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The regulation of lipid synthesis in oil seeds is still not fully understood. Oilseed rape (Brassica napus) is the third most
productive vegetable oil crop on the global market; therefore, increasing our understanding of lipid accumulation in oilseed
rape seeds is of great economic, as well as intellectual, importance. Matrix-assisted laser/desorption ionization-mass
spectrometry imaging (MALDI-MSI) is a technique that allows the mapping of metabolites directly onto intact biological
tissues, giving a spatial context to metabolism. We have used MALDI-MSI to study the spatial distribution of two major
lipid species, triacylglycerols and phosphatidylcholines. A dramatic, heterogenous landscape of molecular species was
revealed, demonstrating significantly different lipid compositions between the various tissue types within the seed. The
embryonic axis was found to be particularly enriched in palmitic acid, while the seed coat/aleurone layer accumulated
vaccenic, linoleic, and a-linoleic acids. Furthermore, the lipid composition of the inner and outer cotyledons differed from
each other, a remarkable discovery given the supposed identical functionality of these two tissues. Triacylglycerol and
phosphatidylcholine molecular species distribution was analyzed through a developmental time series covering early seed
lipid accumulation to seed maturity. The spatial patterning of lipid molecular species did not vary significantly during seed
development. Data gathered using MALDI-MSI was verified through gas chromatography analysis of dissected seeds. The
distinct lipid distribution profiles observed imply differential regulation of lipid metabolism between the different tissue types of
the seed. Further understanding of this differential regulation will enhance efforts to improve oilseed rape productivity and
quality.

Global consumption of oil has increased steadily at
an annual rate of about 5% for the past 50 years, with
only four crops (oil palm [Elaeis guineensis], soybean
[Glycine max], oilseed rape [Brassica napus], and sun-
flower [Helianthus annuus]) accounting for 88% of veg-
etable oil produced. Oilseed rape contributes about
16% of the total global plant production and is the

predominant crop in northern Europe and Canada. As
worldwide consumption of oil continues to rise, it is
vital that we improve our understanding of lipid ac-
cumulation in plants, such as oilseed rape, to increase
oil production and enable changes to be made to oil
quality.

In Arabidopsis (Arabidopsis thaliana), at least 600 genes
are involved in acyl-lipid metabolism, regulating
over 120 enzymatic reactions (Li-Beisson et al.,
2010). Given this complexity, it is hardly surprising
that our understanding of the regulation of lipid me-
tabolism is incomplete (Weselake et al., 2009; Chapman
and Ohlrogge, 2012; Harwood and Guschina, 2013;
Bates, 2016). Oilseed rape is the third most productive
oil crop on the global market. It is grown predomi-
nantly in Europe and Canada and is commercially im-
portant to both industrial and food trades. There are
two classes of oilseed rape distinguishable by their oil
composition: these are known as low erucic acid (LEAR;
also known as canola in Canada) and high erucic acid
(HEAR) varieties. Both are economically important,with
LEAR varieties having more applications in the food
industry while HEAR varieties are used predominantly
for industrial purposes. The high erucate content of
HEARvarieties (;45%) has been suggested to be toxic to
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humans, which in part led to the development of the
LEAR varieties for culinary use. The seeds of LEAR
oilseed rape varieties, such as that focused on in this
study, typically accumulate about 45% oil by dry
weight that is rich in oleic (;62%), linoleic (;22%), and
a-linolenic (;10%) acids and are safe for human con-
sumption. Oilseed rape is a close relative of the model
plant Arabidopsis, so it is often possible to complement
discoveries made in the crop with the huge reserve of
genetic resources available from the model plant. This,
along with the clear economic importance of the crop,
makes oilseed rape an excellent subject for studies such
as those presented here.
Lipid accumulation in seeds follows a sigmoidal

curve pattern over time and can be split into three
distinct phases. Early in seed development, lipid accu-
mulation is relatively slow, then around the midpoint
of development, there is a period of rapid lipid accu-
mulation, which plateaus as the seed approaches ma-
turity. The study of lipidomics in developing seeds can
give insight into the regulation of metabolic processes
involved in storage lipid accumulation. Lipidomic
studies typically employ solvent extraction-based
methods, which can include a wide range of metabo-
lites with different chemical properties. However, a
consequence of using these methods is that the spatial
context of where the metabolites originated from is lost.
Imaging-based mass spectrometry (MS) approaches
have emerged as an alternative, or as an addition to
these extraction based methods, to provide an additional
spatial dimension tometabolomic studies.Matrix-assisted
laser/desorption ionization-mass spectrometry imaging
(MALDI-MSI) is a powerful analytical technique that en-
ables the spatial mapping of metabolites within intact
biological tissues or directly off tissue surfaces (Cornett
et al., 2007; Horn and Chapman, 2014; Sturtevant et al.,
2016). This analytical technique was pioneered by the
Caprioli group in the 1990s in animal systems (Caprioli
et al., 1997) and, over the last decade, has been applied to
plant systems to great effect (Horn and Chapman, 2014;
Korte et al., 2015; Boughton et al., 2016). Applying
MALDI-MSI to the analysis of lipids in oilseedswill better
our understanding of lipid metabolism, knowledge that
may be important for crop improvement (Haslam et al.,
2016). Moreover, observing the spatial context of lipid
distribution gives new insights into how associated met-
abolic networksmight be differentially regulated between
different tissue types. MALDI-MSI has been used previ-
ouslywith great success to show the spatial heterogeneity
of lipid distribution in various plant seeds, such as cotton
(Gossypium hirsutum; Horn et al., 2012; Sturtevant et al.,
2017b), maize (Zea mays; Feenstra et al., 2015), camelina
(Camelina sativa; Horn et al., 2013), and Arabidopsis
(Sturtevant et al., 2016, 2017a), all of which show a certain
degree of tissue-specific lipid accumulation across several
different lipid classes.
Other in situ imaging techniques have been used

