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Abstract

Members of Brassica seed oil are important sources of nutritionally superior edible oil. There are no comprehensive
reports on complete lipidomic profile of these oilseed crops. In this study, the lipidomic profiling of edible oil from 7
different cultivated species of Brassica seed oils was performed by shotgun approach using electrospray High Resolu-
tion Time of Flight-Mass Spectrometry (ESI-ToF-MS). The mass spectrum under positive polarity revealed 1098 lipids
under different lipid classes including sphingolipids, phospholipids and different storage lipids. Under negative polarity,
70 lipids including free fatty acids (FFA), cardiolipins and phospholipids were detected. Erucic acid in FFA form was
found to be most abundant in both Yellow and Brown sarson. Brassica napus contains almost all forms of cardiolipins
(CL). Out of 26 different species of cardiolipins detected in negative ion mode, CL 56:1 (FA 18:1) and CL 56:1 (FA 22:1)
were present only in brown sarson. Similarly, CL 56:2 (FA 18:2) and CL 56:1 (FA 22:1) were present only in Yellow and
Brown sarson. These findings enhance our understanding of the nutritional diversity in Brassica seed oils, emphasizing
the significance of lipidomic analysis for elucidating the molecular composition of edible oils.
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Introduction

Rapeseed-mustard oil is the third most consumed edible
oil in the world after soybean and palm oil (Shen et al.
2023). Brassica seed oil is a collective term used for related
oil yielding species belonging to the family Brassicaceae.
The major crops are Brassica napus L. (rapeseed), Brassica
juncea L. (Indian mustard), Brassica rapa L. var. Yellow
sarson, Brassica rapa L. var. Toria, Brassica rapa L. var.
Brown sarson, Brassica carinata A. Br. (Ethiopian mus-
tard) and Eruca sativa Mill. (taramira).

Rapeseed-mustard oil is one of the most preferred and
healthy edible oil as they are low in saturated fatty acids.
They are preferred also because they are high in essential
fatty acids which are nothing but polyunsaturated fatty
acids (PUFAs) belonging to w3 and w6 families. The sig-
nificance of w3 fatty acids in human health is well-estab-
lished through epidemiological studies linking an w3-rich
diet to the prevention of diseases like cardiovascular dis-
eases and myocardial infarction (VonSchacky and Harris
2007). Research indicates three primary effects of w3 fatty
acids on cardiovascular health: anti-arrhythmic (Leray et
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al. 2001), hypolipidemic (Buchner et al. 2002), and anti-
thrombotic (Albert et al. 2002), leading to reduced arte-
riosclerosis. There are reports that indicate that omega-3
oils offer health advantages in various other domains, in-
cluding premature infant health (Carlson 1999), asthma
(Broughton et al. 1997), bipolar and depressive disorders
(Calabrese et al. 1999), as well as conditions like dysmen-
orrhea and diabetes (Connor 2000). Alpha-linolenic acid
(ALA) is one of the major omega-3 fatty acids that is pres-
ent abundantly in flaxseed and found in small amounts
in hemp, walnut, soybean, and canola oil (Hunter 1990).

Linoleic acid serves as the primary w6 polyunsaturated
fatty acid (PUFA), while arachidonic acid, a longer-chain
w6 PUFA, constitutes approximately 2% of total PUFA.
Arachidonic acid is derived from the metabolism of lin-
oleic acid and acts as the precursor for various reactive
oxygenated metabolites. Linoleic acid plays a crucial role
in maintaining the structural integrity of the skin and sup-
porting barrier function, as it is an essential component of
ceramides (Rabionet et al. 2014). Moderate intake of lin-
oleic acid, when used as a partial replacement for saturated
fatty acids, has been shown to lower both total cholesterol
and low-density lipoprotein (LDL)-cholesterol concentra-
tions in the blood (Froyen et al. 2020). Arachidonic acid
can constitute up to 25% of the fatty acids in phospho-
lipids found in skeletal muscles, brain, liver, platelets, and
immune cells (Calder 2007). Beyond their role in regu-
lating immunity and inflammation (Calder 2020), eicosa-
noids derived from arachidonic acid are also involved in
the regulation of platelet aggregation, hemostasis, throm-
bosis, and vascular tone (Crescente et al. 2019).

Brassica seed oils are also rich in phytosterols (1-1.5 %),
tocopherols and (-carotene (Ghazani and Marangoni
2013). Nutritional profiling of these crops has been mostly
concentrated on either fatty acid profile or other targeted
compounds. There are no comprehensive reports on the
complete profiling of these oils. Hence a complete lipid-
omic profiling of these oils will be helpful in identifying
the best sources for nutritionally beneficial mustard oil.
Although these species are related to each other, consider-
able variation can be observed in their biochemical reper-
toire and nutritional profile. For example, the canola type
rapeseed which is Brassica napus genotype with low erucic
acid content (less than 2 %) are more preferred as erucic
acid has been considered antinutritional in nature as it is
said to cause myocardial lipidosis mostly in rodents fed
with high erucic acid diet (Kramer et al. 1992; Pasini et
al,, 1992; Badawy et al. 1994). However this effect is tran-
sient and reversible even after prolonged intake. Especially
in humans erucic acid induced lipidosis has not been de-
scribed (Knutsen et al. 2016). There are reports that di-
etary erucic acid therapy was effective in lowering plasma
C26:0 to normal in adrenoleukodystrophy (ALD) patients,
and that this therapy might prevent further demyelination
in some mildly affected patients (Asano et al. 1994; Cappa
etal. 2012). Huge variation (0-52 %) in erucic acid content
can be observed in rapeseed-mustard oils. Same is the case
with saturated fatty acids (5-7 %) and polyunsaturated fat-
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ty acids with 7-10 % a-linolenic acid and 17-21 % linole-
ic acid (Pellet et al. 2008; El-Beltagi and Mohamed 2010).
Nuclear Magnetic Resonance (NMR) metabolomic studies
of B. rapa and B. napus reveal that PUFA content is more
in B. rapa (Kortesniemi et al. 2015). The present study was
intended to see the variation in the lipid composition of
different cultivated species of rapeseed-mustard.

A number of methods have been utilized in rapeseed-mus-
tard species for metabolomic and lipidomic studies. Non-tar-
geted metabolomic analysis via Ultra Performance Liquid
Chromatography-Quadrupole Time of Flight Mass Spec-
trometry (UPLC-QTOF-MS) has been utilized in B. napus
(Farag et al. 2013). 1H NMR metabolomics was used in B.
rapa and B. napus to see the differences in major lipids and
minor metabolites between the two species (Kortesniemi et
al. 2015). Variation in fatty acid composition among different
genotypes of B. napus has been studied using Gas chroma-
tography-mass spectrometry (GC-MS) (El-Beltagi and Mo-
hamed 2010). Low and high erucic lines were successfully
identified using 1H NMR metabolomics in B. napus (Han et
al. 2016). Zheng et al. 2017 have done the glycerolipid profil-
ing of yellow sarson by using UPLC coupled to triple time-of-
flight mass spectrometry (UPLC-Triple-TOF-MS).

Analysis of lipids using mass spectrometry plays crucial
role in the field of lipidomics (McDonald et al. 2016). Di-
rect infusion-based shotgun approach is suitable for high
throughput analysis of lipids as it provides direct MS scans
and or specific precursor ion scans (PIS), neutral loss scans
(NLS), selected ion monitoring (SIM) or data dependent MS
scans for detecting lipid species (Xie et al. 2019). The most
commonly used method for MS nowadays uses the atmo-
spheric pressure chemical ionization (APCI) source either
without separation or coupled with liquid chromatography
especially for less polar lipid classes (Holcapek et al. 2018).

Metabolite profiling with reference to flavors have
been done using gas chromatography-mass spectrometry
(GC-MS), gas chromatography-olfactory (GC-O), and
sensory analysis in unheated delicate fragrance rapeseed
oil (DFRO), refined rapeseed oil (RRO), unheated strong
fragrance rapeseed oil (SFRO) and umami fragrance rape-
seed oil (UFRO) by Guo et al. (2023).

Raza et al. (2021) have discerned 31 differentially ac-
cumulated metabolites (DAMs) in rapeseed (Brassica
napus), using metabolome analysis, when comparing
cold-tolerant and cold-sensitive varieties. Liquid Chro-
matography- Mass Spectrometry (LC-MS/MS) analyses
were carried out by them utilizing a UHPLC system with
a UPLC BEH Amide column coupled with a TripleTOF
6600 (Q-TOFE, AB Sciex).

However, when considering only lipids, currently there
are two complementary approaches in lipidomics by mass
spectrometric analysis such as shotgun lipidomics (direct
infusion) and the use of liquid chromatographic separa-
tions before analysis. Shotgun lipidomics facilitate the
high-throughput global analysis of lipidome by exploiting
the chemical and physical properties of lipids directly from
the sample. In shotgun lipidomics, the mass spectrum
discloses molecular ions of individual lipid species of in-
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terest allowing precursor-ion scans of the particular frag-
ment ions for their identification and quantitation. Each
scan cycle establishes the identity of the molecular ion by
recognizing the building blocks of each lipid class (Wang
et al. 2016). In the present study, the shotgun approach of
lipidomics has been utilized to identify and determine the
relative abundance of major lipid species in mustard oils
obtained from different related species.

