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Backcross breeding with marker-assisted selection was used
to construct an intervarietal set of part chromosome
substitution lines in Brassica napus, formed from a cross
between two winter varieties of oilseed rape: Tapidor and
Victor. A total of 22 lines from this substitution library were
examined over a 3-year period, in a total of nine field trials,
for seed oil fatty acid composition and seed oil content.
Trialing of the substitution lines gave evidence for the
existence of 13 quantitative trait loci (QTL). All 13 QTL
affected fatty acid composition of the seed, and were

distributed among linkage groups 1, 3, 6, 7, 8, 11, 13, 14,
18, and 19. Seven of these QTL, on linkage groups 3, 6, 8,
13, 14, 18, and 19, also affected total seed oil content. The
positions of these QTL are compared to those in the
published literature and with respect to erucic acid QTL
previously identified in a backcross population of the same
cross. The substitution line approach gives increased
precision and sensitivity for QTL mapping compared to other
methods.
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Introduction

Brassica napus is an important crop in parts of Europe,
North America, Australia and Asia, because of the oil
found in its seed. This oil, which can account for up to
46% of the total dry weight of the seed, is used for both
nutritional and industrial purposes, and the value of the
crop is determined by the levels of the constituent fatty
acids found in the seed oil. Compared to other vegetable
oils, it is unusual in containing long-chain monomeric
fatty acids, of which the principal five are: oleic (C18:1),
linoleic (C18:2), linolenic (C18:3), eicosenoic (C20:1), and
erucic acid (C22:1).

Most rapeseed oil is used for human consumption in
cooking oils and margarine but if the oil is high in erucic
acid it may prove a health risk. However, oils with high
levels of erucic acid have commercial benefits for use as
high-temperature lubricants and, after minor modifica-
tions, as water repellents, plasticizers, waxes, and
surface-active agents (Luhs and Friedt, 1993; Ecke et al,
1995). Most modern cultivars of oilseed rape have
reduced levels of erucic acid and relatively high linolenic
acid content. Oil rich in linolenic acid is unsuitable for
human consumption because the unstable, oxidative
nature of the fatty acid affects the oil’s flavour and
quality, and chemical hydrogenation is required to

further modify the fatty acid for cooking purposes. On
the other hand, low levels of linolenic acid are required
as a precursor to producing chemicals essential for
normal immunological and vascular system control
(Ecke et al, 1995; Jourdren et al, 1996; Thormann et al,
1996). Hence, the value of the crop as a major oil
producer has been dependent upon the successful
breeding of varieties low in both erucic and linolenic
acid, and so the identification of quantitative trait loci
(QTL) controlling these traits would be a valuable asset
to breeding via marker-assisted selection (MAS).
A number of QTL mapping methods are currently

available, relying on statistical techniques to find
relationships between molecular markers and QTL in
segregating populations (Soller et al, 1976; Lander and
Botstein, 1989; Luo and Kearsey, 1989; Haley and Knott,
1992; Jansen and Stam, 1994; Kearsey and Hyne, 1994).
However, all of these methods can suffer from lack of
precision of QTL mapping owing to a number of factors.
These factors include: the heritability of the trait; the total
number of QTL governing the trait, the distribution of
these QTL over the genome, their interactions with each
other, the random variation because of the environment
and other unlinked genetic factors, the type and size of
the population studied, the genome size, and the number
and distribution of marker loci (van Ooijen, 1992;
Darvasi et al, 1993).
Computer simulations, used to test the precision and

reliability of QTL mapping, have shown that segregating
populations often underestimate the number of QTL
(Hyne et al, 1995), result in large confidence intervals
(CIs) associated with QTL position (van Ooijen, 1992;Received 3 July 2001; accepted 19 August 2002
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Darvasi et al, 1993; Hyne et al, 1995; Burns, 1997), and
overestimate the size of the QTL effects, particularly at
low population sizes and heritability (Burns, 1997).

The reliable scoring of agronomic traits generally
requires plot trials involving genetically uniform indivi-
duals within each plot. QTL analysis of such traits
benefits from the use of ‘immortal’ doubled-haploid or
recombinant inbred lines because such populations allow
the replication of an individual line almost indefinitely,
resulting in greater precision of QTL mapping. However,
these specialised sets of lines require a substantial
investment in time in their construction, while studies
have shown that large population sizes are needed to
detect QTL which exhibit only small effects (Soller et al,
1976), the scale of which are typically outside the size of
the normal experimental field design when plot trials are
used.

An alternative approach is to use MAS to produce
substitution libraries (Tanksley, 1993; Ramsay et al, 1996;
Rae et al, 1999). In its ideal state, a substitution line will
carry a single segment of a donor genotype, in an
otherwise pure genetic background of the recurrent
genotype. A substitution library consists of a set of
substitution lines representing the donor genome, where
each substitution line carries a different introgressed
region of the donor genome. In an experimental field
trial, the performance of a substitution line can be
compared to the recurrent parent and any significant
differences found between the two lines can be attributed
to QTL within the defined introgressed region. Such
homozygous substitution lines can be multiplied indefi-
nitely to improve precision in QTL mapping experi-
ments, eliminate the genetic ‘noise’ of segregating,
unlinked loci, and require smaller population sizes, with
practical implications for traits scored on a field scale.