to visualize lipid distribution within tissues, including
1H-NMR imaging. Borisjuk et al. (2013) showed that, in
developing oilseed rape embryos, the initial deposition

of lipids began in the aleurone layer and endosperm
followed by a substantial increase of accumulation
within the embryo throughout seed development.
However, these data gave no information about the
spatial distribution of individual lipid classes or mo-
lecular species, information that is needed to evalu-
ate the details of oil accumulation. An alternative to
imaging lipid distribution in situ is lipid analysis of
dissected tissues. Indeed, a study using Arabidopsis
seeds revealed a tissue-specific variation in the fatty
acid composition of total lipids (Li et al., 2006). How-
ever, individual lipid classes were not analyzed.

Here, we used MALDI-MSI, 1H-NMR imaging, and
dissected embryos to analyze the spatial distribution of
two key lipid classes, phosphatidylcholines (PCs) and
triacylglycerols (TAGs), throughout the development
of oilseed rape seeds. Both lipid classes showed dra-
matic patterns of tissue-specific accumulation, which
contribute to our understanding of oil accumulation in
this important crop.

RESULTS

NMR Imaging of Oilseed Rape Seed Oil

An oilseed rape embryo comprises a central embry-
onic axis (whichwill develop into the hypocotyl and the
root) embraced by two cotyledons. This embryo is
encased by a liquid endosperm, a cellular aleurone
layer, and a seed coat. As the seed develops and the
embryo expands, the two cotyledons fold in toward the
embryonic axis, one staying outermost while the other
becomes restricted to the inner part of the seed. These
two cotyledons are referred to as the outer and inner
cotyledons, respectively. These anatomical structures of

Figure 1. NMR visualization of total lipid distribution within oilseed
rape seeds at three developmental stages. A to C, Bright-field images of
transverse sections of oilseed rape seeds at 20 d after flowering (DAF; A),
27 DAF (B), and 35 DAF (C). Bars = 1 mm. Labels show embryonic axis
(EA), outer cotyledon (OC), inner cotyledon (IC), and seed coat/
aleurone layer (SC). D to F, Two-dimensional images represent three-
dimensional data sets from intact seeds at 20 DAF (D), 27 DAF (E), and
35 DAF (F). Bars = 1.5 mm. The lipid content is color coded (red =
maximal signal and blue = minimal signal) and normalized.
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the seed are annotated in representative bright-field
images of cryosections from each of the developmental
time points examined here (Fig. 1). Noninvasive
imaging of intact seeds by 1H-NMR imaging was used
to establish the spatial localization of total lipids in
developing oilseed rape seeds (Fig. 1; Neuberger et al.,
2008, 2009).

Oilseed rape seeds were collected at three key de-
velopmental time points, 20, 27, and 35 DAF, corre-
sponding to early, mid, and late stages of lipid
accumulation, respectively. At 20 DAF, the lipid signal
was highest within the aleurone layer and seed coat,
with a small amount in the embryonic tissues. However,
no lipid accumulation was seen in the liquid endosperm
portion of the seed (Fig. 1). Lipid accumulation increased
through seed development, primarily in embryonic tis-
sues. At both the 27- and 35-DAF time points, lipid de-
position was particularly prevalent around the outer
edges of the embryonic axis and outer cotyledon. These
NMR distribution profiles in oilseed rape are supported
by data published by Borisjuk et al. (2013). Additionally,
1H-NMR imaging has been used to map spatial differ-
ences in lipid distribution in other oil seeds, including
cotton (Horn et al., 2012) and camelina (Horn et al.,

2013). Considering that these heterogenous and tissue-
specific differences in lipid accumulation are observed
across different plant families, it implies a conserved
mechanism to store lipids during seed development.

Spatial Mapping of PC and TAG at the Midpoint of Seed
Lipid Accumulation

In addition to where total lipids accumulated, we
examinedwhether individual lipidmolecular species of
TAG and PC (as key lipid classes seen during seed
development) were located differentially within the
seed and if these distributions changed during devel-
opment. MALDI-MSI was used to investigate the in situ
distribution profiles of molecular species of PC and
TAG, major membrane and storage lipids, respectively,
in medial, transverse cryosections of developing oil-
seed rape seeds at 20, 27, and 35 DAF. MALDI-MSI is
achieved by rastering a laser over the entire surface of a
tissue (here every 40 mm for oilseed rape seeds), col-
lecting a mass spectrum at each x and y coordinate.
These mass spectra can then be searched for the mass-
to-charge ratio (m/z) of ions of interest, and a heat map

