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We report the quantitative genetic analysis of seed oil quality
and quantity in six Arabidopsis thaliana recombinant inbred
populations, in which the parent accessions were from
diverse geographical origins, and were selected on the
basis of variation for seed oil content and lipid composition.
Although most of the biochemical steps involved in lipid
biosynthesis are known and the key genes have been
identified, the regulation of the processes that results in the
final oil composition and total amount is not understood.
By using physically anchored markers it was possible to

compare results across populations. A total of 219 quanti-
tative trait loci (QTLs) were identified, of which 81 were
significant at P<0.001. Some of these colocalise with QTLs
identified previously, but many novel QTLs were also
identified. The results highlight the importance of studying
traits in multiple populations, which will lead to a better
understanding of the contribution that natural variation
makes to the genetic architecture of a phenotype.
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Introduction

Seed oils are both components of the human diet and
feedstock for industrial products, where they have the
potential to substitute for mineral oil. They are energy-
rich compounds and, for many angiosperm species are
important for reproductive success as they provide much
of the carbon and energy needed during germination
and establishment (Rees and Long, 1992). Seed storage
oils are composed mainly of triacylglycerols. They are
synthesised in two stages, with acyl chain synthesis in
the plastid being followed by further modification in the
endoplasmic reticulum, resulting in the presence of a
range of different fatty acids. Many studies of the
regulation of lipid metabolism have been conducted in
Arabidopsis thaliana (Ohlrogge and Browse, 1995), where
the availability of its genome sequence (The Arabidopsis
Genome Initiative, 2000) enables the use of genomic
approaches (White and Benning, 2001; Ruuska et al.,
2002). Early mutagenesis experiments in A. thaliana
produced a series of mutants in which fatty acid
synthesis genes were inactivated, leading to the identi-
fication of the major genes involved (Okuley et al., 1994;
James et al., 1995; Katavic et al., 1995; Focks and Benning,
1998; Poirier et al., 1999). Although most of the biochemical
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steps involved in lipid biosynthesis are known and the
key genes have been identified (Beisson et al., 2003), the
regulation of the processes that results in the final lipid
composition is not understood. The observation that there
is a coordinated transcription of many genes involved in
the pathways is indicative of the existence of regulatory
loci in addition to the components of the biochemical
pathways already identified (Ruuska et al., 2002).

The genetic networks underlying complex processes
are typically under the control of many genes. The
impact of allelic variation of individual genes upon
the resulting phenotype may be small, making them
difficult to identify (Glazier et al., 2002). The method
most commonly used for inferring the presence and
position of such genes in the genome is based upon
analysis as quantitative trait loci (QTLs). Such quanti-
tative genetic approaches provide estimates of several
genetic parameters that underlie phenotypic variation,
including the number of loci, the type and magnitude
of their effects, interactions between genes (epistasis),
and gene by environment interactions.

The analysis of natural variation can provide an
approach to the identification of genes in A. thaliana
(Koornneef et al., 2004; Tonsor et al., 2005) and has been
successfully applied to a range of traits, such as downy
mildew resistance (Nemri et al., 2010), seed dormancy
(Bentsink et al., 2010) and flowering time (Shindo ef al.,
2005). Much of this work will be further aided with the
output of the 1001 genomes sequencing project (http://
www.1001genomes.org/). As storage lipid accumulation
may be regarded as an adaptive trait (Linder, 2000),
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and even small modifications of seed oil content and/or
fatty acid composition potentially confer an advantage in
specific environmental conditions, natural variation may
be useful for the identification of regulatory mechanisms.
A survey of 360 accessions of A. thaliana for seed oil
content, very long chain fatty acids and polyunsaturated
fatty acids revealed extensive natural variation for these
traits (O’Neill et al., 2003).

As a largely inbreeding species, recombinant inbred
(RI) populations can readily be developed and main-
tained for A. thaliana. These represent ‘immortal’
populations, as each line is practically homozygous and
can be propagated indefinitely by selfing. Currently,
24 RI populations are available from the Arabidopsis
Stock Centres, with more under development (http://
www.inra.fr/vast/RILs.htm). The genetic control of
seed oil content has been studied in an RI population
derived from a cross between accessions Cvi-0 and
Landsberg erecta, with four QTLs being identified,
explaining 43% of the genetic variation for that trait
(Hobbs et al., 2004). In the same study, QTLs were
also identified for the content of the fatty acids palmitic
(16:0), stearic (18:0), oleic (18:1), linoleic (18:2), linolenic
(18:3) and eicosenoic (20:1) in seed oil. However,
studies conducted in a single mapping population,
sample only a fraction of the natural allelic variation
available within a gene pool and therefore identify
only a subset of the loci controlling the traits (Symonds
et al., 2005).

Studies using many mapping populations derived
from a diverse array of accessions will enable progress
towards an understanding of the global genetic archi-
tecture of complex traits (Tonsor et al., 2005). We recently
developed six new RI populations of A. thaliana (O'Neill
et al., 2008). The 12 parental accessions used for the
development of these populations had been selected so
as to represent the range of phenotypic variation
identified in the species during our initial survey
(O'Neill et al., 2003). We used this set of populations to
take a QTL approach to identifying further components
of the global genetic architecture of seed lipid biosynth-
esis and accumulation.