Materials and methods

The study was conducted at the ICAR-Directorate of
Rapeseed Mustard Research (DRMR) in Bharatpur, In-
dia, situated at coordinates 27°11'N, 77°27'E. The climate
in this area is predominantly semi-arid, characterized by
long hot summers, brief intermittent rainfall during the
south-west monsoon, and a winter period lasting almost
five months, with average temperatures dropping below
22.5 °C. The winter season often aligns with one or two
instances of rain attributed to western disturbances. The
soils in the region are primarily deep, well-drained incep-
tisols with a texture ranging from coarse to fine loamy.

The crops were grown during 2015-16 season. N, P,
and K at rates of 80:40:40 kg/ha, as well as sulphur at rates
of 40 kg/ha, zinc sulphate at rates of 25 kg/ha, and borax at
rates of 10 kg/ha was applied. Half of the nitrogen was ap-
plied as a basal dosage and the remaining half during the
first irrigation at 30 to 45 days after sowing. Irrigation was
given at pre-flowering and siliquae forming stages. After
harvesting the seeds were stored at room temperature at
the germplasm collection of Indian Council of Agricul-
tural Research (ICAR) - Directorate of Rapeseed-Mustard
Research, Bharatpur situated in the semiarid regions of
Rajasthan state of India. Oil extraction was done in Janu-
ary 2017 and it was stored at 4 °C in 3 ml glass vials with
lids till the MS analysis was done within a week.

Mustard species and chemicals

Seven different cultivated species of Brassica seed oil
including Brassica juncea (RH-749), Brassica rapa var.
Yellow sarson (NRC-YS-05-2), Brassica rapa var. Toria
(PT-30), Brassica rapa var. Brown sarson (DRMR-388),
Brassica napus (GSL-1), Brassica carinata (PC-5) and
Eruca sativa (DRMR-171) were chosen for the study.

n-Hexane (95 %), methanol, dichloromethane (DCM),
ammonium acetate buffer (purchased from SRL pvt Itd,
India).

Extraction of oil

1 g of seeds was crushed using pestle and mortar and
placed in extraction thimbles. Extraction was carried out
in a Soxhlet apparatus (macro scientific) for 4 hours at
70 °C using n-hexane (Sisco Research Lab) (95 %). The sol-

vent was evaporated using a rotary evaporator (Heidolph).
The oil thus obtained was stored at 4 °C till it was taken
out for analysis. The oil recovery ranged from 35 to 42 %.

Sample preparation prior to analysis

The crude oil obtained by Soxhlet extraction process was
diluted 10-fold with methanol: dichloromethane (DCM)
(Sisco Research Lab) (50:50 V/V) followed by second
dilution of 10-fold in 10 mM ammonium acetate (Sig-
ma Aldrich) in methanol. Finally, 5 pl diluted oil was
dissolved in 5 ml of dichloromethane: methanol (40:60)
solvent mixture along with ammonium acetate buffer
and analyzed on a High-Resolution Quadrupole Time of
Flight-Mass Spectrometry (QToF-MS).

LC method and mass spectrometry acquisition
parameters

50 pl of each sample were analyzed in replicate injection
(n = 6) using Flow Injection Analysis (FIA) by Shimadzu
Prominence autosampler (Shimadzu Corporation Kyoto,
Japan) and isocratic pump. Isocratic mobile phase as 98 %
methanol with 2 % water (5 mM ammonium acetate) was
used to push sample to the source at a flow rate of 10 ul/
min. Nebulizing gases GS1 and GS2 were kept at 20 psi
and 15 psi, respectively. Curtain gas was set at 15 psi, pos-
itive mode ion spray voltages at 5500 V, negative mode ion
spray voltages at 4500 V, declustering potential at 40V and
ESI source temperature was operated at 300 °C. The meth-
od has been reproduced later by Raza et al. (2021).

MS/MSA with flow injection analysis (FIA)
coupled with triple TOF mass spectrometry

Triple TOF system was calibrated for MS and MS/MS in
both positive and negative mode using the standard cali-
bration reagent before acquiring each sample for mass ac-
curacy and resolution. Diluted mustard oil lipid extracts
were introduced by direct infusion using Shimadzu 20AD
chromatography system (Shimadzu Corporation Kyoto,
Japan). A previously reported method (Denke 2006) was
followed for instrument setting. The Q1 quadrupole was
set to step 1 Da increments across the mass range for se-
lecting lipid precursors at unit resolution. For complete
Collision Induced Dissociation (CID) fragmentation, the
isolated precursor ions were passed through the collision
cell. A high resolution ToF-MS scan was also included in
the cycle for high mass accuracy. In the current study MS/
MSAE with FIA workflow on the Triple-TOF 6600 (AB
Sciex, Concord Canada) system was activated by MS/
MSA mode tool in the AnalystTF © 1.7 software.

The masses isolated in Q1 were derived from those that
had appropriate mass defects set for both positive and
negative ion modes. Finally, a TOF-MS scan ranging from
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200-1500 m/z with accumulated time for 250 ms followed
by acquisition of ~1000 product ion spectra from Q1 mass
200 to 1200 m/z stepping by 1 Da was included. MS/MS
spectra were acquired from 100-2000 m/z accumulated
for 100 ms each and the total cycle time for the experiment
was set at 1.8 min each for positive and negative polarity.

Lipid species identification using LipidView™
software

Data processing was done using LipidView™ 1.32 Software
(AB Sciex, Concord Canada) which process high resolu-
tion TOF-MS and MS/MS data in the Infusion MS/MSAH
workflow in both polarities. De-isotoping correction was
applied for high resolution which provides more accurate
response for the identified lipid species. Peak intensities or
peak area measurements was then corrected or normal-
ized. Lipid view 1.2 software was used for viewing the pre-
cursor masses of all fragment ions that make up the lipid
species. Results of positive and negative modes of infusion
MS/MS*H workflow were compared among oils from sev-
en different rapeseed-mustard species.

Scores for PC1(19.1 %) versus PC2 (15.0 %), Parete

Principal component analysis

After lipid identification and relative quantitation, sta-
tistical multivariate analysis was done to understand the
relative difference between lipids. Markerview™ Software
was used to import the output of Lipidview™ software to
visualize trends in lipid expression across seven different
cultivated species of Brassica seed oil using principal com-
ponent analysis (PCA).

Results and discussion
Lipid profile as detected in negative ion mode

A total of 70 lipid species belonging to different classes were
detected in the negative ion mode. The percentage of vari-
ability explained by first two principal components is 34.1
%. In the Fig. 1a, samples 1, 2, 3, 4, 5, 6 and 7 represent B.
juncea, yellow sarson, toria, brown sarson, B. napus, B. car-
inata and Eruca sativa respectively hereafter in this report.
It shows the variation in the levels of these compounds
among these species. When PC1 and PC2 were plotted
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Sample-Neg-1.1 to Sample-Neg-1.6 (@) represent six replications of Brassica juncea.
Likewise, Sample-Neg-2.1 to Sample-Neg-2.6 ( M) correspond to six replications of
Yellow Sarson. Sample-Neg-3.1 to Sample-Neg-3.6 (M) indicate Toria across

replications 1 to 6. For Brown Sarson,

Sample-Neg-4.1 to Sample-Neg-4.6 (1)

represent replications 1 to 6. Brassica napus is denoted by Sample-Neg-5.1 to Sample-
Neg-5.6 (m) across six replications. Similarly, Sample-Neg-6.1 to Sample-Neg-6.6 (1)
correspond to six replications of Brassica carinata. Lastly, Eruca sativa is represented
by Sample-Neg-7.1 to Sample-Neg-7.6 ( A) across replications 1 to 6.

Figure 1. a. PCA analysis showing the similarity among different species based on their lipid

profile as detected

in negative ion mode. b. Volcano plot representing MS data showing statistical significance and fold change for

compounds detected in negative ion mode. Compounds on the right-hand side are over expressed and the ones on
left-hand side are downregulated. CL: Cardiolipin, OAHFA: (O-acyl) w-Hydroxy Fatty Acid, PIP: Phosphatidylinosi-
tolphosphate, NAPE: N-acylphosphatidylethanolamine, FFA: Free Fatty Acid, PC: Phosphatidylcholine, CDPDAG:
Cytidine diphosphate diacylglycerol, PE: Phosphatidylethanolamine.
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Figure 2. Response of individual compounds detected in negative ion mode that are upregulated (right-hand side of

the volcano plot).

against each other, B. juncea and toria showed consider-
able similarity in their spectrum (Fig. 1a). Yellow sarson,
Brown sarson and Eruca sativa also appears to be similar
in terms of MS spectrum. The volcano plot representing
the MS data (Fig. 1b) showed the statistical significance
and fold change. Points appearing away from the centre
have large magnitude of fold change and those points hav-
ing low p-value (<0.05) are statistically significant. Com-
pounds satisfying these two conditions can be considered
as differentially expressed among the seven species.

