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Natural genetic variation in fatty acid synthesis and modification pathways determine the composition of vegetable oils, which
are major components of human diet and renewable products. Based on known pathways we combined diversity and genetic
analysis of metabolites to infer the existence of enzymes encoded by distinct loci, and associated these with specific elongation
steps or subpathways. A total of 107 lines representing different Brassica genepools revealed considerable variation for 18 seed
fatty acid products. The effect of genetic variation within a single biochemical step on subsequent products was demonstrated
using a correlation matrix of scatterplots, and by calculating relative step yields. Surprisingly, diploid Brassica oleracea seg-
regating populations had a similar range of variation for individual fatty acids as across the whole genepool. This allowed
identification of 22 quantitative trait loci (QTL) associated with activity in the plastid, early stages of synthesis, desaturation,
and elongases. Four QTL were assigned to early stages of synthesis, seven to subpathway specific or general elongase activity,
one to ketoacyl acyl-carrier protein synthetase, and two each to fatty acid desaturase and either desaturase or fatty acyl-carrier
protein thioesterase. An additional 10 QTL had distinct effects but were not assigned specific functions. Where contrasting
behavior in more than one subpathway was detected, we inferred QTL specificity for particular combinations of substrate and
product. The assignment of enzyme function to QTL was consistent with the known position of some Brassicaeae candidate

genes and collinear regions of the Arabidopsis (Arabidopsis thaliana) genome.

Plants are a vital source of renewable oils. Most vege-
table oil currently produced meets the demand for
human consumption, with as much as 25% of human
calorific intake in developed countries derived from
the constituent fatty acids (Broun et al., 1999). A third
of plant oil harvested is already used for nonfood
applications. Controlling the composition and maxi-
mizing the energy-efficient yield of oils within crop
species have been recognized as major goals for plant
breeders and the biotechnology industry. This requires
an understanding of the genetic and biochemical basis
of available variation.

Brassica rapeseed (Brassica napus), soybean (Glycine
max), oil palm (Elaeis quinensis), and sunflower (Heli-
anthus annuus) account for more than 65% of vegetable
oil production worldwide (Gunstone, 2001). However,
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these represent a very limited sample of the diversity
available within the plant kingdom, where at least 200
different fatty acids have so far been described, and it
is thought that many more remain to be discovered
(Van de Loo et al., 1993). The adaptive advantage or
requirement for this diversity is unclear, although the
ability of plants to tolerate high levels of unusual fatty
acids is due to sequestration into oil bodies that appear
to have no structural function (Millar et al., 2000).
The unique properties of many of the less abundant
plant fatty acids have the potential for use in a range of
industrial applications. To develop economically via-
ble oilseed crops with modified fatty acid profiles,
there is a requirement to manipulate the activity (or
gene expression) of relevant key constituent steps in
the synthetic or modification pathways, i.e. to carry
out genetic metabolic engineering. This can be achieved
either through up- or down-regulation of an intro-
duced recombinant gene (transgenic), deletion of en-
dogenous genes (mutagenesis), or by selection of
appropriate combinations of the relevant naturally
occurring alleles present in the gene pool. Evidence
from natural plant populations suggests the latter is
indeed a feasible approach (Millar et al., 2000).
Figure 1 shows a simplified model of the enzymatic
interactions involved in the synthesis of triacylglycerols
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Figure 1. Current understanding of the pathways of fatty acid synthesis which are known to occur within the Brassicaceae.
Dashed lines indicate multistep pathways, while shaded boxes indicate inferred steps. The capital letters in parentheses indicate
the potential pathways by which triacylglycerols can be produced following ACP synthesis within the plastid. These letters are
used to differentiate these pathways (A-H) as described within this article. Suffix annotations in parentheses after enzyme name
have been added to simplify description of these enzymes within this article. ACCase, Acetyl-CoA carboxylase; FA, fatty acid;
FAS, fatty acid synthase; FAT, fatty ACP thioesterase; DES, desaturase; ACS, acyl-CoA synthetase; MC, medium chain; AT, various
acyl transferases; PC, phosphatidylcholine; TAG, triacylglycerol. Within the plastid, fatty acids are synthesized de novo from
acetyl-CoA in a series of condensation and elongation reactions to form a pool of mostly 16:0- and 18:0-acyl chains linked to
ACP, of which a portion are desaturated to monounsaturated acyl-ACPs. These acyl-ACPs are cleaved by specific thioesterases to
free fatty acids and then converted to acyl-CoAs by acyl-CoA synthetases at or near the outer plastid envelope, so as to be
available for passage to the cytoplasm (Pollard and Ohlrogge, 1999). Export to the cytoplasm, or entry to the eukaryotic pathway,
diverts acyl chains away from membrane lipid synthesis in the plastid (the prokaryotic pathway) and makes them available for
incorporation into triacylglycerols. Within the cytosol (primarily endoplasmic reticulum) further modification of the acyl chains
occurs through the complex interaction of desaturation, elongation, and phospholipid/acyl-CoA exchange mechanisms. The
extra carbon required for acyl chain elongation commonly observed in the Brassicaceae originates from a distinct cytosolic
acetyl-CoA pool, probably derived from mitochondrial citrate metabolism (Fatland et al., 2005).

within the developing seed and their division between
the two cellular compartments (for review, see Ohlrogge
etal.,, 1991; Slabas et al., 2001; Voelker and Kinney, 2001).
The interplay of the various mechanisms described
ultimately controls the final fatty acid composition,
and together with consideration of the rate of de novo
fatty acid synthesis, the yield of triacylglycerols formed
from the condensation of diacylglycerol and acyl-
CoA pools in the final step of the Kennedy pathway.
Metabolic flux studies have revealed that over 50%
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of the carbon flux in developing B. napus seeds is
directed toward triacylglycerol synthesis (Schwender
et al., 2004).

Economically, the Brassica genus is represented by
oilseed, vegetable, fodder, and condiment crops, with
the species B. napus (AC genome, n = 19), Brassica rapa
(A genome, n = 10, syn. Brassica campestris), Brassica
juncea (AB genome, n = 18), and Brassica carinata (BC
genome, n = 17) providing about 12% of the world-
wide edible vegetable oil supplies. The major fatty

Plant Physiol. Vol. 144, 2007



acids present within rapeseed (canola) are palmitic
(16:0), oleic (18:1n9), linoleic (18:2n6), «a-linolenic
(18:3n3), eicosenoic (20:1n9), and erucic (22:1n9) acids.
Of these, 18:1n9 is thermostable and thus valuable for
cooking, while 18:2n6 is unsaturated with two double
bonds providing nutritional benefits. The three double
bonds within 18:3n3 lead to instability and rapid
oxidation, thus reducing the shelf life of products,
while 22:1n9 is poorly catabolized by the mammalian
B-oxidation pathway (Sauer and Kramer, 1983). Con-
ventional screening of parental germplasm and sub-
sequent breeding selection has been successful in the
development of the modern varieties of canola, which
have been selected for low levels of both these fatty
acids. However, complete elimination of 18:3n3 from
the seed oil is probably impossible, since it plays an
essential role in photosynthesis (Hugly et al., 1989),
and furthermore it is critical for pollen development
(McConn and Browse, 1996). Burns et al. (2003) have
highlighted the value of identifying the quantitative
trait loci (QTL) responsible for such traits as a valuable
contribution to plant breeding via marker assisted
selection.

Determining the genetic basis for the variation in
plant metabolites has great potential for both modifi-
cation of metabolic composition through classical
breeding (Keurentjes et al., 2006) and for unraveling
of metabolic, regulatory, and developmental pathways
(Jansen and Nap, 2001). QTL analysis in segregating
plant populations has been used to detect the presence
of loci affecting metabolite profiles associated with
particular synthesis and modification pathways. For
example this approach has been applied to different
classes of secondary metabolites, including flavonoids
in maize (Zea mays) and poplar (Populus spp.; McMullen
et al., 1998, 2001; Morreel et al., 2006), tetrahydrocan-
nabinolic acid in hemp (Cannabis sativa; Pacifico et al.,
2006), and glucosinolates in Arabidopsis (Arabidopsis
thaliana) and Brassica (Kliebenstein et al., 2001; Li et al.,
2001; Kroymann et al., 2003). However, it is recognized
that in such analyses many loci may be involved
(Kliebenstein et al., 2002).