Materials and methods

Plant materials and growth conditions

A total of six RI populations CA (Cvi-0 x Ag-0), KB
(Kondara x Br-0), NG (Nok-3 x Ga-0), SG (Sorbo x
Gy-0), T] (Ts-5 x Mz-0) and WC (Wt-5 x Ct-1) were
used in this study. These populations were previously
described and characterised (O’Neill et al., 2008). Each
population consisted of a set of 94 lines. In all 10 seeds
from each line of the six populations were sown on
Arabidopsis soil mix: Levington’s M2 compost with
4mm grit (8:1) and the insecticide intercept (to protect
against aphids) in P40 trays (O’Neill et al., 2003). After
sowing, seeds were transferred to a 5°C chamber, with
an 8h photoperiod for 6 weeks to be vernalised. The
plants were then moved to either a glasshouse (GH) or a
controlled environment room (CER). Both provided a
22°C day/18°C night, 16 h photoperiod with supple-
mentary light provided by sodium lamps. When the first
true leaves were fully developed, seedlings were pricked
out to Arabidopsis soil mix in 7 cm pots.

Heredity

All populations, including their parents, were grown
using randomised block designs. A minimum of three
replicate plants of both the parents were grown in each
block, however, because of space limitations, only one
plant of each line of the RI populations was grown in
each block. Three of the populations (SG, KB and TJ)
were grown as single experiments in the GH in three
randomised blocks, while two of the populations (CA
and WC) were grown in the CER on two separate
occasions in two randomised blocks, which were split
into two equal sub-blocks consisting of half of the RI
population and also grown in the GH in a randomised
trial with two blocks. The sixth population, NG, was
grown under CER conditions in three randomised
blocks. In all experiments the plant trays were rotated
1807 each week to reduce positional effects. Watering was
stopped when the oldest siliques had turned brown.
Seed was collected from the dried mature plants.

Seed lipid analysis
The seed oil content (percent w/w) was determined
using NMR spectroscopy. Samples weighing either 50 mg
or 200 mg were analysed using a benchtop Oxford MQC
NMR machine (Oxford Instruments, Oxford, UK). Ana-
lysis was performed in accordance with ISO 10565
guideline (International Standard Organisation, 1993).
The oil content of the seeds was expressed as % dry
weight, as calculated by the instrument. The machine
measurements were calibrated using canola standards
supplied by the Canadian Grain Council. Seed fatty-acyl
composition was determined according to the method of
James and Dooner (1990). Samples were extracted in
hexane and analysed using gas chromatography. The
conditions allowed the detection of the seed fatty acid
methyl esters: 16:0, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1, 20:2
and 22:1. For peak identification, an oil reference standard
for low erucic acid rapeseed (Sigma-Aldrich Company
Ltd., Gillingham, UK) was also analysed. To quantify the
overall levels of fatty acid elongation and desaturation in
lines, we calculated ratios for carbon chain length and
desaturation. The chain length ratio (CL) is the sum of
areas under peaks for all 20 and 22 carbon fatty acids
divided by the sum of areas under peaks for all 16 and 18
carbon fatty acids. The desaturation ratio (DS) is the sum
of areas under peaks for polyunsaturated 18 carbon fatty
acids divided by the sum of areas under peaks for
saturated and monounsaturated 18 carbon fatty acids.
The population trait data presented in Figures 1a and b
are the mean line values as used for QTL mapping for
the KB, NG, SG and TJ populations. For the CA and WC
populations, normalised average values were used
owing to the significant differences in the mean,
minimum and maximum trait values for the three
occasions, particularly between the GH and CER experi-
ments. Therefore, to facilitate comparison, all values
were normalised to the grand mean calculated as the
average of the mean for each of the three occasions. This
normalisation was done by multiplying each individual
value within an occasion by the ratio of that occasion
mean to the grand mean.

Statistical analysis
A minimum of three maternal and paternal plants were
grown as control material on each growth occasion.
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Figure 1 (a, b) Line plots of the six RI populations showing the distribution of fatty acids, expressed as the percentage of total seed fatty acid
content. DS, CL and fatty acid ratios are also shown. Seed oil content is expressed as percentage of dry weight. The trait values are grouped in
bins along the X axis, and the number of plants per bin are given on the Y axis. The line colours are used to denote the populations as follows:
CA, Dark blue; KB, Red; NG, Green; SG, Purple; T], Light blue; WC, Orange. CA and WC are the normalised means of the CER and the

GH experiments.

The KB, NG, SG and TJ parental material was analysed
using analysis of variance. To take account of the two
different growth environments, the CA and WC parental
data were analysed using an unbalanced regression
analysis. To determine whether the three data sets for
the CA and WC populations could be combined for
QTL mapping purposes and trait display, they were
analysed using analysis of variance. The results of this
analysis showed interactions between the GH- and CER-
grown material in both data sets; therefore the GH
and the CER data were mapped separately. All statis-
tical analyses including randomisation procedures were
carried out using GenStat (VSN International Ltd, Hemel
Hempstead, UK) (Payne et al., 2009).