Fig. 2 shows the response of individual compounds
such as CL 58:8 (FA 18:0), CL 62:8 (FA 20:0), CL 60:3 (FA
19:0), CL 56:7 (FA 16:0), Phosphatidylinositolphosphate
(PIP) 3 34:1 (FA 16:1) and PE 36:3 (FA 16:2) that are pres-
ent in higher levels (right side of the volcano plot) in each
species. It also shows that in brown sarson and toria these
individual compounds expressed a higher response com-
pared to other species.

Free fatty acids

Edible oils with low saturated fatty acids are preferred as
they are reported to cause increase in blood cholesterol
levels proportional to the length of their carbon chains
(Denke 2006). Monounsaturated fatty acids (MUFA)
have been attributed with influencing blood lipids, blood
pressure, insulin sensitivity and anti-obesity properties
(Gillingham et al. 2011). In the present study, 8 species
of FFAs were found to be in significantly higher levels in-
cluding palmitic, stearic, oleic, linoleic, arachidic, Eicos-
anoic, behenic and erucic acids while linolenic acid was
not detected (Fig. 3). Erucic acid was the most abundant
FFA and showed exceptionally high levels in yellow and
brown sarson species compared to others. This is followed
by Palmitic and stearic acids which shows that saturated
FFAs are more abundant in these oils compared to unsatu-
rated FFAs. Linoleic acid was present in free form only
in yellow and brown sarson species. Free eicosanoic acid
was present only in yellow sarson and Eruca sativa while it
was almost absent in other species. It is worthwhile to note

that yellow sarson oil contain the highest levels of almost
all FFAs compared to others.

Genotypes of B. napus that are low in erucic acid (<2 %)
are known as canola (Ali et al. 2009). The major fatty ac-
ids reported in canola oil are Palmitic acid (C16:0), stearic
acid (C18:0), cis-vaccenic acid (C18:1), oleic acid (C18:1),
octadecanoic acid (C18:1), eicosanoic acid (C20:1), doco-
sanoic acid (C20:1) and erucic acid (C22:1) (Schwender
et al. 2015). It is known to contain low levels of saturated
fatty acids (5-7 %) and high levels of polyunsaturated fatty
acids (PUFA) with 7-10 % linolenic acid (w-3) and 17-21
% linoleic acid (w-6) (Pellet et al. 2008; El-Beltagi and Mo-
hamed 2010). Teh and Birch (2013) analyzed canola oil
by gas chromatography (GC) to find oleic acid to be the
predominant fatty acid (57 %). Similar observations were
made by El-Beltagi and Mohammed (2010) in B. napus
by GC-MS. They have reported oleic acid to range from
56.31-58.67 % while erucic acid content between 0.15-
0.91% qualifying them as canola type. However, not all B.
napus varieties are low in erucic acid. 1H NMR study also
shows B. napus to contain erucic acid content between 0
to 42 % and with increase in erucic content oleic acid level
would decrease. In our study, there was considerable vari-
ation among the species as yellow sarson and B. juncea
had higher levels of saturated FFA contrary to previous
reports (Han et al. 2016).

Previous studies on various important oil crops have
revealed distinct fatty acid profiles. Jokic et al. (2013) re-
ported that soybean oil is primarily composed of linoleic
acid (55.968%), with low levels of erucic acid (0.592%).
Considerable level of lignoceric acid was also detected. In
the case of Algerian peanuts, Giuftre et al. (2016) found
that oleic acid dominates the fatty acid profile at 50.94%,
with minimal levels of linolenic acid (0.19%) and palmi-
toleic acid (0.04%). Sunflower oil, as characterized by Rosa
et al. (2009), is distinguished by high linoleic acid content
(69.62%), the absence of myristic acid, and low levels of
linolenic acid (0.02%). In the fatty acid profile of toma-
to seed oil, Giuffre et al. (2017) identified the presence of
margaric acid (0.11%), palmitoleic acid (0.45%), and gink-
golic acid (0.39%). Notably, among these oils, erucic acid
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Figure 3. Variation in response of free fatty acids among different species based on their lipid profile as detected in

negative ion mode.

was only detected in soybean oil, similar to its presence in
mustard oil. Brassica seed oils, in contrast, lack detrimen-
tal saturated fatty acids such as myristic, margaric, and
lignoceric acids. Additionally, arachidic and behenic acids
are present in minimal concentrations in the free fatty acid
form (Fig. 3). Nevertheless, the elevated levels of erucic
acid in the composition could be deemed a disadvantage.

Eicosanoic acid levels have been reported to be 1.27 and
2.91 % for rapeseed and mustard oil respectively (Vyviurska
et al. 2015). Higher levels of eicosanoic acid have been re-
ported for mustard oil (6.89 %) and rapeseed oil (9.3 %) in
other studies (Abul-Fadl et al. 2011). However we did not
observe high erucic varieties to have high levels of eicosano-
ic acid as it has been described in a previous report (Richter
et al. 2010). No correlation was observed between eicosa-
noic and erucic acid levels. Linolenic acid (w-3) which is an
important PUFA essential for brain development and car-
diovascular diseases, usually found in a range of 6-14 % was
not detected as FFA in any of the oils. In the GSL-1 variety of
B. napus which we have analyzed, stearic acid was the most
abundant FFA followed by palmitic and erucic acid. Since
it is not canola type, it is expected to have high erucic acid
and low oleic acid content. Exceptionally high level of erucic
acid was observed in yellow sarson and brown sarson. FFA
and total fatty acid content would be different and would
have no correlation with each other. And also there are no
reports showing yellow sarson to be so high in erucic acid
content compared to other species. The PCA analysis reveals
that B. juncea, B. napus and B. carinata have much similar-
ity in their MS spectrum. FFA 22:1, FFA 20:0 and FFA 16:0
are showing significant variation and differential expression.
Fig. 4a, b shows that FFA 16:0 (palmitic acid), FFA 16:1 (pal-
mitoleic acid) and FFA 14:0 (myristic acid) were upregulat-
ed and their response was highest in B. juncea.
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Cardiolipins

Cardiolipins are phospholipids present exclusively in the
inner mitochondrial membranes where they are essential
for regulating various kinds of mitochondrial proteins
such as electron transport complexes, carrier proteins
and phosphate kinases (Nakagawa 2013). They have four
fatty acyl moieties that determine their diversity and are
susceptible to peroxidation and contribute to membrane
fluidity (Van Klompenburg et al. 1997).

Cardiolipins (CLs) play a crucial role in the respirato-
ry chain, and variations in their fatty acid composition
have been linked to various disorders, such as pulmonary
hypertension, heart failure (Saini-Chohan et al. 2011),
acute myocardial ischemia and reperfusion (Petrosillo et
al. 2003) and diabetes mellitus (Han et al. 2007). Higher
levels of circulating linoleic acid (LA) and muscle-derived
tetralinoleoyl-cardiolipin (LA4CL) have been associat-
ed with a reduced risk of cardiometabolic diseases. LA-
rich oil fortification has been shown to increase LA4CL,
contributing to a lowered risk of such diseases (Cole et
al. 2022). Although the role of CL and its metabolism in
plants is not well understood, measuring CL in plants pos-
es challenges due to its low abundance and the presence
of interfering compounds like galactolipids, neutral lipids,
and pigments. To overcome these challenges, solid-phase
extraction via anion exchange chromatography was em-
ployed by Zhou et al. (2016) to purify CL from crude plant
lipid extracts. They employed LC/MS analysis to reveal
the content and molecular species composition of CL in
various plant species, including Arabidopsis, mung bean,
spinach, barley, and tobacco.

In our study, out of 26 different species of cardiolipins
detected in negative ion mode, CL 56:1 (FA 18:1) and CL
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Figure 4. a. Volcano plot representing MS data showing

statistical significance and fold change for different fatty

acids detected in negative ion mode. b. Response of different fatty acids that are upregulated (right-hand side of
the volcano plot). OAHFA: (O-acyl) w-Hydroxy Fatty Acid, FFA: Free Fatty Acid.

56:1 (FA 22:1) were present only in brown sarson. Similar-
ly, CL 56:2 (FA 18:2) and CL 56:1 (FA 22:1) were present
only in Yellow and Brown sarson. Rest of the cardiolipins
was detected only in B. napus oil. CL 60:7 (FA 16:0) and
CL 62:9 (FA 20:0) signals were obtained in B. carinata. CL
60:1 (FA 22:1) and CL 62:8 (FA 18:1) were absent in all
other species.

