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Lipid oxidation is a process ubiquitous in life, but the direct and comprehensive analysis of oxidized lipids has been limited by
available analytical methods. We applied high-resolution liquid chromatography-mass spectrometry (LC-MS) and tandem mass
spectrometry (MS/MS) to quantify oxidized lipids (glycerides, fatty acids, phospholipids, lysophospholipids, and galactolipids)
and implemented a platform-independent high-throughput-amenable analysis pipeline for the high-confidence annotation and
acyl composition analysis of oxidized lipids. Lipid contents of 90 different naturally aged wheat (Triticum aestivum) seed stocks
were quantified in an untargeted high-resolution LC-MS experiment, resulting in 18,556 quantitative mass-to-charge ratio
features. In a posthoc liquid chromatography-tandem mass spectrometry experiment, high-resolution MS/MS spectra (5 mD
accuracy) were recorded for 8,957 out of 12,080 putatively monoisotopic features of the LC-MS data set. A total of
353 nonoxidized and 559 oxidized lipids with up to four additional oxygen atoms were annotated based on the accurate
mass recordings (1.5 ppm tolerance) of the LC-MS data set and filtering procedures. MS/MS spectra available for 828 of
these annotations were analyzed by translating experimentally known fragmentation rules of lipids into the fragmentation of
oxidized lipids. This led to the identification of 259 nonoxidized and 365 oxidized lipids by both accurate mass and MS/MS
spectra and to the determination of acyl compositions for 221 nonoxidized and 295 oxidized lipids. Analysis of 15-year aged
wheat seeds revealed increased lipid oxidation and hydrolysis in seeds stored in ambient versus cold conditions.

Lipid oxidation is a process inevitably connected to
life. Although essential for all respiring organisms,
oxygen can form reactive species (ROS). The accumu-
lation of these compounds leads to the phenomenon
commonly referred to as oxidative stress in microbes
and plant and animal tissues. ROS play a role in the
attack against microbial pathogens by host cells (Imlay,
2013), time-dependent death of dormant seeds (Lee
et al., 2010), human diseases (Coyle and Puttfarcken,
1993; Giugliano et al., 1996), in aging (Sohal and
Weindruch, 1996; Sohal et al., 2002), and in signaling
processes (Gilroy et al., 2016; Mignolet-Spruyt et al.,
2016). The severity of individual cytotoxic effects of
ROS is so far not clear. It is known that macromolecules
with important cellular functions like DNA (Yakes and
Van Houten, 1997) or proteins (Berlett and Stadtman,
1997) are oxidized, but lipid (per)oxidation is an auto-
catalytic process and, hence, potentially more devastating

once triggered. Typically, lipid oxidation is esti-
mated indirectly by measuring malondialdehyde
(Stewart and Bewley, 1980; Goel and Sheoran, 2003;
Chu et al., 2012), 4-hydroxy-2-nonenal (Perluigi et al.,
2012; Spickett, 2013), autoluminescence (Birtic et al.,
2011), or fluorescent lipid oxide reaction products
(Morita et al., 2016), but these assays do not resolve
the oxidation at the level of lipid classes or individual
lipids.

Unlike oxidized fatty acids (FAs), oxidized lipids
are hardly available commercially. Targeted liquid
chromatography-mass spectrometry (LC-MS) analysis
of oxidized lipids using authentic standards is not very
common (Hui et al., 2010; Ravandi et al., 2014). Often,
oxidized lipids are detected using tandem mass spec-
trometry (MS/MS), where the collision-induced pro-
ducts of precursor ions (PRs) are scanned for fragments
or neutral losses (NLs) that correspond to oxidized acyl
residues expected in oxidized lipids (Spickett and Pitt,
2015), and in some cases, higher resolutionMS/MS spectra
are provided to support the identification (Buseman et al.,
2006; Vu et al., 2012).

High-resolution mass spectrometry (MS) allows for
the quantification and detection of analytes based on
their accurate mass. It has been applied in the analysis
of known or expected nonoxidized lipids in biological
samples in a growing number of studies for more than a
decade now either by direct infusion (shotgun lipidomics;
Ejsing et al., 2009; Schwudke et al., 2011) or in combina-
tion with liquid chromatography (Giavalisco et al., 2011;
Hummel et al., 2011). For identification, the mass-to-
charge ratio (m/z) values of an untargeted LC-MS or
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direct-infusion MS experiment are matched against the
m/z values of known lipids, preferably at low error
tolerance (typically 1–10 ppm).
At present, the number of oxidized lipids represented

by entries in databases like LIPIDMAPS (www.lipidmaps.
org) is low. Structures of only eight oxidized phosphati-
dylcholines (PCs; LIPID MAPS classifier GP2001),
15 oxidized phosphatidylethanolamines (PEs; GP2002),
and three oxidized cardiolipins (GP2003) are currently
available. The FA composition of these phospholipids
(PLs) does not represent the situation in plant mem-
brane lipids, where typically C16/C18 FAs dominate in
lipid structures. LIPID MAPS contains a large number
of oxidized hydroxy FAs (FA0105) with various lengths
and numbers of double bonds and up to three hydroxy
groups, but hydroperoxy FAs (FA0104, FA0200, and
FA03) are only available with 18 or more C atoms. Oxo
FAs (FA0106 and FA0200) lack C16 oxo FAs with
double bonds, and epoxy FAs (FA0107 and FA0200)
with 16 C atoms are not listed. Mixtures of these
modifications also are listed. Oxidized galactolipids
(GLs), triacylglycerols (TAGs), and diacylglycerols
(DAGs) are currently not present in LIPID MAPS.
Due to their systematic structure, lipids also were

annotated database independently by comparison of
accuratem/z values in untargeted LC-MS data sets with
assembled target lists containing several thousand
lipids belonging to different classes. Each lipid class is
represented by lipids differing in carbon length and
number of double bonds in the FA/acyl (or alkyl) res-
idues (Giavalisco et al., 2011). Very recently, Collins
et al. (2016) extended this approach by adding one to
four additional oxygen atoms to the lipids in such a list
to annotate oxidized lipids in chemically (H2O2) oxi-
dized cultures of the diatom Phaeodactylum tricornutum.
Their annotation workflow resulted in the tentative
annotation of 1,969 unique lipid sum formulae with up
to four additional oxygen molecules, but in their con-
clusions, the authors suggest utilizing MS/MS data to
improve annotation certainty by reducing likely false-
positive annotations.
The acyl chain/head group composition of intact

lipids can be determined from MS/MS spectra using
various commercial (LipidView [www.absciex.com]
and LipidSearch [www.thermo.com]) or open-source
software tools (http://www.lipidmaps.org/tools/ms/
and LipidXplorer; Herzog et al., 2002), because the rules
of fragmentation are well understood for the most rel-
evant lipids (LipidBlast; Kind et al., 2013). But the
availability of and knowledge regarding MS/MS
spectra of oxidized lipids are quite scarce and restricted
to single lipid species like TAGs (Zeb, 2012) and PLs
(Spickett and Pitt, 2015) or to particular acyl residues
like oxidized C18 andC16 FA esters (Vu et al., 2012). All
in all, there has been a lack of suitable strategies to
generate and annotate untargeted high-resolution
MS/MS spectra of an untargeted quantitative high-
resolution LC-MS experiment in order to quantify and
identify as many oxidized lipids as possible from a set
of samples.

The application of the above-mentioned indirect
assays as proxies for lipid oxidation has suggested that
this process plays a substantial role in the natural (and
artificial) aging of seeds, leading to losses in the via-
bility and germinability of plant seeds from different
species needed for production, conservation, and
breeding purposes (Stewart and Bewley, 1980; Goel
and Sheoran, 2003; Chen et al., 2016). Long-term seed
repositories like gene banks started decades of years
ago to store seeds in cold conditions, after it was
found that this would preserve their viability for a
longer time than storage at ambient temperatures
(Roberts, 1960; Ellis et al., 1982). The life-prolonging
effect of cold storage is assumed to be based upon
slowing down oxidative stress, but molecular evi-
dence like corresponding patterns of oxidized lipids
were not investigated.

Here, we present a two-step procedure for the quanti-
fication and structural annotation of oxidized lipids be-
longing to the major lipid classes occurring naturally in
long-term stored wheat (Triticum aestivum) seeds. In the
first step, we quantitatively analyzed 90 wheat seed ex-
tracts with putative differences in oxidized lipids using
high-resolution LC-MS and annotated lipid sum formulae
using accurate mass data and filtering algorithms. In the
second step, we generated high-resolution MS/MS spec-
tra of a large fraction of all putativemonoisotopic peaks of
the LC-MS data set using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). We then analyzed the
MS/MS spectra to validate the mass-based annotations
and to determine their acyl compositions. In this way,
624 sum formulae (predominantly oxidized lipids) were
MS/MS validated, with structural determinations for
516 of them. The comparison of oxylipid profiles of
ambient and cold-stored seeds revealed increased lipid
oxidation and hydrolysis at ambient conditions.