Marker development and assay

To increase the genetic mapping resolution over that
described in earlier maps (O’Neill et al., 2008), new
Insertion-Deletion markers were identified using the
MSQT website (Warthman et al., 2007) and mapped onto
the existing maps. The final maps have on average 75
markers. The complete marker set used for the indivi-
dual populations is available on http://www.jic.bbsrc.
ac.uk/staff/ian-bancroft/. Genomic plant DNA was
extracted using the high throughput Qiagen Dneasy 96
preparation method by following the manufacturer’s
instructions (Qiagen GmbH, Hilden, Germany). The
markers were amplified using PCR and the products
were resolved on an ABI 3730 capillary sequencer to
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Figure 2 The physical positions of QTLs identified for fatty acid contents, ratios and oil contents across the six Arabidopsis RI populations.
CA and WC are described under both CER and GH environments. The positions were determined using the marker with the most significant
LOD value for each QTL. The map was constructed using the physical positions of the markers used to generate the genetic maps. The
populations and environments are colour coded. Coincident QTLs share the same line and where there are many a vertical line is used to
indicate the grouping with the midpoint of the line at the marker position. QTLs were considered to be coincident if the marker positions
were 0.5Mb or less apart. The chemical symbols used represent the following: 16:0, palmitic acid; 18:0, oleic acid; 18:1, stearic acid; 18:2,
linoleic acid; 18:3, linolenic acid; 20:0, arachidic acid; 20:1, eicosenoic acid; 20:2, eicosadienoic acid; 22:1, erucic acid; oil, % of total dry seed
weight; 18:0/16:0, the ratio of oleic acid and palmitic acid; 18:1/18:0, the ratio of stearic acid and oleic acid; 18:2/18:1, the ratio of linoleic acid
and stearic acid; 18:3/18:2, the ratio of linolenic acid and linoleic acid; CL (calculated as described in Material and methods) and DS

(calculated as described in Material and methods).

determine allele sizes (Genome Laboratory Services, John
Innes Centre, Norwich, UK).

Genetic mapping and QTL analysis

Genetic linkage maps for each RI population were
constructed using the Kosambi mapping function in
the JoinMap version 3 (van Ooijen and Voorrips, 2001).
To identify the regions of the genome containing QTLs,
we used interval mapping as implemented by the
software package MapQTL version 5 (van Ooijen et al.,
2002). Genome wide significance thresholds of 5% for the
Logarithm of Odds ratio (LOD) values were determined
using the permutation command within MapQTL (van
Ooijen, 2004). The number of permutations was set at
10000. The maximum LOD values presented were
always for the marker with the maximum LOD value.
As, all of the markers used were physically anchored
within the Arabidopsis genome, it was possible to use

Heredity

the base coordinates of the marker at a QTL peak and
position the associated QTL on a physical Arabidopsis
map (Figure 2). Markers that differed by 0.5Mb or less
were treated as coincident.

The mean trait values of the three replicate plants
grown, in single environments, for the KB, NG, SG and
T] populations were used for QTL mapping and to
estimate broad-sense heritabilities. As the statistical
analysis of the CA and WC populations showed G x E
interactions between the GH- and CER-grown material
these were therefore mapped separately.

Results

Seed lipid characteristics of the parents of the mapping
populations

Plants from the accessions used to generate the six
populations were grown alongside the populations and
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Table 1 Percentage seed fatty acid and oil contents in the population parental accessions

Cvi-0 Ag-0 sed. Kondara Br-0 sed. Nok-3 Ga-0 sed. Sorbo Gy-0 sed. Ts-5 Mz-0 sed. Wt5 Ct-1 sed.
16:0 89 93 0.15 7.6 8.5 0.06 8.6 74 0.15 70 87 011 104 91 013 95 79 015
18:0 28 34 0.16 3.0 4.0 0.05 32 31 004" 24 32 005 36 41 0.09 28 3.1 0.07
18:1 122 141 031 164 159 0.21 164 147 031 19.7 140 025 149 195 027 141 174 036
18:2 327 26.6 0.80 308 228 0.26 273 277 036™° 308 246 047 249 270 0.35 253 29.0 0.44
18:3 21.1 229 054 206 212 0.17 237 251 0.29 20.5 22.0 0.30 204 17.1 0.29 250 21.2 0.30
20:0 - - - 1.5 1.9 0.08 2.1 24 0.04 1.2 22 0.05 20 19 005N - - -
20:1 182 208 0.34 16.6 224 0.17 182 182 0.66™° 156 21.7 0.34 21.1 19.1 0.38 20.7 19.1 0.32
20:2 26 1.5 0.09 2.1 1.8 0.03 - - - 1.6 19 0.03 1.5 1.2 003 14 14 0.06°
22:1 15 15 078N 14 14 004N 14 17 014N 12 1.8 004 14 1.0 005 1.3 1.1 0.06
CL 03 03 001 0.3 0.4 0.00 03 03 001™ 02 04 001 04 03 001 03 03 0.01
DS 36 29 011 2.7 22 0.05 2.6 3.0 0.04 23 27 0.04 25 19 0.04 29 24 008
18:0/16:0 03 04 0.02 0.4 0.5 0.01 04 04 0.01 03 04 0.00 03 04 001 03 04 001
18:1/18:0 45 44 031" 54 40 004 52 48 0.08 84 44 020 42 48 016 51 56 017
18:2/181 27 19 0.10 1.9 1.4 0.03 1.7 1.9 0.03 1.6 1.8 0.03 1.7 14 0.02 1.8 1.7 0.06N°
18:3/182 0.6 09 0.03 0.7 09 0.01 09 09 0.01 07 09 0.02 08 06 0.02 1.0 0.7 0.01
20:1/18:1 15 15 0.05° 1.0 1.4 0.02 1.1 1.3 0.05 08 1.6 0.04 14 1.0 003 1.5 1.1 0.03
Oil 354 384 121 427 472 035 513 51.6 0.7% 448 453 027°° 381 436 1.08 39.2 40.8 0.53