In this paper, QTL analysis of seed oil content and fatty
acid composition in a B. napus substitution library is
presented. The library was formed from a cross of an old
oilseed rape winter variety ‘Victor’, with a modern
homozygous oilseed rape winter variety ‘Tapidor’
(Howell et al, 1996). The original intention was to
produce a complete set of 38 half-chromosome substitu-
tion lines, but not all were achieved in the time available.
These lines were trialed at sites across Europe and scored
for oil yield and content. The positions and effects of the
QTL identified in this study are compared to those
already published and to those identified at the first
backcross stage of the same cross.

Materials and methods

Production of substitution library
The substitution library was produced by backcross
breeding with MAS, as described in Howell et al (1996).
The donor parent was an old, winter-sown variety,
‘Victor’. The recurrent parent, TapDH1, was a doubled-
haploid line produced from a modern homozygous
winter variety, ‘Tapidor’, via microspore culture. ‘Victor’
and ‘Tapidor’ have high and low levels of seed erucic
acid, respectively. A single Victor (DH) plant was used to
pollinate a single Tapidor (DH) plant, to produce the F1.
The first backcross (B1) population was produced by
crossing a Tapidor (DH) plant as seed parent to a single
F1 individual, and so inherited the Tapidor cytoplasm.
The B1 population consisted of 200 individuals geno-

typed with 158 restriction fragment length polymorph-
ism (RFLP) markers distributed over the 19 linkage
groups. MAS was used to choose six B1 individuals for
their potential to produce the substitution library. To
reduce the number of independently segregating Victor
donor segments, the selected lines were backcrossed
again to the B3 and B4 stages. Finally, B3S1 and B4S1
individuals (from selfing individual B3 and B4 plants)
were genotyped to identify plants with the homozygous
substituted segments. Multiplication of each line was
carried out at independent field sites in order to produce
enough seed for the field trials.

Field trials
Replicated field trials of the substitution lines were
conducted over a period of 3 years at sites in England
and France, giving a total of nine trials. Three trials were
conducted in each of the seasons 1996/97, 1997/98, and
1998/99. All substitution lines were trialed at least three
times during this 3-year period, and were included in the
field trials as they became available from the breeding
programme. All trials involved a fully randomised block
design and followed a common field trial structure.
Trials 1 and 2 were conducted at a field site in Banbury in
Oxfordshire, UK, trial 3 was conducted at Framlingham
in Suffolk, UK, trials 4–6 inclusive were conducted at
Chartainvilliers, near to Chartres in France, and trials 7–9
inclusive were conducted at Granchester in Cambridge-
shire, UK. Details of trial structures are shown in Table 1.
All trials in a given year involved the same lines.
Fertiliser was applied to the seed beds where necessary
to correct for any nutrient disorders, in accordance with
standard agricultural practice.

Herbicides were applied post-emergence and insecti-
cides were applied at the start of flowering. No other
pesticide treatments were used. Fungicides were not
used owing to possible inhibitory effects on growth.
Harvesting was conducted following plot swathing
using a Haldrup plot swather. When plants were dry,
seed was harvested using a Hege plot combine 140. Post-
harvest, the seed samples were cleaned and oven-dried,
before undergoing quality analysis by NIR/NMR, as per
standard agricultural practice. Total seed oil content was
measured for nine trials but fatty acid composition was
measured in trials 4, 5 and 6 only.

Measurement of total seed oil content
Nuclear magnetic resonance (NMR) was used to mea-
sure total seed oil content in trials 4, 5, and 6, while

Table 1 Summary of the trial structure over the 3 years

Trials Year 1 Year 2 Year 3
1996/97 1997/98 1998/99
1,4,7 2,5,8 3,6,9

No. of blocks 1 2 5
No. substitution lines in trial 7 16 21
No. replicates plots per line 6/8 10 5
No. replicate plots Tapidor 30/36a 40 35
No. replicate plots Victor 0 10 5
Trial size (in plots) 72/92a 210 145

Each plot was B14m2. Data are per individual trial. aTrials 1 and 4.
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near-infra-red spectroscopy analysis (NIR) was used in
all other trials.

NMR is a standard nondestructive test and used an
Oxford 400 NMR machine (Oxford Instruments Indus-
trial Analysis Group, Abingdon, Oxon.). Ten grams of
oven-dried seed were weighed in 40ml sample tubes and
calibrated using a sample of pure rapeseed oil. The
readings are expressed as the percentage oil content of
the whole seed at 9% moisture.

For NIR analysis a NIR Systems 5000 scanning
instrument, running ISI software was used, and cali-
brated to measure 25 gm representative samples from
each harvested plot.

Both NMR and NIR are calibrated to measure oil
content by reference to wet chemistry methods, and after
calibration give directly comparable results.

Measurement of fatty acid composition
Individual fatty acids were only recorded in trials 4, 5
and 6. Lipids were extracted by grinding 5 g of seed in
5ml of n-heptane, and methylated with 0.5ml 2M KOH
in methanol (Carlo Erba Mega 2, Chrompack CPWAX
58CB 25m� 0.25mm, Inj Split 1:100 at 2501C, run
isothermal at 2301C, FID at 3001C; Carrier H2). Individual
fatty acid results are expressed as a percentage of the
total identified fatty acids, as data for absolute yields
were not available.

