ros et al. (1991) and Landry et al. (1991) respectively. RAPD prim-
ers were purchased from Operon and the Tag polymerase from Eu-
robio. RAPD primers are designated by an ‘OP’ prefix, followed by
the kit letter and primer number. RAPD loci are then specified by
adding the molecular weight of the corresponding amplified DNA.
When RAPD markers are co-dominant, the sufix ‘cdl’ is added to
the name instead of the molecular weight of the two bands. The cDNA
probes were kindly provided by B. S. Landry (Agriculture Canada,
Quebec). The nomenclature of RFLP loci is similar to that proposed
by Landry et al. (1991).

Gene targeting with the near-isogenic lines (NILs)

Three pairs of NILs were used to tag the Bzh gene: ‘Bienvenu’/
‘Bienvenu-bzh' (B4F4), ‘2405°/°2405-bzk’ (BSF5) and ‘Darmor’/
‘Darmor-bzh’ (B5F4). For each pair of NILs, two pooled DNA sam-
ples from eight plants were made (for the dwarf DNA pools, the eight
plants were from different F; or F, mother plant). Segregation anal-
ysis was performed on the DH mapping progeny when polymorphism
was detected in at least one pair of NILs. However, this was only
possible when the marker also segregated between ‘Darmor-bzh’
(B3F) and “Yudal’.

Gene targeting with the bulked segregant analysis (BSA) approach

DNA bulks were made from the DH lines used to generate the ge-
netic map. DNA samples from eight dwarf and eight normal height
DH lines were mixed respectively in two bulks. Each polymorphic
locus was first verified on individual DNA samples of the 16 lines
of the bulks and complete linkage analyses were then performed on
the total mapping progeny when found positive on these 16 DH lines.
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Linkage analyses were performed using Mapmaker II program
(Lander et al. 1987; Lincoln et al. 1992) with linkage criteria of re-
combination frequency <0.4 and LOD 23.0. Goodness of fit to ex-
pected Mendelian ratios for each segregating locus was tested by chi-
square analysis (a=1%). Arrangements of the linkage groups with a
distorted segregation ratio were confirmed by a chi-square test of in-
dependance (Mather 1957) and distances were re-estimated with the
product formula of Bailey (1949). Centimorgan distances were ex-
pressed with the Kosambi function (Kosambi 1944).

Results
Gene targeting with the NILs approach

The three pairs of NILs were simultaneously screened with
128 primers. Fifteen markers were polymorphic between
at least one pair of NILs. Eleven of them that segregated
on the mapping progeny were found to be false positive
and mapped elsewhere in the genome. The three RAPD
markers obtained with primers OPP07, OPP08 and OPX12
cannot be confirmed since no segregating progeny from
the NILs are available. The remaining marker revealed a
DNA band in the bzh DNA sample. This polymorphism
was detected in only one pair of NILs. Therefore, only one
marker (OPM07.730) was confirmed to be linked to Bzh
(Table 1); OPM07.730 was however tightly linked to Bzh.

Gene targeting with the BSA approach

DNA bulks were screened with 306 primers including 100
primers also studied in NILs. They gave 29 products dis-
tinguishing the two bulks. Most of them mapped to a re-
gion unlinked to Bzh. However, eight of them
(OPA18.1580, OPB01.990, OPB08.2950, OPC04.1375,
OPMO07.730, OPW05.2180, OPWO08.2120 and
OPW09.cd1l) were effectively linked to the dwarf locus
(Table 1).

Genetic mapping

The genetic map was constructed with 47 RFLP probes and
56 RAPD primers which detected 71 and 112 markers, re-
spectively. Except for the RAPD primers that were selected
with the BSA approach, and which identified markers po-
tentially linked to Bzh, they were chosen at random from
polymorphism studies made on the parents of the progeny
(‘Darmor-bzh’ X ‘Yudal’). The linkage group comprising
the Bzh gene is 84.5 cM in length and contains five RFLP
and 11 RAPD markers (Fig. 1). Segregation distortions
(P<£0.01) were observed at each locus of the group (except
2NH5a), including the Bzh locus, and were all skewed to-
wards the alleles of the normal-height parent (“Yudal’).
Chi-square values increased progressively from one ex-
tremity (2NHS5a) with a peak value on 1NG2a (Table 2).
These distortions were taken into account and genetic dis-
tances re-estimated.
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Table 1 Polymorphism of