Abbreviations: CL, chain length ratio; DS, desaturation ratio; s.e.d., standard error of the difference between two means; NS, not significant.

examined for both their seed fatty acid composition and
total oil content. The results are summarised for all
parents in Table 1. The parental accessions of the CA
population were Cvi-0 and Ag-0. The most striking
difference in the fatty acid profiles between these
accessions was in the relative amounts of 18:2, Cvi-0
had an average of 32.7% compared with an average of
26.6% in Ag-0. This difference was reflected in the 18:2/
18:1 and the desaturation ratios, both of which were
higher in Cvi-0 with values of 2.7 and 3.6, respectively as
compared with 1.9 and 2.9 found in Ag-0. The KB
population was derived from a cross between Kondara
and Br-0. The 18:2 content of these accessions was
different; Kondara had an average of 30.8% compared
with 22.8% in Br-0. The reverse was the case for 20:1
content for which Br-0 had 22.4% and Kondara had just
16.6%. These differences affected both fatty acid desa-
turation levels as shown by the ratio 18:1/18:0 (5.4 for
Kondara; 4.0 for Br-0) and 18:3/18:2 (0.7 for Kondara; 0.9
for Br-0), and chain elongation CL (0.3 for Kondara; 0.4
for Br-0) and 20:1/18:1 (1.0 for Kondara; 1.4 for Br-0). The
NG parental accessions, Nok-3 and Ga-0, were broadly
similar for the traits studied. The SG population was
generated from a cross between Sorbo and Gy-0. These
accessions clearly differed for many of the traits studied.
The most marked differences were for 18:1/18:0, where
Sorbo had a value twice that of Gy-0 at 8.4 and 4.4,
respectively. For 20:1/18:1 Sorbo had a ratio of just 0.8,
while Gy-0 had a value twice that at 1.6. Gy-0 had greater
amounts of the longer carbon chain fatty acids and a
resultant higher CL of 0.4, while Sorbo had less giving a
lower ratio value of 0.2. The reverse was the case for 18:1
and 18:2 for which Sorbo had the higher levels. For the T]J
population the parental accessions were Ts-5 and Mz-0.
The key differences between their seed lipid profiles
were in the fatty acid chain elongation processes, such as
18:1, 22:1 and 20:1/18:1, where Ts-5 and Mz-0 had values
of 149 and 19.5%, 14 and 1.0%, and 14 and 1.0,
respectively. Steps in the desaturation process also
showed differences such as the DS, 18:3/18:2, where
Ts-5 and Mz-0 had values of 2.5 and 1.9, and 0.8 and 0.6,
respectively. Wt-5 and Ct-1 are the parental accessions of
the WC population. The key differences between the two

parents were in their 18:0/16:0 and 20:1/18:1 ratios,
which were 0.3 and 0.4, 1.5 and 1.1 for Wt-5 and Ct-1,
respectively.

Seed lipid characteristics of the populations

The seed lipid characteristics of the six populations were
determined and values compared across the populations
(Figures 1a and b, Supplementary Table 1). The CA
population frequently showed the most extreme values
found for many of the traits studied; thus, 18:1, 18:3,
18:1/18:0, 18:3/18:2 and oil tended to have lower values,
while 16:0, 18:2, 18:2/18:1, 20:1/18:1 and DS had higher
values. In KB the range of values for a number of traits
exceeded those of the other populations; thus, 18:2, 18:2/
18:1, 20:1/18:1 and DS had some of the lowest values
found, while 18:0, 18:1, 20:1, 20:2, 18:0/16:0 and CL had
some of the highest values found across the six
populations. NG displayed the lowest 20:1 and CL
values, and the highest 18:3, 20:0, 18:3/18:2 and oil
values found across the six populations. SG also
exhibited traits with the lowest and highest values found
among the six populations. Those traits with low values
were 16:0, 18:0, 18:2, 20:0, 20:1, DS, 18:0/16:0, 18:2/18:1
and 20:1/18:1, while those displaying some of the
highest values found were 18:1, 20:0, 22:1, CL and
18:1/18:0. In TJ, those traits with some of the lowest
values were 18:3, 22:1, DS and 18:3/18:2, while those at
the higher end of the range were 18:0, 18:2 and 18:0/16:0.
WC exhibited some of the lowest values found across the
six populations for 18:0, 18:1, 20:2, 22:1, CL, 18:0/16:0
and oil with higher values for 16:0, 18:3, DS, 18:3/18:2
and 20:1/18:1.