RESULTS

LC-MS Analysis of Wheat Seeds

Long-term stored wheat seeds were chosen as a
model system to study lipid oxidation because lipid
oxidation has been linked previously with seed viabil-
ity (Lee et al., 2010; Colville et al., 2012; Chen et al.,
2016). The wheat seed lipidome is not dominated by
TAGs, as is the case for oilseeds like rapeseeds (Brassica
napus) or Arabidopsis (Arabidopsis thaliana). This allows
measuring more diverse lipids in parallel within the
dynamic range typical for mass spectrometers. Meta-
bolically, an orthodox seed is expected to be relatively
inert. Ninety wheat seed stocks from the German Federal
Ex Situ Genebank differing in genotype, harvest time
point, and storage conditions were chosen for analysis.
Lipids were extracted from 50 pooled seeds per stock
and analyzed using high-resolution LC-MS in both
positive and negative mode. An example positive-mode
base peak chromatogram is provided in Figure 1A. After
the removal of background signals, the positive-mode
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peaktable had 18,556 chromatographic m/z features
(Supplemental Table S1) with 8,836 deconvoluted
pseudospectra/base peaks, theoretically represent-
ing individual analytes. The negative mode peaktable
(Supplemental Table S2) had 5,554 m/z features and
3,161 pseudospectra. For positive mode, the distribu-
tion of chromatographic features along retention time
and m/z is displayed in Figure 1B.

Generation of an Oxylipid Target List

We followed the approach of Collins et al. (2016) to
generate a target list that contains oxidized lipids from
an established conventional lipid target list (Hummel
et al., 2011; Szymanski et al., 2014; Pant et al., 2015)
developed by Giavalisco et al. (2011). Among others,

this list of 2,009 entries contains storage and membrane
lipids and FAs classified according to acyl/alkyl chain
length and number of double bonds. We applied minor
changes and extended this list by adding up to four
oxygen atoms to the sum formulae of all entries. The
final oxylipid target list (OxyLTL; Supplemental Table
S3) contained 11,185 entries.

Mass-Based Annotation of Oxidized Major Plant Lipids

All putative monoisotopic m/z features (not [M+X] in
Supplemental Tables S1 and S2, Isotopes) were searched
against the OxyLTL in multiple adduct variants
(Supplemental Protocol S1). The finalm/z tolerance was
1.5 ppm in positive mode after m/z correction (de-
scribed below, but applied within a loop from this step

Figure 1. LC-MS analysis in positive
mode. A, Example base peak chromat-
ogram. B, Median retention time, m/z,
and intensity (point size corresponds to
log1000 transformed median ion count)
of 18,556 chromatographic m/z fea-
tures in 90 wheat seed stocks. Six hun-
dred twenty-four identified lipids (with
MS/MS validation) and 157 FAs (without
MS/MS validation) are displayed in
colors representing their lipid class. The
boxed area is shown in higher magnifi-
cation in C. C, O1 (red) TAGs elute 40 s
earlier than their cognate O0 TAGs
(black). The boxed area is shown in
higher magnification in D. D, Higher
oxidized TAGs occur as isomers with
different retention times.
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on). The data recorded in negative mode were anno-
tated allowing for 5 ppm error, and where notm/z error
corrected, they are used only for the validation of pos-
itive mode annotations (see “Bothmode Filter” below).
In positive mode, this resulted in 5,050 annotations
(Table I), and out of these, 3,201 belonged to the plant
major lipid classes TAG,DAG,monoacylglycerol (MAG),
PC, PE, phosphatidylglycerol (PG), phosphatidylinositol
(PI), lysophosphatidylcholine (lysoPC), lysophosphati-
dylethanolamine (lysoPE), lysophosphatidylglycerol
(lysoPG), lysophosphatidylinositol (lysoPI), monoga-
lactosyldiacylglycerol (MGDG), and digalactosyldia-
cylglycerol (DGDG) in nonoxidized and oxidized
form, which are the focus of this study.

Filtering Procedure for the Removal of
False-Positive Annotations

For the annotations made in positive mode, filtering
was applied to reduce the number of likely false-positive
or redundant annotations. The appliedfilters are based on
characteristics typical for chromatography, electrospray
ionization, and isotope fidelity.

Isotope Filter

For sum formula annotations of monoisotopic peaks,
the normalized isotope abundance was computed us-
ing enviPat (Loos et al., 2015) and compared with the
observed normalized isotope pattern. The difference
was expressed as root-mean-square-deviation in per
mille (mSigma; Thiele et al., 2011). We found that isotope
patterns calculated frommedian or individual peak areas
of isotopic peaks often were imprecise, particularly for
less intense signals. Instead, we extracted the normalized
isotope pattern for every isotopic m/z feature at the apex
scan in every chromatogram. mSigma values were cal-
culated from the median normalized isotope pattern
and from a linear modeled isotope pattern (Supplemental
Table S1, mSigma by median and mSigma by lm). Only
annotations with mSigma , 60 (mass spectrometer
specification is 50) in any of the two calculations were
regarded as valid (Supplemental Table S1, Isotope
filter = true). As an example, it disqualified diacyl-
glyceryltrimethylhomoserine (DGTS) 36:4 to be the lipid

represented by pseudospectrum 144 (Table II), and
this procedure restricted the number of reliable an-
notations in the data set to 3,112 (Table I).

Bothmode Filter

If multiple sum formulae with different mono-
isotopic masses were assigned within one pseudo-
spectrum, even if they were assigned to the same m/z
(e.g. O1 PC 36:4 and DGTS 36:4 but not O1 PS [phos-
phatidylserine] 40:3 and O3 PC 38:4; Table II), it was
possible to identify a likely true positive annotation if
one of these sum formulae alsowas detected in negative
mode. For all annotations made for peaks in positive
mode, we searched for peaks detected in negativemode
that (1) coeluted within –4 to +1 s, (2) had an identical
annotation, and (3) displayed a peak-to-peak Pearson
correlation with P, 0.05. It can be expected that certain
lipid species will be less efficiently determined due to a
lower ionization in either of the two modes (e.g. TAGs
in negative mode or FAs in positive mode). To account
for this, the filter is applied only if cross-validation oc-
curs within an m/z feature of a pseudospectrum. If,
within a pseudospectrum, annotations also were iden-
tified in negative mode, these were marked true and all
others were marked false (Supplemental Table S1,
Bothmode filter). For instance, within pseudospectrum
144, only O1 PC 36:4, O1 PS 40:3, and O3 PC 38:4 are
cross-validated by identical annotations coinciding in
negative mode; consequently, all other annotations
within this pseudospectrum are disqualified. This
procedure further restricted the number of valid an-
notations to 2,939 (Table I).

Adduct Filter

Some analytes form more than one adduct during
electrospray ionization (e.g. [M+H]+ and [M+NH4]

+).
To reduce the number of likely false annotations, we
followed a modified approach of Collins et al. (2016) to
enrich correct annotations. The dominant adduct of a
lipid class and its oxides was defined as the most fre-
quently found adduct for each class (without oxides)
within our data set. The dominant adducts identified
here for TAGs ([M+NH4]

+), PEs ([M+H]+), PCs ([M+H]+),

Table I. Number of annotations, pseudospectra, and base peak annotations after each filter step

Filter Step Annotations Pseudospectra Annotations Base Peak Annotations

All annotations (1.5 ppm) 5,050 2,612 3,322
Lipids of interesta 3,201 2,165 2,026
Isotope filter 3,112 2,123 1,987
Bothmode filter 2,939 2,110 1,957
Adduct filter 1,079 1,014 928
Retention filter 1,066 1,003 918
MSMS filter 624 607 556
MSMS filter (+FA)b 778 761 681

aTAG, DAG, MAG, PC, PE, PG, PI, lysoPC, lysoPE, lysoPG, lysoPI, MGDG, and DGDG. bFAs are not
MS/MS validated.
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PGs ([M+NH4]
+), MGDGs ([M+NH4]

+), and DGDGs
([M+NH4]

+) are identical to the dominant adducts
identified in the previous study using authentic stan-
dards or database information. Only annotations with
dominant adducts were considered valid. If a pseudo-
spectrum contained several different annotations as
dominant adduct (e.g. O1 PC 34:3 [M+H]+, PC 36:5
[M+H]+, andO1 PC 36:4 [M+H]+ in pseudospectrum 144;
Table II) and one annotation occurred with additional
adducts (O1 PC 36:4 as [M+Na]+), only this remained
valid (Supplemental Table S1, Adduct filter = true). In
addition to the removal of likely false-positive annota-
tions, this filter step also reduces redundancy caused by
identical annotations of different adducts formed by
one analyte. In the aforementioned example, only the
[M+H]+ adduct of O1 PC 36:4 passed this filter (Table II),
providing strong support that pseudospectrum 144 is
O1 PC 36:4, representedmost abundantly by the [M+H]+

adduct, which also is the base peak of the pseudo-
spectrum. This filter was found to be very effective. Its
application resulted in a reduction of the number of
annotations to 1,079.