Figure 2. Schematic showing the MALDI-MSI method. A, A laser is rastered over a matrix-coated seed section in a series of spot
points with a given x-y coordinate. The example shown is an oilseed rape seed representative section (30 mm thickness). B, The
ions produced are directed to a mass spectrometer, where theirm/z values are measured. C, Metabolites are identified, and false-
color images are generated to depict the ion intensity at each laser spot point. Bar = 1 mm.
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or matrix-assisted laser/desorption ionization-mass
spectrometry (MALDI-MS) image is generated repre-
senting the spatial localization of the ions in question. A
summary of the MALDI-MS imaging for the in situ
visualization of TAG and PC is shown in Figure 2, but
for more detailed descriptions, see Horn and Chapman
(2014) and Sturtevant et al. (2016).
MALDI-MS images of oilseed rape seed sections for

PC and TAG at the midpoint in oil accumulation,
27 DAF, are presented using two different intensity
scales (Figs. 3 and 4). All PC and TAG MALDI-MS
images in Figures 3 and 4, respectively, are set to the
same intensity scale. Scaling the images in this manner
allows for direct comparisons of the relative abundances
across all images for individual PC or TAG molecular
species. These scaled MALDI-MS images revealed that
the most abundant PC molecular species at 27 DAF was
PC-36:2 (18:1/18:1; Fig. 3A). Similarly, TAG molecular
species TAG-54:3 (18:1/18:1/18:1) and, to a lesser extent,
TAG-52:4 (18:1/18:1/16:0) and TAG-54:4 (18:1/18:1/
18:2) were the most abundant TAG species observed
within the seed at this stage of development (Fig. 4A).
These results were expected, given that 18:1 is the most
abundant fatty acid in LEAR (canola) varieties of oilseed
rape (Gunstone et al., 2007). Scaling MALDI-MS images
to a fixed value had a disadvantage in that the spatial
distribution of lipid molecular species can be difficult to
discern for species that comprise lowest or highest
amounts in the tissues (they tend to be washed out, in
green, in false color images or maxed out, in dark red).

To overcome this, the scale can be adjusted formaximum
ion intensity (converted to mol %) in each MALDI-MS
image to reveal and emphasize the distribution of par-
ticular lipid molecular species within the seed.

Adjustment of the scale of each image to emphasize
distribution patterns revealed a dramatic tissue-specific
distribution of PC molecular species (Fig. 3B). For in-
stance, the embryonic axis had highest relative levels of
PC species containing 16:0 (e.g. PC-34:1 [18:1/16:0]). In
contrast, the seed coat/aleurone layer showed highest
relative levels of species containing 18:2 and 18:3, such
as PC-34:2 (18:2/16:0), PC-34:3 (18:3/16:0), and PC-36:5
(18:3/18:2; Fig. 3B). Most striking of all was a differ-
ential enrichment of several PC molecular species be-
tween the inner and outer cotyledons, despite the fact
that the two tissues are functionally identical. PC-36:1
(18:1/18:0) and PC-36:3 (18:1/18:1) exhibited this dif-
ference most dramatically (Fig. 3B). The distributions of
PC-36:1 and PC-36:3 were markedly different from that
of PC-36:2, the major PC molecular species. We con-
firmed that the distribution of isotopomers of PC-36:2
did not distort the observed distributions of PC-36:1
because, for example, the M+2 isotopomer of PC-36:2 is
easily distinguished by the high-resolutionMS at 60,000
resolving power (Supplemental Fig. S1). Across the PC
molecular species examined here, the outer cotyledon
was enriched in species containing 18:2 and 18:3 fatty
acids compared with the inner cotyledon, while the
inner cotyledon accumulated predominantly PC mo-
lecular species containing 18:0 and 18:1 fatty acids.

Figure 3. Imaging of selected PC
molecular species in oilseed rape
seeds at 27 DAF. Bright-field images
of seed cross sections at 27 DAF are
shown at top left of each part. Bars =
1 mm. The distributions of selected
PC molecular species are shown
with a fixed mol % to show absolute
distribution profiles (A) and an ad-
justed mol % to show relative dis-
tribution profiles (B). Below each
image is a color scale bar, with green
and red representing low and high
levels, respectively. Numbers at ei-
ther end of the colored bar represent
the scale of that image. Each image
also is labeled with the total number
of acyl carbons and double bonds
(e.g. PC-34:1).
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TAG molecular species also showed tissue-specific
differences in TAG composition (Fig. 4B) when scaled
to emphasize distribution patterns. As with PC, TAG
molecular species also showed differential enrichment
between the cotyledons and embryonic axis. TAG-54:3
(18:1/18:1/18:1) was localized predominantly to the
cotyledons, which was expected given that TAG-54:3 is
the most abundant TAG species present in the seed and
that the cotyledons make up the bulk of the volume of
the embryo (Fig. 4B). As with PC, the embryonic axis
had highest relative levels of molecular species con-
taining 16:0, such as TAG-52:2 and TAG-52:3. How-
ever, unlike the PC distribution profiles, the inner and
outer cotyledons did not appear to show dramatic dif-
ferences in TAG molecular species localization relative
to each other. Less distinct distribution patterns were
observed for TAG-52:4, TAG-54:4, and TAG-54:5. There
was a slight enrichment of signal from these molecular
species in the seed coat/aleurone; however, overall,
there was little TAG signal from the seed coat/
aleurone, reflecting the nonstorage role of these tissue
types, especially at later stages of seed development.

