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Lipids are a group of compounds with diverse structures that perform several important functions in plants.
To unravel and better understand their in vivo functions, plant biologists have been using various lipidomic
technologies including liquid-chromatography (LC)—mass spectrometry (MS). However, there are still signifi-
cant challenges in LC-MS based plant lipidomics, which need to be addressed. In this review, we provide an
overview of the key developments in LC-MS based lipidomic approaches to detect and identify plant lipids
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with emphasis on areas that can be further improved. Given that the cellular lipidome is estimated to contain
hundreds of thousands of lipids,*? many of the lipid structures remain to be discovered. Furthermore, the
plant lipidome is considered to be significantly more complex compared to that of mammals. Recent
technical developments in mass spectrometry have made the detection of novel lipids possible; hence,
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rsc.li/molomics approaches that can be used for plant lipid discovery are also discussed.
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Introduction

Lipids are important components of plants; they are part of cell
structures,® act as energy reserves,” participate in cell signaling,’
mitigate stress tolerance® and play a role in both symbiotic and
pathogenic interactions.” The entire lipid profile of an organism, a
tissue or a cell, is known as the “lipidome”,® and the extensive
study of lipid molecules including identification, quantification
and elucidation of their role in biological systems is called
“lipidomics”.®° Lipids are highly diverse both in structure and in
composition.®'® Structural diversity arises from the differences in
the chemical structures of lipids'® while the ratio of different lipids
in cells, tissues, organelles, membrane leaflets, membrane sub-
domains or within an organism is known as compositional
diversity."°

For many years, scientists have been studying lipids and
their functions in biological systems. It has been shown that
even small changes in the structure and composition of lipids
can drastically affect vital biological functions.'® For example,
changes in membrane lipids directly affect the function of
membrane proteins and the physical properties of the cell
membrane including fluidity and permeability."* Therefore,
to correctly interpret the in vivo functions of lipids they must
be studied as part of an integrated system with metabolites and
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enzymes.'” It is also important to determine not only the type of
lipid present but also its time-dependent local concentration."?

One of the major challenges in uncovering the function of
lipids at the cellular level is the existence of thousands of
structurally diverse lipids, some of which may be present at
trace level concentrations, thus limiting their detection and
identification."” Consequently, a robust analysis workflow is
necessary from sampling to extraction and subsequently to
detection and identification of lipids. In this review, we discuss
the key developments in liquid chromatography-mass
spectrometry-based approaches for the extraction, detection,
identification, quantification and discovery of plant lipids
(Fig. 1). We conducted a comprehensive and in-depth survey
of over 400 journal articles published on lipidomics from 1957
to 2021 to identify studies that have played pivotal roles in
advancing plant lipidomics. Our survey indicated that many of
the techniques in plant lipid analysis were adapted from
lipidomic approaches developed for mammalian lipid analysis,
which we have discussed in this review. We have also discussed
the recently developed LC-MS based lipidomic approaches to
analyse lipids in animal tissues, which can be adapted for plant
lipid analysis in the future. The primary goal of this review is to
provide an overview of the evolution of plant lipidomics, its
current state and potential future developments with special
focus on LC-MS based workflows.

Plant lipids

Lipids are classified into different groups by the LIPID MAPS
(LIPID Metabolites And Pathways Strategy; https://www.lipid
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Fig. 1 The workflow applied in liquid chromatography—mass spectrometry-
based lipidomics.

maps.org/) classification system based on the distinct hydro-
philic and hydrophobic elements that comprise the lipid.** The
eight main groups include fatty acyls, glycerolipids, glyceropho-
spholipids, sphingolipids, saccharolipids, polyketides, sterol
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lipids and prenol lipids, which can be distinguished by their
chemically functional backbone structures (Table 1 and Fig. 2)."*
The major plant lipids and their functions are summarized in
Table 1.

Sample preparation

Given the highly diverse nature of lipid structures (Fig. 2), a
comprehensive analysis of the lipidome requires firstly an
efficient sample preparation process, then an effective lipid
separation strategy followed by an optimal mass spectrometric
detection method.**

The first step for lipid analysis is the successful extraction of
lipids from the tissue of interest, for which a rapid, simple and
efficient extraction method is desirable.>* The most widely used
sample preparation method in lipidomics is liquid-liquid
extraction.”® Most of the liquid-liquid plant lipid extraction
methods are derived from extraction protocols developed for
animal tissues, such as the Folch®® and the Bligh and Dyer
method.*” In addition to these two, several other protocols
using diverse mixtures of organic solvents, including hexane,*®

Table 1 The major plant lipids and their functions

Lipid class Core structure

Functions in plants

Ref.

Fatty acyls Repeating series of methylene
groups
Glycerolipids Glycerol backbone
Glycerophospholipids Phosphate group esterified
to a glycerol backbone
Sphingolipids Sphingoid long-chain base

backbone
Sterol lipids

Fused four ring structure

Prenol lipids Cs unit

Saccharolipids Fatty acids linked directly
to a sugar backbone
Polyketides Polyketide backbone

This journal is © The Royal Society of Chemistry 2021

Main building blocks of complex lipids.*?