Oil content and fatty acid composition are typically
quantitative traits under polygenetic control, influ-
enced by environmental conditions. It has been recog-
nized that the identification and mapping of QTLs
involved in the lipid biosynthesis pathway could
provide information for improved breeding selection
(Lionneton et al., 2002). Qiu et al. (2006) reported seven
QTL and Ecke et al. (1995) reported three QTLs asso-
ciated with oil content in B. napus. In both studies QTL
showed close linkage to the 22:1n9 genes fatty acid
elongasel.l (FAE1.1) and FAE1.2, and a similar situa-
tion has been reported for B. juncea (Thormann et al.,
1996; Cheung et al., 1998; Gupta et al., 2004). Genetic
characterization of the loci involved in 18:1n9 content
has been carried out in B. napus, B. rapa (Tanhuanpaa
etal., 1998), and B. juncea (Sharma et al., 2002). Similar
studies have also been carried out for low 18:3n3
(Tanhuanpaa et al., 1995; Jourdren et al., 1996) and for
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both linolenic and 22:1n9 (Thormann et al., 1996).
Quantitative genetic studies of oil synthesis in the model
dicotyledonous plant and closely related member of
the Brassicaceae, Arabidopsis (Hobbs et al., 2004), has
identified two major and two minor QTL that account
for 43% of the variation in seed oil content, as well as
other QTL affecting composition. This analysis used a
recombinant inbred population derived from Landsberg
erecta and Cape Verdi Islands ecotypes. Strong QTL
identified for linoleic acid (18:2) and linolenic (18:3)
acid content colocated with the FAD3 locus, while a
QTL for 18:1n9 colocated with FAD2. Other less sig-
nificant QTL were detected for 16:0, stearic (18:0), and
20:1n9 acids.

The fatty acid composition of Brassicaceae seed oils
is thought to be genetically more variable than the
composition of any other major vegetable oil (Sovero,
1993). This may reflect the position of Brassica crops as
among the oldest cultivated plants known to man
(Prakash, 1980; Yan, 1990). Diversity studies can dem-
onstrate the presence of genes and allelic variation
involved in the regulation of seed lipid traits (Mandal
et al.,, 2002; O’Neill et al., 2003). Utilization of this
natural allelic diversity would provide an alternative
to a genetic modification approach. Classical breeding
selection was responsible for the widespread adoption
of canola and oilseed rape, as a result of significant
changes in the fatty acid composition, as well of low
glucosinolates in canola oilseed varieties. This in-
volved the introgression of recessive alleles that re-
duced 22:1n9 levels from 60% to less than 2% (Morice,
1974). Extensive natural variation has been found in
levels of seed oil content, very long chain fatty acids,
and polyunsaturated fatty acids by surveying the
Arabidopsis genepool (O'Neill et al., 2003), and a
similar wide diversity of oil content and fatty acid
profiles found within B. juncea (Mandal et al., 2002).
The potential for the diploid Brassica C genome being
exploited as a source of variation to modulate rape-
seed oil yield and composition has to date not been
comprehensively assessed. The development of struc-
tured core collections of ex situ genetic resource ac-
cessions representing domesticated vegetable Brassica
oleracea, wild C genome species, and B. napus crop
types (King et al.,, 2004) provides an opportunity to
collate and interpret data from diversity screening in
the context of the increasing volume of genetic, ge-
nomic, and metabolomic data.

The Brassica A and C diploid genomes are thought to
have arisen from an ancient hexaploid ancestor in
common with Arabidopsis, with a series of segmental
chromosome duplications resulting in the presence of
an average of three paralogous genes when compared
to single gene loci within Arabidopsis (Lysak et al.,
2005). The amphidiploid genomes B. napus, B. carinata,
and B. juncea may typically contain six loci for each gene
present within Arabidopsis, with a heterozygote line
having the potential to contain 12 distinct alleles and
sequence transcripts. We therefore surmised that by
focusing our analysis on a single diploid crop genome
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and using homozygous doubled haploid (DH) popu-
lations, we would increase the likelihood of detecting
significant genetic effects associated with fatty acid
composition, and of deriving information about the key
steps in the relevant complex metabolic pathways. We
made use of two existing diverse reference mapping
populations representing the Brassica C genome, and
analyzed the results in the context of variation observed
throughout the associated Brassica genepool.

This article demonstrates the power of combining
analysis of natural variation in seed fatty acid compo-
sition with quantitative genetic analysis to provide
novel information about the regulation of storage lipid
biosynthetic pathways.

RESULTS
Fatty Acid Analysis

The seed weights of all the plants analyzed (Table
I) ranged between 0.4 to 7.4 mg/seed. To assess the
possible effect of this variation on the fatty acid com-
position, the correlation between micromoles per seed
and micromoles per gram fresh weight values was
calculated for each fatty acid. The values varied from
0.47 (20:0) to 0.96 (18:1n9), with a median correlation of
0.78. In addition we analyzed the percentage contribu-

tion of each fatty acid to the total content. We found that
the combined results provided the most representative
reflection of quantitative variation in synthesis and
modification throughout the metabolic pathway. To
determine any interaction with seed development, the
possible contribution of QTL regulating seed weight
was assessed in relation to effects on variation among
individual fatty acids. Three QTL were identified on
linkage group (LG) O4, O6, and O9 contributing to seed
size variation. However, these did not correspond to
any of the QTL accounting for differences in the total
fatty acid content (G.J. King and G.C. Barker, unpub-
lished data).

Sources of Variability

The variance components associated with the mea-
surements of micromole per seed fatty acids were
calculated (Table II). For most fatty acids, there was
little variability between sample or occasions. For 10
of the 17 fatty acids most of the measured variation
between lines was attributed to the genetic components
of species, subspecies, and line. Between accession
variance components differed between fatty acids,
with a median of 27.6%. Although individual line
means have a level of environmental variation, we are
able to make inferences attributable to allelic variation

Table 1. Distribution of lines sampled from the Brassica genepool

Groups A to E represent lines contributing to the diversity survey, with material obtained from genetic resource collections. Groups F and G refer to

the DH segregating mapping populations.

Varietas or

Group Species Subgroup Crop Type No. Lines
A B. napus (AC) oleifera Modern oil crops 20
B oleifera Fodder rape (NZ) 2
B napobrassica Swede 5
B biennis Fodder rape 3
C B. oleracea (C) acephala Kales 8
C capitata Cabbages 8
C tronchuda 3
C botrytis Cauliflower 15
C italica Broccoli 10
C alboglabra Chinese kale 2
C gemmifera Brussels sprouts 6
C gongylodes Kohl rabi 2
C Others Wild species 3
D B. rapa (A) chinensis Hybrid Chinese cabbage 3
D pekinensis Chinese cabbage 4
D Pak Choi group Japanese greens, Neep greens Gp 2
D rapa Turnip 3
D ruvo Broccoletto 2
D trilocularis Yellow sarson 1
D Others Rapid cycling 1
D sylvestris Wild species 2
E Brassica species (B) carinata Ethiopian mustard 1
E “B" species Wild varieties 2
Total 107
F B. oleracea (C) AGDH population Broccoli X Chinese kale segregants 99
G B. oleracea (C) NGDH population Cauliflower X Brussels sprouts segregants 69
Total 168
1830 Plant Physiol. Vol. 144, 2007



Table Il. Percentage of total variation accounted for by the
different variance components in the genepool diversity
assessment, for the different fatty acids

The modern oilseeds were excluded from this analysis. Significance
of variance components other than between samples was assessed by
comparing the change in deviance between models including the
component and those excluding it to a x? distribution on the appro-
priate number of degrees of freedom. Significance levels are shown as
follows: ***, <0.1%; **, <1%; *, <5%.