Improving the linkage maps of the RI populations

Although shown to be adequate for QTL analysis, the
initial linkage maps developed for these six populations
(O'Neill et al., 2008) contained a number of relatively
large gaps. To improve the coverage and genetic
mapping resolution, new Insertion-Deletion markers
were identified using the MSQT website (http://
www.msqt.weigelworld.org/). The final maps have on
average 75 markers from a pool of 185 markers, which
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were shared between the six populations. Details of the
complete marker set used for the individual popula-
tions are available on http:/ /www.jic.bbsrc.ac.uk/staff/
ian-bancroft/.

QTL analysis in the CA population

As the CA population was grown in two different
environments (CER and GH), QTL analysis was carried
out separately for each environment. Details of the QTLs
identified in each environment are given in Figure 2,
Supplementary Figures 1 and 2 and Supplementary
Tables 2 and 3. In all 23 QTLs were detected in the CER
and 22 in the GH material, of which 12 are likely to be
coincident under both conditions, while the remainder
are environment-specific. QTLs significant at P <0.001
were found for 16:0, 18:0, 18:2, 18:3, 20:2, 18:0/16:0, 18:2/
18:1 and 18:3/18:2. Both 16:0 and 18:0 had strong,
coincident QTLs in the region of markers nga63 and
f16j7trb (3.2-3.8 Mb) on linkage group (LG) 1. The QTL
with the greatest LOD value (32.7) was identified for 18:3
under GH conditions, and accounted for 80.1% of the
variation found for this trait. This QTL was positioned on
LG 2 around the marker t32f646516 (13.8 Mb). Coincident
QTLs were observed for 18:2, 20:2, and 18:3/18:2. These
QTLs explained a large proportion of the phenotypic
variance. Other strong QTLs were identified for 20:2,
22:1, 18:2/18:1 and the DS, all at the marker ngal62
(4.6Mb) on LG 3. Additional, less significant, QTLs
detected in CA are described in Supplementary Tables 2
and 3.

QTL analysis in population KB

A total of 37 QTLs were detected in the KB population
(Figure 2, Supplementary Figure 3 and Supplementary
Table 4), of which 19 were significant at P<0.001. Two
QTLs for 16:0 content mapped to LG 1, the first at nga63
(3.2Mb) had a LOD score of 10.0, while the second,
at MS_Atl 24.7 (24.7Mb), had a LOD score of 6.8.
Neither QTL co-located with any other trait. A large
QTL detected for 18:0 on LG 2 at MS_At2 17.5 (17.5Mb)
co-located with QTLs for 20:0, 18:0/16:0 and 18:1/18:0.
Strong QTLs for the traits 18:1, 18:2, 20:2, 18:2/18:1, 18:3/
18:2 and DS mapped onto LG 3 around ngal62 (4.6 Mb).
A QTL affecting 18:1/18:0 that co-located with 16:0 and
20:0 was found at MS_At2 14.2 (14.2Mb) on LG 2. The
QTL with the greatest LOD value (23.6) was detected for
20:1 on LG 4 around nga1139 (16.4 Mb) and accounted for
71.1% of the variation. QTLs were also found at this
marker for 18:0, 18:1, 20:2, 22:1, 20:1/18:1, CL and DS.
A QTL for oil content (LOD 6.5, 28.2% of variation
explained) that co-located with 18:2, 18:2/18:1, 18:3/18:2
and DS was mapped towards the end of LG 2 at 90j19t7
(19.6 Mb). Additional, less significant, QTLs detected in
KB are described in Supplementary Table 4.

QTL analysis in population NG

In all 20 QTLs were detected in the NG population
(Figure 2, Supplementary Figure 4 and Supplementary
Table 5), of which 8 were significant at P <0.001. The QTL
with the greatest LOD value (12.5) was found for 18:1 on
LG 5 at the marker ngal51 (4.7 Mb) and explained 45.7%
of the variation. QTLs were also identified at this marker
for DS, while 20:0, 22:1, 18:1/18:0, 18:2/18:1 and 20:1/
18:1 all had QTLs at the adjacent marker f14f1847646
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(3.8 Mb). Other QTLs that co-located were detected for
20:0, 18:0/16:0, 18:1/18:0 and 20:1/18:1 at marker t27k12-
sp6 (16 Mb) on LG 1, while a QTL for 18:0 was detected
at the adjacent marker 140426482 (13.2 Mb). Additional,
less significant, QTLs detected in NG are described in
Supplementary Table 5.