Function as signal transduction mediators."*

Major constituents of the thylakoid membranes essential for
photosynthesis."> "

Important molecules in cell communication, signal
transduction and pathogen responses.'®

Major storage reserves in plants.'’

Major constituents of cell membranes.°

Act as signaling molecules.*

Involved in plant defense mechanisms against pathogens.™®
Participate in cellular signaling, growth and stress
responses.****

Involved in cellular trafficking®® and defense responses against
microbial pathogens”

Structural components of cell membranes.*

Regulate acyl chain organization whereby the domain structures
of cell membranes are reinforced.”®*’

Participate in plant stress responses.®

Involved in resistance mechanisms against pathogens.”

Precursors of steroid hormones in plants.?®

Participate in protective mechanisms supporting the adaptation
of plants to environmental stresses.>**°

Involved in plant defense responses against insects and fungal
pathogen attacks.®!

Responsible for the antibacterial, antifungal, antiviral and
antiparasitic properties of plants.**

Mol. Omics, 2021,17, 894-910 |

Fahy et al., 2005

Lim et al., 2017
Dormann and
Benning, 2002
Holzl and
Dormann, 2007
Holzl and
Dormann, 2019
Cavaco et al., 2021
Yang and Benning,
2018

Reszczynska and
Hanaka, 2020
Welti et al., 2007
Cavaco et al., 2021
Ali et al., 2018

Hou et al., 2016

Mamode Cassim
et al., 2021
Reszczynska and
Hanaka, 2020
Schaller, 2004

Dufourc, 2008
Rogowska and
Szakiel, 2020
Siebers et al., 2016
Rogowska and
Szakiel, 2020
Baczewska et al.,
2014

Bajda et al., 2009
Luu et al., 2017

Han et al., 2018

895


https://www.lipidmaps.org/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1mo00196e

Open Access Article. Published on 26 October 2021. Downloaded on 4/7/2026 10:55:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Molecular Omics Review
o 5 "

A o) )L i /L i B A
- . o 1% A
e ek R BN ~ A

g i 7 S 08 Ry g
Fatty acid \H/ Phosphatidic acid ° o~ RT o X N
. (PA) . il WO :
do ] Ao Y
R N —7 N Monoacylglycerol (MG Diacylglycerol (DG )
N S\ g T Cardiolipin (CL) yigly! (M) lacylgly (DG) Triacylglycerol (TG)
TPhosphatidylcholine (PC) o N o
& ! )k = S i
R'\"/ - . ) Phosphatidylinositol (Pl) \H/M0nogaIactosyldiacylglycerol jrSuIfoquinovosyldiacylglycerol
| Phosphatidylethanolamine (PE) 9 (MGDG) (SQDG)
: o N
R i S A i

A SN Ao

T Phosphatidylserine (PS) ¢ Phosphatidylglycerol (PG) “’T:‘ g
3 A Digalactosyldiacylglycerol (DGDG)

[
/
. N
Ceramide (Cer)
T
/
. \
Glycosylceramide (GlcCer)
T
4
. \
Phosphorylated ceramide (Cer-1-P) T
/
%

Inositol phosphorylceramide (IPC)

N

Glycosyl inositol phosphorylceramide (GIPC)

Steryl ester Acyl steryl glucoside

Steryl glucoside

A~ TP

1 { g~

BN Now Saccharolipids

Polyketides

Prenol lipids

Fig. 2 Representative lipid structures. (A) Fatty acid and glycerophospholipids. The fatty acyl chains are shown in brown, glycerol backbone is indicated
in blue, phosphate groups are in black and the head group is in orange. (B) Glycerolipids. The glycerol backbone is indicated in blue, fatty acyl chains are
in brown and the hexose group is in orange. (C) Sphingolipids. The long-chain base is denoted in purple, fatty acyl chains are in brown and the head
group is in orange. (D) Sterol lipids. The sterol group is indicated in pink, fatty acyl chains are in brown and the sugar moiety is in orange. (E) Polyketides,
saccharolipids and prenol lipids. The polyketide backbone is shown in black and the five-carbon groups in prenol lipids are indicated in green. The sugar
backbone in saccharolipids is shown in magenta, the phosphate group in black and the fatty acyl chains in brown. R indicates a repeating series of
methylene groups. Lipid structures are based on the LIPID MAPS structure database and were generated using ChemDraw 20.0 software.

butanol®* and petroleum ether,’® and different treatments
such as cold*' and heat*> have been developed, compared
and evaluated for plant lipid extraction. Studies comparing
these methods concluded that the Folch or Bligh and Dyer
methods and those derived from them using chloroform,
methanol and water as the extraction solvents are the most
efficient methods for plant lipid extraction,***™** with the
Folch method®® referred to as the “gold standard”.*® Originally,
modifications to the Folch method®® led to the development of
the Bligh and Dyer method.*” Later, significant improvements
were made to the Bligh and Dyer protocol®” when it was
adopted for plant lipid extractions, leading to several new
protocols. For example, in the study by de la Roche et al.**> wheat,
Triticum aestivum L. cv, seeds were boiled with isopropanol to