Substitution library data analysis
A model-fitting approach was used to analyse the data
for the presence of QTL. Figure 1 shows the genotype of
the 22 substitution lines used in the analysis, and how
these relate to the substituted segments used in the
model fitting. Given the structure of the substituted
segments, there are a maximum of 25 regions of
chromosomes where we might find Victor QTL. These
are shown in Figure 1 and can be explained as follows.

(i) In the case of chromosomes 8, 14, 15, 18, and 19, the
substituted line contains potentially the whole
chromosome and hence we can specify just one
potential QTL per chromosome (ie QTL 8, 14, 15,
18, 19).

(ii) Chromosomes 1, 2, and 11 have single substitutions
at the ends of each chromosome so these regions
are specified by potential QTL 1, 2, 11. The
opposite end of each chromosome is Tapidor, but
without a Victor substitution, we cannot specifi-
cally identify any QTL that may map there (see
(vi)).

(iii) Chromosome 6 has two different substitutions, 6-A
and 6-B. There are thus potentially two regions
containing QTL, QTL 6-i in the top 30 cM and 6-ii in
the bottom 50 cM. Line 6-A could have both 6-i and
6-ii, while 6-B would have only 6-ii.

(iv) Chromosome 7 is represented by three substitu-
tions and there are potentially three QTL regions: 7-
i in the top 3 cM, 7-ii in the next 8 cM, and 7-iii in
the bottom 21 cM. Line 7-A could contain the Victor
allele of QTL 7-i, 7-B could contain QTL 7-i and 7-ii,
while 7-C could contain QTL 7-i, 7-ii and 7-iii.

(v) Chromosomes 3 and 13 are represented by several
substitutions each, with potential QTL 3-i, to 3-v
and 13-i to 13-vii as illustrated in Figure 1.

(vi) All chromosome regions not represented by sub-
stitutions into Tapidor are combined as a single
effect, ‘Victor non-substituted’. This class includes
whole chromosomes 4, 5, 9, 10, 12, 16, 17, as well as
parts of other chromosomes as explained in (ii)
above.

(vii) The year effects.

For each trait, the data were analysed by ANOVA to
test for line (L), trial (T) and interaction (L�T) effects.
The mean scores (over trials in a given year where
applicable) for Tapidor, Victor, and each substitution line
were calculated and the L�T mean square from the
ANOVAwas used to calculate the variance of each mean.
The reciprocals of these variances were used as weights
to estimate the genetic effects of the substitutions across
years.
The model containing the specified QTL and year

effects is as follows:

Victormean ¼ mþ yrðiÞ þ �QðjÞ

Tapidormean ¼ mþ yrðiÞ � �QðjÞ

Substitution line 1mean ¼ mþ yrðiÞ � �QðjÞ þ 2�Qðk1Þ

where m is the mean of the parental lines; yr(i) is the
deviation from the mean due to year i; SQ(j) is the
deviation of Victor from m; and SQ(kl) is the summed
effect because of the ‘k’ Victor alleles in substitution
line ‘l’.
The parameters were estimated by weighted least

squares. Using the rule of parsimony, the simplest model
(ie fewest parameters) which fitted the data was
accepted. In such a model, all parameter estimates had
to be significant and the w2 testing for the adequacy of the
model had to be nonsignificant (Kearsey and Pooni,
1996).

Results

Production of substitution library
A total of 22 substitution lines were produced from the
original cross, each line representing a different single
Victor segment, in an otherwise pure Tapidor recurrent
parent background. The RFLP linkage map of Brassica
napus, based on the B1 segregation data had a total map
length of 1238 cM (Kosambi, 1944), as presented in
Howell et al, 1996. These 22 substitution lines give a
total minimum coverage of the Victor genome of 45%
(based on the minimum size of the introgressed
segments as defined by the marker genotypes). The
maximum coverage of the Victor genome by the
substitution library was 54% (inclusive of regions where
recombination would have taken place between
the introgressed segment and the Tapidor recurrent
parent).

Data analysis of substitution library
Appendices 1 and 2 show the mean values of the
substitution lines and the parents within each trial, for
total seed oil content and fatty acid composition,
respectively.
Table 2a shows the full analysis of variance for the

character of oil content of the seed, which was conducted
across all nine trials for the 22 substitution lines. Both
main effects of substitution lines and trials were
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significantly different at the 0.1% level, as was the
interaction term. However, the mean square for the
interaction term was a lot smaller than the other two
main effects.

Table 2b shows the summary analysis of variance for
the fatty acids, and lists the mean squares and prob-
abilities associated with the line, trial, and line-by-trial
interaction terms. The analysis was conducted across the
three trials of trials 4, 5 and 6 where fatty acids were

measured. Except for C14:0, there were significant
differences (C18:3 and C22:0, Po0.05; all others
Po0.001) between lines detected by ANOVA for all traits
scored when tested against the ‘lines-by-trials interaction’
mean squares. Although there are some significant
interactions with trials, the interaction mean squares
were relatively small compared to the line mean squares.