N-Acyl phosphatidylethanolamines (NAPEs)

N-acylphosphatidylethanolamines (NAPEs) are nitrogen
containing lipids belonging to glycerophospholipid class.
NAPEs amount to 2-3 % of total phospholipid content in
plants (Chapman et al. 1999). Diversity in NAPEs is due
to the variation in length and number of double bonds in
the acyl chains (Kilaru et al. 2012). N-acylethanolamines
(NAEs) formed by hydrolysis of NAPEs have role in seed
germination and seed establishment. Both NAPEs and
NAEs have been detected more in desiccated seeds and
their levels go down post germination indicating their role
in plants (Chapman 2004). NAPEs are also known to have
membrane stabilizing properties in both plants and ani-
mals. However, the main function of NAPE is as the pre-
cursor of NAEs which carries out lipid mediated functions
in cells (Coulon et al. 2012). De Luca et al. (2019) utilized
LC-HRMS to evaluate the levels of N-acylphosphatidy-
lethanolamines (NAPEs), N-acylethanolamines (NAEs),
and endocannabinoids (ECs) in 43 food products. They
simulated daily intakes based on Mediterranean, vege-

tarian, and Western diets. The results revealed that plant-
based foods exhibited higher abundance of NAPEs and
NAEs compared to animal food products. Alves et al.
(2021) employed ESI-MS and MS/MS spectra through a
Q-ToF mass spectrometer in positive ion mode and/or
a linear ion-trap mass spectrometer in both positive and
negative ion modes. The MS spectra showcased molecular
ions corresponding to lipid classes in olive seeds. NAPEs
were identified in the negative ion mode as [M-H] ions.

Data from the present study reveals four different forms
of NAPEs including NAPE 52:1 (FA 22:1), NAPE 54:12
(FA 18:1), NAPE 56:12 (FA 22:1) and NAPE 58:12 (FA
22:1) in different samples. All four forms of NAPEs were
present in yellow sarson while only NAPE 56:12 (FA 22:1)
was present in brown sarson. Other Brassica species did
not show presence of any of these NAPEs. Yellow sarson
variety seems to be peculiar as it contains all four forms of
NAPEs. Although, the specific functions of these NAPEs
are not known, yellow sarson variety can be considered as
distinct due to this property.

(O-acyl) w-Hydroxy fatty acids (OAHFAs)

(O-acyl) w-hydroxy fatty acids (OAHFAs) are polar li-
pids found in meibomian gland secretions in animals.
Earlier OAHFAs have been reported in canines, rabbits,
mice and humans (Butovich et al. 2012). OAHFAs func-
tion as a surfactant in the tear film lipid layer (Schuett
and Millar 2013).

Emirates Journal of Food and Agriculture
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Wheat varieties with different wax content were selected
to comparatively analyze their waxy components using ul-
tra performance liquid chromatography tandem mass spec-
trometry (UPLC-MS/MS) by Zheng et al. (2021). Through
lipidomic analysis, 1287 lipid molecules were identified by
them representing 31 lipid subclasses including OAHFA
lipids. In our study, OAHFA 16:0/ 18:1 (16:0 FA), OAH-
FA 18:0/ 18:2 (FA 18:2), OAHFA 18:0/ 22:1 (FA 22:1) and
OAHFA 18:0/ 18:1 (FA 18:1, 18:1 FA) were the four differ-
ent forms of OAHFA detected (Suppl. material 1). All four
forms were present in yellow sarson while OAHFA 16:0/
18:1 (16:0 FA) was absent in brown sarson. None of the
other species gave any MS signals for these compounds.
According to the volcano plot, (Suppl. material 2) the com-
pounds OAHFA 18:1/22:1 (FA 22:1), OAHFA 18:0/22:1
(FA 22:1), OAHFA 18:0/18:2 (18:0 FA), OAHFA 18:1/20:1
(FA 20:1) etc. were downregulated. Yet again, yellow sar-
son variety appears to be distinct in having all four forms of
OAHFA making it nutritionally important. Since OAHFA
has been rarely reported in plants, it is necessary to con-
firm their presence in rapeseed oil using suitable standards
which we could not do due to unavailability of standards.

Phospholipids

Phospholipids are major constituents of biological mem-
branes and are responsible for maintaining membrane
integrity and cell homeostasis (Taguchi et al. 2005). Phos-
pholipids are involved in cell growth and differentiation
(Skwarek and Boulianne 2009). The main group of phos-
pholipids is the glycerophospholipids that includes phos-
phatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI) and phosphatidylserine (PS).
PIs also function as metabolic precursor for polyphos-
phoinositides that has role in signal transduction and
cell cycle progression besides being an integral part of
cell membranes (Horn and Chapman 2014). PSs contain
amino groups and have antibiotic synergism with vit-E
(Totani 1997). PIPs are phosphorylated forms of PIs that
are collectively called as phosphoinositides and have roles
in lipid signaling, cell signaling and membrane traffick-
ing (Gillooly et al. 2001). In this study, MS response for 7
phosphatidylcholines (PC), 3 phosphatidylethanolamines
(PE), 11 phosphatidyinositols (PI), 1 phosphatidylinosi-
tolphosphate (PIP), 3 phosphatidylinositol triphosphate
(PIP 3), 1 phosphatidylserine (PS) and 1 cytidine di-
phosphate diacylglycerol (CDPDAG) were recorded. PC
36:2+AcO (FA 18:1) was the most abundant phospholip-
id and B. napus had the highest level. PI 34:2 (FA 16:0)
and PI 34:2 (FA 18:2) were also present in high amount
in brown sarson. CDPDAG 40:3 (FA 22:1) was detected
only in B. napus oil. As we know that CDPDAGs are lipo-
nucleotides that are present in extremely small amounts
in tissues (<0.05 % of total phospholipids) and hence very
rarely reported. It is a precursor for many other phospho-
lipids (Qi et al. 2016). PS 40:6 was detected only in brown
sarson. Almost all forms of phospholipids were detected
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only in B. napus species while they were absent in others.
Since B. napus is having almost all forms of phospholipids,
they stand out as nutritionally important.

Lipid profile as detected in positive ion mode

In positive ion mode, a total of 1098 lipid species were
detected including digalactosyldiacylglycerols (DGDG),
sphingolipids, = monoalkyldiacylglycerols (MADAG),
N-acyl phosphatidylethanolamine (NAPEs) and phos-
phatidylcholines (PC). A total of 165 DGDGs, 474 tria-
cylglycerols (TAG), 12 phosphatidylcholines, 315 NAPEs,
45 MADAGs, 1 MGDG and 86 different species of sphin-
golipids were detected. According to PCA results (Suppl.
material 3), yellow sarson, toria and brown sarson have
much similarity in their spectrum. B. napus and Eruca sa-
tiva also appears to have similarity in their components.
However, B. juncea and B. carinata stands out to be unique.
The percentage of variability explained by first two princi-
pal components is 63.8 %. However, maximum variability
according to the volcano plot (Suppl. material 4) was ob-
served in sphingolipid species such as GT2 42:3:2, GM3
26:2:2, GT3 44:3:4, GT3 46:1:2 that were upregulated.
Considerable variation is also seen in the response of in-
dividual compounds among different species. At the same
time, compounds like GTT 26:0:3, GTT 30:0:3, GDI 42:1:2,
GDI 42:1:2 etc. were downregulated and their response
was most prominent in yellow sarson (Suppl. material 3).

Sphingolipids

Sphingolipids (SLs) have a sphingoid base backbone,
composed of sphingosine (So), sphinganine (Sa), or 4-hy-
droxysphinganine (phytosphingosine). Ceramide (Cer) is
formed when a fatty acid (FA) is attached to carbon-2 (C-
2) on these backbones via an amide bond. Subsequently,
complex SLs are produced by attaching hydrophilic head
groups to the OH-group at C-1 (Futerman and Riezman
2005). The distribution and quantity of dietary SLs vary
widely across different foods, with low content in fruits and
vegetables and high content in dairy products and soybeans
(Vesper et al. 1999). Dietary SLs can promote the elimina-
tion of pathogenic organisms and toxins from the intestine
(Duan and Nilsson 2009), influence viral receptors (Uter-
mobhlen et al. 2008), regulate cell fate determination, cancer
initiation, progression, and drug sensitivity (Newton et al.
2015), play a role in multiple signaling pathways governing
neuronal development (Piccinini et al. 2010), help in skin
hydration (Lee et al. 2015), contribute to adipose tissue
function and treating obesity (Le Barz et al. 2020).

Ines et al. (2018) had quantified the total sphingolipids
by the analysis of their released long-chain bases (LCB) us-
ing reverse-phase HPLC. Hu et al. (2021) established and
applied an ultrahigh-performance liquid chromatography
coupled with electrospray ionization quadrupole time-of-
flight mass spectrometry method for a comprehensive lipid-
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omic profiling of oilseeds. Their study identified and quanti-
fied 15 sphingomyelins along with other major lipid species.
The study identified a total of 86 different forms of
sphingolipids. These included 6 GD1, 4 GM3, 32 GT1, 25
GT2,4 GT3, 10 Hex3Cer, and 4 MIPC types. Separate PCA
and volcano plots were generated for the sphingolipids.
Significant variations were observed in GD1 42:1;2 (LCB
18:0;2-2H20) and GT3 44:1;4 (LCB 18:0;2-2H20). Each
species exhibited distinct distributions of sphingolipids.