896 | Mol Omics, 2021,17, 894-910

inactivate the lipolytic enzymes and extract neutral lipids more
efficiently before applying the Bligh and Dyer method.** Ryu and
Wang?” simplified the protocol published by de la Roche et al.**
and introduced 0.01% butylated hydroxytoluene (BHT) to the
extraction solvent to reduce lipid oxidation.”” The Ryu and
Wang*” method was adapted and modified with additional steps
by Welti et al.*® and since then this method has been extensively
used in plant lipidomics. Since the method by Ryu and Wang®’
was relatively labor-intensive, a shorter high-throughput single-
step extraction method with a 24 h extraction period was
developed by Vu et al®® Additional modifications to this
single-step extraction method of Vu et al*® resulted in an
extraction protocol that uses 30 parts chloroform, 25 parts
isopropanol, 41.5 parts methanol, and 3.5 parts water (v/v/v/v)

This journal is © The Royal Society of Chemistry 2021
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with 0.01% BHT.>* This protocol developed by Shiva et al.** has
been shown to be highly efficient in extracting lipids from
Arabidopsis thaliana and Sorghum bicolor leaf tissues.>*
To inactivate the lipolytic enzymes, fresh leaves were harvested
directly into isopropanol pre-heated to 75 °C.***° However, this
single step protocol®* does not include steps for tissue homo-
genization. Tissue homogenization, however, is crucial to
obtain a representative sample as it allows the extraction
solvent to access lipids even in rigid plant tissues, increases
the surface area in contact with the extraction solvent® and
solubilizes the lipids. While an extraction method should
contain minimal sample preparation to achieve high-quality
results, homogenization and metabolic quenching are vital
steps.>® Thus, the efficiency of a lipid extraction method can
be further improved through the addition of a mechanical
grinding step.>® A recent comparison of four popular plant
lipid extraction methods undertaken by us included the single
step extraction method published by Shiva et al.,>* the multi-
step extraction method of Welti et al.,*® the biphasic extraction
method using methyl tert-butyl ether (MTBE)*® derived from
the Folch method?® and a rapid method employing an extrac-
tion temperature of 4 °C.*' This study revealed that overall, the
single-step extraction method** is the most efficient for extrac-
ting most of the major lipid classes from Arabidopsis tissue.
However, due to the diverse relative hydrophobicity of lipid
molecules, the development of a single protocol efficient in
extracting all lipid species in a plant sample is impossible.*’
For example, several studies have shown that chloroform/
methanol mixtures are not suitable for the extraction of plant
sphingolipids such as glycosylinositol phosphorylceramides
(GIPCs).*****® Due to the highly amphiphilic nature of sphingo-
lipids,”® the standard lipid extraction methods are inefficient in
solubilizing them.>* It is therefore recommended to use a mixture
of isopropanol, hexane and water for the extraction of plant
sphingolipids®*°® as described by Markham et al.>*

Even though chloroform and methanol are considered ideal
solvents for lipid extraction, they can have detrimental effects
on human health due to their lipo-solubility.*> Given the
proven carcinogenicity of chloroform, attempts have been
made to replace it with methyl-tert-butyl ether (MTBE), which
extracts lipids into the organic layer while the polar compounds
remain in the aqueous layer.*® However, this biphasic extrac-
tion method is labor-intensive, which limits its applicability in
large-scale lipidomic studies. Furthermore, significant techni-
cal errors may be introduced during the separation of the
organic layer from the aqueous layer, thus ultimately affecting
the extraction reproducibility.”® Substituting the chloroform
used in the single-step extraction protocol of Shiva et al.>* with
MTBE and comparing the extraction efficiencies are worth
testing to further improve the existing extraction protocols.

Recent studies have focused on developing lipid extraction
methods using environmentally friendly ‘“‘green solvents”,
which can be organic, ionic liquids or supercritical fluids, such
as carbon dioxide under superecritical conditions.*> Supercritical
fluids are substances that are not in a distinct gas or liquid phase
but can be gradually compressed from low to high density.””

This journal is © The Royal Society of Chemistry 2021
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By adjusting the density, its properties can be manipulated
for the required process.’” Organic green solvents are low in
toxicity, readily biodegradable, easily recyclable and have high
boiling points and low miscibility, while ionic liquids are non-
aqueous organic salts, which are liquid at room temperature.**®
The use of green solvents is widely explored for lipid extraction
in biomass processing for biofuel production where large
amounts of chemicals are routinely used.” Thus, there could
be the potential to replace chloroform with one or some of these
green solvents to efficiently extract plant lipids. For example, a
biphasic system of cyclopentyl methyl ether (CPME):methanol:
water was as efficient as the Bligh and Dyer method in extracting
triacylglycerols from wet biomass of the oleaginous yeast
Lipomyces starkeyi,’® thus the study concluded that CPME can
be used as an alternative to chloroform.®® However, a compara-
tive study applying the green solvents 2-methyl tetrahydrofuran
(2-MeTHF) and cyclopentyl methyl ether (CPME) revealed that
the Bligh and Dyer method was more effective in extracting
total lipids from the microalgae Chlorella pyrenoidosa for bio-
diesel production.®® Although the potential of green solvents
such as isoamyl acetate,®® terpenes, ionic liquids,”® 2-methyl-
tetrahydrofuran,®® supercritical and subecritical fluids®*®> for
lipid extraction from yeast and microalgae has been evaluated,
their applicability for plant lipid extraction is yet to be demon-
strated. Future work will require the comparison of the traditional
plant lipid extraction methods with the green solvent-based extrac-
tion methods to evaluate the applicability of green solvents in
routine plant lipidomic analysis.