Spatial Distribution of PC and TAG Molecular Species
through Seed Development

The distribution of PC and TAG molecular species
did not change significantly during development (Figs.
5 and 6). Some molecular species, such as PC-34:1
(18:1/16:0) in the embryonic axis and PC-36:3 (18:2/
18:1) in the outer cotyledon, retained their tissue spec-
ificity from 20 to 35 DAF. Similar trends were observed
for TAG molecular species; embryonic axis-localized
TAG-52:2 (18:1/18:1/16:0) and cotyledon-localized
TAG-54:3 (18:1/18:1/18:1) and TAG-56:3 (18:1/18:1/
20:1) maintained their molecular heterogeneity from
20 to 35 DAF. However, there were a few examples
where localization did change with development. The
most strikingwas PC-34:2, whichwasmost prevalent in
the seed coat/aleurone layer at 20 and 27 DAF but by
35 DAF was concentrated in the embryonic axis region
of the embryo (Fig. 5).

In addition to the distribution of most molecular
species remaining consistent over time, the relative
amount of each lipid species also did not change dras-
tically (Figs. 5 and 6). Three methods of quantifying
total amounts of each lipid species were used: ESI-MS,
MALDI-MS imaging of tissue, and MALDI-MS analy-
sis of TLE. Relative quantification from these three
methods agreed well with each other, and trends were
consistent across all three analysis platforms, with only
minor differences between the three different analysis
methods, two of which were normalized with internal
standards (ESI-MS and MALDI-MS of TLE).

TAG molecular species maintained a consistent dis-
tribution pattern through seed development, as seen
with PC molecular species (Fig. 6). However, while
some PC molecular species showed slight variation in
distribution through development, there was little to no
variation in the distribution of major TAG species. This
makes sense, as TAG is a metabolic dead end in the
lipid synthesis network, so TAG molecular species will
not circulate to other metabolites once accumulated. As
with PC, relative amounts of TAG species also remain
fairly consistent throughout development (Fig. 6).

Lipid Composition of Dissected Seed Tissues

There are some limitations associated with the
MALDI-MSI technique, including ion suppression,
absolute quantitation, and the fact that any single
tissue section may not represent the entire embryo in
three dimensions, so a second approach was used to
assess the validity of the MALDI-MSI data acquired.
Oilseed rape seeds from three developmental time
points (20, 27, and 35 DAF) were dissected by hand
into four component tissue types: seed coat (plus al-
eurone layer), embryonic axis, inner cotyledon, and
outer cotyledon. Lipids from these tissues were sep-
arated into lipid classes by thin-layer chromatogra-
phy (TLC), and the fatty acid composition of each
lipid class was determined by gas chromatography
(GC). The fatty acid composition of both PC and TAG

Figure 4. Imaging of selected TAG molecular species in oilseed rape
seeds at 27 DAF. Bright-field images of seed cross sections at 27DAFare
shown at top left of each part. Bars = 1mm. The distributions of selected
TAG molecular species are shown with fixed mol % to show absolute
distribution profiles (A) and adjustedmol% to show relative distribution
profiles (B). Below each image is a color scale bar, with green and red
representing low and high levels, respectively. Numbers at either end of
the colored bar represent the scale of that image. Each image also is
labeled with the total number of acyl carbons and double bonds (e.g.
TAG-52:2).
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molecular species supports the data obtained through
MALDI-MSI analysis (Figs. 7 and 8). For instance,
MALDI-MS images showed an enrichment of molecular
species containing 16:0 in the embryonic axis, such as
PC-34:1 and TAG-52:2, which was corroborated by GC
data. At all three time points, TAG had significantly
higher 16:0 in the dissected embryonic axis compared
with other tissue types and PC had higher levels of 16:0
relative to the cotyledons, but, unlike TAG, the seed coat
had similar levels of 16:0 to the embryonic axis. MALDI-
MSI also showed enrichment of PC species containing
18:2 and 18:3 in the seed coat/aleurone layer, which is
reflected in the fatty acid composition of PC obtained
through GC analysis (Fig. 7; for a schematic represen-
tation of these data, see Supplemental Fig. S2).
In addition to corroborating the MALDI-MSI data,

GC analysis of dissected tissues revealed a further
surprising result. For all lipid classes examined, the
seed coat/aleurone layer had a dramatically different
fatty acid profile compared with the embryonic tis-
sues. The seed coat/aleurone layer had high levels of

18:1 n7 and low 18:1 n9 compared with other tissue
types. In addition, the seed coat/aleurone layer con-
tained much higher levels of polyunsaturated fatty
acids compared with the embryonic tissues. This was
the case for all lipid species examined, including PC,
TAG, diacylglycerol, monogalactosyldiacylglycerol,
digalactosyldiacylglycerol, phosphatidic acid, phos-
phatidylethanolamine, phosphatidylglycerol, and
phosphatidylinositol (Figs. 7 and 8; Supplemental
Tables 1–9).

DISCUSSION

Heterogenous Spatial Distribution of PC and TAG in
Oilseed Rape Seeds

MS-based imaging of oilseed rape seeds showed
striking heterogenous distribution patterns of PC and
TAG, which would not have been revealed when
studying these seeds using regular extraction-based
analytical techniques. The spatial heterogeneity of

Figure 5. Imaging and quantification of
selected PCmolecular species in oilseed
rape seeds at three developmental
stages. A, Bright-field images of seed
cross sections (top of each column;
bars = 1 mm) and relative distribution
patterns of selected PC species at three
time points, 20, 27, and 35 DAF (one
developmental stage per column) are
shown. Below each image is a color
scale bar, with green and red repre-
senting low and high levels, respec-
tively. Numbers at either end of the
colored bar represent the scale of that
image. PC species with total number of
acyl carbons and number of double
bonds, along with the most likely acyl
combination (based on MS data) below,
are indicated at left. B and C, Quantifi-
cation of total molecular species by
electrospray ionization-mass spectrom-
etry (ESI-MS; white; n = 3), MALDI-MS
of total lipid extracts (TLE; gray; n = 3),
and MALDI-MSI (black; n = 3) is com-
pared at three developmental stages.
Quantification in lipid extracts was
based on internal standards. Values
shown are means 6 SD.
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lipid distribution observed here gives a tantalizing
insight into the possibilities of cell-specific regulation
of lipid metabolism throughout embryogenesis.