Phosphatidylcholines (PC)

Phosphatidylcholines constitute a major group that has
structural and functional role in cell membranes. It also
has pharmaceutical applications in treatment of neurolog-
ical and liver diseases (Reddy et al. 2005). Up on study-
ing the effect of PC and PE concentration on the oxida-
tion rate of stripped peanut oil (SPO) and bulk peanut
oil (BPO) with Electron paramagnetic resonance (EPR),
it was found that PC and PE decelerated BPO oxidation
(Zhao et al. 2020). On the contrary increasing PC con-
centrations (50-1000 ppm) had substantial reductions in
antioxidant efficacy (AE) of Trolox. The effectiveness of
both a-tocopherol and trolox decreased significantly in
the presence of PC. (Velasco et al. 2023).

Thin layer chromatography (TLC) has been employed
by Yang et al. (2020) to purify PCs from six different beans,
followed by their identification through ultra-high-per-
formance liquid chromatography-Quadrupole (Q)-
high-resolution mass spectrometry (UHPLC-Q-HRMS).
The findings revealed that chickpea (Cicer arietinum)
and soybean (Glycine max) exhibited PC contents of 50.0
and 34.0 mg/g, respectively, which is higher than the lev-
els observed in the other beans. Zitouni et al. (2016) had
utilized nanospray ionization quadrupole time-of-flight
mass spectrometry to analyze glycerophospholipid classes
and molecular species in the seed oils of two halophytes,
Cakile maritima and Eryngium maritimum. Phosphatidyl-
choline emerged as the predominant glycerophospholipid
in both oils, with phosphatidylethanolamine and phos-
phatidic acid being less abundant. Quantitative variations
were observed in the main molecular species (C36:4,
C36:3, C36:2, 34:2, and C34:1) among the different glycer-
ophospholipids and between the two halophytes.

PC 48:0 (LPC) was the most abundant phosphatidylcho-
line detected in this study followed by PC 48:1 and PC 48:2.

References

Abul-Fadl MM, El-Badry N, Ammar MS (2011) Nutritional and chem-
ical evaluation for two different varieties of mustard seeds. World
Applied Sciences Journal 15: 1225-1233.

Albert CM, Campos H, Stampfer MJ, Ridker PM, Manson JE, Willett
WC, Ma ] (2002) Blood levels of long-chain n-3 fatty acids and the
risk of sudden death. New England Journal of Medicine 346: 1113—
1118. https://doi.org/10.1056/NEJM0a012918

Eruca sativa showed highest level of PC 48:0 (LPC) followed
by B. napus. PC 44:1 was detected only in B. napus and Eru-
ca sativa oils. PC 45:6 was detected only in Eruca sativa and
PC 48:4 was present only in B. juncea and B. carinata.

Conclusions

Major fatty acids, phospholipids, sphingolipids and stor-
age lipids could be identified and their relative abundance
was compared among the species. As ESI source is known
to work best for detecting polar lipids, some of the non
polar lipids may have been undetected. Hence, it is neces-
sary to perform MS analysis again using an APCI source.
Almost all forms of cardiolipins were present in B. napus
while most of them were absent in other species. Saturated
FFAs were lowest in B. carinata. Important phospholipids
such as cardiolipins and NAPEs and their relative abun-
dance among the different species could be understood.
OAHFAs which have been reported only in animal sys-
tem have been detected in Brassica seed oil which needs
further confirmation. As high levels of saturated FFAs are
not desirable, B. carinata can be considered beneficial
due to their low levels. Yellow sarson variety contains all
four forms of NAPEs and all four forms of OAHFA. Yel-
low along with brown sarson were having highest levels
of erucic acid in the form of FFA. These properties make
them nutritionally important. Also, since B. napus is hav-
ing almost all forms of phospholipids and cardiolipins, it
stands out as nutritionally important.

Authors contribution

SK: design of experiment, laboratory work, writing; AS:
data analysis, editing; FR: laboratory work, data analysis,
writing, editing; IM: laboratory work, writing, editing. RR:
literature, proof reading, editing; VVS: literature, editing;
BM: proof reading, editing; MP: proof reading, editing.

Acknowledgements

The authors would like to thank AB-Sciex, Gurgaon for
extending the analytical facility. The financial support
(DRMR B-8) by Indian Council of Agricultural Research
(ICAR), New Delhi is thankfully acknowledged.

Ali S, Anwar E Ashraf S, Talpur FN (2009) Evaluation of canola seeds
of different cultivars with special emphasis on the quantification of
erucic acid and glucosinolates. Grasas y aceites 60: 89-95. https://doi.
org/10.3989/gya.011108

Alves E, Simoes A, Domingues MR (2021) Fruit seeds and their oils as
promising sources of value-added lipids from agro-industrial by-

products: Oil content, lipid composition, lipid analysis, biological

Emirates Journal of Food and Agriculture


https://doi.org/10.1056/NEJMoa012918
https://doi.org/10.3989/gya.011108
https://doi.org/10.3989/gya.011108

10

Kumar, et al.: A high-resolution ESI-ToF-MS study

activity and potential biotechnological applications. Critical Reviews
in Food Science and Nutrition 61: 1305-1339. https://doi.org/10.108
0/10408398.2020.1757617

Asano JI, Suzuki Y, Yajima S, Inoue K, Shimozawa N, Kondo N, Orii
T (1994) Effects of erucic acid therapy on Japanese patients with
X-linked adrenoleukodystrophy. Brain Development 16: 454-458.
https://doi.org/10.1016/0387-7604(94)90007-8

Badawy IH, Atta B, Ahmed WM (1994) Biochemical and toxicological stud-
ies on the effect of high and low erucic acid rapeseed oil on rats. Food/
Nahrung 38: 402-411. https://doi.org/10.1002/fo0d.19940380410

Broughton KS, Johnson CS, Pace BK, Liebman M, Kleppinger KM
(1997) Reduced asthma symptoms with n-3 fatty acid ingestion is
related to 5-series leukotriene production. American Journal of Clin-
ical nutrition 65: 1011-1017. https://doi.org/10.1093/ajcn/65.4.1011

Buchner HC, Hengstler P, Schindler C, Meier G (2002) N-3 polyun-
saturated fatty acids in coronary heart disease: a meta-analysis of
randomized controlled trials. American Journal of Medicine 112:
298-304. https://doi.org/10.1016/S0002-9343(01)01114-7

Butovich IA, Lu H, McMahon M, Eule JC (2012) Toward an animal
model of the human tear film: biochemical comparison of the
mouse, canine, rabbit, and human meibomian lipidomes. Investiga-
tive Ophthalmology and Visual Science 53: 6881-6896. https://doi.
org/10.1167/iovs.12-10516

Calabrese JR, Rapport DJ, Shelton MD (1999) Fish oils and bipolar disor-
der: a promising but untested treatment. Archives of General Psychi-
atry 56: 413-414. https://doi.org/10.1001/archpsyc.56.5.413

Calder PC (2007) Dietary arachidonic acid: harmful, harmless or help-
ful? British journal of Nutrition 98: 451-453. https://doi.org/10.1017/
S0007114507761779

Calder PC (2020) Eicosanoids. Essays in Biochemistry 64: 423-441.
https://doi.org/10.1042/EBC20190083

Cappa MC, Bizzarri A,Petroni G, Carta L, Cordeddu M, Valeriani, Ban-
ni S (2012) A mixture of oleic, erucic and conjugated linoleic acids
modulates cerebrospinal fluid inflammatory markers and improve
somatosensorial evoked potential in X-linked adrenoleukodystrophy
female carriers. Journal of Inherited Metabolic Disease 35: 899-907.
https://doi.org/10.1007/s10545-011-9432-3

Carlson SE (1999) Long-chain polyunsaturated fatty acids and devel-
opment of human infants. Acta Paediatrica 88: 72-77. https://doi.
org/10.1111/j.1651-2227.1999.tb01304.x

Chapman KD (2004) Occurrence, metabolism, and prospective func-
tions of N-acylethanolamines in plants. Progress in Lipid Research
43: 302-327. https://doi.org/10.1016/j.plipres.2004.03.002

Chapman KD, Venables B, Markovic R, Blair RW, Bettinger W (1999)
N-Acylethanolamines in seeds. Quantification of molecular species
and their degradation upon imbibition. Plant Physiology 120: 1157
1164. https://doi.org/10.1104/pp.120.4.1157

Cole RM, Angelotti A, Sparagna GC, Ni A, Belury MA (2022) Linoleic
acid-rich oil alters circulating cardiolipin species and fatty acid compo-
sition in adults: A randomized controlled trial. Molecular Nutrition and
Food Research 66: 2101132. https://doi.org/10.1002/mnfr.202101132

Connor WE (2000) Importance of n—3 fatty acids in health and disease.
American Journal of Clinical Nutrition 71: 1715-175S. https://doi.
org/10.1093/ajcn/71.1.1718

Coulon D, Faure L, Salmon M, Wattelet V, Bessoule JJ (2012) Occur-
rence, biosynthesis and functions of N-acylphosphatidylethanol-
amines (NAPE): not just precursors of N-acylethanolamines (NAE).
Biochimie 94: 75-85. https://doi.org/10.1016/j.biochi.2011.04.023