Even though current plant lipidomic analyses rely on man-
ual extraction of lipids, automated workflows for lipid analysis
will be developed in the future. Automation for sample pre-
paration would be beneficial since the quality, reproducibility
and efficiency would be enhanced when compared with manual
execution.

Liquid chromatography—mass
spectrometry (LC-MS) in lipidomicsa

Electrospray ionization (ESI) mass spectrometers are the pre-
dominant instruments used for lipid analysis.®® Lipid samples
can be analyzed either by directly injecting the extracts into
the mass spectrometer or by first separating them through
chromatographic methods before injection into the mass
spectrometer.’ In 1994, Han and Gross®’ first proposed lipido-
mic analysis using ESI mass spectrometry, when they analyzed
human erythrocyte plasma membrane phospholipids using a
triple quadrupole with syringe pump sample injection. This
method was further extended to characterize and quantify
membrane lipids from cells or subcellular structures by Briigger
et al. 1997,°® using a nano-ESI source. This is now widely known
as “shotgun lipidomics” and has seen continuous improvement
over the past 25 years. The strategy used by Briigger et al. 1997°°
for the high-throughput profiling of complex lipids from unfrac-
tionated extracts of animal cell membranes was later adapted by
Welti et al.*® to profile membrane lipids in Arabidopsis tissues.*>*°

Mol. Omics, 2021,17, 894-910 | 897
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Because of the relative simplicity, high sample throughput and
cost-effectiveness of the shot-gun lipidomic methods®* developed
by Welti and colleagues over the past 20 years,***>97* they are
still widely used in plant lipidomic analysis.”>”®> However, the
application of direct infusion methods is not without drawbacks.
They show higher ion suppression effects compared to methods
with chromatographic separation, consequently hindering the
analysis of low-abundant lipid species." The selectivity of the
direct infusion approach is limited by the existence of isobaric
precursor and fragment ions.”* The predominantly targeted ana-
lysis involving these methods makes the detection of unknowns
impossible.”* Due to these factors, the shot-gun approach was
rapidly followed by LC-MS for plant lipidomics.”

The LC-MS based methods were highly sensitive with
reduced ion suppression and matrix effects,’® able to detect
novel lipids,”” able to yield reliable identities of lipids even
at low levels and able to separate isomers and isobaric
compounds.”® LC-MS is now considered a comprehensive and
powerful technique for the analysis of complex lipid classes
such as glycerolipids, glycerophospholipids, and glycolipids
and is successfully used in plant lipid research.”® To maximize
the performance of the LC-MS systems, both the LC and MS
methods must be meticulously optimized.*> An ideal LC
method should possess high peak capacity, good chromato-
graphic separation and resolution, reproducibility, selectivity
and sensitivity in addition to being compatible with the data
acquisition cycles in mass spectrometers.*® In general, lipido-
mic methods take long chromatographic analysis times to
separate the large number of lipids, which are present over a
wide concentration range in biological samples, and to separate
isomeric and isobaric compounds.®® Quicker chromatographic
methods can be used; however, several limitations need to be
addressed such as analyte overlap, isotopic interferences and
ion suppression effects.®” To mitigate these effects, ion mobility
can be introduced into the analytical workflow. For example, a
separation method employing an elution time of 3.7 min per
sample has resulted in a reduced number of features compared
to longer chromatographic methods.®® The introduction of ion
mobility to the analytical workflow, increased the peak capacity
and helped to resolve co-eluting species, thereby increasing the
number of detected features.®
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The LC technologies used in modern lipidomics include
reversed-phase chromatography (RPLC), normal phase chroma-
tography (NPLC), hydrophilic interaction liquid chromato-
graphy (HILIC) and supercritical fluid chromatography (SFC).”®
RPLC is one of the most often used techniques utilizing a non-
polar stationary phase and a polar mobile phase where lipid
molecules are separated based on their hydrophobicity, length of
fatty acyl chain, and number and position of double bonds.”® In
general, the retention time of lipids increases with increasing
carbon number and decreases with increasing number of double
bonds. For example, PC 34:6 elutes before PC 36:6 while PC
34:5 elutes after PC 34:6 (Fig. 3). Non-polar lipids, such as TGs
are longer retained in the column while polar lipids such as
lysophospholipids elute faster.