The location and maximum extent of each region
capable of containing a QTL (as defined in Figure 1) is

Figure 1 Substitution lines used in analysis. The 22 substitution lines used in the analysis are shown. For each substitution line, the size of the
bar on the y-axis represents the estimated size of that linkage group in cM. Black areas represent Victor substituted segments. Grey areas
represent regions of recombination between Victor and Tapidor. Single lines represent the Tapidor recurrent background. Alongside each
substitution line, the substituted segments are represented by vertical arrows, which were used to calculate CI associated with QTL position
used in the model fitting.
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shown in Table 3, together with the sizes of the QTL
effects actually detected. It shows, for example, that three
Victor-substituted segments produce significantly more
oil (3-v, 8, and 18) while four segments produce
significantly less oil than Tapidor (6-ii, 13-vii, 14, and
19). Thus, there would appear to be increasing alleles for
QTL in Victor at the bottom of N3 and at unspecified
positions on N8 and N18. Conversely, decreasing QTL
alleles in Victor are located at the bottom of N6 and N13,
at an unspecified position on N14 and at the top of N19.
For oil content, the model fitting using the weighted
least-squares approach fits the data with a w2 value of
36.17 with 41 degrees of freedom (df), which is
nonsignificant (indicating that the model fits the data
well). Victor has alleles that both increase and decrease
the oil content. Overall, the effect of the Victor
nonsubstituted segments is negative, showing that the
other nonsubstituted Victor segments have QTL that,
overall, decrease the oil content, or that the established
effects are nonadditive.

The results of the analysis for fatty acids reveals
the following QTL which are summarised in Table 3.
The use of the terms positive and negative below refers
to the direction of the effect attributable to the Victor
allele.

C14:0: The model fits the data well (w2: 39.71 with
45df). Only two QTL are identified: a positive effect at
the bottom of N6 and a negative effect midway through

N13. The nonsubstituted Victor segments have no
significant effect.

C16:0: The model fits the data well (w2: 33.65 with
40df). Three significant QTL are evident: one large
positive effect at an unspecified region of N14 and two
smaller, negative effects at an unspecified region of N8
and the top of N11. The nonsubstituted Victor segments
have no significant effect.

C18:0: The model fits the data well (w2: 44.35 with
42df). Totally, 4 QTL are identified: one large and
positive effect at the bottom of N1 and three small and
negative effects at the bottom of N6, the top of N7 (which
represents a CI of only 9 cM) and at an undefined
location on N8. The sum total of the Victor
nonsubstituted segments is negative.

C18:1 (Oleic acid): The best model does not fit the data
well; w2¼ 271.53 with 43 df (P50.001). In this model, four
QTL are indicated: three large negative effects (at the
bottom of N3 and at undefined locations on N8 and N18)
and a small positive QTL effect at the top of N11, with a
CI of only 9 cM. The Victor nonsubstituted segments
have a positive effect. Reanalysing the data by fitting
models for each year separately resulted in models
which fitted the data well and with the same QTL effects
being significant. This implied that the poor fit of the
overall model was a consequence of line-by-trial (year)

Table 2

Source df SS MS F P

(a) Full analysis of variance for oil

Line 21 1515.28 72.16 4.94 o0.001
Trial 8 4548.79 568.59 64.39 o0.001
Line� trial 105 1532.68 14.60 1.65 o0.001
Error 836 7378.23 8.83

(b) Summary analysis of variance for fatty acids

Character Line Trial Line� trial

C14:0 0.142 o0.001 o0.001
0.0006689 0.0471979 0.0019223

C16:0 o0.001 o0.001 0.996
1.84402 23.02655 0.17070

C18:0 o0.001 o0.001 0.765
0.201439 0.815435 0.042284

C18:1 o0.001 o0.001 o0.001
985.59952 793.87500 80.74095

C18:2 o0.001 o0.001 0.370
27.803 60.675 5.110

C18:3 o0.038 o0.001 0.163
2.0814 13.3458 0.9398

C20:0 o0.001 0.013 0.719
0.050110 0.065835 0.012458

C20:1 o0.001 o0.001 o0.001
248.8434 27.6725 20.5606

C22:0 0.043 o0.001 0.052
0.027688 0.547292 0.012882

C22:1 o0.001 o0.001 o0.001
417.220 54.925 38.027

df: degrees of freedom (Line�Trial reduced due to missing values); SS: sum of squares; MS: Mean Square; F: F variance ratio; P: probability
associated with test statistic. Probabilities (bold) and Mean Square values (italics) associated with the main effects of lines, trials, and the
interaction term are listed.
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effects and Table 2b shows that there is a highly
significant line-by-trial interaction for C18:1.

C18:2 (Linoleic acid): The model fits the data well (w2:
54.79 with 43df) and indicates the presence of five QTL:
two positive effects (at the bottom of N13 and an
undefined region on N14) and three negative effects (at
the bottom on N3, and undefined regions on N8 and
N18). The nonsubstituted Victor segments are
nonsignificant, indicating that most variation has been
accounted for using this set of substitution lines.