Differences in the patterning of lipid species suggest
the tissue-specific expression of enzymes involved in
lipid biosynthesis. For instance, both MALDI-MS im-
ages and analysis of fatty acid composition showed that
the seed coat/aleurone layer had higher levels of lipid
species containing 18:2 and 18:3 compared with em-
bryonic tissue types. Thismay bedue to significant levels
of the endoplasmic reticulum-localized fatty acid desa-
turases FAD2 and FAD3 in the seed coat/aleurone layer,
which catalyze the conversion of 18:1 to 18:2 and then to
18:3, respectively (Wallis and Browse, 2002). However,
there is evidence to suggest that the increased desatu-
ration seen in the peripheral endosperm/aleurone layer
in the related plant species, Arabidopsis, is due to the
prokaryotic pathway desaturase FAD6 (D. Sturtevant
and K. Chapman, unpublished data). Moreover, gene
expression mapping of Arabidopsis seeds also suggests
that FAD6, FAD7, and FAD8 are all expressed in the
peripheral endosperm/aleurone cellular layer, adding
further evidence that the unsaturated PC species enriched
there are acted on by these enzymes (Ohlrogge and

Jaworski, 1997; Schmid et al., 2005). Given that nearly
all lipid classes (synthesized in the plastid or endoplas-
mic reticulum) showed higher levels of desaturation in
the seed coat/aleurone layer compared with embryonic
tissues (Supplemental Tables 1–9), it is possible that both
endoplasmic reticulum- and plastid-localized desa-
turases are correspondingly more highly expressed in
the seed coat and aleurone layer of oilseed rape.

There is a precedent for the embryo-specific expres-
sion of genes involved in lipid biosynthesis. For ex-
ample, in Arabidopsis, FATTY ACID ELONGATION1
(AtFAE1), which is the key enzyme responsible for the
elongation of oleoyl-CoA to gondoyl-CoA in the acyl-
CoA pool, is expressed exclusively in the cotyledons
(Rossak et al., 2001). Here, the MALDI-MS image of
TAG-56:3 (18:1/18:1/20:1), a 20:1-containing TAG, was
enriched in the cotyledons relative to the embryonic
axis (Fig. 6), which corroborates that the enzyme re-
sponsible, FAE1, and the downstream metabolite are
localized in the same tissue.

A common trend seen within embryonic tissues was
an enrichment of palmitate containing PC and TAG
molecular species (e.g. PC-34:1, TAG-52:2, and TAG-
52:3; Figs. 5 and 6) in the embryonic axis compared

Figure 6. Imaging and quantifica-
tion of selected TAG molecular spe-
cies in oilseed rape seeds at three
developmental stages. A, Bright-
field images of seed cross sections
(top of each column; bars = 1 mm)
and relative distribution patterns of
selected TAG species at three time
points, 20, 27, and 35 DAF (one
developmental stage per column)
are shown. Below each image is a
color scale bar, with green and red
representing low and high levels,
respectively. Numbers at either end
of the colored bar represent the scale
of that image. TAG species with total
number of acyl carbons and number
of double bonds, alongwith themost
likely acyl combination (based on
MS data) below, are indicated at left.
B and C, Quantification of total
molecular species by ESI-MS (white;
n = 3 independent extractions),
MALDI-MS of TLE (gray; n = 3 inde-
pendent extractions), and MALDI-
MSI (black; n = 3 sections from three
different seeds) is compared at three
developmental stages. Quantifica-
tion in lipid extracts was based on
internal standards. Values shown are
means 6 SD.
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with the cotyledons. This distribution relationship has
been seen in other oil seeds, such as cotton and camelina
(Horn et al., 2012, 2013). A potential explanation for this
distribution in acyl composition could be a spatial dif-
ference in the expression of the thioesterases FATA and
FATB (Wallis and Browse, 2002).
One of the more notable findings of this study was

that the inner and outer cotyledons were enriched with
different TAG and, especially, PC molecular species,
despite being functionally similar tissues. It was shown
previously that the inner and outer cotyledons accu-
mulate total lipids at different rates, but these differ-
ences even out as the seed reaches full maturity
(Borisjuk et al., 2013). We have shown throughMALDI-
MSI and fatty acid profiling of dissected seeds that
these differences extend to individual molecular spe-
cies within numerous lipid classes, especially in PC. In