Retention Filter

In untargeted metabolomics, retention time predic-
tion can be used to validate mass-based compound
annotations (Hagiwara et al., 2010; Cao et al., 2015).
Lipids of the same class elute at similar retention times
(Hummel et al., 2011). Lipids eluting much earlier or
later than expected are most likely incorrectly anno-
tated. To reduce their number, we followed a simplified
approach that is independent of available compound
polarity information or prediction models but is ap-
plicable to compound classes eluting in clusters, like the
lipids studied in this work (Fig. 1, B–D). To remove
annotations distant from the expected elution time
point, we identified annotations (passing Isotope,
Bothmode, and Adduct filters) within every lipid class
that elute earlier or later than at maximum kernel
density 6 3 sigma (false in Supplemental Table S1,
Retention filter). Even though this procedure removed
only a small number of putatively incorrect annotations
in this already intensely filtered data set and none from
the example pseudospectrum 144, this filter may be
helpful in general to improve annotation reliability. Its
application reduced the number of annotations to 1,066.

m/z Correction

Despite external and lock-mass calibration of every
spectrum to minimize m/z errors, there was a linear
deviation in the error distribution (Supplemental Fig.
S1A). Smallm/z values tend to have a negative error (the
observed mass is lower than expected) and large m/z
values tend to have a positive error more often, but the
latter effect was less pronounced. Noteworthy, the av-
erage error was approximately zero around m/z
622.0289, the m/z of the compound used for lock-mass
calibration. The m/z deviations depend on m/z valueT
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and signal intensity in high-resolution MS, and solu-
tions like linear or polynomial fitting were introduced
to compensate for such drifts in order to improve mass
accuracy (Mihaleva et al., 2008; Lommen et al., 2011).
We followed the plausible argument of the authors to
assume that wemust have correctly annotated a certain
number of lipid sum formulae because they are known
to exist in our sample. We used the m/z of higher con-
fidence lipid annotations (Isotope, Bothmode, Adduct,
and Retention filters = true) as predictors in a linear
model for the m/z error. The resulting model was used
to fit and replace all m/z and related errors in the
peaktable in five iterations (Supplemental Fig. S1, A–F).
No correction greater than 0.6 mD was applied
(Supplemental Fig. S1G). The resulting error distribu-
tion was tighter and more closely zero centered. We
deduce an overall accuracy of below 1.5 ppm for allm/z
features of the LC-MS analysis in positive mode
(Supplemental Fig. S1D).

High-Throughput Posthoc Acquisition of MS/MS Spectra

In MS/MS experiments, lipids largely follow certain
predictable fragmentation rules. Fragments and NLs
can be assigned to acyl residues or head groups of
specific glycerides, PL or GL. Thus, MS/MS fragmen-
tation can be used to cross-validate oxylipid annota-
tions based on accurate mass of the PR. Furthermore,
the spectra reveal structural information on the mo-
lecular composition of the lipids and positional infor-
mation of the oxidation. We followed a procedure
similar to that described by Koelmel et al. (2017), but
instead of using exclusion lists, we constructed a
scheduled precursor list (SPL) from all potentially
monoisotopic peaks from the profiling experiment. The
benefit is that MS/MS spectra are collected more ef-
fectively, because no MS/MS spectra other than rele-
vant are produced (i.e. from solvent contaminants,
background signals, or isotopic peaks). We extracted
retention time (61 s) and m/z (620 mD) of all poten-
tially monoisotopic peaks from the profiling experi-
ment to create the SPL (Supplemental Table S4) with
12,080 entries in a format applicable to the mass spec-
trometer. Aliquot extracts of the profiling experiment
were rerun using identical HPLC settings but otherwise
in auto-MS/MS mode. If an m/z of an MS (precursor)
scan matched to a feature in the SPL, an MS/MS spec-
trum was recorded during the following scan. After
each LC-MS/MS run, collected spectra were identified
using retention time and m/z windows, and the corre-
sponding entries were removed from the SPL. The next
LC-MS/MS file was recorded with the reduced SPL.
The cycle was stopped after 27 consecutive LC-MS/MS
runs, because the remaining m/z in the SPL either did
not trigger MS/MS scans or led to the recording of
MS/MS spectra of very low intensity.
Following this procedure, we recorded 27 LC-MS/

MS files with 9,937 nonredundantMS/MS spectra from
a pooled sample. The whole procedure was repeated

two more times. One repetition was made using ex-
tracts from two of the oldest ambient stored seed stocks
from 1998, which were expected to be enriched in lipids
formed during aging. This led to the recording of 9,941
MS/MS spectra. The other repetition was made using
extracts from two younger seed stocks from 2002 (cold
stored) and 2006 (ambient stored), whichwere expected
to contain higher contents of lipids that would diminish
during aging. This led to the recording of 10,419
MS/MS spectra. These repetitions gained additional
and higher quality MS/MS spectra (detected as higher
base peak abundance) for a large number of targets
already fragmented from the pooled sample. A total of
8,957 nonredundant monoisotopic MS/MS spectra
(Supplemental Fig. S2; Supplemental Table S1, MSMS
mz, MSMS intensity, and MassIVE [ftp://massive.
ucsd.edu/MSV000081200]) remained after processing
and merging of the three data sets.

Automatized MS/MS Validation and Acyl
Structure Annotation

The MS/MS fragmentation patterns of glycerides,
PLs andGLs, have been analyzed extensively regarding
acyl and head group composition (Byrdwell and Neff,
2002; Taguchi et al., 2005; Schwudke et al., 2006;
Manicke et al., 2008; Ivanova et al., 2009; Murphy and
Axelsen, 2011; Anesi and Guella, 2015; Bandu et al.,
2016; Maciel et al., 2016), but the utilization of high-
resolution MS/MS spectra for the identification and
structural annotation of oxidized lipids was hitherto far
less investigated (Vu et al., 2012). We found a high
generalizability between nominal massMS/MS spectra
of authentic standards available at LIPIDMAPS (www.
lipidmaps.org) and the high-resolution MS/MS spectra
for the corresponding lipids in our study (Supplemental
Fig. S3). To be able to detect acyl and head groups of
oxidized lipids, we extended the known fragmentation
rules of nonoxidized lipids into rules expected for
oxylipid fragmentation in high resolution (Supplemental
Table S5).

Lipids containing a glycerol backbone and esterified
FAs are expected to form fourmajor types of fragments:
FA ([RCOOH+X]+ and [RCO]+) and FA-glycerol frag-
ments (RCOOH+74+X]+ and [RCO+74]+) and NLs of
FAs ([RCOOX]), where R represents the alkyl residue
of the FA and X represents the annotated adduct (H,
Na, K, or NH4). To identify oxylipid components, each
FA structure also was allowed to have up to four ad-
ditional oxygen atoms. This resulted in a total of 3,332
fragments and 1,375 NLs possible when acyl structures
with 10 to 30 C atoms and zero to five double bonds
were considered. The fragmentation library (Supplemental
Table S5) also included fragments andNLs of head groups
specific for themembrane lipid classes andNLs of adducts.
The fragments/NLs of all 8,957 MS/MS spectra were an-
notated using this library with 5mD tolerance, resulting in
afile containing the annotations of 190,099 fragments/NLs
(Supplemental Table S6). To reconstruct lipid compositions
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from the annotated fragments, we generated a lipid
structure library with all possible nonredundant FA-acyl
combinations for lipids containing three FAs (TAGs), two
FAs (DAGs, PCs, PEs, PGs, PIs, MGDG, and DGDG), and
one FA (MAGs, lysoPCs, lysoPEs, lysoPGs, and lysoPIs).
Allowing for 10 to 30 carbon and zero to five double
bond(s) per FA and zero to four additional oxygen atom(s)
per lipid (Supplemental Table S7), the list contained
1,729,805 lipids differing in FA/head group composition.
In the following section, the applied structural annotation
rules are explained in detail and on the basis of example
MS/MS spectra for all the lipid classes in which oxidized
lipids were detected.