C18:3 (Linolenic acid): The model fits the data well (w2:
50.67 with 41 df). Totally, five QTL are indicated: three
positive effects (in the middle of N6, the middle of N7,
and a small effect at a unspecified region of N18) and two
negative effects (at the bottom of N7 and a small effect at
the top of N11 with a 9 cM CI). The sum total of the Victor
nonsubstituted segments is positive. The model fitting
approach using substituted segments has allowed the
effective differentiation of two antagonistic QTL effects
on N7 for linolenic acid.

C20:0: The model fits the data well (w2: 46.64 with
44 df). A total of 3 QTL are indicated, all with positive
effects. There are two minor effects (at the bottom of N3,
with a CI of 14 cM and an unspecified region on N18),
and a large effect on N8.

C20:1 (Eicosenoic acid): The model does not fit the
data (w2¼ 501.94 with 43 df, P50.001). As with C18:1,
splitting up the analysis into its three component years
results in simple well-fitting models involving the same
significant QTL. This suggests that the overall model
does not fit well because of significant genotype by year
effects. Table 2b shows that significant line-by-trial
interactions were observed for C20:1. Similar QTL
effects are evident for both C20:0 and C20:1.

C22:0: The model fits the data (w2: 53.91 with 43 df).
Here, four significant QTL effects are seen: two positive
effects at an unspecified region of N8 and the bottom of
N13, and two negative effects at the bottom of N3 (with a
14 cM CI) and an unspecified region of N18. The sum
total of Victor nonsubstituted segments is positive.

C22:1 (Erucic acid): The model does not fit the
combined data well (w2: 436.05 with 43df, P50.001).
Only three large positive QTL effects are detected, on the
bottom of N3 (14 cM CI), an unspecified region on N18,
and the largest effect on an unspecified region of N8. The
sum total of Victor nonsubstituted segments is negative,
implying that a number of smaller QTL, or one large
QTL, still exist in the Victor genotype that significantly
decreases the C22:1 content. These are either not
represented by this set of 22 substitution lines or may
be because of the nonadditive effects of the established
QTL. Analysing the data for the three component years

Table 3 Location, direction and effects of QTL detected for total seed oil content and fatty acid composition

LG QTL
site

Loc. Oil C14:0 C16:0 C18:0 C18:1
Oleic

C18:2
Lino-leic

C18:3
Lino-lenic

C20:0 C20:1
Eicosenoic

C22:0 C22:1
Erucic

1 1 0–24 +0.2949
o0.0002

3 3-iv 14–44 �0.5174
o0.0002

3 3-v 0–14 +0.5528 �9.0557 +0.015 +4.693 �0.015 +4.9892
o0.0002 o0.0002 o0.0002 o0.0002 o0.0002 o0.0002

6 6-ii 0–49 �0.2013 +0.0037 �0.0348 +0.2672
o0.0002 o0.0166 o0.0002 o0.0002

7 7-ii 23–32 �0.0299 +0.3054
0.0014 o0.0002

7 7-iii 0–23 �0.4454
o0.0002

8 8 0–60 +1.24 �0.0961 �0.0399 �14.524 �1.1311 +0.1073 +6.7171 +0.017 +8.5806
o0.0002 0.0030 o0.0002 o0.0002 o0.0002 o0.0002 o0.0002 o0.0002 o0.0002

11 11 35–44 �0.1396 +0.6761 �0.2623
o0.0002 o0.0470 o0.0002

13 13-v 25–65 �0.0062
o0.0231

13 13-vii 0–20 �0.4933 +0.7596 +0.0234
o0.0002 0.0236 0.0332

14 14 0–68 �0.4319 +0.2699 +1.0001
o0.0002 0.0052 0.0022

18 18 0–44 +0.7465 �6.9699 �0.83153 +0.1599 +0.0172 +3.4322 �0.0161 +4.0207
o0.0002 o0.0002 o0.0002 0.0016 o0.0002 o0.0002 o0.0002 o0.0002

19 19 0–40 �0.4895
o0.0002

— Other �1.223 �0.3089 +14.1412 +0.9147 �0.0864 �11.2584 +0.0527 �5.7542
o0.0002 0.003 o0.0002 o0.0002 0.0046 o0.0002 o0.0002 o0.0002

LG=linkage group; QTL=potential QTL site (see Figure 1); Loc=location of potential QTL site in cM, equivalent to CI; Other=all regions not
involving Victor substitutions. Figures in bold are QTL direction and effect (+/- indicates effect of Victor allele), and figures in italics are the
probabilities of the test statistic.
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separately results in the model fitting the data well on
each occasion.

The fact that the model fits the data well on a year-by-
year basis implies that the major component of the
variation which is unaccounted for in the combined
mode was line-by-trial interaction. Table 2b shows that
there was a significant line-by-trial interaction for erucic
acid in the analysis of variance.

Discussion

Averaged over all the trials, Tapidor and Victor
have 0.18 and 27.30% of their total seed oil content as
erucic acid, respectively. As expected, Victor alleles
increased concentrations of erucic acid, C22:1, for all
QTL identified (Table 3). However, there were indica-
tions that QTL may exist in the Victor genotype that
could decrease erucic acid content, as indicated by the
negative effect of the combined Victor segments
which were not represented in the substitution lines
(Figure 1).