Emirates Journal of Food and Agriculture

Crescente ML, Menke MV, Chan P, Armstrong C, Warner TD (2019)
Eicosanoids in platelets and the effect of their modulation by aspirin
in the cardiovascular system (and beyond). British Journal of Phar-
macology 176: 988-999. https://doi.org/10.1111/bph.14196

De Luca L, Ferracane R, Vitaglione P (2019) Food database of
N-acyl-phosphatidylethanolamines, N-acylethanolamines and en-
docannabinoids and daily intake from a Western, a Mediterranean
and a vegetarian diet. Food Chemistry 300: 125218. https://doi.
org/10.1016/j.foodchem.2019.125218

Denke MA (2006) Dietary fats, fatty acids, and their effects on lipo-
proteins. Current Atherosclerosis Reports 8: 466-471. https://doi.
org/10.1007/s11883-006-0021-0

Duan RD, Nilsson A (2009) Metabolism of sphingolipids in the gut
and its relation to inflammation and cancer development. Prog-
ress in Lipid Research 48: 62-72. https://doi.org/10.1016/j.plip-
res.2008.04.003

El-Beltagi HEDS, Mohamed AA (2010) Variations in fatty acid compo-
sition, glucosinolate profile and some phytochemical contents in se-
lected oil seed rape (Brassica napus L.) cultivars. Grasas y aceites 61:
143-150. https://doi.org/10.3989/gya.087009

Farag MA, Sharaf Eldin MG, Kassem H, Abou el Fetouh (2013) Metab-
olome classification of Brassica napus L. organs via UPLC-QTOF-
PDA-MS and their anti-oxidant potential. Phytochemical Analysis
24: 277-287. https://doi.org/10.1002/pca.2408

Froyen E, Burns-Whitmore B (2020) The effects of linoleic acid con-
sumption on lipid risk markers for cardiovascular disease in healthy
individuals: A review of human intervention trials. Nutrients 12:
2329. https://doi.org/10.3390/nu12082329

Futerman AH, Riezman H (2005) The ins and outs of sphingolipid syn-
thesis. Trends in Cell Biology 15: 312-318. https://doi.org/10.1016/j.
tcb.2005.04.006

Ghazani SM, Marangoni AG (2013) Minor components in canola oil
and effects of refining on these constituents: A review. Journal of
American Oil Chemist Society 90: 923-932. https://doi.org/10.1007/
s11746-013-2254-8

Gillingham LG, Harris-Janz ], Jones PJ (2011) Dietary monounsatu-
rated fatty acids are protective against metabolic syndrome and
cardiovascular disease risk factors. Lipids 46: 209-228. https://doi.
org/10.1007/s11745-010-3524-y

Gillooly DJ, Simonsen A, Stenmark H (2001) Cellular functions of phos-
phatidylinositol 3-phosphate and FYVE domain proteins. Biochem-
istry Journal 355: 249-258. https://doi.org/10.1042/bj3550249

Giuffrée AM, Tellah S, Capocasale M, Zappia C, Latati M, Badiani M,
Ounane SM (2016) Seed oil from ten Algerian peanut landraces for
edible use and biodiesel production. Journal of Oleo Science 65:
9-20. https://doi.org/10.5650/jos.ess15199

Giuffré AM, Zappia C, Capocasale M (2017) Tomato seed oil: A com-
parison of extraction systems and solvents on its biodiesel and edible
properties. Rivista Italiana delle Sostanze Grasse 94: 149-160.

Guo E Wang P, Li Y, Bian Q, Yu M, Hou W, Wu J (2023) Flavoromics
approach in monitoring changes of aroma profiles in rapeseed oils
with different fragrance styles caused by frying and heating process-
es. International Journal of Food Engineering 19: 337-348. https://
doi.org/10.1515/ijfe-2023-0045

Han X, Yang J, Yang K, Zhao Z, Abendschein DR, Gross RW (2007) Al-
terations in myocardial cardiolipin content and composition occur at
the very earliest stages of diabetes: a shotgun lipidomics study. Bio-
chemistry 46: 6417-6428. https://doi.org/10.1021/bi7004015


https://doi.org/10.1080/10408398.2020.1757617
https://doi.org/10.1080/10408398.2020.1757617
https://doi.org/10.1016/0387-7604(94)90007-8
https://doi.org/10.1002/food.19940380410
https://doi.org/10.1093/ajcn/65.4.1011
https://doi.org/10.1016/S0002-9343(01)01114-7
https://doi.org/10.1167/iovs.12-10516
https://doi.org/10.1167/iovs.12-10516
https://doi.org/10.1001/archpsyc.56.5.413
https://doi.org/10.1017/S0007114507761779
https://doi.org/10.1017/S0007114507761779
https://doi.org/10.1042/EBC20190083
https://doi.org/10.1007/s10545-011-9432-3
https://doi.org/10.1111/j.1651-2227.1999.tb01304.x
https://doi.org/10.1111/j.1651-2227.1999.tb01304.x
https://doi.org/10.1016/j.plipres.2004.03.002
https://doi.org/10.1104/pp.120.4.1157
https://doi.org/10.1002/mnfr.202101132
https://doi.org/10.1093/ajcn/71.1.171S
https://doi.org/10.1093/ajcn/71.1.171S
https://doi.org/10.1016/j.biochi.2011.04.023
https://doi.org/10.1111/bph.14196
https://doi.org/10.1016/j.foodchem.2019.125218
https://doi.org/10.1016/j.foodchem.2019.125218
https://doi.org/10.1007/s11883-006-0021-0
https://doi.org/10.1007/s11883-006-0021-0
https://doi.org/10.1016/j.plipres.2008.04.003
https://doi.org/10.1016/j.plipres.2008.04.003
https://doi.org/10.3989/gya.087009
https://doi.org/10.1002/pca.2408
https://doi.org/10.3390/nu12082329
https://doi.org/10.1016/j.tcb.2005.04.006
https://doi.org/10.1016/j.tcb.2005.04.006
https://doi.org/10.1007/s11746-013-2254-8
https://doi.org/10.1007/s11746-013-2254-8
https://doi.org/10.1007/s11745-010-3524-y
https://doi.org/10.1007/s11745-010-3524-y
https://doi.org/10.1042/bj3550249
https://doi.org/10.5650/jos.ess15199
https://doi.org/10.1515/ijfe-2023-0045
https://doi.org/10.1515/ijfe-2023-0045
https://doi.org/10.1021/bi7004015

m Emir. J. Food Agric - Volume 36 - 2024

il

Han ], Lu C, Li Y, Deng Z, Fu B, Geng Z (2016) Discrimination of rape-
seeds (Brassica napus L.) based on the content of erucic acid by 1
H NMR. European Food Research and Technology 242: 441-447.
https://doi.org/10.1007/s00217-015-2555-2

Holc¢apek M, Liebisch G, Ekroos K (2018) Lipidomic Analysis. Ana-
Iytical Chemistry 90: 4249-4257. https://doi.org/10.1021/acs.anal-
chem.7b05395

Horn PJ, Chapman KD (2014) Lipidomics in situ: insights into plant
lipid metabolism from high resolution spatial maps of metabolites.
Progressive Lipid Research 54: 32-52. https://doi.org/10.1016/j.plip-
res.2014.01.003

Hu A, Wei E, Huang E, Xie Y, Wu B, Lv X, Chen H (2021) Comprehen-
sive and high-coverage lipidomic analysis of oilseeds based on ultra-
high-performance liquid chromatography coupled with electrospray
ionization quadrupole time-of-flight mass spectrometry. Journal
of Agricultural and Food Chemistry 69: 8964-8980. https://doi.
org/10.1021/acs.jafc.0c07343

Hunter JE (1990) n-3 fatty acids from vegetable oils. American Journal
Clinical Nutrition 51: 809-814. https://doi.org/10.1093/ajcn/51.5.809

Inés CM, Parra-Lobato C, Paredes MA, Labrador J, Gallardo M, Sauce-
do-Garcia M, Gomez-Jimenez MC (2018) Sphingolipid distribution,
content and gene expression during olive-fruit development and
ripening. Frontiers of Plant Science 9: 28. https://doi.org/10.3389/
fpls.2018.00028

Joki¢ S, Sudar R, Svilovi¢ S, Vidovi¢ S, Bili¢ M, Veli¢ D, Jurkovi¢ V (2013)
Fatty acid composition of oil obtained from soybeans by extraction
with supercritical carbon dioxide. Czech Journal of Food Sciences 31:
116-125. https://doi.org/10.17221/8/2012-CJES

Kilaru A, Tamura P, Isaac G, Welti R, Venables BJ, Seier E, Chapman
KD (2012) Lipidomic analysis of N-acylphosphatidylethanolamine
molecular species in Arabidopsis suggests feedback regulation by
N-acylethanolamines. Planta 236: 809-824. https://doi.org/10.1007/
500425-012-1669-z