TAGs were regarded as MS/MS validated (true in
Supplemental Table S1, MSMS filter) if we were able to
identify at least one NL and two additional NLs or
fragments in the MS/MS spectrum, which combine to
the TAG tentative sum formula. Only fragments/NLs
with the predicted adduct of the parent ion or the
protonated form of the fragments were allowed for the
annotation.

MS/MS spectra were recorded for 276 out of the
302 TAG annotations that passed the filters described
above (Table III). Two hundred fifty-four of these
passed the MS/MS validation test (Table III;
Supplemental Table S1, Source class = Triacylglycerol
and All filters = true). Acyl compositions were deter-
mined for all of them, and their quantitative represen-
tation in the spectrumwas determined as the sum of all
explanatory fragments/NLs in percentage of the base
peak of the MS/MS spectrum (Fig. 2; Supplemental
Table S1, Putative composition). Table V lists all
254 TAGs and their highest ranking FA composition.
For some of the 254 TAGs with MS/MS validation as
[M+NH4]

+ adduct, additional validation of sum for-
mula and structural composition was gained from the
MS/MS spectra of additional adducts. For example, O1
TAG 50:2 in pseudospectrum 31 (Supplemental Table
S1, pcgroup = 31) is reported as TAG (16:0/O1 16:0/
18:2) with highest fragment abundance in all three
detected adducts ([M+NH4]

+, [M+H]+, and [M+K]+),

but only the [M+NH4]
+ adduct remained among the

valid (or, more precisely, nonredundant) annotations
after the adduct filter step described above was carried
out. The majority (167) of the 254 TAGs are oxidized
(Tables IV and V). We annotated 87 nonoxidized TAGs:
82 O1 TAGs, 44 O2 TAGs, 23 O3 TAGs, and 18 O4 TAGs.
The relative intensities also dropped with increasing
oxidation levels (Table IV). The chromatographic pat-
tern of all fully validated lipids plus FAs (for this class,
it was not possible to apply generalizable MS/MS
fragmentation patterns in this study) is displayed in
Figure 1B. Figure 1, C and D, display the specific pat-
terns for the intact and oxidized TAGs. The pattern for
the intact TAGs (Fig. 1C) forms a mesh of signals in
typical order: increasing retention timeswith increasing
numbers of carbon atoms, decreasing retention times
with increasing numbers of double bonds. Exactly the
same pattern was reported in previous studies for
TAGs (Giavalisco et al., 2011) and PCs (Hummel et al.,
2011). The O1 TAGs (Fig. 1C) form an almost identical
mesh shifted highly reproducibly 40 to 50 s to an earlier
elution time point. The same shift occurs with further
elevations in oxidation level (Fig. 1D) but is blurred due
to an increasing number of isomers among the oxidized
lipids. We also saw this chromatographic shift of the
oxidized lipids in all other classes discussed below
(Supplemental Table S1).

While a large number of intact TAGs with certain
abundances also are found in singly oxidized form,
only the most abundant intact TAG species were found
in higher oxidation states. With very few exceptions, O2
TAGs were found only for TAGs with 50, 52, and
54 carbon atoms in the acyl chains, and O3-4 TAGs were
found only for 52 and 54 FA carbon TAGs. Figure 2A
shows the MS/MS spectrum of the PR m/z 958.7342
(Supplemental Table S1, Formula_ID = 9409), puta-
tively annotated as ammonium adduct of O4 TAG 54:7
and passing all filters. One hundred thirty-two frag-
ments/NLs were detected in the MS/MS spectrum
(Supplemental Table S6, Mass_ID = 21399), and 99
of them are valid [M+H]+/[M+NH4]

+ fragments or

Table III. Summary of MS/MS validation and acyl structure annotation of intact and oxidized lipids

Lipid

Isotope, Bothmode,

Adduct, and Retention

Filtered Annotations

Isotope, Bothmode, Adduct,

and Retention Filtered Annotations

with Available MS/MS Spectrum

Isotope, Bothmode,

Adduct, Retention, and

MS/MS Filtered Annotations

Isotope, Bothmode, Adduct,

Retention, and MS/MS Filtered

Annotations with Structural Composition

O0-O4 TAG 302 276 254 254
O0-O4 DAG 154 148 121 121
O0-O4 MAG 34 29 10 10
O0-O4 PC 95 92 84 9
O0-O4 PE 66 59 19 11
O0-O4 PG 47 43 12 11
O0-O4 PI 10 9 7 5
O0-O4 lysoPC 31 28 25 25
O0-O4 lysoPE 18 15 11 11
O0-O4 lysoPG 5 3 2 2
O0-O4 lysoPI 2 2 0 0
O0-O4 MGDG 83 62 27 20
O0-O4 DGDG 65 62 52 37
All lipids 912 828 624 516
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corresponding NLs. From 5,562 acyl combinations
possible for O4 TAG 54:7 (Supplemental Table S7,
Name = O4 TAG 54:7), 86 combinations can be
constructed (Supplemental Table S1, Putative com-
position) out of these 99 fragment/NLs annotations.
The highest ranking acyl combination is 18:1/18:2/O4
18:4, indicated by five fragments and one NL
(Supplemental Table S6, Mass_ID = 21399 and Struc-
ture = 18:1 & 18:2 & O4-18:4). The sum of intensities of
these five fragments (280%) relative to the base peakm/z

339.288 (100%) is the highest of all detected combina-
tions. The FA O4 18:4 was identified by an NL of the
ammoniated FA (Δm/z 357.2151) resulting in a fragment
ion at m/z 601.5192. This fragment is characteristic for a
protonated DAG 36:3 with a loss of onewatermolecule.
For the remaining two nonoxidized FAs, four frag-
ments were detected, indicating the loss of a hydroxyl
group from the FA-glycerol fragments (m/z 339.2884 for
FA 18:1 and m/z 337.2738 for FA 18:2) and the loss of a
hydroxyl group from the FA fragments themselves (m/z

Figure 2. Examples of MS/MS validation and acyl composition determination for lipids of eight different classes. NLs and frag-
ments (FR) of FAs and head groups were computationally identified and used to validate the PR annotation for O4 TAG 54:7
(Supplemental Table S1, Formula_ID = 9409; for the chromatographic profile, see Fig. 1D [A]), O1 DAG 36:5 (Formula_ID =
7380 [B]), O1MAG18:3 (Formula_ID= 1302 [C]), O3 PC 36:4 (Formula_ID= 2322 [D]), O2 lysoPC 18:2 (Formula_ID= 1850 [E]),
O1 PE 36:4 (Formula_ID = 1440 [F]), O2 MGDG 36:3 (Formula_ID = 8269 [G]), and O2 DGDG 34:2 (Formula_ID = 8128 [H]).
Only subsets of the indicated fragments are depicted. Multiple occurrences of the same FA within the different spectra are in-
dicated by identical colors. FAs are labeled in purple, blue, or red, and head groups are labeled in green. Annotations in black
were not obtained computationally and are only used to provide additional information in the example spectra. Representation of
the acyl combination in theMS/MS spectra is expressed as cumulative abundance of all explanatory fragments/NLs in percentage
of the base peak.
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265.2529 for FA 18:1 and m/z 263.2355 for FA 18:2). We
noticed that MS/MS spectra of nonoxidized TAGs
typically display NLs indicative of all three FAs,
whereas oxidized TAGs (and also DAGs) almost ex-
clusively lose the oxidized FA and display fragments
for the nonoxidized FAs. The highest ranking acyl
combinations for all 254 identified TAGs are provided
in Table V.