QTL analysis in population SG

A total of 39 QTLs were detected in the SG population
(Figure 2, Supplementary Figure 5 and Supplementary
Table 6), of which 24 were significant at P <0.001.
Two major QTLs for 16:0 mapped to LG 1, the first at
MS_Atl 18.2 (18.2Mb) had a LOD value of 10.2 and
co-located with QTLs for 20:0 and 18:1/18:0 and the
second, at t12p18ind8-8 (23.5Mb), had a LOD value of
13.2. A third QTL for 16:0 content (LOD 4.2) mapped
to LG 2 at MS_At2 16.9 (16.9Mb) and co-located with
QTLs for 20:0 and 18:1/18:0. A major QTL for 18:0 (LOD
14.9) on LG 2 at MS_At2 18.5 (18.5Mb) accounted for
52.2% of the variation. A QTL (LOD 11.8) for 18:0/16:0
mapped to the same marker. QTLs for 18:0, 18:0/16:0 and
18:1/18:0 mapped to LG 3 at MS_At3_16.9 (16.9Mb),
while a QTL for 18:3/18:2 (LOD 6.1) mapped to the
adjacent marker MS_At3_17.3 (17.3Mb). QTLs were also
found for 18:2, 20:2, DS and 18:2/18:1 on LG 3 at ngal62
(4.6 Mb). The QTL with the greatest LOD value (31.8) for
a single fatty acid detected in SG was on LG 4 (16.2 Mb).
This affected 20:1 content and accounted for 80.7% of
the variation. QTLs for other traits co-located at this
marker: 18:1, 20:0, 18:3, 20:2, 22:1, CL, DS, 18:2/18:1 and
20:1/18:1, while QTLs were detected at the adjacent
marker, ngall39 (16.4Mb), for 18:2 and 18:1/18:0.
Additional, less significant, QTLs detected in SG are
described in Supplementary Table 6.

QTL analysis in population TJ

In all 37 QTLs were detected in the T] population
(Figure 2, Supplementary Figure 6 and Supplementary
Table 7), of which 11 were significant at P<0.001. The
QTL with the greatest LOD value (LOD 10.3) in T]J,
affected 16:0 and mapped to LG 1 at MS_Atl 22.9
(22.9Mb). This QTL explained 39.7% of the variation.
QTLs for both 18:0 and 18:0/16:0 were detected at the
adjacent marker MS_Atl_22.1 (22.1 Mb). Another QTL
for 16:0 (LOD 5) towards the top of LG 1 at MS_At1 4.3
(4.3Mb) accounted for 21.8% of the variation and co-
located with QTLs for 18:0 and 18:0/16:0. A third QTL
(LOD 5.3) that affected 16:0 mapped to LG 5 at mth12
(24.1Mb). QTLs for 18:1 and DS also mapped to this
marker. A QTL (LOD 4.6) affecting 18:1 content was
found on LG 1 at aths0392 (10.9Mb) and accounted for
20.3% of the variation. Co-locating QTLs were found for
18:3 and DS, while QTLs for 18:0, 18:0/16:0, and 18:3/
18:2 were detected at the adjacent marker nga392
(9.8 Mb). QTLs for 18:2 (LOD 5.1), and 18:3/18:2 (LOD
3.4), lay on LG 3 at the marker msd2129380 (7.7 Mb).
Additional, less significant, QTLs detected in TJ are
described in Supplementary Table 7.

QTL analysis in population WC

A total of 28 QTLs were detected in the WC CER-
grown material (Figure 2, Supplementary Figure 7 and
Supplementary Table 8) and 13 were detected in the
GH-grown material (Figure 2, Supplementary Figure 8
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and Supplementary Table 9). Of these, six QTLs were
significant at P<0.001, four in the CER environment and
two in the GH environment. Only one QTL, for 16:0, was
common to both the environments and lay on LG 1 at
MS_Atl 22.9 (22.9Mb). In the CER it had a LOD value of
4.4 and explained 19.8% of the variation, but in the GH
data it had a LOD value of 8.3 and accounted for 33.3%
of the variation. A QTL for oil content with a LOD value
of 4.7 was found at the same position in the CER grown
material. The two remaining strong QTLs detected
within the CER material were associated with 20:2
(LOD 4.3) on LG 1 at athsrp54a (5.2Mb) and 18:2/18:1
(LOD 6.1) on LG 5 at ciw14 (2.1 Mb). In the GH material,
the second of the two highly significant QTLs detected
in this material was associated with 18:0/16:0 (LOD 6)
and mapped to LG 1 at ngalll (27Mb). Additional,
less significant, QTLs detected in WC under the two
environments are described in Supplementary Tables 8
and 9.