The following paragraphs compare QTL found within
this study, to what appears to be similar ‘significant’ QTL
from other studies. However, uncertainty may arise
through these comparisons across studies as significance
levels for the identification of QTL may vary, raising
questions as to whether QTL identified in the same
chromosomal region between studies are exactly the
same QTL.

RFLP marker data from 200 B1 individuals of the same
cross (Tapidor�Victor), were used to produce a linkage
map, as described in Howell et al (1996). The B1S1
families from the original B1 population were scored for
seed erucic acid concentration and QTL affecting erucic
acid were determined using interval mapping with
MAPMAKER/QTL v.1.1 (Lincoln et al, 1992), using a
LOD threshold of 3 to infer the presence of QTL
(P. Howell, personal communication). Two QTL for
erucic acid, eru1 and eru2, were identified on linkage
groups 8 and 13 respectively, which significantly
increased erucic acid concentrations in the Victor
genotype using this approach. eru1 was positioned at
the proximal end of linkage group 8, between markers
pN168E1b and pC2E2 with a 95% CI of approximately
12 cM. Eru2 mapped to the distal end of linkage group 13
near terminal marker pO87E4 with a 95% CI of
approximately 26 cM. LOD scores were used to estimate
these QTL positions, but these have been shown to give
biased estimates of the CI of QTL position when the QTL
effect is unknown (Mangin and Goffinet, 1997). Collec-
tively, eru1 and eru2 accounted for 64% of the variation
for erucic acid levels seen in the B1 population but no
other regions were implicated (P. Howell, personal
communication). In the present study, QTL 8 on linkage
group 8 in the substitution lines affected erucic acid
concentration and thus may be synonymous with eru1
(Table 3). The substituted segment used to infer the
presence of QTL 8 was a whole chromosome substitution
on linkage group 8, with a CI of 60 cM. None of the
substitution lines representing the distal end of
linkage group 13 scored significantly higher than
Tapidor in the present study, so we were unable to
confirm eru2.

Thormann et al (1996), identified two QTL affecting
erucic acid levels, and two QTL affecting linolenic acid

levels in a doubled-haploid population formed from a
cross between rapeseed varieties ‘Major’ and ‘Stellar’,
using MAPMAKER/QTL v1.1 (Lincoln et al, 1992). The
QTL affecting erucic acid levels were mapped to LG7
and LG15 of that cross, and accounted for 95% of the
phenotypic variation in the population. Their QTL on
LG7 may be synonymous with eru1 (QTL 8) on linkage
group 8 of the Tapidor by Victor cross, while that on
LG15 is probably the same QTL as eru2 on linkage group
13, which was not seen in the substitution lines
(P. Howell, personal communication). The QTL for
linolenic acid accounted for 60% of the phenotypic
variation seen in the ‘Major x Stellar’ doubled-haploid
population, and were found on LG12 and LG14.
Comparative mapping between the two maps of Thor-
mann et al (1996), and Howell et al (1996) would be
necessary to establish how LG12 and LG14 relate to those
in the present study.
Ecke et al (1995), identified two QTL affecting erucic

acid concentrations, and three QTL affecting seed oil
content, in doubled-haploid populations formed from
the varieties of ‘Mansholt’s Hamburger Raps’ and
‘Samourai’, using MAPMAKER/QTL (Lincoln et al,
1992). It was suggested that the erucic acid QTL may
be synonymous with two of the seed oil content QTL,
because of the strong positive correlation between the
two traits in selected crosses, and the coincidence of
positions of the QTL. Summed over trials 4, 5, and 6 in
the present study, oil content and erucic acid concentra-
tions have a low correlation (r¼ 0.18). Table 3 also shows
that QTL from Victor which increased oil content
in the Tapidor background, also increased erucic acid
content, supporting the hypothesis of Ecke et al (1995).
The strongest correlation that existed with erucic
acid was with oleic acid (r¼�0.90). This is to be
expected, because erucic acid is derived from the
precursor of oleic acid by the addition of two C2 units
(Ecke et al, 1995).
Although it has been postulated that erucic acid levels

are controlled by only two genes with multiple alleles in
B. napus (Kondra and Stefansson, 1965), our substitution
lines have identified three QTL. One of the QTL (QTL 8)
was identified previously using the B1 data. Comparative
mapping across the linkage maps by Howell et al (1996),
Ecke et al (1995), and Thormann et al (1996), is necessary
to establish if the other two erucic acid QTL were unique
or had been identified before. The extra QTL identified in
the present study may result from the increased
precision and sensitivity of mapping QTL afforded by
the substitution lines.
The Victor genotype increased the concentration of

fatty acids C20:0, C20:1, and C22:1 (Table 3). For the
remaining fatty acids, QTL were identified in the Victor
genotype that both increase and decrease specific fatty
acid concentrations.
Victor did not possess all the alleles for QTL that