Fatty Acid Occasion Species Subspecies Line Accession Sample

14:0 1.9 0 26.8* 43  56.9*** 8.4
16:0 0 39.5%** 2.6 25.4  27.6** 49
16:1n7 49  22.5* 0 37.8% 22.9*** 119
18:0 0 27.0 5.9 19.2  36.5*** 11.3
18:1n7c 2.5  37.7%%* 1.7 31.8%% 17.2** 9.2
18:1n9¢c 2.2 9.9 13.3 21.1 39.0%** 144
18:2n6c 2.9 19.7 9.0 15.1  46.5** 6.7
18:3n3 0 19.6 16.8 31.6*% 22.1** 9.8
20:0 2.7 158 17.8 22,4 345 6.7
20:1n7 1.7 10.2 20.2*  50.6** 6.4 10.9
20:1n9 22 377 4.5 30.4* 18.7*** 6.6
20:2 0 23.6 15.9 45.4*%  8.8*** 6.3
22:0 5.2 292 33.0* 8.6 18.8*** 52
22:1n9 2.8 0 23.1*  36.4  24.8%** 128
22:2 0.5 0 18.2 27.1  41.0%** 13.1
24:0 0 8.9 4.0 25.7  44.9*** 16.5
24:1 0 1.1 0 36.2*%  40.6***  12.1

across the genepool. The components contributing to
the overall genetic variation varied between fatty acids.
For most fatty acids, there are relatively small differ-
ences in relative amount between subspecies, with the
exception of those that have been subject to recent
selection in modern oilseed canola lines when these
lines were included in the analysis (data not shown). A
similar pattern of variance components was observed
for the calculated step yields.

Diversity of Fatty Acid Amounts

Both the distribution of micromole per seed and the
percentage contribution of each fatty acid to the total
content of fatty acid components across taxa at species
level were plotted. Only the latter is shown in Figure 2 as
the trends and relationships were found to be similar
using both methods. The predominant fatty acids are
18:1n9, 18:2n6, 22:1n9, and 18:3n3. The levels of 18:1n9
are approximately 5 times higher in modern oilseed
B. napus (var. oleifera) lines than in other lines, with the
corresponding absence of 22:1n9 reflecting the recent
selective breeding pressure for low 22:1n9. The variety
Bronowski also has relatively elevated levels of 18:1n9
and low levels of 22:1n9. Sections of the Bronowski
genome have been introgressed into most modern va-
rieties following its original selection as one of the major
sources of low glucosinolates and 22:1n9 (Khachatourians
et al., 2001). Other crop types within the B. napus gene-
pool, including fodder rape, had a similar distribution
of 18:1n9 and 22:1n9 content to that found in the diploid
B. oleracea and B. rapa lines. A further striking feature of
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the modern canola oilseed lines was a 2-fold increase in
levels of 18:1n7 when compared with Bronowski, or
any of the non-oil varieties. This suggests the presence
of a broad-specificity stearoyl acyl-carrier protein [ACP]
desaturase that acts on 16:0 to produce 16:1n7 that is
subsequently elongated to 18:1n7, or a highly efficient
elongase acting on 16:1n7, and/or corresponding inhi-
bition of the elongase that results in 20:1n7. This is even
more striking when micromole per seed is measured.
Modern oilseed canola lines had similar proportions of
18:2n6 and 18:3n3 compared to the other groups stud-
ied, although the micromole per seed values showed
approximately 3-fold higher levels of 18:2n6 and 2-fold
higher levels of 18:3n3. 18:2n6 esterified to phosphati-
dylcholine is the substrate for the synthesis of 18:3n3
(Voelker and Kinney, 2001). The line to line variation
for these two fatty acids indicates variation in the ac-
tivities of the FAD enzymes involved. Itis striking thata
similar range of variation is detected for many of the
fatty acids between lines of the B. oleracea mapping pop-
ulations (i.e. combining alleles from just two lines) as is
found across most of the genepool, including the mod-
ern oilseed varieties. The levels of both 20:2n6 and
22:2n6 are consistently low in all species, compared to
the levels of 18:2n6. However, the levels of 20:2n6 are
much lower within the modern oilseed lines compared
to the other groups, which suggests that there has been
recent selection affecting the efficiency of metabolic
steps leading to 18:2n6 elongation. The possible contri-
bution of QTL regulating seed weight in accounting for
variation among individual fatty acids was addressed
in addition to enzymes in pathway E.

Comparative Pathway Analysis across Taxa

The pattern of relationships between levels of indi-
vidual fatty acids across taxa can provide information
on the genetic contribution to the synthesis and mod-
ification pathways. Correlation analyses between fatty
acids for different sections of the genepool are shown
as a scatter plot matrix (Fig. 3). These plots allow
interpretation of trends within and between different
taxa, and demonstrate how genetic variation within
a single biochemical step can affect subsequent prod-
ucts. Each individual plot represents a pairwise com-
parison in the percentage amounts of two fatty acid
products. For example, in the comparison of 18:0 and
20:0 (top left plot) the crop species are all tightly
grouped with similar percentage composition of 18:0
and 20:0, however, in the wild species some lines have
approximately twice as much 18:0 compared with
other taxa, and the variation in 20:0 is as marked. In
contrast, when 18:0 is compared to 22:0, the B. rapa
varieties are characterized by having approximately
twice the levels found in either B. oleracea or B. napus
lines. The highest levels of 22:0 are still observed in
some wild species.

Modern oilseed canola lines are the most distinct
taxonomic grouping as a result of the selection they
have undergone for low 22:1n9 and high 18:In9.
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Figure 2. Box plots representing the variability in the percentage contribution of each fatty acid to the total content within
species (a—e) and the B. oleracea mapping populations (f and g). Groupings are as indicated in Table I. The boxes represent the
interquartile range, with the median indicated by a line within the box. The maximum and minimum values are represented by
the whiskers attached to the boxes. The width of the box represents the number of lines within that group. Outliers within groups
are indicated as follows: (a) X = B. napus var. oliefera Bronowski; (c) X = C genome wild species; (d) X = A genome wild species;
(e) X = B. carinata and O = B genome wild species; ()2 A12DHd, 3 GDDH33; (g) 2CA25, 3AC498.

Concomitant with the high levels of 18:1n9, there is an
increase in levels of fatty acids with chain lengths less
than 20. A similar pattern is observed in the fatty acids
within pathway F, where the levels of 18:2n6 are raised
in modern oilseed canola. However the amounts of
20:2n6 and 22:2n6 are marginal compared to the other
groups. While a 2-fold increase in 18:1n7 can be ob-
served in modern oilseed canola lines compared to the
other groups, levels of 20:1n7 are either very low or
absent within these lines.

The pattern of variation found within the taxonomic
groupings across the pathways suggests that concur-
rent with the selection for low activity of FAE (el) there
has also been a major reduction in the activities of FAE
(d2) and FAE (f1), as well as a smaller reduction in the
activity of FAE (c1) and FAE (c2). The activities of FAE
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(d1) or FAE (c3) appear unaffected. One oilseed B. napus
line (var. Bronowski) is notable in having a substantial
level of 20:1n9 compared with any other accession,
although this is not reflected in the level of 22:1n9. This
supports the presence of distinct elongase specificities,
in this case for FAE (el) and FAE (e2).

