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Abstract The quality of plant oil is determined by its
component fatty acids. Relatively high levels of linolenic
acid reduce the oxidative stability of the oil, and high lev-
els of erucic acid in the diet have been associated with
health problems. Thus, oilseed Brassica napus cultivars
with low linolenic and low erucic acid contents are highly
desirable for edible oil production. In order to identify
genes controlling the levels of erucic and linolenic acids,
we analyzed the oil composition of 99 F;-derived doubled
haploid lines from a cross between cv ‘Major’ (high lev-
els of erucic and linolenic acids) and c¢v ‘Stellar’ (low lev-
els of both fatty acids). A molecular marker linkage map
of 199 loci for this population was used to identify quan-
titative trait loci (QTL) controlling oil composition. We
identified two regions that accounted for nearly all of the
phenotypic variation in erucic acid concentration and one
region that accounted for 47% of the variation in linolenic
acid concentration. The QTL associated with linolenic acid
concentration mapped near a RFLP locus detected by a
cDNA clone encoding an omega-3 desaturase, suggesting
that the low linolenic acid content of ‘Stellar’ may be due
to a mutation in this gene.
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Introduction

Seeds of the two major oiiseed rape species, Brassica
napus and B. rapa (syn. campestris), commonly contain
40-44% oil on a dry weight basis (Downey and Rakow
1987). The quality of the oil is determined by the propor-
tion of its main constituent fatty acids: erucic (C22:1), oleic
(C18:1), linoleic (C18:2) and linolenic (C18:3) acids. Oils
with high concentrations of erucic acid are desirable for
the production of high-temperature Jubricants, nylon, plas-
ticizers, water repellents, waxes and surface-active agents
(Princen and Rothfus 1984). Yet, most of the rapeseed oil
currently produced is used for salad and cooking oils, mar-
garine and shortenings. High levels of erucic acid in the
diet have been associated with health problems (Beare
et al. 1963), and although there are no indications of erucic
acid toxicity in man, it is known to cause cardiac lipidosis
and necrosis in rats (Laryea et al. 1992). Thus, cultivars
with low erucic acid content are highly desirable for ed-
ible oil.

The erucic acid content of B. napus seed oil is under
embryo genotype control (Harvey and Downey 1964), and
there is evidence that this trait is controlied by two genes
with multiple alleles acting in an additive manner (Kondra
and Stefansson 1965; Jonsson 1977). The manipulation of
these genes can fix the levels of erucic acid at values rang-
ing from less than 1% to above 60% of the total oil con-
tent (Krzymanski and Downey 1969). A single locus con-
trolling erucic acid levels has been mapped in Brassica
rapa (Teutonico and Osborn 1994), but the map positions
of loci in B. napus have not yet been reported.

Existing canola quality cultivars (low erucic acid, low
glucosinolates) produce oils with about 55-65% oleic acid,
14-18% linoleic acid, and 8~12% linolenic acid. High lev-
els of polyunsaturated fatty acids reduce the oxidative
stability of canola oil, thereby affecting the flavor and qual-
ity of the oil, and chemical hydrogenation is required for
oils to be used for cooking. However, genetic variation for
reduced levels of polyunsaturated fatty acids is limited in
Brassica germplasm (Auld et al. 1992). In order to over-



come this obstacle, researchers have used chemical mut-
agens (such as ethyl methanesulfonate) to induce point mu-
tations in plant genomes, followed by selection for plants
with alterations in their seed oil linolenic:linoleic acid ra-
tios (Robbelen and Nitsch 1975). Scarth et al. (1988)
crossed a mutant line having 3% linolenic and 28% lino-
leic acids with a canola quality cultivar to develop the cul-
tivar ‘Stellar’, the first canola quality summer rape cultivar
with reduced linolenic and increased linoleic acid contents.