DAGswere regarded as validated if the NL of one FA
coincided with the detection of a complementary FA as
a fragment and that in combination form the expected
sum formula of the DAG. MS/MS spectra were avail-
able for 148 out of 154 annotations left after retention
filtering. One hundred twenty-one of these were MS/
MS validated and structurally annotated (Table III;
Supplemental Table S1). For example, four acyl com-
binations were detected for a precursor m/z 648.5199
(Supplemental Table S1, Formula_ID = 7380), anno-
tated as ammonium adduct of O1 DAG 36:5. Of these
structures, the combination O1 18:3/18:2 exerted the
highest spectral abundance (186%) and was supported
by seven MS/MS fragments (Supplemental Table S6).
The ammoniated O1 DAG 36:5 produces characteristic,
although unspecific, fragments (Fig. 2B) by NL of NH3
(Δm/z 17.0263), NH3 and H2O (Δm/z 35.0366), but also
specific ammoniated FA fragments (Δm/z 311.2455 for
FA O1 18:3 and Δm/z 297.2666 for FA 18:2). Each NL of
an FA results in a fragment of the remaining FA-glycerol
fragment with a loss of a hydroxyl group (m/z 337.2743
for FA 18:2 and m/z 351.2532 for FA O1 18:3), but these
annotations are redundant to the NL annotation and,
thus, were not considered in the validation procedure.
Three independent fragments could be assigned to
this FA combination. The fragments m/z 277.2160 and
263.2375 were generated by a loss of H2O of the pro-
tonated FA O1 18:3 and 18:2, whereas m/z 295.2280
(not labeled in Fig. 2B) indicates the protonated FA O1
18:3. Thus, O1 DAG 36:5 and its most representative
structure (18:2/O1 18:3) is actually MS/MS validated

by two observation combinations: NL of FA 18:2 coin-
ciding with a fragment of FA O1 18:3 and NL of FA O1
18:3 coinciding with a fragment of FA 18:2.

MAGs were regarded as validated if the expected
FA was detected as a result of a glycerol NL. Sixteen
annotations were validated by all filters (Table III).
For example, O1 MAG 18:3 (Supplemental Table S1,
Formula_ID = 1302) was MS/MS validated by detection
of the fragment for the FA O1 18:3 (m/z 277.2167)
resulting from an NL of ammonia, water, and glycerol
(Fig. 2C). The base peak m/z 351.2537 corresponds to an
FA-glycerol fragment with a loss of a hydroxyl group
resulting from an NL of NH3 and H2O (Δm/z 35.0366),
but we judged this constellation too unspecific for val-
idation, even though the precursor was annotated as
ammonium adduct.

PLs were regarded as MS/MS validated when we
detected a fragment or NL specific for the correspond-
ing head group (Bandu et al., 2016) in combination with
the predicted adduct or in protonated form. We scan-
ned for intact and oxidized PC, PE, PG, PI, and their
lysoforms, but only for PC, lysoPC, and PE were oxi-
dized lipids MS/MS validated (Table IV). Acyl combi-
nations were identified if FA fragments/NLs in any
combination match the predicted sum formula. In the
majority of cases, it was not possible to determine the
acyl composition of PLs, because their MS/MS spectra
often were dominated by the head group. For only
36 out of the 122 fully validated structures, we could
reconstruct the FA composition. Remarkably, and in
strong contrast to the situation found for the DAGs,
there was in almost all cases only one putative composi-
tion detected for the 36 PCs, PEs, PGs, and PIs. Lyso-
phospholipids were structurally annotated already when
they were MS/MS validated by identification of the head
group, because they possess only one FA.

PCs were MS/MS validated if the PC head group
(C5H14NO4P) was detected as a fragment or NL in
combination with the expected adduct or protonated.

Table IV. Number and relative content of identified intact and oxidized lipids

Lipid
No. of Lipids Relative Lipid Content

O0–O4 O0 O1 O2 O3 O4 O0 O1 O2 O3 O4

TAG 254 87 82 44 23 18 80.65 16.33 2.44 0.43 0.15
DAG 121 36 30 31 16 8 81.12 10.12 7.12 1.18 0.47
MAG 10 9 1 0 0 0 95.79 4.21 0 0 0
FAa 154 50 46 35 15 8 74.62 7.34 13.18 3.81 1.05
PC 84 33 16 23 8 4 94.14 3.95 1.56 0.29 0.07
PE 19 13 5 0 1 0 96.23 3.7 0 0.07 0
PG 12 12 0 0 0 0 100 0 0 0 0
PI 7 7 0 0 0 0 100 0 0 0 0
lysoPC 25 18 6 1 0 0 99.6 0.33 0.06 0 0
lysoPE 11 11 0 0 0 0 100 0 0 0 0
lysoPG 2 2 0 0 0 0 100 0 0 0 0
lysoPI 0 0 0 0 0 0 0 0 0 0 0
MGDG 27 10 9 7 1 0 89.33 9.08 1.48 0.11 0
DGDG 52 21 11 15 5 0 87.32 9.1 2.8 0.77 0
Sum/Mean 778 309 206 156 69 38 85.63 4.58 2.05 0.48 0.12

aNot MS/MS validated.
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Eighty intact and oxidized PCs passed all filters. Espe-
cially for this lipid class and its lyso form, additional
identification of the compositional structure is nega-
tively affected by the dominant head group fragment
(m/z 184.0733; Fig. 2, D and E). Only nine PCs were
structurally annotated. An example is shown in Figure
2D for the precursor m/z 830.554 (Supplemental Table
S1, Formula_ID = 2322), annotated as protonated O3 PC
36:4. It was annotated as O1 18:2/O2 18:2 with 117% of
the base peak intensity. This combination was confirmed
by two fragments for the O1 18:2 acyl chain at m/z
297.2394 (protonated O1 18:2) and 353.2686 (O1 18:2 FA-
glycerol fragment) and by one NL for O2 18:2 (Δm/z
312.2339).

LysoPCs were validated the same way as PCs, as
their head groups are identical. For example, the
precursor m/z 552.3299 annotated as O2 lysoPC 18:2
(Supplemental Table S1, Formula_ID = 1850) was val-
idated due to the detection of the head group (Fig. 2E).
This also elucidates the structure of the lysoPC, because
it contains only the 18:2 FA.

The validation/structure elucidation rules for PEs
were analogous to the rules for PCs, but using the PE
head group (C2H8NO4P). Unlike PCs, PEs were vali-
dated mainly by NL of the head group (Δm/z 141.0191).
Nineteen PEs passed all filters (Table III), and for
11 of them, acyl compositions were detected. O1 PE
36:4 (precursor m/z 756.518; Supplemental Table S1,
Formula_ID = 1440), for example, was found to consist
of the FAs 18:2, detected as FA fragment m/z 263.2371
and FA-glycerol fragment m/z 337.2752, and the com-
plementary FA O1 18:2 (Fig. 2F). The NL Δm/z 159.0297
often dominated PE MS/MS spectra. The mass corre-
sponds to the NL of the head group +H2O but was not
utilized for the automated annotation. Eleven intact
lysoPEs were validated and structure annotated using
the rules described for lysoPCs and scanning for the PE
head group, but no oxidized lysoPE passed all filters.

PGs were MS/MS validated/structure annotated
like PCs/PEs by scanning for the PG head group
(C3H9O6P) as a fragment or NL. Only neutral head
group losses were detected for all 12 validated PGs. For
11 PGs, it was possible to determine the acyl combi-
nations, but none of the fully validated PGs was oxi-
dized. Only two nonoxidized lysoPGs were MS/MS
validated and structure annotated following the rules
applied for lysoPCs/lysoPEs and scanning for the PG
head group as a fragment/NL.

Also, PIs were MS/MS validated and structurally
annotated analogous to PCs, PEs, and PGs using the PI
head group (C6H13O9P). Seven PIs were fully validated,
and for five of them, the structural composition was
determined. We detected no oxidized PI with full vali-
dation.We also scanned tentative lysoPIs for the PI head
group, but no intact or oxidized lysoPI was MS/MS
validated.

GLs are expected to lose their sugar moieties upon
collision-induced dissociation. MGDGs were consid-
ered as validated when the NL of the galactosyl group
(C6H12O6) was detected with or without additional loss

of one or two H2O molecules and with or without ad-
duct (NH3). Twenty-seven tentative MGDGs passed all
filters, including theMS/MS filter (Table III). Twenty of
them also were structurally annotated according to the
rules for PCs/PEs, typically yielding more than one
combination. Figure 2G displays a typical fragmenta-
tion pattern of MGDGs. The precursor m/z 830.5983
(Supplemental Table S1, Formula_ID = 8269), anno-
tated as O2 MGDG 36:3, was validated by a galactosyl
+NH3NL (Δm/z 197.0898) and a galactosyl2H2O+NH3
NL (Δm/z 179.0811). Three fragments including the
base peak could be assigned to the combination of 18:2
(m/z 337.274 and 263.2321) and O2 18:1 (m/z 371.280),
reflecting 214% of the base peak intensity.