Contributions to Total Fatty Acid Synthesis

Combined step yields were calculated for all of the
steps within the plastid that result in fatty acid sub-
strates for pathway components within the endoplas-
mic reticulum. This confirmed the differences between
the modern, low 22:1n9 oilseed canola and the other
lines. The differences in pathway D indicated sepa-
rate functions for FAE (d1) and FAE (d2), as well as

Plant Physiol. Vol. 144, 2007
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Figure 3. Matrix of scatter plots indicating correlations between the percentage contribution of each fatty acid to the total
content of the different triacylglycerols. Colored dots represent individual line taxa, coded as follows: Non-oleifera B. napus,
black; B. napus var. olifera, magenta; B. oleracea, green; B. rapa, blue; Brassica Wild sp., cyan. The scale for each fatty acid is
indicated on the x and y axis, from zero to the maximum value indicated. Each plot shows the levels of one fatty acid compared
to another with the respective scales shown on each axis. Those fatty acids with amounts below 0.5% are not shown.

between the step yields of FAE (f1) and FAE (f2). In
pathway E*, FAE (el) and FAE (e2) had similar step
yields, although that for FAE (e3) appeared much
higher in the modern oilseed canola lines. The analysis
was particularly effective at demonstrating a lack of
relationship between the step yields for the two steps
FAE (e2) and FAE (f2) within the endoplasmic reticu-
lum (Fig. 4). For FAE (e2) versus FAE (f2; Fig. 4A) the
step yields form four groups. The first group includes
most lines that have very low step yields (<0.2) for
FAE (e2). The second smaller group includes lines with
step yields between 0.4 and 0.5. The remaining lines
have high step yields and form two similar sized
groups. Within each of these there is a strong and fairly
linear relationship (r = 0.89 and 0.90) between the step
yields. The group with higher yield for FAE (f2) con-
tains most of the B. rapa lines. There does not appear to
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be any other consistent taxonomical relationship or
environmental interaction to account for the presence
of the two groupings with lines having high FAE (e2)
step yields.

Figure 4B is a contrasting scatter plot that shows the
step yields for the two steps FAE (c2) and FAE (f2).
This shows a linear relationship across the taxa sam-
pled, with a lower correlation (r = 0.75). The modern,
low 22:1n9 oilseed canola lines have low step yields for
both steps.

Variation within Reference Segregating B. oleracea
Mapping Populations

The range of variation in the level of individual fatty
acids observed within both of the B. oleracea mapping
populations was of a similar order of magnitude as
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Figure 4. Comparison of step yields calculated for different elongase
enzymes. Inferred relative yields of two elongations are plotted for each
line sampled. Yields were calculated according to the equation in
“Materials and Methods.”” A, y axis: 20:1n9->22:1n9, inferring activity
of FAE (e2), x axis: inferred activity of 20:2-> 22:2 (FAE f2). B, y axis:
20:0->22:0 inferred activity of FAE (c2), x axis: 20:2->22:2 inferred
activity of FAE (f2). The symbols represent the different taxa groupings.
x, Modern oilseed B. napus; O, nonoilseed B. napus; +, B. oleracea; ¥,
B. napus; O, wild species.

observed among the species diversity collections (Fig.
2). There was evidence of extensive transgressive seg-
regation compared to parental values. The absolute
levels and range of diversity for amounts of all the fatty
acids measured were higher in the AG population than
the NG population (data not shown). It is striking that
the variation observed within the AG and NG popula-
tion was comparable to, and in many cases exceeded
that found within the B. oleracea and B. rapa diversity
sets. Of the groups analyzed, the greatest range levels of
22:1n9 was found within segregants of the AG mapping
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population, where the maximum and minimum values
far exceeded those found in the parental lines. Al-
though the total amounts of the fatty acids were lower
within the NG population, the variation in the percent-
age composition observed within the population ex-
ceeded that seen within most other taxa.

Identification of QTL in the Brassica C Genome

QTL associated with fatty acid products were de-
tected in both B. oleracea mapping populations. Results
obtained with composite interval mapping (QTL Car-
tographer) confirmed those obtained by multiple re-
gression models (QTL Café), with no additional QTL
detected. We were able to assign putative enzyme
function to individual QTL by comparing the distribu-
tion of QTL for fatty acid products with the established
synthesis and modification pathways (Fig. 1). Our
interpretations are based on the premise that plastidic
synthesis and modification should result in consistent
QTL effects on products in any of the individual down-
stream sets A, B, and C. Conversely, modification in the
endoplasmic reticulum should result in contrasting
QTL effects on products in one or more of thesets Ato F.
In general, where a QTL effect has been associated with
a particular fatty acid product, it is important to take
into account all the preceding synthetic and modifica-
tion steps. Where we are able to detect contrasting
behavior in more than one set we are able to infer
specificity of QTL for particular combinations of sub-
strate and product. Out of a total of 22 QTL detected, the
locations of 20 were found to be in common for fatty
acid levels expressed as either micromole per seed
(Table III) or percentage contribution (Table III). How-
ever, the mapping intervals for these QTL were found
to differ slightly. Two additional QTL (QTL O2-b and
03-a) were detected when the levels of fatty acids were
expressed as percentage contribution.

DISCUSSION

Based on analysis of 18 fatty acid products, we have
demonstrated that considerable genetic diversity exists
within the genepools of different Brassica genomes, con-
tributing to variation in relative and absolute levels. In
particular, wide variation is available among the com-
ponent diploid genomes of the widely grown but rela-
tively modern canola crop. Previous more limited
surveys have indicated variation in the genepools of
B. napus (among 14 accessions for four fatty acids [Kaushik
and Agnihotri, 2000] and B. carinata [26 fatty acids; Genet
et al.,, 2005]). A survey of nine fatty acids among 360
Arabidopsis accessions (O’'Neill et al., 2003) also revealed
significant variation, and provided information that en-
abled more detailed analysis of a core set of 13 accessions.
Somewhat surprisingly, we also observed a similar
range of variation for specific fatty acids among homozy-
gous lines of diploid B. oleracea segregating populations
that were derived from a cross between homozygous
parents. Given that the range of variation within these
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Table Il QTL detected for each fatty acid in the reference B. oleracea segregating mapping populations, sorted by LG

Map positions are expressed relative to an integrated linkage map with common LG (e.g. O1) and QTL position (e.g. O1-a) nomenclature. The QTL shown relate to the molar concentration per seed, respectively, within the AG and the
NG population, and the percentage contribution of each fatty acid within the AG population and the NG population. The midpoint and confidence intervals (min and max) are shown for each QTL in centi-Morgans where applicable, and
additive effects indicated for each fatty acid, with positive effect associated with the female and negative effect associated with the male parent. QTL in bold indicate QTL identified but missing within the trait and population indicated.
Significance at P < 0.05, P < 0.01, and P < 0.001 are indicated by *, **, and ***, respectively.