Knutsen HK, Alexander ], Barregird L, Bignami M, Briischweiler B,
Vleminckx C (2016) Erucic acid in feed and food. EFSA Journal 14:
4593. https://doi.org/10.2903/j.efsa.2016.4593

Kortesniemi M, Vuorinen AL, Sinkkonen J, Yang B, Rajala A, Kallio H
(2015) NMR metabolomics of ripened and developing oilseed rape
(Brassica napus) and turnip rape (Brassica rapa). Food chemistry
172: 63-70. https://doi.org/10.1016/j.foodchem.2014.09.040

Kramer JKG, Sauer FD, Wolynetz MS, Farnworth ER, Johnston KM
(1992) Effects of dietary saturated fat on erucic acid induced myo-
cardial lipidosis in rats. Lipids 27: 619-623. https://doi.org/10.1007/
BF02536120

Le Barz M, Boulet MM, Calzada C, Cheillan D, Michalski MC (2020) Al-
terations of endogenous sphingolipid metabolism in cardiometabol-
ic diseases: Towards novel therapeutic approaches. Biochimie. 169:
133-143. https://doi.org/10.1016/j.biochi.2019.10.003

Lee S, Kim JE, Suk S, Kwon OW, Park G, Lim TG, Lee KW (2015) A fer-
mented barley and soybean formula enhances skin hydration. Jour-
nal of Clinical Biochemistry and Nutrition 57: 156-163. https://doi.
org/10.3164/jcbn.15-43

Leray C, Wiesel M, Freund M, Cazenave JP, Gachet C (2001) Long-chain n-3
fatty acids specifically affect rat coagulation factors dependent on vita-
min K: relation to peroxidative stress. Arteriosclerosis, Thrombosis, and
Vascular Biology 21: 459-465. https://doi.org/10.1161/01.ATV.21.3.459

McDonald JG, Ivanova PT, Brown HA (2016) Approaches to Lipid
Analysis. In: Ridgway ND, McLeod RS (Eds) Biochemistry of Lip-

ids, Lipoproteins and Membranes. Elsevier, 41-72. https://doi.
org/10.1016/B978-0-444-63438-2.00002-X

Nakagawa Y (2013) Metabolism and biological function of cardiolip-
in. Yakugaku zasshi Journal of Pharmaceutical Society of Japan133:
561-574. https://doi.org/10.1248/yakushi.13-00052

Newton J, Lima S, Maceyka M, Spiegel S (2015) Revisiting the sphingo-
lipid rheostat: Evolving concepts in cancer therapy. Experimental Cell
Research 333: 195-200. https://doi.org/10.1016/j.yexcr.2015.02.025

Pasini E, Cargnoni A, Condorelli E, Marzo A, Lisciani R, Ferrari R (1992)
Effect of prolonged treatment with propionyl-L-carnitine on erucic
acid-induced myocardial dysfunction in rats. Molecular and Cellular
Biochemistry 112: 117-123. https://doi.org/10.1007/BF00227568

Pellet D, Baux A, Grosjean Y, Hebeisen T, Hiltbrunner J, Hunziker H
(2008) Temperature and rapeseed oil nutritional quality. Agrarfor-
schung, Switzerland.

Petrosillo G, Francesca MR, Di Venosa N, Paradies AG (2003) Decreased
complex III activity in mitochondria isolated from rat heart subject-
ed to ischemia and reperfusion: role of reactive oxygen species and
cardiolipin. Federation of American Societies for Experimental Biol-
ogy 17: 714-716. https://doi.org/10.1096/1].02-0729fje

Piccinini M, Scandroglio F, Prioni S, Buccinna B, Loberto N, Aureli M,
Prinetti A (2010) Deregulated sphingolipid metabolism and mem-
brane organization in neurodegenerative disorders. Molecular Neu-
robiology 41: 314-340. https://doi.org/10.1007/s12035-009-8096-6

Qi'Y, Kapterian TS, Du X, Ma Q, Fei W, Zhang Y, Yang H (2016) CDP-di-
acylglycerol synthases regulate the growth of lipid droplets and adi-
pocyte development. Journal of Lipid Research 57: 767-780. https://
doi.org/10.1194/jlr.M060574

Rabionet M, Gorgas K, Sandhoff R (2014) Ceramide synthesis in the
epidermis. Biochimica et Biophysica Acta cell biology1841: 422-434.
https://doi.org/10.1016/j.bbalip.2013.08.011

Raza A, Su W, Hussain MA, Mehmood SS, Zhang X, Cheng Y, Lv Y
(2021) Integrated analysis of metabolome and transcriptome reveals
insights for cold tolerance in rapeseed (Brassica napus L.) Frontiers in
Plant Science 12: 721681. https://doi.org/10.3389/fpls.2021.721681

Reddy JRC, Vijeeta, Karuna MSL, Rao BVSK, Prasad RBN (2005) Li-
pase-catalyzed preparation of palmitic and stearic acid-rich phos-
phatidylcholine. Journal of the American Oil Chemists’ Society 82:
727-730. https://doi.org/10.1007/s11746-005-1134-x

Richter EK, Spangenberg JE, Kreuzer M, Leiber F (2010) Characteriza-
tion of rapeseed (Brassica napus) oils by bulk C, O, H, and fatty acid
C stable isotope analyses. Journal of Agriculture and Food Chemistry
58: 8048-8055. https://doi.org/10.1021/jf101128f

Rosa PM, Antoniassi R, Freitas SC, Bizzo HR, Zanotto DL, Oliveira ME,
Castiglioni VBR (2009) Chemical composition of brazilian sunflow-
er varieties/composicion quimica de las variedades de girasol bra-
silefias/composition chimique de sortes de tournesol brésiliennes.
Helia 32: 145-156. https://doi.org/10.2298/HEL0950145R

Saini-Chohan HK, Dakshinamurti S, Taylor WA, Shen GX, Murphy R,
Sparagna GC, Hatch GM (2011) Persistent pulmonary hypertension
results in reduced tetralinoleoyl-cardiolipin and mitochondrial com-
plex I+ III during the development of right ventricular hypertrophy
in the neonatal pig heart. American Journal Physiology 301: H1415-
H1424. https://doi.org/10.1152/ajpheart.00247.2011

Schuett BS, Millar TJ (2013) An investigation of the likely role of (O-acyl)
w-hydroxy fatty acids in meibomian lipid films using (O-oleyl) w-hy-
droxy palmitic acid as a model. Experimental Eye Research 115:
57-64. https://doi.org/10.1016/j.exer.2013.06.016

Emirates Journal of Food and Agriculture


https://doi.org/10.1007/s00217-015-2555-2
https://doi.org/10.1021/acs.analchem.7b05395
https://doi.org/10.1021/acs.analchem.7b05395
https://doi.org/10.1016/j.plipres.2014.01.003
https://doi.org/10.1016/j.plipres.2014.01.003
https://doi.org/10.1021/acs.jafc.0c07343
https://doi.org/10.1021/acs.jafc.0c07343
https://doi.org/10.1093/ajcn/51.5.809
https://doi.org/10.3389/fpls.2018.00028
https://doi.org/10.3389/fpls.2018.00028
https://doi.org/10.17221/8/2012-CJFS
https://doi.org/10.1007/s00425-012-1669-z
https://doi.org/10.1007/s00425-012-1669-z
https://doi.org/10.2903/j.efsa.2016.4593
https://doi.org/10.1016/j.foodchem.2014.09.040
https://doi.org/10.1007/BF02536120
https://doi.org/10.1007/BF02536120
https://doi.org/10.1016/j.biochi.2019.10.003
https://doi.org/10.3164/jcbn.15-43
https://doi.org/10.3164/jcbn.15-43
https://doi.org/10.1161/01.ATV.21.3.459
https://doi.org/10.1016/B978-0-444-63438-2.00002-X
https://doi.org/10.1016/B978-0-444-63438-2.00002-X
https://doi.org/10.1248/yakushi.13-00052
https://doi.org/10.1016/j.yexcr.2015.02.025
https://doi.org/10.1007/BF00227568
https://doi.org/10.1096/fj.02-0729fje
https://doi.org/10.1007/s12035-009-8096-6
https://doi.org/10.1194/jlr.M060574
https://doi.org/10.1194/jlr.M060574
https://doi.org/10.1016/j.bbalip.2013.08.011
https://doi.org/10.3389/fpls.2021.721681
https://doi.org/10.1007/s11746-005-1134-x
https://doi.org/10.1021/jf101128f
https://doi.org/10.2298/HEL0950145R
https://doi.org/10.1152/ajpheart.00247.2011
https://doi.org/10.1016/j.exer.2013.06.016

12

Kumar, et al.: A high-resolution ESI-ToF-MS study

Schwender ], Hebbelmann I, Heinzel N, Hildebrandt T, Rogers A, Naik
D, Borisjuk L (2015) Quantitative multilevel analysis of central me-
tabolism in developing oilseeds of oilseed rape during in vitro culture.
Plant Physiology 168: 828-848. https://doi.org/10.1104/pp.15.00385