Discussion

The genetic variation described in this paper for seed
lipid traits captured within six phenotypically variable
A. thaliana RI populations provides an excellent starting
point to study allelic variation of the major components
of the biosynthetic pathway that lead to phenotypic
differences and also to identify new genes important for
the regulation of storage lipid biosynthesis. The crosses
included two Asian accessions (Kondara and Sorbo),
nine European accessions (Ag-0, Br-0, Ct-1, Ga-0, Gy-0,
Mz-0, Nok-3, Ts-5 and Wt-5) and one from the Cape
Verdi Islands (Cvi-0). Differences between the population
parents for the traits studied were in most cases reflected
within each of the populations (Table 1 and Supple-
mentary Table 1), thus demonstrating the suitability of
these populations for identifying seed lipid biosynthesis
QTLs and leading to the high number of QTLs detected.
In general, it was noted that the best determination of
QTLs was observed in those traits with high heritability
(Supplementary Table 1). QTLs are detected as a result
of allelic differences and also in the way these alleles
interact with the environment leading to a Genotype x
Environment interaction. We observed this in two of
our populations: CA and WC. These populations was
grown under both CER and GH conditions, for CA
just 12 QTLs were found in common between the two
conditions and only one in the case of WC. To enable
cross-population comparisons to be made for all of
the traits studied, the physical coordinate of the marker
with the maximum LOD value for each QTL was
used to position all of the QTLs detected onto a single
Arabidopsis physical map (Figure 2).

Many of the QTLs detected in this study mapped to
regions of the genome containing genes already known
to be involved in seed lipid biosynthesis. Although these
genes represent obvious candidates for controlling the
coincident QTLs, many of the QTLs identified had
confidence intervals with high numbers of underlying
genes, therefore the involvement of unidentified genes
cannot be ruled out. Two loci that affect 16:0 mapped
to LG 1 at ca 32Mb and ca 229Mb. The first locus
was detected in three populations CA, KB and TJ.
This QTL was present in CA grown under both GH
and CER conditions. The candidate gene underlying this
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QTL is the acyl-acyl carrier protein thioesterase, FATB
(At1g08510 at 2.69Mb), which is responsible for the
export of 16:0-ACP from the plastid (Bonaventure et al.,
2003). The second locus was detected in five populations:
CA, KB, SG, T] and WC. Two of these (CA and WC)
were grown under both GH and CER conditions. The
3-ketoacyl carrier protein synthase III (KASIII; At1g62640
at 23.1Mb) is an underlying candidate gene and is
responsible for the initial condensation step in fatty acid
biosynthesis. QTLs affecting 18:0 were found on LG 2 at
17.5Mb in KB and at 18.5Mb in SG. Previous studies
(Lightner et al., 1994) have shown that the stearoyl-ACP-
desaturase at the locus FAB2 (At2g43710 at 18.1 Mb)
converts 18:0-ACP to 18:1-ACP, and so represents an
underlying candidate gene. A QTL affecting 18:1 on LG 4
at ca 164Mb was detected in the three populations:
KB, SG and WC (CER material only). A candidate gene
in this region is the fatty acid elongase 1 gene (FAEI;
At4g34520 at 16.49Mb). A QTL associated with 18:2, on
LG 3 at ca 4.6 Mb, was detected in both the KB and SG
populations. The locus FAD2 (At3g12120 at 3.86 Mb)
coincides with the position of this QTL. This is a
candidate for control of the QTL as the oleate desaturase
it encodes is responsible for the synthesis of 18:2 fatty
acids in the endoplasmic reticulum (Okuley et al., 1994).
A QTL for 18:3, detected in both the CA CER and CA GH
grown material at 13.8Mb on LG 2, coincides with the
position of the locus FAD3 (At2g29980 at 12.7Mb), a
candidate gene as it encodes a linoleate desaturase.
Although 20:0 accounts for only 1-2% of the total seed
fatty acids in Arabidopsis seeds, we detected 11 QTLs for
this fatty acid. A QTL was identified on LG 2 in both KB
and SG at 17.5Mb and 16.9 Mb, respectively. The under-
lying candidate gene is the stearoyl-ACP-desaturase
FAB2 (At2g43710 at 18.1Mb). At 15-20% of the total
seed fatty acids, 20:1 is a major component of seed oil.
However, only five QTLs were identified for its content.
Two of these were in common between KB and SG. They
had high LOD values (23.6 and 31.8, respectively) and
accounted for 71.1-80.7% of the variation found. Both
mapped to LG 4 at 16.2-16.4Mb, coinciding with the
position of the candidate gene FAEI (At4g34520 at
16.4Mb). Three QTLs were detected for 20:2 content.
The first was positioned around 13.8 Mb on LG 2 in CA
(GH and CER material) and co-located with a QTL
detected for 18:3. A candidate gene for control of this
QTL is FAD3. The second QTL mapped to LG 3 at 4.6 Mb
in CA (again in both environments) and also in KB and
SG. This QTL co-located with one detected for 18:2 in
both KB and SG. A candidate gene for control of this QTL
is FAD2. The situation for 22:1 is similar to that of the
other 20 carbon fatty acids, with a common QTL
identified in KB and SG at 16.2-16.4Mb on LG 4, with
FAET as an underlying candidate gene.