The stationary phase of RPLC consists of silica microparti-
cles containing hydrophobic functional groups such as Cs, Cys,
Cg, C4 hydrocarbon chains or ligands, which may be cyano,
phenyl or amino derivatives with C;g being the most widely
used.”® The polar mobile phase generally contains water and a
water-miscible organic solvent such as acetonitrile, methanol
and isopropanol.”® The development of ultrahigh performance
liquid chromatography (UHPLC) columns and core-shell mate-
rials for columns significantly improved traditional HPLC
techniques providing higher resolution and requiring less
time.®'

NPLC separates lipid classes based on polarity and consists
of a polar stationary phase and a non-polar mobile phase such
as hexane or heptane with a miscible organic solvent like
chloroform, isopropanol or ethylacetate.”® NPLC can only sepa-
rate non-polar lipids like DGs and TGs while phospholipids
cannot be separated using this method.”® In addition, NPLC
methods are lengthy and the highly non-polar organic solvent
systems used in NPLC are incompatible with ESI-MS.?* HILIC is
a more efficient type of NPLC technique that uses less apolar
solvent systems compatible with ESI-MS and separates lipid
classes based on their head group polarity.** The polar sta-
tionary phase consists of silica or functionalized silica while the
mobile phase consists of water and water-miscible organic
solvents.”® A comprehensive description of the theories behind
different chromatographic approaches has been recently pub-
lished by Lange et al. 2019.”° HILIC and RPLC are currently the
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Fig. 3 The elution order of phosphatidylcholine (PC) 34, 36 and 38 carbon lipid species in reverse-phase liquid chromatography (RPLC).
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two most widely applied chromatographic separation techniques
in LC-MS based lipidomics including plant lipidomics.”®**
A direct comparison of HILIC-MS and RPLC-MS based lipidomic
workflows concluded that both can be equally used to accurately
quantify LPCs, LPEs, PCs, PEs and sphingomyelins in human
blood plasma;*> however, no such comparison has been
reported for lipids from plant tissues. An evaluation of HILIC-
MS and RPLC-MS based workflows for plant lipid analysis will be
of great benefit for future studies on plant lipids.

In addition to traditional one dimensional LC methods,
recently two dimensional LC (2DLC) methods have also been
investigated for high-throughput lipidomic analysis of various
samples including human plasma®* and plant tissues.®® In LC,
only one liquid phase separation system is applied to the
analytes in a sample while 2DLC techniques utilize two ortho-
gonal liquid phase separation systems to separate sample
components.®® A study comparing several LC and 2DLC meth-
ods coupled with high-resolution time-of-flight mass spectro-
metry (ToF-MS) revealed that the C18xHILIC approach was the
most effective in comprehensive lipid profiling of extracts of
zebrafish embryos.®” However, the data generated by 2DLC
coupled with mass spectrometry are highly complex and make
an untargeted analysis challenging,®® consequently, advanced
chemometric data analysis has been proposed for such
studies.® For example, a 2DLC setup combining RPLC and
HILIC coupled to a triple quadrupole (QQQ) mass spectrometer
with chemometric data analysis was able to evaluate the effects
of arsenic exposure on the rice lipidome, resolving a larger
number of lipids compared to the LC system.®> However, the
identification of lipids was difficult due to poor detection
sensitivity, likely caused by the dilution due to two successive
chromatographic separations or because it was impossible to
optimize the collision energy.®> While the application of 2DLC
systems in routine lipidomic analysis may be challenging,®
where simple, rapid, user-friendly and proven lipidomic data
acquisition strategies are required, future developments parti-
cularly in data processing workflows may improve its applic-
ability. It is worthwhile to also investigate if the 2DLC approach
can be used to discover novel lipids.

The separation of lipids by LC is followed by transfer to a
mass spectrometer. Mass spectrometers have been used in the
analysis of lipids since the 1980s®*® and over the past decades
have seen substantial improvements in the instrumentation
and data acquisition methodologies. Mass spectrometric ana-
lysis of complex biological samples can be performed using
untargeted or targeted approaches.’® Untargeted methods
aim to comprehensively profile all detectable compounds in a
sample while targeted methods focus on analyzing a pre-
defined set of metabolites.*® In general, targeted methods are
more sensitive and more quantitative, however, only a limited
number of compounds can be analyzed.®® On the other hand,
untargeted methods can provide an unbiased analysis of the
changes in a system and allow the discovery of novel lipids.®
While targeted methods require prior knowledge of sample
matrix and LC-MS properties of the analytes, untargeted methods
do not rely on prior information about the sample matrices and

This journal is © The Royal Society of Chemistry 2021
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are ideal for discovery-focused lipidomic approaches.®* However,
due to the complexity of the data retrieved using untargeted
methods and the unspecific nature of the analysis, some analytes
may go undetected. Furthermore, targeted MS conditions can
specifically be tuned to detect individual compounds, for example
through the selection of optimized collision energies, while this
option is rather limited for the discovery approach.