Pathway A B C C C C D D D E X X E* F F F G H
LG QTL
Location  MinMax C14:0 C16:0 C18:2C20 (C20:0 €22:0 C24:0 C16:0C1 C18:1n7 C18:1n7 C18:1n9 (22:2C1 (C22:2C1 (C22:2C1  C18:2 22 C22:2  C18:3n3 C18:3n6
M
pmol FA per seed AG
0O101-a 37 17 55 31.61* 10.49* 62.93* 1.55%
O101-b 72 53 89 0.14* 0.70**
02 02-a 54 39 69 —1.92%*
02 02-b (% mol only)
03 03-a (% mol only)
03 03-b 53 14 80 —0.67**
03 03-c
04 04-a 55 41 79 —11.40% —13.59*% —1.59%* —77.43%%x
04 04-b 83 64 104 —1.94% —3.89*
05 05-a
05 05-b 43 20 53 —1.74* 1.85%
06 06-a 15 0 4 —3.48* —26.48*
06 06-b
0707-a 16 0 30 11.29%%*  2.68*** 1.65%** 0.47* 4.10%* 69.05%* 30.06%**  1.51%* 1.61* 31.09**
07 07-b 37 10 69 37.35%%  17.22%x —1.59*
0707-c 70 —1.23*
08 0O8-a 5 0 22 55.94%%*  21.87**
08 08-b 26 11 52 2.93%  2.11%*  0.80* 6.43%%* 24.59**
08 08-c 75 49 84 —1.15%** 0.51*
09 09-a 16 0 41 0.78* 0.52%** 4.98%**  37.35*% 11.81%
09 09-b 50 34 62 -0.10* 7.35%%
09 09-¢ 84 0.57**
pmol FA per seed NG
0O101-a
O101-b 81 84 95 —31.83%*
0202-a 49 23 70 32.55%* 9.08**  36.12%*
02 02-b (% mol only)
03 03-a (% mol only)
03 03-b 55 34 9% —5.35% —28.23*
03 03-c 85 58 115 —34.45% —0.74*
04 04-a 53 33 72 —1.48%** —0.69*** —0.45*** —0.33* -0.34* -2.03*
04 04-b
0O505-a 9 0 33 —40.91*** —11.03**
05 05-b
06 06-a 18 —61.40*
06 06-b 40 49.80*
07 07-a
07 07-b 38 15 57 —2.80**
07 07-c
08 0O8-a 12 3 23 7.46%*
08 08-b 23 0 47 0.07* 9.16%* 1.04* 0.66***  0.68**  0.42*** 0.57*** 4.60** 3.19%** S51.37%%  1.82%%%  37.14%x  125%  1.52%F  2530%**
08 08-c
09 09-a
09 09-b 45 32 54 0.09%** 0.61%** 2.27%*
09 09-c
QTL identified associated with the percentage contribution of each fatty acid to the total content within the AG population
O101-a 40 24 56 —0.80*** —0.83%** —0.06*
O101-b 70 57 83 0.744%**
0202-a 56 41 71 —0.09*
02 02-b 86 74 98 0.71% —1.03*
03 03-a
03 03-b 52 34 70 —0.20*  —0.17%**
03 03-c 90 79 11 0.03*  —0.04** —1.34*
04 04-a 60 44 76 0.04** 1.58* 0.95%* —3.07%**
04 04-b
05 05-a
05 O5-b 36 19 53 —0.04* —0.03*
06 O6-a 12 0 30 —1.14*
06 06-b 52 36 68 —0.27**
07 07-a 16 2 30 0.05*** —0.04** —0.18%**
07 07-b 44 32 56 0.05%** 0.50%**
07 07-c
08 08-a 8 2 14 1.92%**  0.85%** —0.10%**
08 08-b 20 10 30 0.11** 0.08*** —0.17%** —1.60%*
08 O8-c 68 50 86 —0.044%** 0.19** 0.085%**
09 09-a 14 0 34 0.09%** —0.83*
09 09-b 30 20 40 —0.54**
09 09-c 62 50 74 0.31%%*%  0.14%**
QTL identified associated with the percentage contribution of each fatty acid to the total content within the NG population
0O101-a 40 24 56 —1.97%**
O101-b 70 57 83 —1.08*
0202-a 56 41 71 —0.75%** —0.06* —0.05* —0.33%* 0.49* 2.03** —1.56*
02 02-b 86 74 98 —0.02* —0.08*
03 03-a 6 —0.10%* 1.24%
03 03-b 52 34 70
03 O3-c 90 79 111 0.231** 0.07* 0.20* —1.97%
04 04-a
04 04-b
05 O5-a 2 0 22 0.68** —0.76*
05 05-b 36 19 53 0.10%* 1.04*

(Table continues on following page.)
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Table IlI. (Continued from previous page.)

Pathway A B C C C C D

D E X X X F F F G H

LG QTL

Location Min Max C14:0 Cl16:0 C18:2C20 C20:0 (C22:0 (C24:.0 C16:0C1 Ci18:1n7 C18:1n7 C18:1n9 (C22:2C1 (C22:2C1 (C22:22C1  C182 (€22 (C22:22 C18:3n3 Cl18:3n6

06 O6-a

06 06-b

07 07-a

07 07-b

07 07-c

08 08-a

08 08-b

08 08-c 68 70 86

09 09-a

09 09-b 30 20 40 0.01* 0.26%*
09 09-c 62 50 74 —0.22%*

0.16* —3.42% 1.91* 0.11%*

0.91*

populations sometimes exceeded that observed in the B.
oleraeca or other genepools, this indicates that allelic
combinations found in crop-adapted germplasm tend
to mask the effect of null or active alleles that can
contribute to pathway remodelling. Taken together, these
results suggest that there exists within the genus an
intrinsic capacity, in terms of the range of specific mod-
ification steps, to provide considerable additional scope
for genetic metabolic engineering of fatty acid profiles.

At present there is no consistent genetic evidence
relating Brassica seed size and oil content (Leon and
Becker, 1995; Zhao et al., 2006). At least six to seven
QTL contributing to oil content can be detected in
B. napus populations, although the locations often differ
between populations (e.g. Burns et al., 2003; Delourme
et al., 2006; Qiu et al., 2006). Available variation for
seed size may be under simpler genetic control, since
fewer QTL have been detected to date, with only a
small proportion of these coinciding and accounting
for observed variation in oil content. Although this
could also result from differences in population size or
degree of G X E interaction, we do find similar
patterns of variation and QTL identified when fatty
acid data are calculated either as micromole per seed
or as percent fatty acid composition.

The use of a matrix of scatterplots to infer pathway
relationships by using trends in variation across a
genepool is a novel approach for making inferences
about the presence of steps in a metabolic pathway.
Having initially identified genetic variation for such
steps, we were then able to investigate them in more
detail through quantitative genetic analysis. This both
substantiated the genetic basis of such variation, and
in many cases identified distinct loci that could then be
assigned to one or more steps.

Overall, the QTL detected within our study could be
divided into four categories that are discussed below.

QTL Associated with FAEs in the
Endoplasmic Reticulum

FAE (cl) activity may be assigned to QTL AGO5-b,
as it affected 18:0 (umol) and 20:0 (wmol) with con-
trasting parental effect. This is substantiated by the
consistent parental effect at this QTL for the percent-
age contribution of 20:0 and 22:0 to the total fatty acid
pool. FAE (e3) activity may be assigned to QTL AGO2-a,
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as it affects both the molar concentration and the
percentage contribution of 24:1, while a contrasting
effect was observed at this QTL in the percentage
contribution of 20:1. FAE (f2) activity may be assigned
to QTL AGO7-c, as this affected the amounts of 22:2
assessed by micromole and percentage contribution,
while not affecting the amounts of the other fatty acids
in this pathway.

FAE activity (c2, €2, and f2) may be assigned to QTL
AGO7-b. FAE (e2) or (e3) activity can be inferred from
its effect on the molar concentrations of 18:1, 20:1, and
24:1, where there was consistent parental effect for 18:1
and 20:1, but with contrasting effect for 24:1. However,
this QTL also affects elongation step yields for chain
lengths 20 to 22 in pathways C, E, and F. This is
supported by the analysis of percentage contribution,
where there was an effect on 20:1 (e2) and 20:0 (c2). A
similar effect was observed for AG07-a where the
percentage contributions of 22:0 and 24:0 were affected
with contrasting parental affect. The confidence inter-
vals for AG07a and AGO07b indicate that these are
distinct QTL.

FAE activity at various steps may be assigned to
QTL AGO8-a. This affected the amounts of 18:1, 20:1,
and 20:2 with consistent parental effect, and 22:2 with
contrasting parental effect. This was substantiated by
the QTL detected with consistent parental effect for
percentage contribution of 20:1 and 22:1. This QTL also
affected the step yields of elongation from chain
lengths 20 to 22 in pathways C, E, and F, and from
chain length 18 to 20 in pathway D. FAE activity in
pathway E may also be assigned to the corresponding
region in the NG population (QTL NGO8a), as it
affected amounts of 20:1.

FAE (d2) activity may be assigned to QTL NGO9-b
as there is a significant effect on the yield of this
elongation step.