Linolenic acid synthesis occurs by desaturation of 18:2
predominantly in the endoplasmic reticulum, with smaller
amounts synthesized in the plastids (Somerville and
Browse 1991). A locus controlling the levels of linolenic
acid in the oil of rapeseed has been recently identified (Hu
et al. 1995), but the genetic regulation of linolenic acid
content in rapeseed is not clearly understood. Using mu-
tants of Arabidopsis, Arondel et al. (1992) identified and
cloned the coding sequence of an omega-3 desaturase
(fad3) that converts C18:2 to C18:3. One possible expla-
nation for low levels of linolenic acid in the cultivar *Stel-
lar’ could be the inactivation of this fatty acid desaturase.

The purpose of the study described here was to map
genes controlling fatty acid composition in B. napus. This
information allowed confirmation of two major genes con-
trolling erucic acid content and association of a fad3 ho-
mologue with the expression of reduced levels of linolenic
acid in the cultivar ‘Stellar’.

Materials and methods
Plant material and linkage mapping

A single plant of the B. napus cv ‘Major’ (high concentrations of
erucic and linolenic acids) was crossed to a doubled haploid (DH)
line derived from cv ‘Stellar’ (low concentrations of both fatty ac-
ids), and 105 segregating lines were obtained by microspore culture
of asingle F, hybrid plant. The 105 recombinant DH lines were used
previously to construct a linkage map of 138 restriction fragment
length polymorphism (RFLP) loci (Ferreira et al. 1994). A revised
map including additional RFLP and isozyme loci was used for this
study. The map contained a total of 199 loci: 130 loci detected by
92 nuclear genomic DNA clones from either a B. rapa cv ‘Tobin’
library (tg prefix) or a B. napus cv ‘Westar’ library (wg prefix);
58 Joci detected by 40 cDNA clones from a B. napus cv ‘Westar’
library (ec prefix); 4 loci detected by four cloned genes; 5 isozyme
loci (diaphorase, leucine aminopeptidase, phosphoglucose isome-
rase, aconitase and isocitrate dehydrogenase); and 1 locus each con-
trolling resistance to Albugo candida (Ferreira et al. 1995a) and Lep-
tosphaeria maculans (Ferreira et al. 1995b). RFLPs were detected
as described by Thormann et al. (1994), and the isozyme variants
were detected following the procedures of Chen et al. (1989).
Linkage analysis and map construction were performed using the
MAPMAKER V 2.0 computer program (Lander et al. 1987; Lincoln
etal. 1992). A maximum recombination frequency of 0.30 and a min-
imum LOD (log;, of the odds ratio) score of 4.0 were used to initial-
ly distribute the marker loci into potential linkage groups. Multipoint
analyses were performed to find the best order of marker loci with-
in each linkage group. Groups containing no more than 6 loci were
ordered using the ‘compare’ command, and the most likely order of
loci was selected. The alleles scored in adjacent loci were examined
in order to detect possible double-crossovers, and LOD tables (giv-
ing the LOD score and recombination frequency for all pair of loci)
were carefully examined to check the consistency of the orders.
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Groups containing more than 6 marker loci were ordered by estab-
lishing a framework of 6 loci with interval support of LOD 3.0, fol-
lowed by multipoint analyses using the ‘try’ command (Ott 1992).
After adding a new locus to a linkage group, the ‘ripple’ test was
used to verify the orders of groups of 3 adjacent loci. The recombi-
nation frequencies were corrected based on Kosambi’s map distance
function (Kosambi 1944).). The final map included 196 loci assem-
bled into 20 linkage groups and five pairs covering 1506 cM, plus 3
unlinked loci.

Trait measurements

Seeds from the two parents and the recombinant DH lines were ob-
tained by controlied self-pollination of plants grown in field plots in
Madison, Wisconsin during the summer of 1992 as described by Fer-
reira et al. (1995¢). Erucic (cis-13-docoseinoic, C22:1) and a-lino-
lenic (cis, cis,cis-9,12,15-octadecatrienoic, C18:3) acid concentra-
tions were measured for both parents and for 99 of the 105 DH lines
used for mapping. The lipids were extracted from seeds using hep-
tane and transmethylated with 0.5 N sodium methoxide in methanol.
Concentrations of specific fatty acids were determined using a Hew-
lett-Packard 3890 gas chromatograph with an FID detector (modi-
fied from Christie 1982) and expressed as a percentage of total seed
oil.