addition, ourMALDI-MS images show these differential
accumulation patterns generally persisting throughout
the period of oil accumulation. One explanation for the
difference seen between inner and outer cotyledons is
that the outer cotyledon would receive more light and
oxygen than the inner cotyledon, which could have a
marked effect on the levels of photosynthesis and the
reducing power of the cells in each tissue. An alternative
theory is that, during embryo folding, the inner cotyle-
don is put under higher physical constraints than the
outer cotyledon, which alters the metabolismwithin this
tissue comparedwith the outer cotyledon (Borisjuk et al.,
2013). Interestingly, imaging of TAG accumulation did
not reveal as many significant differences between the
inner and outer cotyledons. However, this may have
been due to the presence of isobaric species that are
harder to distinguish in TAG, with three fatty acid
chains, compared with PC, which only has two. For ex-
ample, the signal for TAG-54:4 is fairly uniform between
the inner and outer cotyledons, but one cotyledon may
be accumulating 18:1/18:1/18:2while the other could be
enriched with 18:0/18:1/18:3. TAG production involves
significant flux through PC in a process known as acyl
editing (Bates and Browse, 2011; Bates et al., 2012),which
would logically lead to the suggestion that, if there is a
difference between the two tissue types in PC molecular
species, there is likely to be a similar difference in TAG
molecular species. Indeed, comparison of the fatty acid
composition of dissected seed tissues shows a similar
degree of significant differences between inner and outer
cotyledons in both PC and TAG species.

Comparison of Lipid Distribution in Oilseed Rape
Compared with Other Oilseed Species

The recently developed oilseed crop camelina also
has been analyzed for the spatial distribution of lipid
molecular species within the seed (Horn et al., 2013).
Some lipid molecular species in camelina have similar
distribution patterns to oilseed rape, such as PC-34:2,
which accumulated in the embryonic axis, whereas
other molecular species do not match, such as PC-36:2,
which is enriched in the cotyledons of oilseed rape but
has a uniform distribution in camelina. Camelina has
higher levels of total polyunsaturated fatty acids com-
pared with oilseed rape, which may explain why not all
molecular species have comparable spatial distributions.
Moreover, in high-oleate mutant camelina lines, which
have a similar fatty acid profile to oilseed rape, many of
the differences in lipid accumulation patterns seen be-
tween oilseed rape and wild-type camelina are lost. For
instance, PC-36:2, which had a uniform distribution in
wild-type camelina, was enriched in the cotyledons in
the high-oleate mutant (Horn et al., 2013), matching the
distribution pattern seen in oilseed rape.

As more MALDI-MSI studies are performed using
other oilseed plant species and transgenic oilseed lines,
it may be possible to define common principles for lipid
accumulation patterns within seeds, according to total

Figure 7. Fatty acid composition of PC in dissected seed tissues at three
developmental stages. Tissues analyzed were the seed coat/aleurone
layer (SC), embryonic axis (EA), inner cotyledon (IC), and outer coty-
ledon (OC). Seeds were sampled at 20, 27, and 35 DAF. Values are
means 6 SD (n = 3). Tables below each graph show the statistical
analysis of the fatty acid in the column immediately above: *, P, 0.05;
**, P , 0.001; –, no significant difference.
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fatty acid composition and seed structure. These stud-
ies could be complemented by tissue-specific RNA se-
quencing studies, which would give spatial context to
the transcripts of the enzymes that synthesize these
lipids. By comparing MALDI-MSI data from a range of
different species, it may be possible to infer evolution-
arily conserved mechanisms for the tissue-specific
regulation of lipid synthesis.

The Seed Coat/Aleurone Layer Has a Distinct
Lipid Composition

Of all the tissue types analyzed, the seed coat/
aleurone layer stood out as being the most distinct in
terms of fatty acid composition. The seed coat is en-
tirely maternal in origin and has been implicated
in the control of seed oil synthesis (Radchuk and
Borisjuk, 2014). For instance, there is evidence to
suggest that the sugar concentration in the seed coat
might regulate the efficiency of oil accumulation in the

embryo (Liu et al., 2014). We noted that the seed coat/
aleurone layer contained a high proportion of 18:1 n7
(vaccenic acid) compared with 18:1 n9 (oleic acid).
Accumulation of vaccenic acid also has been reported
in Arabidopsis and in HEAR and LEAR varieties of
oilseed rape (Penfield et al., 2004; Li et al., 2006; Bryant
et al., 2016). v-7 fatty acids are economically valuable
for both industrial and nutraceutical applications (Wu
et al., 2012). Their benefits range from improved bio-
diesel and polymer precursor production (Durrett
et al., 2008) to beneficial health properties such as
enhanced cardiovascular fitness and reducing LDL
cholesterol levels (Curb et al., 2000). However, despite
their economic value, there are currently no com-
mercially significant oil crops producing high levels of
v-7 fatty acid-rich oils (Nguyen et al., 2015). Indeed,
the physiological role for v-7 fatty acids in plants is
not well understood, and until recently, the biosyn-
thetic pathway used for their production was unclear.
Bryant et al. (2016) demonstrated that ACYL-ACYL
CARRIER PROTEIN DESATURASE2 (AAD2) and
AAD3 are the major D9 desaturases responsible for
vaccenic acid synthesis in Arabidopsis. The feasibility
of engineering plants with high levels of v-7 fatty
acids has been demonstrated in Arabidopsis (Cahoon
and Shanklin, 2000; Nguyen et al., 2010) and camelina
(Nguyen et al., 2015). However, the most efficient way
to engineer high vaccenic acid levels into a high-yielding
crop like oilseed rape may be to redirect the endogenous
biosynthetic pathway from the seed coat/aleurone layer
into the embryonic tissue. This could be achieved by
engineering increased expression of AAD2 andAAD3 in
the embryo or manipulating the MYB118 regulatory
network (Barthole et al., 2014).