QTL Associated with Early Stages of
Fatty Acid Synthesis

The molar concentration of most fatty acids, as well
as the total amounts of fatty acid, were affected by QTL
AGO7-a, AG0O9-a, and NGOS8-b. This allows us to
assign these QTL tentatively to early stages of synthe-
sis. There appears to be a distinct range of synthetic
activity associated with the different QTL. QTL AGO7-a

Plant Physiol. Vol. 144, 2007



had a consistent parental additive effect on all fatty
acids, as did NGO8-b. In contrast, for QTL AGO9-a the
parental effect on medium chain fatty acids (pathway
A) was reversed compared to the effect found for other
fatty acids.

A consistent parental additive effect on fatty acid
components within pathway E was detected due to
QTL AGO4-a, which also affected pathway B and the
total fatty acid level. We therefore assign this QTL to
an enzyme(s) active at an early stage in synthesis. QTL
NGO4-a also showed a consistent parental effect, but
in contrast to AG04-a it had no effect on total fatty
acids or pathway E. However, NG04-a did affect path-
ways B, C, and D, consistent with enzyme activity at
an early stage in synthesis.

Desaturation

All products in the E* pathway were affected by QTL
AGO1-a with consistent parental effect, as well as the
total amounts of fatty acid. This QTL may therefore be
assigned to enzyme activity within the plastid. How-
ever, this is inconsistent with the contrasting parental
affect shown for percentage contribution of both 18:2
and 22:2 products in the E¥ pathway. This QTL may
therefore be assigned to FAD2. FAD2 function is also
implicated, as this QTL has a significant effect on the
activity of desaturating 18:1 to 18:2. The same pattern of
activity is attributable to QTL NGO2-a, which affects
the micromole amounts of products in the E* pathway.
This was substantiated by the effect on percentage
contribution with contrasting parental effect on prod-
ucts in the EY pathway. Since products in pathways C
and D were also affected by this QTL, this suggests it
may also represent A’desaturase activity. FAD3 activity
may also be assigned to the same QTL region since we
detect an effect for the activity of this step.

FAE (el) activity may be assigned to QTL NGO3-c.
This affected 20:1 and 22:1 with consistent parental
effect, as well as the efficiency of the metabolic steps
responsible for elongation from 18:1 to 20:1. However,
this QTL also affected the amount of 20:2, and may
therefore also account for activity of FAE (f1). How-
ever, although the percentage contributions of 14:0,
18:0, 20:0, 24:0, 16:1, and 18:1n7 were all affected with
consistent parental effect at this QTL, the percentage
contribution of 22:1 was also affected but with a
contrastmg parental effect, which suggests a potential
A’desaturase activity.

A contrasting parental effect was observed at QTL
AGO2-b for the percentage contrlbutlons to 18:2n6 and
18:3n3, which would suggest A°desaturase activity.

QTL Associated with Enzyme Activity in the Plastid

Ketoacyl ACP synthetase (KAS) activity may be
assigned to QTL AGO9-b, indicated by contrasting
parental effects on the products detected within path-
ways A and D. The effect on pathway D was observed
for the amounts of 18:In7, and on the percentage
contribution of 16:1n7 and 20:1n7 within pathway D.

Plant Physiol. Vol. 144, 2007
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NGO09-b also had an affect on the molar amounts of
12:0 pathway A, and 16:1n7 and 20:1n7 pathway D,
and was substantiated by observed affects on the per-
centage amounts within both pathway A 14:0, and path-
way D 16:1n7 and 20:1n7.

An effect in the plastid prior to the synthesis of 18:0
ACP can be assigned to QTL AGO4-b and NGO1-b, as
they affect pathways C and E with a consistent paren-
tal effect. A’Desaturase or FAT activity may be as-
signed to QTL AGO1-b, as it affected the molar
concentration of the terminal fatty acid products of
pathways A and C, as well as the percentage contri-
butions of 16:0 and 18:3, with contrasting parental
effects. A similar assignment may be made for QTL
NGO5-a for products within pathways D and E.

The molar concentration of fatty acids within path-
ways C, D, and E was affected by QTL AGOS8-b,
although the same QTL did not have a detectable effect
on total fatty acids. Since the parental effects are con-
sistent for all these pathways we assign this QTL to an
enzyme active (probably in the plastid) prior to A%de-
saturases. However, it is not possible to ascribe a
specific enzyme activity. Eight QTL were detected
within the AG population and 14 within the NG pop-
ulation (Table IV) for which we were unable to assign
any function consistent with current understanding of
the fatty acid synthesis pathways as shown in Figure 1.

Genes encoding many of the enzymes involved in
the fatty acid synthesis and modification pathways
have been identified in Arabidopsis. These include the
fatty acid desaturase genes FAD3 (At2¢29980) and
FAD2 (At3¢12120; Okuley et al., 1994), FAEs FAE1
(At4¢34520) and FAE homolog (At3¢52160), palmitoyl-
ACP thioesterase FatB (At1g08510), and the ACP ACP1
(At3g11430; Bonaventure and Ohlrogge, 2002). Closely
related orthologs of these genes have been isolated from
Brassica species. The B. napus genes FAE1.1 and FAE1.2
have been shown to cosegregate with two loci that
govern 22:1n9 production (Barret et al., 1998; Fourmann
et al., 1998), with FAE1 genes also being isolated from
B. oleracea and B. rapa (Das et al., 2002) as well as B.
juncea (Gupta et al., 2004). Between four and six copies
of FAD2 have been reported for B. napus (Scheffler et al.,
1997) and representative orthologous genes encoding
for both FAD2 and FAD3 have been cloned (Arondel
et al., 1992; Okuley et al., 1994). The Brassica A genome
copy of FAD2 located on LG NO5 is thought to be respon-
sible for the high 18:1n9 levels (Schierholt et al., 2000).
However, loci accounting for low 18:3n3 (Tanhuanpaa
et al., 1995; Jourdren et al., 1996), which were mapped to
the homeologous LGs N04 and N14 (Laga et al., 2004),
collocate with FAD3 (Jourdren et al., 1996).

Candidate genes can be associated with some of
the specific QTL identified by analyzing the relative
position of genes already characterized within the
Brassicaceae. For example, an FAE gene encoding
B-keto-acyl-CoA synthase (KCS) has been cloned from
each of the A and C genomes of B. napus (Barret et al.,
1998). These have subsequently been mapped to LGs
DY7 (syn. N13 = O3) and DY9 (syn. N8) in the context
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Table IV. Specific enzyme activities assigned to QTL in B. oleracea

Where the QTL could be associated with previously characterized genes, the orthologous Brassica or Arabidopsis gene has been assigned.

Gene Category Inferred Activity Pathway Stage Influenced QTL Candidate Orthologous Gene
Early activity Early stages of Most AGO7-a, NGO8-b -
synthesis
Early stages (but Most AGO9-a -
different to above)
Early stage (B, E) (B, C, D) AGO4-a, NGO4-a -
One of the KAS (A, D) (A, D) AGO9-b, NGO9-b -
Before 18:ACP (C, B (C, E) AGO4-b, NGO1-b -
Before A°DES(P2) (C, D, KB AGO8-b -
Plastid desaturases A°DES or FAT (A, C AGO1-b -
A°DES or FAT (D, E) NGO5-a
FAD2, ?FAD3 (E%) AGOT-a, NGO2-a Canola FAD2 AthFAD2
Elongases KCS (FAE) (c1) AGO5-b Undetermined
KCS (FAE) (e3) AGO2-a Undetermined
KCS (FAE) (f2) AGO7-c AthFAE
KCS (FAE) (c2, e2, f2) AGO7-b AthFAE
KCS (FAE) (Various) AGO8-a Undetermined
KCS (FAE) (e*) NGO8-a Undetermined
KCS (FAE) (e1,f1) NGO3-c AthFAE
KCS (FAE) (d2) NGQO9-h? Undetermined
Unassigned Unassigned 7 AG 6 NG -

of the ‘Darmor X Yudal’ B. napus map (Fourmann
et al., 1998). By comparing the collinear relationships
between B. napus and Arabidopsis (Parkin et al., 2005)
we were able to confirm that these B. napus gene loci
are located within regions that correspond to the Arabi-
dopsis region containing the FAE gene (At4g34520).
These conserved regions are located on LGs N1, N11,
N3, N8, and N17, and correspond to regions where
QTL were detected on LGs O1, O3, and O7 within the
B. oleracea AG map. In addition, we identified two
QTLs for FAE activity in the NG population. NGO3-c is
collinear with the region of DY7 containing the cloned
FAE gene encoding KCS, and AGO7-c corresponds to
N17. QTL AGO7-b, where the mapping interval over-
laps with that of AGO7-c, was also assigned as having
a FAE function. We would expect that additional genes
with FAE activity could be isolated from the QTL
regions identified on 02-a, O5-b, O8-a, and O9-b. Some
of these may provide insights into genes with novel
specificity or combination of functions. For example, a
QTL detected in the region of O1 described above also
appears to affect the levels of 18:1n9, and so this region
may contain additional genes that have a desaturase
function (see Table IV).