A number of QTLs that we detected cannot be
assigned easily to candidate genes, as they mapped to
the regions of the genome without identifiable candidate
genes as described in the previous paragraph. In addi-
tion the QTL span, as determined by the 2 LOD interval,
was in most cases large and extended over a high
number of genes, which made it difficult to speculate
on the identity of the genes responsible in a meaningful
manner. A strong QTL for 16:0 was detected in SG on
LG 1 at 18.2Mb, though it was not completely resolved
from the adjacent QTL at 23.5Mb. It had a LOD value of
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10.2 and accounted for 39.5% of the variation found for
this trait. Another strong QTL found to affect 16:0 was
identified in T] on LG 5 at 24.1 Mb, had a LOD value of
5.3, and explained 22.8% of the variation. This QTL was
also detected for 18:1 and DS. A QTL (LOD 5.1) found to
affect 18:0 content was detected on SG LG 3 at 16.9Mb
and accounted for 22.2% of the variation. A number of
QTLs identified for 18:1 cannot be easily assigned to
known lipid metabolism genes. The first of these was
detected in WC, under both the GH and CER conditions,
on LG 1 at ca 5.2-6.4Mb. A second QTL detected for 18:1
content in both T] and WC (CER only) was mapped on
LG 5 and had a peak maximum at 20.1 Mb. A third QTL
was also identified in T] and WC on LG 5, with peak
maxima at 24.1 or 25.2 Mb in the respective populations.
Two QTLs were detected for 18:2 that do not coincide
with candidate genes. The first was a weak QTL detected
in both KB and the WC GH grown material, positioned at
the end of LG 2 at 19.6 Mb. This QTL co-located with a
QTL for oil content identified in both the CA and KB
populations. The second QTL for 18:2 was found on TJ
LG 3 at 7.7Mb. For this QTL, the two LOD confidence
interval was 10 to 37cM and narrowly excluded the
position of a candidate gene, FAD2. Two QTLs were
detected for 18:3 that do not coincide with candidate
genes. The first was detected on LG 5 in both KB and WC
(CER only), with maximum LOD at ca 20 Mb. The second
QTL for 18:3 was relatively strong (LOD 6.9) and unique
to TJ. It explained 28.7% of the variation and was
positioned on LG 1 at 10.9 Mb. Of the QTLs detected for
20:0 that do not coincide with candidate genes, those
with the greatest LOD values mapped in NG and SG, to
LG 1, with peak maxima at 15.5 and 18.2Mb, respec-
tively. Another QTL for 20:0 was identified in NG and KB
on LG 5 at 3.8 or 5.3Mb. A strong QTL for 20:2 with a
LOD value of 4.3 was found on WC (CER only) LG 1
at 52 Mb.

Three QTLs that affect seed oil content were identified
in at least two of the populations studied. They do not
map to genomic regions known to contain genes
involved in the control of oil content. The first mapped
in CA (CER only) and KB, to LG 2 at ca. 19.5Mb. QTLs
for 18:2, DS, 18:2/18:1 and 18:3/18:2 co-located in KB.
The KB oil QTL had a LOD value of 6.5 and accounted
for 28.2% of the variation. A QTL for oil content was also
detected in a similar position in the Cvi-0x Ler RI
population (Hobbs et al., 2004). A preliminary study of
an F, population derived from a cross between Kondara
and Br-0, revealed an association between seed oil
content and a marker towards the distal end of LG 2
(O'Neill et al., 2003). A further two QTLs that influence
oil content were identified in more than one population,
and both mapped to LG 5. The first was detected in KB
and WC (GH only) at ca. 22-24Mb. The second was
detected in CA (GH only) and WC (GH only) and was a
little further along LG 5 at 26.8 Mb. QTLs for 16:0, 18:0,
18:1 and 18:3 were detected in similar genomic regions in
a number of the populations. The major flowering time
genes LFY, MAF2, and MAF5 map to this region of
the genome. Previous work using these populations
mapped flowering-time QTLs (O’Neill et al., 2008) and
found that NG, SG, T] and WC all have QTLs in the
region 20.1-26.8 Mb on LG 5. Chen ef al. (2010) found that
flowering time and oil content are negatively correlated
in oilseed rape. A further explanation for the underlying
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basis of at least the upper QTL could be the steroleosin
gene HSDI1 (At5g50600), which is found at 20.6Mb on
LG 5. Two QTLs for oil content that were unique to
T] were detected. The first mapped to LG 1 at 27 Mb,
had a LOD value of 3.2 and accounted for 14.7% of the
variation. Genes in this region of the genome with
products involved in lipid biosynthesis include KASII
(At1g74960 at 28.1Mb) and GLABRA 2 (Atlg79840 at
30Mb). A second QTL, unique to TJ, for oil content
mapped to LG 2 at 11.6 Mb, had a LOD value of 3.7 and
accounted for 16.7% of the variation. The diacylglycerol
acyltransferase gene (At2g19450) that catalyses the final
step of the triacylglycerol synthesis pathway is located
close to this, at 8.4Mb (Zou et al., 1999).

In this work we have detected QTLs for seed oil
content and composition in six RI populations which
were generated from a diverse set of parental accessions.
A proportion of the QTLs identified may be controlled by
variation at the loci encoding known lipid biosynthesis
genes, whereas many are likely to be controlled by genes
not previously associated with seed lipid biosynthesis.
Future investigation of the novel QTLs identified in this
work will help extend our knowledge of the regulatory
mechanisms involved in seed lipid biosynthesis.
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