The validation of DGDGs follows the same rules as
for MGDGs except that we expected the NL of the
digalactosyl moiety C12H24O12. Fifty-two DGDGs were
MS/MS validated, and 37 of them were structur-
ally annotated (Table III). The example MS/MS spec-
trum for O2 DGDG 34:2 (Supplemental Table S1,
Formula_ID = 8128) is similar to the MGDG spectrum.
Also here, the precursor at m/z 966.6361 was validated
by two NLs, the digalactosyl moiety +NH3 (Δm/z
377.153) and 2H2O +NH3 (Δm/z 359.1419). The
matching acyl composition with highest representation
in the spectrum (119%) is 16:0 (m/z 239.2390 and
313.2742) and O2 18:2 (m/z 295.2278).

Table III summarizes the MS/MS validation process
leading to 624 highly validated lipidswith putative acyl
compositions for 516 of them. Details regarding the
number and abundance of all fully validated lipids at
different oxidation levels (compiled to their classes plus
FAs) are provided in Table IV.

Warmer Storage Condition Results in the Accumulation
of Oxidized Glycerides, FAs, and Membrane Lipid
Hydrolysis Products, While the Overall Levels of Intact
and Oxidized Membrane Lipids Decrease

Stored cereal seeds lose their viability during storage
at ambient temperature (Roberts, 1960). Indirect assays
suggest that lipid oxidation is one of the molecular
causes associated with the loss in viability (Stewart and
Bewley, 1980). This process can be impeded by storing
the seeds in the cold and/or anoxic instead of ambient
conditions (Harrington, 1963; Groot et al., 2014). We
compared the seeds of five wheat accessions harvested
in 1998 and stored until 2013 in either ambient or cold
conditions. After that, the seeds were shock frozen and
stored at 280°C until they were analyzed (Fig. 3). We
found massive differences in the oxidation levels of
glycerides, FAs, PLs, and GLs. While the levels of
nonoxidized TAGs were slightly, although insignifi-
cantly, lower in the seeds stored in ambient conditions,
the levels of oxidized TAGs were more than twice as
high in the ambient versus the cold-stored seeds (Fig.
3A). Both nonoxidized and oxidized DAG levels were
approximately twice as high in the ambient compared
with the cold-stored seeds (Fig. 3B). The levels of
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nonoxidized MAGs were insignificantly higher in the
ambient stored seeds, but oxidized MAG levels were
elevated significantly (Fig. 3C). The levels of both
nonoxidized and oxidized FAs displayed the largest
differences observed in this study. They were 4- to
5-fold higher in the ambient compared with the cold-
stored seeds (Fig. 3D). Nonoxidized PCs, which are the
predominant form of PLs in cellular membranes, were
reduced to approximately 50% in the ambient stored
seeds, and the levels of oxidized PCs also were slightly,
although insignificantly, lower (Fig. 3E). Similar to the
PCs, nonoxidized PEs also were reduced to nearly 50%
in the ambient stored seeds, but unlike the levels of
oxidized PCs, the oxidized PEs were elevated signifi-
cantly in the ambient stored seeds (Fig. 3F). Also, non-
oxidized PGs were reduced by approximately 50% in
the ambient stored seeds (Fig. 3G). No putatively an-
notated oxidized PGs passed all filters. PIs were re-
duced insignificantly in the ambient stored seeds (Fig.
3H), and oxidized PIs did not pass all filters. The levels
of nonoxidized and oxidized lysoPCs were elevated in
ambient stored seeds, significant for the oxidized
lysoPCs (Fig. 3I). Also, the levels of nonoxidized
lysoPEs and lysoPGs were elevated significantly in the
ambient stored seeds, but oxidized forms of these two
species were not detected after filtering (Fig. 3, J and K).
The levels of oxidized MGDGs were reduced to ap-
proximately 50% in the ambient stored samples as
compared with cold-stored samples, and the levels of
nonoxidized MGDGs also were insignificantly lower
(Fig. 3L). The levels of both nonoxidized and oxidized
DGDGs were reduced to levels below 50% in the am-
bient compared with the cold-stored seeds (Fig. 3M).
The peak height of the seven top abundant TAGs
slightly exceeded the linear dynamic range of the de-
tector, which led to a cutoff of the signal due to detector
saturation (Fig. 1A; Supplemental Table S1, Median
intensity . 100,000,000). We remeasured all samples
from 1998 in 1:10 dilution and cross-identified 99 of the
254 annotated (oxy)TAGs (Supplemental Table S8).
With respect to relative lipid abundance, the quantita-
tive analysis of the diluted samples led to results fully
congruent with the TAG analysis of the undiluted
samples (Fig. 3, A and N).

DISCUSSION

In plants, lipid oxidation is not a phenomenon re-
stricted to seed aging; instead, it plays a role in many
processes, like photooxidative stress (Broin and Rey,
2003), drought-induced leaf damage (Avramova et al.,
2017), and metal-induced root damage (Feigl et al.,
2015). Also, numerous studies in the fields of microbi-
ology (Imlay, 2013) and medicine (Ames et al., 1993)
link lipid oxidation to biological questions of great
relevance, like pathogen defense, aging, and cardio-
vascular diseases. Advances in the comprehensive
analysis of oxidized lipids are needed to extend our
knowledge in these various research areas.

Previous studies on the systematic quantification and
identification of oxidized lipids were conductedmainly
using either semitargeted MS/MS (Vu et al., 2012;
Spickett and Pitt, 2015) or untargeted high-resolution

Figure 3. Quantitative analysis of oxidized lipids in long-term stored
wheat seeds under ambient and cold conditions. A to M, For each of the
13 detected lipid classes, the number of detected lipid species is given
(number in parentheses) and broken down into nonoxidized (nO0) and
oxidized (nO1-4) lipids. Peak areas of all nonoxidized and oxidized lipids
were summed up for each of the five seed stocks stored in the cold (CS) or at
ambient temperature (AS) from 1998 to 2013. N, TAGs were reanalyzed
from 1:10 diluted extracts. Data are means 6 SE (n = 5), and significant
differences between AS and CS are indicated by ANOVA P values.
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MS (Collins et al., 2016), leading to annotations with
moderate levels of certainty. Bymerging accurate mass-
derived annotations of a quantitative LC-MS analysis
with annotations obtained from a high-resolutionMS/MS
experiment, we were able to annotate 624 predomi-
nantly oxidized lipids in stored wheat seeds with high
confidence (Metabolomics Standards Initiative level 2;
Sumner et al., 2007). Our method is not restricted to the
lipids investigated in this study. It can be expanded to
other relevant classes, such as ceramides, by scanning
for the sphingoid bases, or DGTS lipids, by scanning for
the glycerol-head group fragment (m/z 236.150; Yang
et al., 2015; Maciel et al., 2016). Thewholeworkflow can
be fully translated into negative mode for lipids prefer-
entially forming anions, such as phosphatidic acids (di-
agnostic lysophosphatidic acid/FA fragments in MS/MS
spectrum; http://www.lipidmaps.org/) or sulfoquino-
vosyldiacylglycerol lipids ([C6H9O7S]

2MS/MS fragment,
m/z 225.007; Welti et al., 2003).

There is no silver bullet for the comprehensive and
reliable identification of compounds like oxidized
lipids in an untargeted high-resolution LC-MS data set,
as authentic standards often are unavailable. Accurate
mass-based annotation performs excellently in metab-
olite discovery but is prone to yield high numbers of
false positives due to isobar molecules with minute
mass differences and isomers in biological samples. We
annotated lipids with a tolerance of 61.5 ppm, and
more than 92% of all fully validated annotations have
an error below 1 ppm. This error is low compared with
other recent studies using high-resolution MS (2.5 ppm
[Collins et al., 2016], 10 ppm [Li et al., 2017], and 4 mD
[Nakabayashi et al., 2017]), andmore narrow tolerances
lead to fewer false-positive annotations. By the use of
isotope, opposite mode, adduct, and retention infor-
mation, we filtered out erroneously or redundantly
annotated lipids and retrieved a list with 1,066 high-
confidence annotations. The merits of the filtering
procedure are reflected indirectly by the high number
of pseudospectra with single analyte annotations (94%
of all 1,066 annotations; Table I) and the high number of
pseudospectra base peak annotations (86%). But even a
mass accuracy of 1 ppm is not regarded as sufficient for
unambiguous sum formula identification (Kind and
Fiehn, 2006). Using MS/MS spectra, we provided in-
dependent proof of identification for 624 of the ana-
lytes. Due to their high specificity and inclusion of
structural information, the value of (high-resolution)
MS/MS spectra in the identification of small mole-
cules is regarded as very high. In addition, the MS/MS
spectra provided valuable structural information re-
garding the acyl composition of 516 of these lipids and
the localization of added oxygen atoms in the oxidized
lipids. This validation even further increased the
number of pseudospectra with single analyte annota-
tions (98%) and pseudospectra base peak annotations
(90%). However, in a small number of cases, the filters
rejected accurate mass annotations otherwise validated
by MS/MS spectra, likely caused by the coisolation of
undesired analytes in the MS quadrupole. We followed

the suggestion of Hummel et al. (2011) to utilize the
systematic shifts in retention time and m/z (Fig. 1, B–D)
to assess the discovery rate (Supplemental Fig. S4). The
mean estimated discovery rates for true positives, true
negatives, false positives, and false negatives using O1
TAGs, O1 DAGs, PCs, and DGDGs were 82%, 4%, 1%,
and 13%. The high proportion of false-negative dis-
coveries was likely caused by missing MS/MS spectra
for these precursors (false rendering) or low precursor
intensities (less than 10,000 counts, leading to low-
quality MS/MS spectra; Supplemental Table S1).
From our point of view, the combination of accurate
mass annotation, filtering with an acceptable degree of
stringency, and MS/MS annotation provides the best
and well-balanced solution for highly reliable annota-
tions of (oxidized) lipids.