The combined analysis has enabled us to propose the
presence of novel elongases associated with specific
elongation subpathways. Moreover, we have been able
to infer the existence of enzymes encoded by distinct
loci that are associated with specific elongation steps. It
is, however, possible that factors other than enzyme-
encoding genes may be responsible for such effects,
such as transcription factors, as demonstrated recently
in Arabidopsis (Bo et al., 2006). Our analysis provides
information to guide subsequent experimental ap-
proaches to test hypotheses about pathway structure,

1838

as well as suggesting genetic approaches to modulate
such pathways. Differences in specificity have already
been detected for FAE1 genes cloned from Arabidopsis
and B. napus (Blacklock and Jaworski, 2002). The N
termini of FAE enzymes are responsible for substrate
specificity, with the B. napus FAE1 gene (U50771)
appearing to favor 20:1 acyl substrates, while Arabi-
dopsis lacks this specificity. A low 22:1n9 phenotype
can be attributed to a single amino acid substitution,
and has been demonstrated by substituting FAE1-Phe-
282 with Ser (Katavic et al., 2002). Supporting evidence
for specificity of FAEs has also been observed in Nas-
turtium (Tropaeolum majus), where an FAE gene was
found to have a strong preference for elongation of
20:1-CoA (Mietkiewska et al., 2004). Selecting for re-
duced enzyme activity that modulates sequestration
into pathway D could be used to further modulate the
desired composition of rapeseed oil. Interestingly, only
a small increase in the levels of 18:0 was observed
within the modern oilseed varieties that could corre-
spond to a reduction in the levels of the longer chain
fatty acids within pathway C. This suggests that the
breeding programs that have produced the low 22:1n9
oilseed lines have had little impact on pathway C.

We identified QTL for 10 fatty acids that had previ-
ously been associated with B. napus genomic regions
by using substitution lines (Burns et al., 2003). Three of
the six QTL identified in that study corresponded to
those we identified. We also appear to have been more
successful in identifying QTL associated with genes
known to affect fatty acid synthesis, resulting from a
greater number of QTL being detected. This is likely to
result from the use of diploid B. oleracea compared to
amphidiploid B. napus. The region on O8 between 11 and
52 ctM in both the AG and NG populations corresponds
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to the region on N'18 that had been found to have a major
effect on total fatty acid content and the levels of a range
of fatty acids. This region may therefore either contain
multiple QTL or be a major pleiotropic locus. Our
analysis supports a diverse role for this locus, but also
suggest that the variation observed could result from
earlier stages in the pathway.

Our approach to the detection of new QTL and
genetic variation in the diploid genomes for a range of
fatty acids is substantiated by the confirmation of loci
previously detected in the amphidiploid species. The
degree of desaturation contributes to the economic,
nutritional, and industrial value of polyunsaturated
fatty acids. Copies of FAD2 genes have previously been
mapped to LGs N1, N11, N3, N13, N1, and N15 of
B. napus (Scheffler et al., 1997). These regions are all
collinear with a 30 cM region of Arabidopsis Chromo-
some 3 that contains both FAD2 and FAD?7 (Scheffler
etal., 1997). The Brassica A genome copy of FAD2 on N5
is located within a region that contains a QTL for high
18:1n9 (Laga et al., 2004). We were able to detect/infer
FAD?2 function in both the diversity and QTL analyses.
Within the B. oleracea AG population, one of the major
QTL on LG O1 that was proposed to correspond to
FAD?2 function coincides with a locus defined by an
Arabidopsis FAD2 gene probe on the C genome LG
N11 of B. napus (Scheffler et al., 1997). Within the B.
oleracea NG population, a QTL effect was also detected
on O1. However, in this population the QTL with
greatest effect was located between 29 to 48 cM on O5.
This corresponds to the second locus defined by
Arabidopsis FAD2, on N15. We were unable in this
study to unequivocally identify a third locus corre-
sponding to that found by Scheffler et al. (1997) on N13.

Multiple QTL were detected that appeared to have
effects in the early stages of fatty acid synthesis, but
either where a specific role could not be assigned, or
where the pattern of substrate and product levels did
not correspond to our current understanding of the
relevant pathways. The ability of QTL analyses to
resolve independent genetic loci (in genomes contain-
ing duplicated loci) may contribute to elucidating
alternative routes in fatty acid synthesis, and subse-
quently contribute to identifying the associated genes
and gene products involved. The accumulated evi-
dence from genetic modification of specific steps in-
dicates that the synthetic and modification pathways
are more complex than originally expected. We pro-
pose that in specific cases, the function of particular
loci can be resolved through development of defined
experimental populations to test this hypothesis.

By combining knowledge that allows identification
of sources of genetic variation, together with a genetic-
metabolic model, we believe there is considerable
scope for targeted modification and reallocation of
fatty acid substrates to manipulate crop fatty acid
profiles using existing natural variation. In particular,
the observation that QTL accounting for specific fatty
acids in distinct populations are located in different
regions of the Brassica C genome, indicates that there is
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likely to be additional capacity to combine the additive
effects of sets of positive or negative acting alleles to
achieve even greater reallocation of substrates. This
capacity is a consequence of the segmental duplicated
organization of the Brassica diploid genomes, which
are effectively triplicated in relation to the contempo-
rary Arabidopsis genome (Lysak et al., 2005; Parkin
et al., 2005), with both genera appearing to share a
common hexaploid ancestor. Carrying out diversity
and quantitative genetic analyses in diploid Brassica
species appears to increase the ability to identify and
resolve contributing loci. However, there is greater
potential for maximizing additive effects of selective
recombination in the tetraploid species B. napus and
B. juncea, albeit with a contemporary narrow base of
genetic diversity. These already represent the major
Brassica oil crops worldwide. Metabolic pathway ma-
nipulation using marker-assisted selection to facilitate
introgression has also been used to achieve significant
increases in desirable isothiocyanates levels in B.
oleracea var. italica broccoli (Mithen et al., 2003). Ma-
nipulation of pathways via the utilization of natural
allelic diversity means that many of the problems
associated with transgenic approaches, such as intro-
ducing novel nonendogenous enzymes and the asso-
ciated difference in their specificities, can be avoided.
This may have a range of benefits in terms of market-
ing, licensing, and consumer perception, as well as in
management of gene flow into natural or feral popu-
lations. In addition, transgenic approaches in which
multiple genes are used present severe problems of
locus management for breeders when combining with
elite material segregating for other performance traits.

In summary, our results demonstrate that the allelic
diversity present with the Brassica gene pool can be
utilized to manipulate the oil composition through
pathway engineering, and that there is considerable
scope for metabolic engineering for a range of indus-
trial and nutritional end uses.