RAPD and RFLP markers Markers NILs BSA Genetic map
belonging to the Bzh linkage
group and identified through B B-bzh D D-bzh 2 2-bzh  Normal Dwarf Y D-bzh
NILs, BSA techniques or ge- bulk bulk
netic mapping. B/B-bzh, D/D-
bzh, 2/2-bzh correspond to the OPB07.460 + * + + + + + + - +
three pairs of near isogenic INH6a / / / ! / / / / A B
lines (‘Bienvenu’/ ING2a ! / / / / / / A B
‘Bienvenu-bzh’, ©2405°/:2405-  3NFlla / / / / / / / / A B
bek', ‘Darmor’/‘Darmor-bzh'  OPP08.cdl A A B B A A BA BA A B
respectively); Y and D-bzh are OPW05.750 + + - - + + + + + =
the parental lines (‘Yudal’ and OPA18.1580 + + = + + + - + -
‘Darmor-bzh’) of the genetic OPB01.990 - - - - - - + - + -
map progeny. Markers are list- OPC04.1375 - - - - - + - + -
ed in the order of their position OPW05.2180 - - - - - - + - + -
on the Bzh linkage group. /, not ~ OPB08.2950 - - - - - - + - + -
studied; + and — symbols corre- ING3b / / / / / / / / A B
spond to the dominant marker; ~ OPM07.730 + + + * - + - + - +
A and B correspond to alleles OPW08.2120 + + + * * * - + - +
of the co-dominant marker OPW(9.cdl B B B B B B A B A B
2NH5a / / / / / / / / A B
Fig. 1 Linkage group of Bzh. Table 2 Frequency of the over-represented phenotypic class for
Scale in Kosambi cM is shown 25 —= OPB07.460 each distorted locus of the Bzk linkage group and the corresponding
on the left of the chromosome _ 1™ 1NHsa chi-square value. Loci marked ~ deviated significantly from a 1:1 ra-
and loci names are listed on the 7.8 tio at P<0.01. Markers are listed in the order of their position on the
right 2.8 —= 1NG2a linkage group
76 — - 3NF11a
’ OPPO8.cd1 Marker I‘Jreque’ncy of Chi-square
70— Yudal’ allele value
OPW05.750 OPB07.460 69.4% 19.41*
102 — INH6a 73.9% 26.35%
OPA18.1580 1NG2a 81.8% 34.38%
9.7 — 3NFl1la 77.4% 33.43+
OPP08.cd1 72.8% 27.36%
3.5 —= OPB01.9%0  opw05.750 73.4% 30.46*
—~ OPC04.1375 OPA18.1580 71.7% 26.51%
85 — OPB01.990 69.1% 21.38%
46 —— OPWO05.2180  OPC04.1375 69.2% 18.47*
0.0 = N OPB08.2950 OPWO05.2180 64.1% 10.07*
Ve 1NG3b OPB08.2950 64.7% 12.33%
7.3 ~ R~ Bzh ING3b 65.5% 10.56*
08 77} \ opmor7a  Be 63.3% 10.14%
39 “/-H ' OPM07.730 63.3% 9.82%
3.4 /:_ OPW08.2120  5pw08.2120 63.1% 9.69%
4.9 OPW08.cd1  OPW09.cdl 63.2% 8.69%
) 2NH5a 2NHS5a 56.5% 1.18, no distortion

The Bzh gene is surrounded by seven co-dominant

markers (5 RFLP and 2 RAPD) and nine dominant RAPD
markers; two of them revealed a band in coupling with the
dwarf allele. Figure 2 shows the amplification of
OPW09.cdl, a co-dominant RAPD marker. The nearest
flanking marker, called OPM07.730 (Fig. 3), was linked at
0.8 cM to Bzh. The furthermost and nearest flanking mark-
ers revealed by each method used to tag Bzh are indicated
in Fig. 4.

Discussion

The NILs approach, proposed by Young et al. (1988) to
target specific genes, has been widely and successfully

used particularly for genes controlling disease resistance
as reviewed by Lefebvre and Chevre (1995). Another ap-
proach, called BSA, has been proposed more recently by
Michelmore et al. (1991) and is becoming widely applied
(Baruaet al. 1993; Kesseli et al. 1993; Chaparro etal. 1994;
Delourme et al. 1994). Both methods were used here with
RAPD markers in order to rapidly find DNA markers
tightly linked to a dwarfing gene mutation named Bzh.
The NILs approach was, however, slightly modified in
its concept since the DNA of eight nearly isogenic plants
was pooled. This was done in order to reduce the probabil-
ity of false positive detection taking advantage of DNA
pooling to obtain a randomized genetic background of un-
linked loci. This also might reduce the length of the tar-
geted segment to a region common to the eight dwarf pooled



Fig. 2 RAPD patterns for the
primer OPW09 on NILs, BSA
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and DH progeny from the cross
‘Darmor-bzh’ ‘Yudal’. The
arrows indicate the position of
the alleles of the co-dominant
marker OPW09.cd1 which is
linked to the Bzh gene at
8.1cM
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plants. However, by this method the goal is only reached
when the dominant allele comes from the recurrent parent.
Except for one marker, OPM07.730, which was also the
nearest flanking marker to the Bzh locus, all the positive
markers identified with the BSA approach failed to be con-
firmed with the NILs approach. The low frequency of suc-
cess with NILs is in fact due to a too great similarity of the
genetic background between the donor parent and the re-
current lines (the donor parent and the recurrent lines orig-
inated from a common genetic base). This has already been
indicated as an important limiting factor in the use of near-
isogenic lines for gene tagging (Muchlbauer et al. 1988;

Young et al. 1988). It has been theoretically demonstrated
that the target gene would be flanked by an introgressed
segment extending about 5 cM in both directions even af-
ter 20 backcross generations (Stam and Zeven 1981). The
fact that OPM07.730 was detected on only one pair of NILs
(‘2405°/°2405-bzh’), although its dominant allele is linked
in coupling to the dwarf allele and at a very short distance
from Bzh (0.8 ¢cM), is a clear demonstration of the low level
of divergence between the donor and recurrent genomes.
This is confirmed by the results of the BSA method.
Three other primers gave one polymorphic band in one
pair of NILs. They still remain potential markers but were
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Fig. 4 Furthermost (/) and nearest (2) flanking markers revealed
by the different methods used to tag the Bzk gene

not verified since they did not segregate in the DH prog-
eny. Unfortunately no segregating progeny from the NILs
was available.