CONCLUSION

In summary, visualization of key lipids has high-
lighted the dramatic metabolic heterogeneity be-
tween the different tissues making up the seeds of
oilseed rape. Fatty acid analysis of hand-dissected
seeds supported the molecular species distribution
patterns seen in MALDI-MS images, validating the
use of MALDI-MSI as a reliable technique for ana-
lyzing lipid distribution and composition in oilseed
rape. Concerted efforts are being made to construct a
more holistic picture of the regulation of acyl-lipid
metabolism (Wang et al., 2015), and here, we add a
spatial perspective of lipid metabolism that revealed
unexpected complexities to oil accumulation. By com-
bining spatial data from metabolite imaging with these
models and spatial mapping of enzyme activity, it will
be possible to elucidate the tissue-specific metabolic
pathways involved in lipid biosynthesis. This would be
of direct importance to efforts in genetic manipulation as
well as boosting oil yields. As our understanding of lipid
metabolism improves, so too do our chances of devel-
oping crops that will meet the challenge of coping with
the world’s ever-increasing oil consumption.

Figure 8. Fatty acid composition of TAG in dissected seed tissues at
three developmental stages. Tissues analyzed were the seed coat/
aleurone layer (SC), embryonic axis (EA), inner cotyledon (IC), and outer
cotyledon (OC). Seeds were sampled at 20, 27, and 35 DAF. Values are
means 6 SD (n = 3). Tables below each graph show the statistical
analysis of the fatty acid in the column immediately above: *, P, 0.05;
**, P , 0.001; –, no significant difference.
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MATERIALS AND METHODS

Plant Material

Oilseed rape (Brassica napus ‘Westar’) seeds, a kind gift from Dr.
R.J. Weselake (University of Alberta, Edmonton), were germinated in damp
multipurpose compost (M3 Levington compost) mixed with fine sand (3:1).
Seedlings were transplanted to seed trays and grown for 10 d followed by a
further transplanting to 8-inch pots. Plants were grown in a greenhouse, tem-
perature regulated to 23°C, with supplemental lighting to maintain a light in-
tensity of 250 mmol m22 s21. Flowers were hand pollinated and tagged on the
day of flower emergence.

Sample Preparation for MALDI-MSI

Siliqueswere harvested at 20, 27, and 35DAF. Seeds were dissected from the
pods and incubated in 4% paraformaldehyde at room temperature for 30min to
fix the tissue. This fixation treatment was followed by three 5-min washes in
50 mM PIPES-NaOH, pH 7.2. Fixed seeds were then embedded in 10% gelatin
and frozen at 280°C for at least 24 h. Samples equilibrated to 220°C were
sectioned using an OTF5000 cryostat (Bright) with a constant chamber and
chuck temperature of 217°C. Tissue sections of 30 mm were adhered to glass
slides (Fisherbrand Superfrost Plus) and freeze dried (Heto PowerDry PL3000;
Thermo Scientific) overnight. Sections were stored at room temperature in
desiccators to minimize moisture exposure.

MALDI-MSI of Tissue Sections and Extract Analysis

Before MALDI-MSI analysis, paraformaldehyde-fixed and lyophilized oil-
seed rape seed sections were coated with 2,5-dihydroxybenzoic acid (DHB) by
sublimation using a procedure adapted from Hankin et al. (2007). Matrix
sublimation of tissues with DHB occurred under vacuumpressure of 100mTorr
at 120°C between 3 and 4 min. Matrix-coated tissues were removed from the
sublimation apparatus and immediately used for MALDI-MSI.

MALDI-MSI data were collected using a MALDI-LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific). Conditions for imaging were as follows: laser
energy was set to 12 mJ per pulse, raster step size was set to 40 mm, step size was
one microscan per microstep, and attenuated gain control was set to on. MS
imaging data were acquired in positive mode using the Orbitrap mass analyzer
with a resolution of 60,000 and m/z scan range of 500 to 1200.

Total lipid extracts from developing embryos at all developmental time
points were analyzed by MALDI-MS using the same instrument conditions
used for MALDI-MSI. Total lipid extracts were diluted 10 times and spotted
onto a MALDI-MS 96-well plate (Thermo Scientific). Then, 2 mL of 10 mg mL21

DHB (70:30 acetonitrile:water) was spotted directly on top of the extract spot
and dried with N2 gas.

Raw MALDI-MS data from MS images and total lipid extracts were pro-
cessed as described byHorn et al. (2012). PCmolecular species were detected as
[M+H]+ and [M+K]+ ions, and TAGmolecular species were detected as [M+K]+

and [M+Na]+ ions (610 ppm). MALDI-MS images were generated using
MetaboliteImager (Horn and Chapman, 2013) by summing the absolute in-
tensity of both adducts of PC and TAG. We examined the distributions of lipid
metabolites at 4 ppm tolerance in addition to 10 ppm tolerance, where therewas
no potential for the overlap of isotopomers, and distributions of lipid metab-
olites were not substantially different between these two tolerances; however,
the signal-to-noise ratio was improved at 10 ppm and the resolution of images
was improved, especially for minor species (Supplemental Fig. S1). Conse-
quently, all images are presented at 10 ppm.