Quantitative trait locus analysis

Quantitative trait loci (QTL) associated with the concentrations of
erucic and linolenic acids were located by interval mapping using
the MAPMAKER/QTL V 1.1 computer program (Lander and Bot-
stein 1989; Lincoln et al. 1992). A LOD threshold of 3.0 was used
to identify regions potentially affecting the concentrations of either
fatty acid. Additional regions associated with concentrations of eruc-
ic or linolenic acids were searched by fixing the QTL with the high-
est LOD value and re-scanning the entire genome. New loci were
considered associated with the trait when their LOD score exceeded
the LOD score of the fixed locus by 3.0. Multi-locus models were
developed by including the effects of putative QTL that increased
the LOD score by at least 3.0. Markers that were unlinked in the map
were tested for association with erucic and linolenic acid concentra-
tion using one-way analysis of variance.

Results and discussion
Erucic acid

The erucic acid concentration was less than 0.1% in the
seed oil of ‘Stellar’, 50.5% in ‘Major’ and 28.4% in the
F,. The 99 recombinant DH lines were distributed in three
groups; the lower group included 31 lines with less than
1% erucic acid, the intermediate group included 33 lines
ranging from 22% to 35% and the higher group included
35 lines ranging from 38% to 50% (Fig. 1a). The detection
of three phenotypic classes among the DH lines suggests
that two major genes were governing this trait, with the
low erucic acid lines having alleles from ‘Stellar’ at both
loci, intermediate lines having alleles from ‘Stellar’ at [
locus and alleles from ‘Major’ at the other locus and the
high lines having alleles from ‘Major” at both loci. How-
ever, the phenotypic ratio (31:33:35) did not fit the 1:2:1
ratio expected for this model (y54=11.32, P<0.01).

Two putative QTL controlling erucic acid concentration
were identified by scanning the genome covered by our
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Fig. 1 Phenotypic distributions of 99 Fl-derived double haploid
(DH) lines for erucic acid (a) and linolenic acid (b) concentrations
as percentages of total seed oil. The relative positions of the parents,
‘Major’ and ‘Stellar’, and the F, are indicated in the distributions

linkage map. One QTL (peak LOD 14.7) was detected
between marker loci ec4f11 and isolAP (leucine amino-
peptidase) in linkage group (LG) 7 (Fig. 2a). A second re-
gion associated with this trait (peak LOD 18.6) was de-
tected between the marker loci wg4b6b and wg6g9 in
LG 15 (Fig. 2b). Since this linkage group is fairly small,
the scanning procedure resulted in significant associations
between erucic acid and all 4 marker loci of this group.
When the QTL in LG 7 was fixed, only the QTL in LG 15
was detected (peak LOD 29.3), and when the QTL in LG
15 was fixed, only the QTL in LG 7 was detected (peak
LOD 33.4). A multi-locus model including the effects of
both QTL explained 95% of the phenotypic variation, and
no other regions were significantly associated with the trait.

Since only two QTL were identified and they accounted
for nearly all of the variation in erucic acid concentration,
these loci probably represent the two major genes previ-
ously hypothesized to control this trait (Kondra and Ste-
fansson 1965). Genotypes of marker loci flanking the peak
LOD positions on LGs 7 and 15 were inspected to deter-
mine if they were consistent with segregation at 2 loci re-
sulting in low, intermediate and high erucic acid lines. Low
lines had *Stellar’ alleles at 1 or both flanking markers for
both loci, and intermediate lines had flanking markers con-
sistent with ‘Stellar” alleles at 1 locus and ‘Major’ alleles
at the other. Most of the high lines had ‘Major’ alleles at
one or both flanking markers for both loci; however, 4 high
lines had ‘Stellar’ alleles at both marker loci flanking one
of the two QTL. This result suggests that high erucic phe-
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Fig. 2 LOD profiles for loci controlling erucic acid content on link-
age groups 7 (a) and 15 (b) of Brassica napus. The Y axis shows the
LOD score and the X axis shows the marker loci