As for the NILs technique, the BSA approach also re-
quires a good genetic divergence between both parents in
the target region in order to be successful. The high degree
of polymorphism between ’Darmor-bzh’ and ’Yudal’
(>70%), coupled with BSA, was efficient in distinguish-
ing eight markers linked to the BzA locus. The DNA bulks
used were of relatively small size (eight plants). Despite
an increasing probability (p) of false positive detection as
smaller bulks (n) are utilized (Michelmore et al. 1991)
(n=15 p=6x1075; n=10 p=2x1073; n=8 p=8x10~> on DH
progeny), bulks of eight plants were constructed in order
to ensure a maximum chance of detection (p’) of a marker
in a large chromosomal area (r=recombination frequency
between the marker and the targeted locus; r=0.1
n=8/p’=043  n=15/p’=0.21; r=0.2  n=8/p’=0.17
n=15/p’=0.04 on DH progeny). A number of 21 false pos-
itives were effectively obtained with the BSA method;
those bands mapped to other linkage groups. The BSA ap-
proach was efficient in identifying eight markers posi-
tioned around the Bzh locus, the nearest being at 0.8 cM
(OPMO07.730) and the furthermost at 33.6 cM. One RAPD
marker was co-dominant (OPW(9.cd1). The others were
dominant with two of them (OPM07.730 and OPW08.2120)
having a DNA band associated with the dwarf allele. Mi-
chelmore et al. (1991) showed that markers can be reliably
identified in a 25-cM window on either side of the target
locus, as a function of bulk size and with a decreasing sen-
sitivity as genetic distances increase. In the present study,
one marker was detected as far as 33.6 cM from the dwarf
gene (OPA18.1580). Michelmore et al. (1991), however,
indicated that the sensitivity of BSA may vary with the se-
quence amplified and the segregating population used.
They also assumed that if bulks are made with enough in-
dividuals, the genetic window detected will be symmetri-
cal around the target. In the present case, no marker was
identified at more than 8.1 cM (OPW09.cdl) on one side
whereas, as mentioned above, markers were regularly

found as far as 33.7 ¢cM on the other side. Despite the fact
that the DNA bulks were of small size, this disequilibrium
could be related to the position of the Bzh locus on the
B. napus chromosome since the random genetic mapping
approach did not identify any markers further than 13 ¢cM
(2NH5a) on one side, whereas the linkage group was ex-
tended as far as 71.5 cM on the other side of the Bzh lo-
cus. Therefore, we hypothezise that the Bz locus is lo-
cated in a sub-telomeric region.

Random genetic mapping on the DH progeny gave a
84.5-cM-length linkage group containing the Bzh gene and
positioned markers at regular intervals. The closest marker
was at 7.3 ¢cM (1NG3b) which confirmed that BSA or NILs
are very efficient methods for identifying tightly linked
markers to a gene of interest. Distortions were observed
for almost all markers in favor of the alleles of “Yudal’.
Non-Mendelian segregations are commonly observed on
androgenic DH progeny, whatever the species, for a rela-
tively high percentage of markers studied (reviewed in
Foisset and Delourme 1995). The segregation distortions
observed in our study were not related to the Bzkh mutant
allele since normal segregation of this gene has been ob-
served in other crosses and also in view of the fact that dis-
tortions increase from the BzA region to the other extrem-
ity of the linkage group (with a peak value near 1ING2a).
Thus another factor, far away from Bz and close to ING2a,
may be hypothesized to account for the origin of the devi-
ation from the expected 1:1 Mendelian ratio. The conse-
quences of segregation distortions in genetic mapping will
be discussed elsewhere (Foisset et al., in preparation).

The purpose of the present study was to rapidly find
DNA markers linked to the dwarf Bz gene. This succeeded
well with the BSA method whereas the NILs approach was
limited by a too great similarity of the genetic backgrounds
of the dwarf donor parent and the recurrent lines.

Our next objective is to continue saturation of the Bzh
locus with more markers on each side of the gene. The near-
est RAPD markers already identified have been assayed
on a set of rapeseed varieties (data not shown) in order to
obtain estimates of the value of these markers in other
crosses since one difficult step is the transfer of useful poly-
morphisms from the genetic map to breeding programs.
With this perspective in mind, RAPD marker OPM07.730
will be transformed into a SCAR marker (Paran et al. 1991)
in order to facilitate its use in other lines.

This study is also the first step towards the development
of marker-assisted selection and provides a starting point
to clone the Bzh gene of B. napus.
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