The heart piece of this study is the massive recording
of high-resolution MS/MS spectra and their systematic
analysis in order to (1) validate tentative sum formulae
assigned by accurate mass and (2) provide structural
information with respect to the FA composition of the
detected lipids. This required the recording and anal-
ysis of MS/MS spectra at high throughput. With the
exception of internal/lock-mass calibration and export
as net.CDF/mzXML, all in silico steps during recording
and data processing/analysis were made in the open-
source software environment R using packages and
scripts. The computational procedures described in this
study can be adopted without creating extra costs for
software on a personal computer in less than 24 h, but
computational power, preferably a Linux server or at
least a workstation, is advisable. The use of SPLs in
order to record MS/MS spectra at high throughput
is not restricted to Bruker QTOFs. Such or similar lists
also can be used with other QTOFs from Agilent,
ABSciex, and Waters and ion-trap mass spectrometers
(Shimadzu) or orbitrap (Thermo) according to the vendor’s
information. But also low-resolution instruments like
triple-quadrupole mass spectrometers can be used to
perform similar analyses. The necessary (Δ)m/z of NLs/
fragments to program precursor/product ion scan ex-
periments can be retrieved from Supplemental Table S5
and prioritized according to their frequency in the data
set (Supplemental Table S6).

In 362 of the 516 MS/MS spectra yielding acyl com-
positions, several possible acyl combinations were
detected. This was often the case for TAGs, and to a
lower extent for DAGs and GLs. This might result
partially from the above-mentioned coisolation of sev-
eral lipids with different FA composition in an MS/MS
scan, but it is not likely to be the major cause for this
observation. As reported by others, lipids with identical
sum formulae may occur as multiple isomers in one
chromatographic peak (Xu et al., 2009; Li et al., 2014).
Lipid isomerism is caused by differences in FA length
and distribution along the glycerol backbone, distribution
of double bonds and their cis/trans-conformations, and,
in the case of oxidized lipids, additional asymmetric
centers per oxidation. Hence, single annotations regard-
ing FA composition often are neither meaningful nor
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possible. In addition to isomers not separable by the
chromatography applied here, we observed isomers that
form additional chromatographic peaks. This was the
case for very abundant nonoxidized lipids like TAG
54:6, which was found four times but appeared to occur
more often in oxidized lipids. TAG 52:4 was found two
times in nonoxidized condition, three times with a
single additional oxygen, and six times with two ad-
ditional oxygenmolecules (Table V). Then, the numbers
drop again to three (three additional oxygen atoms)
and two (four additional oxygen atoms) instances.
Collins et al. (2016) reported similar observations.
Additional isomerism potentially contributing to this
phenomenon exists between acyl structures with (1) a
hydroxyl group or an epoxy/keto group and a dou-
ble bond less, (2) two hydroxyl groups or one peroxy
group, (3) oxophytodienoic acid or O1 18:4, and (4)
dinor oxophytodienoic acid and O1 16:4 (Vu et al.,
2012). Further knowledge of the fragmentation of
different oxylipid isomers in combination with mul-
tistage fragmentation experiments (e.g. MS3) may
help to distinguish these variants that are identical in
oxidation state and double bond equivalents but
different in structure.
We have analyzed 90 wheat seed stocks differing in

genotype, harvest year, storage time, and storage con-
ditions and, thus, expected to vary in the degree of lipid
oxidation. A total of 259 nonoxidized lipids (Table IV,
without FAs) were identified by accurate mass and
MS/MS spectra. This is a relatively high number of
lipid identifications for analyses where quantitation is
conducted (Cajka and Fiehn, 2014). But the number of
oxidized lipids (365) is even larger, showing that lipid
oxidation is an event leading to relatively large changes
in the lipidome. The inclusion of oxidized lipids in
lipidomic studies may be helpful or even essential to
understand its dynamics. TAG is the principal lipid in
wheat seeds (Morrison, 1998), which contain approxi-
mately 2% lipids (http://www.fao.org). Assuming that
ionization is comparable, 40% of the contents of all
TAGs from the 1998 harvest and ambient stored seeds
are oxidized (Fig. 3). This implies that the absolute
contents of oxidized lipids can be as high as 8 mg g21

dry wheat seed, and probably much higher within the
embryo (Bushuk and Rasper, 1994). Further experi-
ments with specimens containing oxidized lipids are
needed to confirm the high complexity and magnitude
of oxylipidomes in conditions when ROS may occur.
Collins et al. (2016) reported that treatment of the dia-
tom P. tricornutumwith up to 150mMH2O2 for up to 24 h
resulted in only marginal differences in the number of
oxidized lipids, suggesting that direct chemical oxida-
tion may be a limited model system. Further natural
conditions that may result in ROS-dependent lipid ox-
idation are drought, wounding, O3, light, salt, metal,
and pathogen stress (Pandey et al., 2017). We found
clear trends in our data regarding the number and
abundance of oxidized lipids. Over all lipid species, we
found a quite constant relation of native to oxidized
lipids. If there was a large number of annotated TAGs

(87), there were also many oxidized TAGs (167), and,
vice versa, a small number of lysoPCs (18) coincided
with a small number of oxidized lysoPCs (seven). This
indicates that a limited and comparable number of
oxidized lipids are formed per native lipid. Also, the
number and abundance of detectable oxidized lipids
within a lipid species decreases with increasing oxida-
tion level. TAGs, PCs, and DGDGs are the terminal
products of storage andmembrane lipid pathways, and
a resting seed does not accumulate more via enzymatic
reactions. Also, spontaneous condensation of oxidized
constituents to form such a lipid is thermodynamically
not favored. In contrast, the pools of DAGs, MAGs,
FAs, or lysophospholipids could be formed at least
partially by glyceride, PL, or GL hydrolysis during seed
aging. The decreasing amount of lipid per added oxy-
gen atom in TAGs, PCs, and DGDGs forms a pattern
that resembles a snapshot of ongoing oxidation pro-
cesses following first- or second-order kinetics. Hence,
the observed levels of oxidized lipids are in full agree-
ment with the rate law for a chemical process involving
two reactants, lipid molecules and reactive oxygen
molecules (or lipid radicals).

Wheat seeds stored in ambient conditions lose their
viability over time. When stored in colder conditions,
this deterioration process can be slowed down. As
shown by our results, the two different storage condi-
tions have a strong effect on lipid oxidation processes
(Fig. 3). Consistent with the attribute of the nonoxidized
TAGs, PLs, and DGDGs (and also MGDGs) to be a
substrate but not a product of conversions in the resting
seed, we exclusively observed reductions of contents of
these intact lipids under the conditions associated with
increased lipid oxidation. One reason for these losses
could be oxidation. In fact, this route of reduction ap-
pears likely for the intact TAGs, because their reduction
coincides with the accumulation of oxidized TAGs.
However, oxidation may not be the only cause for the
diminishment of intact lipid contents. The reduction
of intact membrane lipids, like PCs, MGDGs, and
DGDGs, does not coincide with an accumulation of
their oxidized counterparts (PEs are an exception here,
and for PGs, no oxidized lipid was detectable). Instead,
the levels of oxidized membrane lipids are reduced,
significant for the GLs. These findings suggest that
conversion other than oxidation alone led to losses of
the intact PLs andGLs. Hydrolytic cleavage of (oxy)PLs
would result in the formation of (oxy)lysophopholipids
(elimination of one FA) or (oxy)DAGs (elimination of
the head group). The occurrence of such conversions is
supported by the observation of increased levels of
(oxy)lysophospholipids and (oxy)DAGs in all ambient
compared with cold-stored seeds. Further evidence for
the hydrolytic cleavage of lipids could be concluded
from the massive accumulation of FAs, both intact and
oxidized, in the seeds stored in ambient conditions. Our
findings clearly show that lipid oxidation processes
occur in aged seeds and are enhanced under warm
conditions, a treatment associated with reductions in
viability (Roberts, 1960; Ellis et al., 1982).
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The technical advances introduced in this study enable
one to determine lipid oxidation processes at a large scale.
Here, we provide a platform-independent workflow for
the structural annotation and quantification of relevant
oxidized storage andmembrane lipids at high confidence
by combining accurate mass LC-MS and LC-MS/MS.
Ourmethodology is open for extension to additional lipid
classes, particularly at the level of MS/MS validation and
composition analysis. As previewed for the increased
oxidation of lipids in material prone to oxidative stress,
this approach will facilitate the identification of links be-
tween oxidative stress and phenological response (e.g.
loss of seed viability, pathogen defense, and chronic in-
flammatory diseases) associated with lipid oxidation in a
large number of biological questions.