notypes could have resulted from having ‘Major’ alleles at
only 1 locus and may explain why the numbers of lines ob-
served for the low, intermediate and high groups did not
fitthe expected 1:2:1 ratio. In addition, 9 of the high erucic
acid lines had ‘Stellar’ alleles at 1 of the marker loci flank-
ing one or the other QTL and, thus, some of these lines also
may have had ‘Stellar’ alleles at one of the erucic acid loci.

The phenotypic effects of the high erucic acid alleles at
the 2 loci were compared by calculating the mean erucic
acid percentage of lines having ‘Major’ alleles at either
one or the other erucic acid loci. Lines with ‘Major’ alleles
at the locus on LG 15 had a slightly, but non-significantly,
higher erucic acid concentration (31.1%) compared to lines
with ‘Major’ alleles at the locus on LG 7 (29.9%).

Two of the probes that detected RFLP loci (wg4b6b and
wg6g9) in LG 15 of B. napus also detected loci in LG 1 of
B. rapa (Teutonico and Osborn 1994), which contains a
locus controlling the levels of erucic acid in that species.
This result suggests that the erucic acid locus detected in
LG 15 of B. napus may be homologous to the locus de-
tected in LG 1 of B. rapa.
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Fig.3 LOD profiles for linkage group (LG)14 (a) of Brassica
napus containing the major locus controlling linolenic acid content
and for LG 12 (b) containing a minor locus controlling this trait that
was detected when the effect on LG 14 was fixed. The Y axis shows
the LOD score and the X axis shows the position of the marker loci

Linolenic acid

The DH population appeared to be normally distributed for
linolenic acid concentration and had values ranging from
3.4% to 11.6% of the total seed oil content (Fig. 1b). ‘Stel-
lar’ was in the lower part of the distribution with 3.6%; the
F, was close to the middle with 7.1%; and ‘Major’ was in
the higher end of the distribution with 8.8% linolenic acid
in the oil (Fig. 1b). One putative QTL controlling this trait
was identified by scanning the entire genome. The peak
LOD score (9.8) was located between marker loci wg4d7b
and ec5el2b in .G 14 and was only 15 ¢cM from an RFLP
locus detected by the omega-3 desaturase clone fad3
(Fig. 3a). This QTL explained 47% of the variance for lin-
olenic acid content. When this QTL was fixed, a second
putative QTL (LOD 4.2) was identified in LG 12 (Fig. 3b).
A multi-locus model including the effects of both QTL ex-
plained 60% of the variance for this trait. For both QTL,
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alleles from ‘Stellar’ conferred lower linolenic acid con-
centration.

The low linolenic acid phenotype of ‘Stellar’ originated
from mutagenesis of the cultivar ‘Oro’ (Scarth et al. 1988).
The close proximity of the LOD peak for the major QTL
on LG 14 to an RFLP locus detected by the fad3 clone sug-
gests that the low linolenic content of ‘Stellar’ may be due
to a mutation in this gene. This could be tested further by
introgressing the RFLP allele detected by the fad3 clone
from ‘Stellar’ into the ‘Major’ background while retain-
ing the wg4d7b RFLP allele from ‘Major’ (or visa versa).
Analysis of seed oil composition in the recombinant lines
could provide evidence that an allele at fad3 has a major
effect on the expression of linolenic acid content in the cul-
tivar ‘Stellar’. Additional evidence could be obtained by
comparing the DNA sequence and gene product of the fad3
allele from ‘Stellar’ to those of the progenitor fad3 allele
from ‘Oro’.
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