Shen J, Liu Y, Wang X, Bai ], Lin L, Luo E, Zhong H (2023) A comprehen-
sive review of health-benefiting components in rapeseed oil. Nutri-
ents 15: 999. https://doi.org/10.3390/nu15040999

Skwarek LC, Boulianne GL (2009) Great expectations for PIP: phos-
phoinositides as regulators of signaling during development and
disease. Developmental Cell 16: 12-20. https://doi.org/10.1016/j.
devcel.2008.12.006

Taguchi R, Houjou T, Nakanishi N, Yamazaki T, Ishida M, Imagawa M,
Shimizu T (2005) Focused lipidomics by tandem mass spectrometry.
Journal of Chromatography 823: 26-36. https://doi.org/10.1016/j.
jchromb.2005.06.005

The SS, Birch J (2013) Physicochemical and quality characteristics of cold-
pressed hemp, flax and canola seed oils. Journal of Food Composition
and Analysis 30: 26-31. https://doi.org/10.1016/j.jfca.2013.01.004

Totani Y (1997) Antioxidative effect of nitrogen-containing phospholip-
ids on autoxidation of polyunsaturated oil. Journal of Oleo Science
46: 3-15. https://doi.org/10.5650/j0s1996.46.3

Utermohlen O, Herz J, Schramm M, Kronke M (2008) Fusogenicity of
membranes: the impact of acid sphingomyelinase on innate immune
responses. Immunobiology 213: 307-314. https://doi.org/10.1016/j.
imbio.2007.10.016

van Klompenburg Nilsson I, von Heijne G, de Kruijff B (1997) Anionic
phospholipids are determinants of membrane protein topology EMBO
Journal 16: 4261-4266. https://doi.org/10.1093/emboj/16.14.4261

Velasco J, Gil MJ, Wen YQ, Garcia-Gonzélez Q, Ruiz-Méndez MV (2023)
New Insights into the Loss of Antioxidant Effectiveness of Phenolic
Compounds in Vegetable Oils in the Presence of Phosphatidylcho-
line Antioxidants 12: 1993. https://doi.org/10.3390/antiox12111993

Vesper H, Schmelz ME, Nikolova-Karakashian MN, Dillehay DL, Lynch
DV, Merrill V (1999) Sphingolipids in food and the emerging impor-
tance of sphingolipids to nutrition. Journal of Nutrition 129: 1239~
1250. https://doi.org/10.1093/jn/129.7.1239

Von Schacky C, Harris WS (2007) Cardiovascular benefits of ome-
ga-3 fatty acids. Cardiovascular Research 73: 310-315. https://doi.
org/10.1016/j.cardiores.2006.08.019

Supplementary material

Supplementary material 1
Supplementary fig. S1
Link: https://doi.org/10.3897/ejfa.2024.118303.suppl1

Supplementary material 2
Supplementary fig. S2
Link: https://doi.org/10.3897/ejfa.2024.118303.suppl2

Supplementary material 3
Supplementary fig. S3
Link: https://doi.org/10.3897/ejfa.2024.118303.suppl3

Supplementary material 4

Supplementary fig. S4
Link: https://doi.org/10.3897/ejfa.2024.118303.suppl4

Emirates Journal of Food and Agriculture

Vyviurska O, Janoskova N, Jakubik T, Spanik I (2015) Comprehensive
two-dimensional gas chromatography-mass spectrometry analysis
of different types of vegetable oils. Journal of American Oil Chemist
Society 92: 783-790. https://doi.org/10.1007/s11746-015-2635-2

Wang M, Wang C, Han RH, Han X (2016) Novel advances in shotgun
lipidomics for biology and medicine. Progress in Lipid Research 61:
83-108. https://doi.org/10.1016/j.plipres.2015.12.002

Xie, Y, Wei E Xu S, Wu B, Zheng C, Lv X, Huang F (2019) Profiling
and quantification of lipids in cold-pressed rapeseed oils based on
direct infusion electrospray ionization tandem mass spectrome-
try. Food Chemistry 285: 194-203. https://doi.org/10.1016/j.food-
chem.2019.01.146

Yang E Zhou L, Zhang M, Liu J, Marchioni E (2020) Exploration
of natural phosphatidylcholine sources from six beans by UH-
PLC-Q-HRMS. Journal of Food Science 85: 3202-3213. https://doi.
org/10.1111/1750-3841.15393

Zhao Q, Wang M, Zhang W, Zhao W, Yang R (2020) Impact of phospha-
tidylcholine and phosphatidylethanolamine on the oxidative stabil-
ity of stripped peanut oil and bulk peanut oil. Food chemistry 311:
125962. https://doi.org/10.1016/j.foodchem.2019.125962

Zheng S, Zhang Y, Guangyang LIU, Jun LV, Zhongxiao LIU, Xiaomin
XU, Donghui XU (2017) Glycerolipid profiling of yellow sarson seeds
using ultra high performance liquid chromatography coupled to tri-
ple time-of-flight mass spectrometry. Horticultural Plant Journal 3:
141-150. https://doi.org/10.1016/j.hpj.2017.07.002

Zheng J, Yang C, Zheng X, Yan S, Qu E Zhao J, Pe Yi (2021) Lipidomic,
Transcriptomic, and BSA-660K Single Nucleotide Polymorphisms
Profiling Reveal Characteristics of the Cuticular Wax in Wheat.
Frontiers in Plant Science 12: 794878. https://doi.org/10.3389/
fpls.2021.794878

Zhou Y, Peisker H, Dérmann P (2016) Molecular species composition
of plant cardiolipin determined by liquid chromatography mass
spectrometry. Journal of Lipid Research 57: 1308-1321. https://doi.
org/10.1194/jlr.D068429

Zitouni MV, Wewer P, Dérmann C, Abdelly, Youssef NB (2016) Quadru-
pole time-of-flight mass spectrometry analysis of glycerophospholip-
id molecular species in the two halophyte seed oils: Eryngium mari-
timum and Cakile maritima. Food Chemistry 213: 319-328. https://
doi.org/10.1016/j.foodchem.2016.06.083


https://doi.org/10.1104/pp.15.00385
https://doi.org/10.3390/nu15040999
https://doi.org/10.1016/j.devcel.2008.12.006
https://doi.org/10.1016/j.devcel.2008.12.006
https://doi.org/10.1016/j.jchromb.2005.06.005
https://doi.org/10.1016/j.jchromb.2005.06.005
https://doi.org/10.1016/j.jfca.2013.01.004
https://doi.org/10.5650/jos1996.46.3
https://doi.org/10.1016/j.imbio.2007.10.016
https://doi.org/10.1016/j.imbio.2007.10.016
https://doi.org/10.1093/emboj/16.14.4261
https://doi.org/10.3390/antiox12111993
https://doi.org/10.1093/jn/129.7.1239
https://doi.org/10.1016/j.cardiores.2006.08.019
https://doi.org/10.1016/j.cardiores.2006.08.019
https://doi.org/10.1007/s11746-015-2635-2
https://doi.org/10.1016/j.plipres.2015.12.002
https://doi.org/10.1016/j.foodchem.2019.01.146
https://doi.org/10.1016/j.foodchem.2019.01.146
https://doi.org/10.1111/1750-3841.15393
https://doi.org/10.1111/1750-3841.15393
https://doi.org/10.1016/j.foodchem.2019.125962
https://doi.org/10.1016/j.hpj.2017.07.002
https://doi.org/10.3389/fpls.2021.794878
https://doi.org/10.3389/fpls.2021.794878
https://doi.org/10.1194/jlr.D068429
https://doi.org/10.1194/jlr.D068429
https://doi.org/10.1016/j.foodchem.2016.06.083
https://doi.org/10.1016/j.foodchem.2016.06.083
https://doi.org/10.3897/ejfa.2024.118303.suppl1
https://doi.org/10.3897/ejfa.2024.118303.suppl2
https://doi.org/10.3897/ejfa.2024.118303.suppl3
https://doi.org/10.3897/ejfa.2024.118303.suppl4

	Shotgun approach reveals distinctive lipid profiles in brassica oilseeds: A high-resolution ESI-ToF-MS study
	Abstract
	Introduction
	Materials and methods
	Mustard species and chemicals
	Extraction of oil
	Sample preparation prior to analysis
	LC method and mass spectrometry acquisition parameters
	MS/MSALL with flow injection analysis (FIA) coupled with triple TOF mass spectrometry
	Lipid species identification using LipidView™ software
	Principal component analysis

	Results and discussion
	Lipid profile as detected in negative ion mode
	Free fatty acids
	Cardiolipins
	N-Acyl phosphatidylethanolamines (NAPEs)
	(O-acyl) ω-Hydroxy fatty acids (OAHFAs)
	Phospholipids
	Lipid profile as detected in positive ion mode
	Sphingolipids
	Phosphatidylcholines (PC)

	Conclusions
	Authors contribution
	Acknowledgements
	References
	Supplementary material
	Supplementary material 1
	Supplementary material 2
	Supplementary material 3
	Supplementary material 4