increased oil content, because a number of substituted
segments scored significantly lower than Tapidor
(Table 3). Butruille et al (1999) identified a QTL affecting
oil content in backcross inbred lines formed from crosses
of ‘Ceres’ with ‘Marnoo’ and ‘Westar’, which corre-
sponds to linkage group 1 of the Tapidor by Victor cross.
This QTL may not have been identified in the present
study because substitution line 1-A represented less than
half of linkage group 1.
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Precision and sensitivity of QTL mapping
In segregating populations the precision of QTL map-
ping methods are relatively poor, and rarely fall below a
95% CI of about 20 cM (van Ooijen, 1992; Hyne et al, 1995;
Burns, 1997). The CI in the substitution lines is defined
precisely as the upper limits of extent of the donor
segments as indicated in Figure 1. Many of the potential
QTL containing regions can be seen to have CI values
less than 10 cM, such as 3-ii, 3-v, 11-i, 13-i, etc. For
example, the results presented in this paper show that
substituted segment 11 (QTL 11) significantly affects
C16:0, C18:1, and C18:3, and has a CI of only 9 cM
(Table 3). This CI is dependent upon the accuracy with
which introgressed segments are defined. Further back-
crossing of the substitution lines could be used to reduce
the size of the CI associated with the QTL even further
(van Ooijen, 1992; Darvasi et al, 1993; Mackinnon and
Weller, 1995; Ramsay et al, 1996). The model-fitting
approach using substituted segments has also allowed
the identification and separation of two QTL within a
32 cM interval on linkage group 7 effecting linolenic acid
(C18:3) which act in opposite directions. As a result of the
limited resolution inherent in population-based mapping
strategies, it is unlikely that such a precise result could
have been achieved.

Other results show that QTL 8 on linkage group 8
affects nine out of the 11 characters scored, indicating
this region may possess multiple QTL or, more probably,
QTL of pleiotropic effect.

Future uses
The present study has identified QTL affecting seed oil
content and fatty acid composition in B. napus using a
substitution line approach, the majority of which have
not been identified before. Since the QTL mapping was
conducted in the commercial varieties Tapidor and
Victor, it will allow breeders to use marker-assisted
breeding to introduce favourable alleles from either
parent into new cultivars. The substitution library can
provide a better understanding of the number of genes
controlling a trait, their distribution over the genome,
and their individual effects. It can also show how these
genes interact and how they are affected by the
environment. The substitution library can be used as
material for commercial trialing, as well as a future
resource for rapeseed breeding. The substitution library
can be used in further field trials to determine QTL for
resistances to common Brassica pests and diseases, such
as phoma, stem canker, Cabbage stem beetle, Winter
stem weevil, Cabbage root fly, Pollen beetle, and Brassica
pod midge.

A maximum of 54% of the Victor genome was
represented by the substitution library. Further substitu-
tion lines have been developed from the original
cross, giving an increased coverage of the Victor
genome, and these extra lines could be used to identify
additional QTL affecting oil content and fatty acid
composition.

Although the present study presents results just for oil
content and composition, the field trials were also scored
for other traits, including flowering time, yield, seed
glucosinolate levels, emergence, establishment, lodging,
and height. The analysis of these will be reported
elsewhere.
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Appendix 1

Total seed oil content of each substitution line in every
trial is given in Table 4.

Appendix 2

Fatty acid composition of the substitution lines in each
trial is given in Table 5.

Table 4

Line Trial

1 2 3 4 5 6 7 8 9

Tapidor 44.79 47.46 50.44 45.02 45.11 45.18 46.69 42.91 41.71
Victor 47.02 52.18 42.36 44.29 42.75 42.26
1-A 50.60 44.77 42.72
2-A 46.86 50.42 44.36 45.28 42.79 41.91
3-A 45.20 46.58 50.01 44.66 44.74 45.15 46.60 41.94 41.59
3-B 46.67 50.80 45.29 46.02 44.26 43.10
3-C 45.30 48.39 53.31 45.44 47.10 46.35 47.66 43.78 43.30
6-A 46.90 50.14 45.03 44.96 42.60 41.50
6-B 44.40 46.54 49.59 44.08 43.28 45.20 46.31 42.12 40.91
7-A 48.83 44.71 41.48
7-B 44.90 46.34 49.94 44.43 44.05 45.46 46.30 41.81 40.09
7-C 46.88 49.69 44.39 45.39 41.94 41.81
8-A 47.40 48.77 53.65 47.13 47.49 45.90 49.39 44.65 43.90
11-A 44.60 46.67 49.62 44.48 44.13 45.32 45.69 42.76 42.11
13-A 49.62 45.41 40.99
13-B 50.28 44.98 42.02
13-C 49.37 45.02 41.51
13-D 46.95 50.70 45.35 45.52 43.43 43.16
13-E 47.33 50.10 44.71 44.95 42.75 42.02
13-F 46.59 49.45 43.36 43.75 41.42 41.42
14-A 46.59 49.77 43.48 44.60 41.53 41.77
15-A 50.10 44.81 41.50
18-A 46.50 47.93 46.33 46.18 48.11 43.58
19-A 46.18 49.81 43.13 44.92 41.79 42.10

Values are expressed as the mean percentage oil content of the whole seed at 9% moisture.
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Table 5