The commonly used mass spectrometers in lipidomics are
triple quadrupoles (QQQ), quadrupole ion trap (QIT), triple
quadrupole-linear ion trap (QTRAP), orbitraps and quadrupole
time-of-flight (Q-ToF) instruments.>>*" Instruments such as
Q-ToF and Orbitrap provide high mass accuracy at MS and
MS/MS levels and offer both accurate identification and quan-
tification of lipids, although at a lower sensitivity.*°° In contrast,
QQQ mass spectrometers show low mass accuracy but offer high
sensitivity when operated in the multiple reaction monitoring
(MRM) mode.”>®" This makes them the preferred instruments
for quantitative targeted studies including the analysis of low-
abundant lipid species.””*" However, parallel reaction monitoring
also known as MRM high-resolution (MRM"'®) performed on a
high-resolution instrument such as Q-ToF is a more comprehen-
sive, targeted quantitative strategy where all detectable product
ions of a pre-selected precursor ion are scanned in the high-
resolution mode.’® In parallel reaction monitoring a scheduled
algorithm is used, in which a targeted/predefined set of precursor
ions are isolated in the quadrupole followed by fragmentation and
subsequent detection of all the product ions.”” This yields more
accurate m/z and narrower peak widths, and simultaneously
detects up to 100 precursor ions per duty cycle; the intensities
of multiple fragments can be summed for better sensitivity.”>
Untargeted LC-MS based lipidomic analyses were found to be
independent of the type of high-resolution mass spectrometer
used and led to nearly identical results when lipidomic data
acquisitions across nine different platforms (one single ToF,
one Q/orbital ion trap, and seven Q-ToF instruments) were
compared.”® This suggests that the up- and down-regulation
patterns of lipids in biological samples can be studied using
any type of mass spectrometer.*

MS-based lipidomic analyses utilizing high-resolution mass
spectrometers can apply data-dependent acquisition (DDA) or
data-independent acquisition (DIA) strategies.’* With DDA
methods, full scan spectra are recorded at the MS level and
MS/MS spectra are recorded by automatically fragmenting the
precursor ions with an intensity above a certain threshold or as
specified by a user-defined precursor list,*” a given mass range
or by mass defect filters.’® Since the precursor ions for frag-
mentation are selected based on the MS survey scan, the DDA
approach is also known as information-dependent acquisition
(IDA),”* data directed acquisition or data-directed analysis.”
Generally, the most abundant 10-20 precursor ions are selected
for fragmentation using the DDA approach,’® which is also
known as the top-N data-dependent MS/MS approach”® with N
referring to the number of the most abundant precursor ions
used for fragmentation. Therefore, MS/MS spectra of low-
intensity ions will be excluded®® and the reproducibility of
the data is low.”* To increase the coverage of low abundant
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lipids using the DDA approach, an iterative exclusion is
proposed where precursors previously selected for fragmenta-
tion are excluded in subsequent injections.’”*® The application
of the iterative exclusion to DDA workflows has shown to
increase lipid identification by over 50% in some cases.’®

By contrast, the DIA methods collect spectral data of all
fragments without the selection of specific precursor ions,
yielding highly complicated spectra.®® DIA methods include
collision energy switching MS of everything (MS®) also known
as MS*" or all ion fragmentation (AIF)**°° and sequential
window acquisition of all theoretical fragment ion spectra
(SWATH).'® 1In the MS*" approach, the data-dependent
acquisition is performed on all product ions regardless of the
precursor ion. As all precursor ions are sent to the colli-
sion cell for fragmentation, MS*"" relies on good chromato-
graphic separation techniques, such as ultrahigh-performance
liquid chromatography (UHPLC) to obtain quality MS/MS
spectra.’

To reduce the complexity of the spectra generated using
the MS*!" approach, SWATH was introduced by Gillet et al.**°
for proteomic experiments and was quickly adapted for
metabolomic and lipidomic studies.”* However, SWATH still
provided complex spectral data and special software tools
were necessary to deconvolute the data.*® This issue was
solved when an open-source data processing software called
mass spectrometry-data independent analysis (MS-DIAL)
software'®! was introduced to deconvolute the data accumu-
lated by SWATH, which incorporated the LipidBlast'®? library
to identify lipids.'®" At present, the SWATH acquisition
method is immensely popular for untargeted lipidomic
analyses'® and has been used to analyze lipids in human
platelets,”* mouse plasma,'®® and human plasma.'°> More
recently it was adapted for plant lipidomics to analyse lipids
from diverse Arabidopsis tissues.'®®

SWATH is considered to be advantageous over the DDA
methods as it offers full coverage of all MS/MS fragments,
yields more lipid identifications and shows high sensitivity,
which is comparable to MRM reactions on a QQQ.%° Further-
more, the SWATH approach extracts chromatograms not only
at the MS level but also at the MS/MS level whereby reliable
quantification can be achieved at either the ToF-MS or
SWATH-MS/MS levels using precursor or product ions,
respectively.'®* A comparison of the IDA, SWATH and MS*!!
approaches revealed that the IDA methods yield qualitatively
better MS/MS spectra but a lower number of lipid annotations,
while SWATH outperformed the MS*! approach with better
quality MS/MS spectra and identical MS/MS acquisition hit
rates.”®

Here, it should be noted that the method of choice for
lipidomics depends on the purpose of the study® and available
resources (Table 2). The IDA approaches such as SWATH and
Ms*! are ideal for untargeted lipidomic approaches.’®*¢*%7
However, while SWATH can be used for quantitative analyses,
lipid identification and quantification may be far more simple
with targeted MRM methods where quantification of a targeted
set of lipids is the primary focus.
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Lipid identification

High-throughput untargeted data acquisition strategies on
high-resolution mass spectrometers generate a large amount
of spectral data,'°® which makes the accurate annotation of the
mass spectrometric features challenging. Since the launch of
the LipidBlast library in 2013,'°* over 25 commercial and open-
source software tools have been developed to process data and
identify lipids.'® However, there are currently no lipid libraries
developed specifically for the identification of plant lipids.
A customized library for plant lipid identification will be of
great value for plant lipid researchers.