MATERIALS AND METHODS
Plant Material

A set of 107 lines was assembled to represent diversity within the Brassica
genepool, primarily within the A and C cytodemes (Table I). The primary
operational taxonomic unit was defined as a line. A line consists of genetic
material maintained as a distinct entity within a genetic resource or research
collection, and may either be uniformly homozygous (inbred or DH), uni-
formly heterozygous (F1 varieties), or heterozygous and heterogeneous
(landraces, open pollinated varieties). An accession is defined as seed or
plants of a line arising from a single generation, where seed have been
harvested from one or more plants on a single occasion and location. Most
seed were sourced from the Warwick HRI Genetic Resources Unit, with
additional lines obtained from research collections at Warwick HRI. Four
homozygous lines representing parents of the DH mapping populations were
included in the diversity set.

DH lines from two Brassica oleracea reference segregating mapping popu-
lations have been described previously (Sebastian et al., 2000). The AG
population was represented by 99 DH lines that had been derived by anther
culture from an F1 produced from a cross between A12DHd (var. alboglabra)
and GDDHB33 (var. italica). The NG population was represented by 69 DH lines
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derived from an F1 resulting from a cross between CA25 (var. botrytis) and
AC298 (var. gemmifera).

In most cases seed had been collected by hand from plants pollinated
either individually or as individual lines in insect-proof cages. For material
from the genetic resource unit, seed were maintained at 15°C and 15% relative
humidity for 2 weeks prior to sealing in foil-laminate pouches and storing at
—20°C until required. Seed from mapping populations were sampled from
glasshouse grown plants.

Sampling and Measurement of Seed Fatty Acids

Seed fatty acids were analyzed on two separate occasions (February and
November, 2003). To increase the sensitivity of the analysis extractions were
performed on samples of five seeds. On the first occasion (February) three
samples, and on the second (November), two samples of five seeds per
accession were analyzed. All seed were equilibrated at 15°C and 15% relative
humidity prior to sampling. Individual samples of five seeds were weighed in
2-mL glass analysis vials with sealable lids. At the sampling stage seeds were
handled with nitryl gloves to reduce contamination.

For all lines but the parents of the mapping populations, a single accession
was analyzed per line, on one of the two occasions. We sampled several
accessions of the four parent lines of the mapping populations. These
accessions were selected from harvests carried out in different years. For
two lines (CA25 and AC498), two accessions were analyzed, one on each
occasion. For GDDH33 four accessions were analyzed, one on the first
occasion and three on the second. For A12DHd four accessions were analyzed,
one on the first occasion and all four on the second, thus providing a sampling
occasion replicate for the first accession.

Lipid fatty acids were converted to their methyl esters (FAMEs) using the
direct transmethylation method and gas chromatography equipment as
described by Larson and Graham (2001), with some modifications. To min-
imize seed to seed variation, five seeds were pooled and processed through
the transmethylation procedure. Heptadecanoic acid (100 ug) was added as
an internal standard before processing. Cooled transmethylated samples were
transferred to microfuge tubes and extracted three times with 200 L hexane,
with 1 min centrifugation at 14,000 between each extraction step to clarify the
partitioned layers. The hexane fractions were pooled, dried in vacuo for 10
min, and reconstituted in 1 mL fresh hexane. This procedure demonstrated
comparable quantitative extraction for one to five seeds, with no losses for
FAMEs with acyl chains >C10 (data not shown). A 2 uL aliquot was injected
for FAME analysis. Fatty acids were identified and quantified by comparison
to a 37 FAME mix (Supelco), using Chromquest 2.53 software (Thermo). The
absolute and relative amounts of each fatty acid were calculated.

Calculation of Step Yields

Figure 1 outlines the current understanding of triacylglycerol synthesis
within the Brassicaceae as discussed in the introduction. By comparing the
total amounts of fatty acid being synthesized by a particular combination of
metabolic steps, it is possible to gain a better understanding of the pathways
and yields for any particular step.

To calculate the efficiencies of metabolic steps within the cytosol we
calculated the ratio a/b of the total amount of the product of a step, a, to the
total amount of the substrate of the step, b. 2 was calculated as the sum of the
yields of the product of the step, together with all fatty acid products for which
itis a precursor in the assumed pathway. b was calculated in a similar manner,
as the sum of the yields of the substrate of the step together with all fatty acid
products for which it is a precursor. b is therefore greater than or equal to a,
since all the fatty acids whose products composed a are also contained in b.

For example, the step yield for FAE(el) is calculated as:

yield = ([20:1n9] + [22:1n9] + [24:1n9]/([18:1n9] + [20:1n9] + [22:1n9] +

[24:1n9] + [18:2n6] + [20:2n6] + [22:2n6] + [18:3n3] + [18:3n6]).

Analysis of Sources of Variation in the Diversity Data

To examine the sources of variability for the yields (micromole per seed)
and the percentage contribution of each fatty acid, and for the efficiencies of
metabolic steps, restricted maximum likelihood was carried out on the data
from the seed samples within the diversity set. The progeny of the mapping
populations were not included in the analysis. The data were analyzed both
with and without the modern oilseed lines. The data excluding these lines are
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shown. Restricted maximum likelihood is a generalization of ANOVA suitable
for unbalanced data, and which is particularly suitable for estimating com-
ponents of variation. We considered explanatory factors of occasion, species,
subspecies within species, line within subspecies, accession within line, and
batch of seeds within accession. All factors were taken as random. Where
negative variance components were estimated for a factor then they were
forced to be zero. The analyses of fatty acid yields and efficiencies of metabolic
steps for which many lines gave zeroes tended not to converge and the
relevant traits were consequently not analyzed. The analyses were repeated
with line taken as fixed factor, and the line means from this analysis were used
as input to the QTL analyses.

To display variation of fatty acid amounts within and between species, we
generated a series of box and whisker plots (Fig. 2).

Identification of Genetic Loci through QTL Analysis

Individual and integrated genetic linkage maps based on segregation of
DNA markers within the B. oleracea AG and NG DH populations have been
published (Sebastian et al., 2000). QTL analysis was carried out using a subset
of loci evenly spaced at approximately 10 cM intervals through the linkage
maps, for which the most complete genotype information was available. QTL
detection and location was carried out using the multiple marker regression
approach (Kearsey and Hyne, 1994) based on line means implemented in QTL
Café software (http://www.biosciences.bham.ac.uk/labs/kearsey/). QTL
Café software has been extensively used in published Brassica and other
QTL analyses and can readily be used to compare different crosses for the
presence of common QTL (Kearsey and Hyne, 1994), which is relevant to our
analysis where we are comparing two populations of B. oleracea. The presence
of one or more QTL was tested using ANOVAs. Usually a single QTL model
on a given LG was accepted when the residual mean square in the ANOVA
was not significant (P > 0.05) and the regression mean square was significant.
The parental contribution to each QTL was assigned by the direction of the
QTL effect, such that positive values indicated that the contribution derived
from the female parents (A12DHd in AG population, CA25 in NG popula-
tion), and negative values indicate a contribution from male parents
(GDDH33 and AC498, respectively). At any QTL locus the contribution of
an increasing allele from a female parent, indicated by a positive additive
effect, is equivalent to the contribution of a decreasing allele from a male
parent, as the direction of the additive effects are expressed as one parental
allele relative to the other. Map positions are expressed relative to an
integrated linkage map with common LG (e.g. O1) and QTL position (e.g.
Ol-a) nomenclature and a population-specific prefix (AG or NG). We also
used interval mapping and composite interval mapping methods within QTL
Cartographer (Wang et al., 2006) on the same datasets to verify the results.

Nomenclature

Throughout this study, fatty acids are written as x:ynz, where x refers to the
number of carbons in the acyl chain, y to the number of double bonds, and z to
the position of the first double bond from the methyl end of the fatty acid.
Where more than one double bond is present, their respective positions are
spaced at methylene-interrupted intervals away from the z double bond
toward the carboxyl end of the fatty acid.
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