Trial Line C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C22:0 C22:1

4 Tapidor 0.047 5.537 1.678 60.382 19.257 9.661 0.487 1.026 0.214 0.189
3-A 0.051 5.503 1.713 61.196 19.085 9.514 0.497 0.942 0.212 0.144
3-C 0.040 5.558 1.724 44.809 18.560 9.822 0.518 8.383 0.185 8.384
6-B 0.051 5.501 1.611 59.340 19.435 10.182 0.479 1.113 0.219 0.277
7-B 0.051 5.697 1.624 59.620 19.172 10.309 0.490 1.165 0.218 0.271
8-A 0.056 5.334 1.596 28.256 17.031 9.523 0.703 16.663 0.250 18.818
11-A 0.051 5.269 1.648 60.732 19.825 9.098 0.476 0.983 0.212 0.170
18-A 0.052 5.455 1.701 42.390 17.696 9.954 0.522 10.140 0.183 10.371

5 Tapidor 0.030 4.773 1.468 56.427 20.351 9.980 0.536 0.973 0.312 0.303
Victor 0.035 5.315 1.292 18.765 19.456 12.103 0.667 7.874 0.472 30.004
2-A 0.035 5.532 1.657 49.067 24.149 10.637 0.647 1.096 0.407 0.621
3-A 0.050 4.929 1.456 54.953 21.014 10.310 0.577 1.089 0.370 0.195
3-B 0.028 4.914 1.485 54.963 20.084 9.732 0.541 1.711 0.319 1.626
3-C 0.041 4.846 1.543 26.957 18.766 10.873 0.557 13.048 0.209 19.374
6-A 0.039 5.277 1.524 52.971 21.411 10.392 0.585 0.961 0.274 0.434
6-B 0.060 5.545 1.415 50.055 23.674 11.201 0.562 1.009 0.379 0.236
7-B 0.043 5.120 1.446 55.356 20.762 10.097 0.521 1.055 0.306 0.418
7-C 0.038 5.120 1.555 54.038 21.807 9.487 0.584 1.258 0.356 0.573
8-A 0.041 4.958 1.567 28.542 19.044 10.306 0.744 12.459 0.298 17.783
11-A 0.034 4.745 1.389 56.812 20.120 9.621 0.469 1.222 0.248 0.718
13-D 0.042 5.330 1.652 52.403 22.211 9.801 0.663 1.216 0.432 0.771
13-E 0.025 5.186 1.475 53.859 22.073 10.266 0.500 0.944 0.242 0.188
13-F 0.041 5.618 1.659 50.764 23.334 10.000 0.644 1.159 0.416 0.462
14-A 0.050 5.920 1.610 50.323 23.940 9.977 0.591 1.082 0.356 0.223
18-A 0.042 5.039 1.524 43.663 19.508 10.398 0.516 6.837 0.249 6.572
19-A 0.046 5.201 1.716 50.717 23.473 10.118 0.642 1.105 0.402 0.419

6 Tapidor 0.055 6.309 1.722 55.582 20.894 9.306 0.543 0.533 0.177 0.037
Victor 0.053 6.301 1.543 26.411 19.576 10.901 0.637 7.938 0.294 21.889
1-A 0.062 6.439 2.331 56.873 19.048 8.809 0.618 0.317 0.211 0.061
2-A 0.057 6.566 1.798 55.543 20.810 8.817 0.492 1.106 0.192 0.598
3-A 0.035 6.041 1.720 56.638 20.772 9.415 0.459 0.736 0.162 0.060
3-B 0.041 5.811 1.590 58.296 19.038 9.547 0.465 0.491 0.157 0.030
3-C 0.051 6.454 1.854 35.044 19.318 9.960 1.339 8.037 0.214 13.008
6-A 0.067 6.547 1.811 55.465 20.983 9.630 0.607 0.480 0.185 0.113
6-B 0.065 6.324 1.666 56.283 19.930 9.394 0.649 0.287 0.177 0.041
7-A 0.034 6.117 1.867 56.396 20.617 9.934 0.583 0.524 0.184 0.101
7-B 0.044 5.964 1.605 57.613 19.047 10.506 0.464 0.564 0.146 0.025
7-C 0.047 6.141 1.717 56.256 20.576 9.798 0.539 0.557 0.165 0.038
8-A 0.060 6.353 2.060 43.060 19.871 9.891 0.685 6.458 0.202 7.067
11-A 0.053 5.743 1.776 54.939 20.801 9.274 0.487 2.138 0.172 1.000
13-A 0.052 6.107 1.760 54.022 20.738 8.995 0.505 0.610 0.224 0.059
13-B 0.051 6.619 1.689 55.789 20.705 9.079 0.517 0.592 0.186 0.035
13-C 0.044 6.733 1.747 55.369 21.703 8.758 0.527 0.547 0.181 0.012
13-D 0.065 6.379 1.831 55.504 21.596 8.888 0.631 0.336 0.166 0.013
13-E 0.052 5.993 1.646 57.007 20.373 9.495 0.453 0.624 0.194 0.042
13-F 0.058 6.596 1.640 54.800 21.651 9.548 0.530 0.611 0.203 0.042
14-A 0.065 6.564 1.630 54.237 22.124 9.498 0.545 0.444 0.200 0.130
15-A 0.052 6.456 1.822 54.554 21.728 9.477 0.562 0.493 0.203 0.031
19-A 0.055 6.287 1.679 56.326 20.878 9.053 0.545 0.543 0.160 0.040

Values are expressed as mean percentage of the total seed oil content.
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