Most of the developed software tools use in silico lipid
libraries, which can be rapidly generated by computing all
possible combinations of fatty acids, head groups, linkages
and backbones with fragments predicted using a simple set
of rules.'®® Commercial software tools include for example
SimLipid (PREMIER Biosoft), Lipid Search™ (Thermo Fisher
Scientific),'® Lipid Annotator software®” (Agilent Technologies),
and Lipidyzer™ platform™’ (Sciex) while freely available open-
access tools include lipid data analyzer 2 (LDA2),""' Lipid-
Blast,'” Competitive Fragmentation Modeling-ID (CFM-ID),"*?
LIQUID,'” MS-DIAL,"*" Greazy,""* lipidr,'" LipiDex,"*®
LipidMS'"” and LipidMatch Flow."'® From these tools, MS-
DIAL is the most commonly used open-source software, which
is compatible with many LC-MS workflows.'*® The acquisition
modes, data processing pipelines and features of the above-
mentioned LC-MS based lipidomic software tools have recently
been reviewed and compared by Ziillig and Kéfeler, 2020*> and
Ziillig et al, 2020."* Despite all these software solutions,
unambiguous structure identification is still a challenging task,
mostly due to the over annotation of lipid identities that cause
false-positive results and demand manual correction of the
lipid annotations.>>**° This problem may be circumvented by
developing a lipid library where the lipid identities have been
manually curated and validated at least for a model organism
such as Arabidopsis. Recently, we have compiled a manually
curated database containing over 800 lipids in Arabidopsis
tissues with information on the precursor m/z values, adducts,
product ions, characteristic fragmentation patterns and reten-
tion times.>® The information therein can be used to confirm
lipid identities and develop targeted MS methods for lipid
analysis.

Lipid quantification

Qualitative analyses focus on the profiling and comparison of
lipids in biological samples while quantitative analyses aim to
provide the concentrations of specific lipids in a biological
matrix using meticulously developed quantification methods
and lipid standards.®® Qualitative comparisons between biolo-
gical samples use a limited number of internal standards or no
standards at all; instead, the peak intensities or area of detected
lipids are compared.” This approach is generally known as lipid
profiling and can provide comprehensive comparisons between

This journal is © The Royal Society of Chemistry 2021
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biological samples when combined with substantive statistical
analyses.>'*!712¢

For the absolute quantification of lipids, ideally, one stable
isotope-labelled internal standard per compound should be
used to account for the ion suppression effects that can arise
from matrix effects and changes in mobile phase composition.*>
Absolute quantification will immediately indicate whether a
lipid is a major or a minor species and allows the direct
comparison of lipidomic results across different laboratories,
which increases the confidence in lipidomic data.' However,
using a lipid standard for each lipid species is almost impos-
sible, particularly in large-scale lipidomic studies where several
thousand lipids are present in the biological sample of
interest.®® Therefore, instead of one lipid standard for each lipid
species, the “minimum standards” established by the Lipido-
mics Standards Initiative'*® require that at least one internal
standard per class should be used for lipid quantification.
However, it is important to note that even then only a relative
quantification can be achieved where the increasing and decrea-
sing patterns of lipids between two samples are compared.'*
While the use of a single internal standard per lipid class may
account for errors in extraction efficiency and systematic errors,
concentrations of individual species cannot be established."
This is because the instrument’s response for different lipid
species even within the same lipid class can differ significantly
depending on various factors."”>'*° For example, the instru-
ment’s response for phospholipids is dependent on acyl chain
length, acyl chain unsaturation, the structure of the polar head
group, total lipid concentration, solvent composition, and
instrument settings.’*® Consequently, multiple internal stan-
dards per lipid class distributed across the entire retention time
range and acyl chain composition would be required for an
accurate quantitative analysis where the concentrations of indi-
vidual lipids need to be recorded.*®'*° Hence, the choice of
quantification strategy depends on the scope of the study, and it
is necessary to carefully consider all the different strategies
before undertaking a lipidomic analysis. The principles of
quantification, selection of internal standards for different ana-
lytical platforms and the factors that affect the accurate quanti-
fication of lipids are extensively reviewed by Wang et al.”

Standardizing lipidomic methodologies

The lipidomics standards initiative (https://lipidomics-standards-
initiative.org/) was established in 2018 to provide guidelines and
standards for lipidomics."*® The first draft of guidelines is now
provided, which covers the entire lipidomic workflow, including
pre-analytics, lipid extraction, data acquisition, lipid identifi-
cation, quantification, method validation, quality control and
data reporting.'?® If the guidelines introduced by the Lipidomics
Standards Initiative'*® are followed by the lipid research commu-
nity, this could enable the cross-comparison of lipidomic data
across many different laboratories. For example, we recently
developed a comprehensive lipid map of Arabidopsis across
development; this includes a catalogue of the major lipids
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observed in different Arabidopsis tissues and provides the initial
framework for a plant lipid database.'® This Arabidopsis lipid
database has great potential to be expanded, for example, by
including profiles of sphingolipids, sterol lipids, oxylipins and
prenol lipids detected in diverse Arabidopsis tissues such as
leaves, stems, flowers and roots, during development. Many
laboratories around the world conduct studies comparing the
lipid profiles of Arabidopsis wild-type and mutants under standard
and various stress conditions. If the data generated from all these
studies can be collated to build a common platform similar to the
Arabidopsis lipid map, this would enable an effective sharing
and comparison of data and results. Following the minimum
standards set by the Lipidomics Standards Initiative'*® would be a
first step towards achieving such a resource that assists the lipid
research community.