Extract Analysis by ESI-MS

Total lipid extracts were analyzed by direct-infusion ESI-MS on an API
3000 Triple Quadrupole Mass Spectrometer (Applied Biosystems/Sciex). For
profiling PC and TAG lipid classes, extracts were prepared in two different
solvent solutions, 2:1 methanol:CHCl3 (v/v) and 2:1 CHCl3:methanol (v/v),
plus 15 mM ammonium acetate. For the quantification of individual PC and
TAG species, a standard mix of 30 mg of di14:0-PC (Avanti Polar Lipids) and
300 mg of tri15:0-TAG (Nu-Chek Prep) was added to each total lipid extract
prior to analysis. Extracts were analyzed in a method adapted from Devaiah
et al. (2006) in which extracts were injected at a flow rate of 20 mL21 min at a
spray voltage of +5.5 kV. PC composition was determined from precursor ion
scans detecting for m/z +184.07. TAG composition was determined from full

scans of extracts, and the designation of acyl chains, but not sn positions, was
determined from neutral loss scans of individual fatty acids (Lee et al., 2011).
ESI-MS raw data were processed using the open-source lipid-analysis software
LipidomeDB (Zhou et al., 2011).

Fatty Acid Analysis of Lipids from Dissected Seed Tissues

Seed pods were harvested at 20, 27, and 35 DAF, and the seed coat (plus
aleurone layer), embryonic axis, and outer and inner cotyledons were dis-
sected by hand using a razor blade. Dissected tissues were incubated with
1.2 mL of isopropanol at 70°C for 30 min followed by a two-phase lipid ex-
traction method (Smith et al., 1982). Nonpolar lipid classes were separated by
TLC using a solvent mix of hexane:diethylether:acetic acid (80:20:1, v/v),
while polar lipid classes were separated by two-dimensional TLC using, first,
chloroform:methanol:water (65:25:4, v/v) followed by chloroform:acetone:
methanol:acetic acid:water (50:20:10:10:5, v/v). Lipids were routinely revealed
with UV light after spraying with 0.2% (w/v) 8-anilino-1-naphthalenesulfonic
acid in anhydrous methanol (Benning et al., 1995). Spots corresponding to lipid
classes were scraped from TLC plates, and for each class, fatty acid methyl esters
(FAMEs) were prepared by incubation with 3 mL of 2.5% H2SO4 in methanol:
toluene (2:1, v/v) at 70°C for 2 h. Nervonic acid (24:1) was used as an internal
standard. Samples were then mixed with 2 mL of 5% NaCl and 3 mL of
hexane, and the upper, hexane phase was collected. Another 3 mL of hexane
was added, thorough mixing was carried out, and the hexane layer was
collected. The accumulated hexane phases were dried down under nitrogen.
FAMEs were separated using a Clarus 500 gas chromatograph with a flame
ionization detector (Perkin-Elmer 8500). It was equipped with a 30-m 3
0.25-mm i.d. capillary column (Elite 225; Perkin-Elmer). The oven tempera-
ture program was set to 170°C for 3 min, increased by 4°C min21 to 220°C,
with a final hold for 15 min at 220°C. FAMEs were identified routinely by the
comparison of retention time peaks with a GC-411 standard (Nu-Chek Prep)
but had been specifically analyzed by GC-MS (Fuschino et al., 2011). Perkin-
Elmer TotalChrom software was used for data acquisition.

NMR Imaging

All magnetic resonance imaging data sets were acquired on an 11.7-tesla
Bruker wide-bore system (Bruker BioSpin) equipped with an actively shielded
Micro 2.5 gradient system (40mmi.d. andmaximumstrengthof 660mTorrm21).
A custom-built 5-mm i.d. Helmholtz coil was used for measurement of the
intact seeds. Seeds at different developmental stages were dissected from the
silique and placed into a 5-mm NMR tube filled with deuterium oxide. A
standard multislice multiecho spin-echo sequence with adjusted chemical shift-
selective pulses was applied to acquire high-resolution lipid images of the seed.
An isotropic resolution of up to 50 mm in the seeds could be achieved (exper-
imental time of 11 h). One echo with an echo time of 8.2 ms was acquired in the
multislice multiecho spin-echo sequence. The repetition time was set to 1,000 ms.
Due to the uniform B1 field of the Helmholtz coil used, a correction for B1 in-
homogeneity was not necessary. The reconstruction of the acquired data set was
conducted usingMATLAB (TheMathworks). To generate the visualization of the
seeds, the three-dimensional data set was imported into AMIRA (Mercury).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Threshold differences of MALDI-MS images.

Supplemental Figure S2. Schematic representation of fatty acid distribu-
tion in dissected seed tissue at the midpoint of lipid accumulation.

Supplemental Table S1. Fatty acid composition of TAG of dissected oil-
seed rape seeds

Supplemental Table S2. Fatty acid composition of diacylglycerol of dis-
sected oilseed rape seeds

Supplemental Table S3. Fatty acid composition of phosphatidic acid of
dissected oilseed rape seeds

Supplemental Table S4. Fatty acid composition of monogalactosyldiacyl-
glycerol of dissected oilseed rape seeds

Supplemental Table S5. Fatty acid composition of digalactosyldiacylgly-
cerol of dissected oilseed rape seeds
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Supplemental Table S6. Fatty acid composition of phosphatidylethanola-
mine of dissected oilseed rape seeds

Supplemental Table S7. Fatty acid composition of phosphatidylglycerol of
dissected oilseed rape seeds

Supplemental Table S8. Fatty acid composition of PC of dissected oilseed
rape seeds

Supplemental Table S9. Fatty acid composition of phosphatidylinositol of
dissected oilseed rape seeds
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