MATERIALS AND METHODS

Seed Material

Wheat (Triticum aestivum) seeds were obtained from the German Federal
Genebank hosted at the Leibniz Institute of Plant Genetics and Crop Plant
Research in Gatersleben. Seeds were harvested in 1998, 2000, 2001, 2002, 2003,
2004, 2005, 2006, and 2008. Each year, five different genotypes were dried for
4 months at 20°C and 20% relative humidity. At these time points, seeds were
dehusked and cleaned, and the stocks were split into two halves. One half was
stored in paper bags at 20°C and 50% relative humidity. The other half was
stored for another 2 weeks at 20°C and 13% relative humidity, transferred to
glasses (Weck) along with silica gel bags, and stored at 0°C until 2008, and from
then on at 218°C to comply with contemporary gene bank standards (http://
www.fao.org). In 2013, all 90 samples were shock frozen in liquid nitrogen and
stored at 280°C until extraction.

Lipid Extraction

Seed material (50 seeds per sample) was homogenized at 280°C using an
automatized Cryogrinder (Labman Automation). Lipids were extracted from
25 6 1 mg using methyl-tert-butyl-ether (Biosolve) in randomized order in one
batch as described by Giavalisco et al. (2011). The organic supernatant was
divided into aliquots and placed into four LC vials (CZT Trott), dried for 3 h in a
Speedvac (Martin Christ), crimped under argon, and stored at 280°C in a
sealed bag with silica gel until analysis.

LC-MS Analysis

Maximally 24 h prior to injection, samplematerial was resolubilized in 50mL
of acetonitrile:isopropanol (7:3) and centrifuged for 15min at 6,200g. Then, 2mL
(approximately 160-mg seed weight equivalents) was injected using an MPS2
autosampler (Gerstel) equipped with an ultra-high-pressure injector (Vici
Valco). Analytes were separated by a 1290 UHPLC device (Agilent) using a C8
reverse-phase column (150 mm length 3 1 mm i.d., 1.7 mm particle o.d.; Wa-
ters). The mobile phases consisted of 1% 1 M NH4Ac and 0.1% acetic acid in
water (buffer A) and 1% 1 M NH4Ac and 0.1% acetic acid in acetonitrile:
isopropanol (7:3; buffer B). The flow rate was 200 mL min21. The gradient was
0.5 min, 55% B; 1.5 min to 65% B; 4 min to 89% B; 4 min to 99% B; 99% B for
5 min; 0.5 min to 55% B; 3.5 min, 55% B. Total run time including equilibration
was 19.5 min. Mass spectral analysis was conducted using a Bruker Maxis HD
device upgradedwith aMaxis II detector (Bruker). MS spectra were recorded at
a frequency of 2 Hz from 100 to 1,500 m/z with capillary voltage of 4,500 V
(positive mode) and 3,000 V (negative mode); nebulizer pressure was set to 1.8
bar, dry gas to 8 L min21, and dry temperature to 200°C. All spectra of each
chromatogram were individually calibrated externally by infusing 20 mL of
10 mM Na-Cluster mix (12.5 mL of water + 12.5 mL of isopropyl alcohol + 50 mL
of concentrated formic acid + 250 mL of 1 M NaOH) for the first 4 s of each
chromatogram and internally using hexakis(2,2-difluoroethoxy)phosphazene
(Apollo Scientific) as lock mass. Calibration and export as net.CDF files was
performed using Compass Data Analysis 4.2 (Bruker).

One-to-ten dilutions of all extracts from the 1998 harvested seed stocks were
measured under identical conditions in positive mode.m/z features were cross-
identified to the m/z of the peaktable (Supplemental Table S1) generated from
the undiluted extracts (retention time match, 29 to 21 s; m/z match, 6 2 mD).
The m/z intensities of all major (oxidized) plant lipids in both dilutions are
provided in Supplemental Table S8.

LC-MS/MS Analysis

MS/MS spectra were recorded using the above-mentioned equipment fully
upgraded to a Bruker Maxis II. Chromatographic and MS scan settings were
identical to the LC-MS settings, but lock-mass infusion/calibration was
omitted. An SPL (Supplemental Table S4) containing the retention time point
(61 s; set in the mass spectrometer software) and m/z (in a 0.04-D window) of
12,080 potentially monoisotopic features was extracted from the positive-mode
LC-MS peaktable (Supplemental Table S1). In auto-MS/MS mode, each MS
scan (parent scan) at 2 Hz was followed by an MS/MS scan of the most
abundant parent ion on the SPLmatching in retention time andm/z. The MS/MS
scan frequency varied from 2 (intensity , 10,000) to 10 (intensity. 100,000) Hz,
with a quadrupole isolation width of61 D and a stepped collisional energy of
20 to 50 eV form/z lower than 500 or 24 to 60 eV form/z above 500m/z. Datawere
externally calibrated and exported as an mzXML file using Compass Data
Analysis.

Raw Data Processing

Data processingwas conducted on aHPProLiantDL580Gen9CTO (Hewlett
Packard) Linux server running RStudio (RStudio). LC-MS raw data in net.CDF
format were processed using xcms (Smith et al., 2006) to pick and align peaks in
the complete data set (Supplemental Protocol S1). CAMERA (Kuhl et al., 2012)
was used to identify m/z features from the same analyte by deconvolution and
to identify isotopes (Supplemental Protocol S1). Peaks eluting before 20 s or
after 720 s were discarded. Peaks found in more than two blank extracts with a
median higher than half of the sample median were regarded as background
signals and also discarded. Datawere seedweight normalized. Eachm/z feature
in the peaktables received a unique mass identifier (Supplemental Tables S1, S2,
S4, S6, and S8).

LC-MS/MS raw data in mzXML format were loaded into R using
readmzXML (Keller et al., 2005). All 81 LC-MS/MS chromatograms were
concatenated into one file containing 30,297 MS/MS spectra. Redundant
MS/MS spectra (only the MS/MS spectrumwith highest parent ion abundance
in the MS scan was kept) and empty MS/MS spectra were removed. Within
MS/MS spectra, allm/z values greater than the precursor ion, below 0.5% of the
base peak intensity, lower than 100 counts, or isotopic and single charged (Kuhl
et al., 2012) were removed. All remaining 8,957 nonredundant MS/MS spectra
(Supplemental Fig. S2) were assigned to the features in the LC-MS peaktable
(Supplemental Table S1) by matching the trigger precursor m/z of the MS scans
to them/z features in the LC-MS peaktable using retention time (23 to +1 s) and
m/z (65 mD).

Accession Numbers

The processed 8,957 MS/MS spectra are available online at MassIVE (ftp://
massive.ucsd.edu/MSV000081200) and at the Global Natural Products Social
Molecular Networking site (GNPS; ID MSV000081200).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. m/z correction.

Supplemental Figure S2. Positive-mode MS/MS spectra.

Supplemental Figure S3. LIPID MAPS MS/MS spectra.

Supplemental Figure S4. Discovery rate estimation.

Supplemental Table S1. Positive-mode peaktable.

Supplemental Table S2. Negative-mode peaktable.

Supplemental Table S3. Oxylipid target list for accurate mass annotation.

Supplemental Table S4. Scheduled precursor list for LC-MS/MS analysis.
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Supplemental Table S5. Fragment/NL library.

Supplemental Table S6. Fragment/NL annotation.

Supplemental Table S7. Lipid structure library.

Supplemental Table S8. TAGs of 1:10 diluted extracts.

Supplemental Protocol S1. xcms/CAMERA settings.
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