Furthermore, to enable the efficient cross-comparison of
lipidomic data, it is advisable to follow the quality control
(QC) guidelines set by the lipidomics standards initiative
(https://lipidomics-standards-initiative.org/). QC in lipidomic
analyses is an important aspect that must be used at all times
to ensure data quality. QC samples are used to stabilize the
analytical instrument, monitor the instrument performance™"
and account for within and between batch variations in mass
spectrometric responses.’*> The occurrence of systemic varia-
tions of instrument’s response within and between batches, for
example, due to variations in mobile phase composition,
system calibration, differences in MS detection sensitivity and
resolution, is often encountered in untargeted LC-MS metabo-
lomics.”** The qualitative and quantitative tools that can be
used to account for batch variations have previously been
evaluated and discussed by Sanchez-1llana et al., 2018'** while
various QC strategies in mass spectrometry-based lipidomics
have been reviewed by Xie et al., 2017."*"

Identifying lipid functions

Plant scientists have studied lipids for over 50 years and their
initial focus was mainly directed at understanding their
biosynthesis.’** The development of Arabidopsis thaliana as a
genetic plant model, and the sequencing of its genome,'**
enabled the exploration of many lipid biosynthetic pathways
including the synthesis of membrane glycerolipids, sphingoli-
pids, triacylglycerols, cutins, waxes and suberins."**"**> With
the advent of innovative mass spectrometric technologies in the
1990s,”" plant biologists started applying mass spectrometry to
study lipid metabolic pathways involved in plant development
and stress responses,”""'*° thereby identifying lipids that act as
substrates and products of enzymes'*” and detecting lipid-
metabolizing enzymes.*" To gain a clear understanding of the
in vivo functions of lipids in plants, often several different
approaches are required including genetic, genomic'® and
biochemical studies. These studies can provide novel insights
into the roles of lipids in plants and the information may help
in designing engineering strategies in biotechnology.'® For
example, TGs have been long known to be the major energy
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reserves in seeds; >'*® however, newer studies have shown that
they are also involved in cell division and expansion,'*® stomatal
opening,'*® membrane lipid remodelling,' organ formation,"’
stress response*’ and pollination.'** This suggests that strate-
gies aiming to increase the amount of TGs in plant tissues for
biodiesel and industrial chemical production must be designed
carefully,” as an overaccumulation of TGs could prove detri-
mental to the growth of such engineered plants."®

It has been estimated that the cellular lipidome comprises
hundreds of thousands of diverse lipids"'** and the plant
cellular sphingolipidome alone may comprise at least 500 and
perhaps thousands of different species of sphingolipids.™**
Theoretically, possible lipid structures exceed 180000 without
even considering all the position isomers, backbone substitu-
tions and stereochemistry. Indeed several million potential
lipids could exist when all structural differences are taken into
account.’® This suggests that much of the plant lipidome is yet to
be fully described and that there are likely many lipid species to
be discovered. However, new species are most often present in
low levels in complex biological matrices compared to other
more common lipids,'®” which is one of the main reasons why
they are yet to be discovered. Due to their low abundance, the
precursor ions will not be selected for fragmentation by data-
dependent acquisition methods in the LC-MS/MS approaches,'®’
which makes it difficult to identify them. In shotgun lipidomics,
the MS/MS spectra of novel species are difficult to interpret due
to the presence of product ions of co-fragmented lipids and
chemical noise.'®” Furthermore, identifying the structures of all
unknown lipids in a complex biological sample is challenging
since thousands of unidentified mass spectrometric features are
detected,” some of which may be artifacts generated from in-
source fragmentation'*®> while some peaks could also be the
result of solvent masses."*® Multiple adduct formation by the
same lipid species and isotopic peaks may further complicate
the identification of novel lipids.**® Together these factors
hinder the systematic discovery of novel lipids.

A strategy that can be used to detect novel lipids is to look
for new peaks in the mass spectra of the treated samples, which
are absent in control samples. Since plant cells often produce
lipids in response to environmental stresses and during the
developmental process,™”’ there is potential to discover new
lipid species through a comparison of lipid profiles from
treated and control plant tissues. Given that the respective
biosynthetic genes are identified first, the functions of newly
discovered lipids can be studied in the corresponding mutants.
For example, a new class of lipids, glucuronosyldiacylglycerols,
was discovered in phosphorus-starved Arabidopsis plants, and
further studies showed that they are essential for protection
against phosphorus depletion.'*® The authors observed a new
peak in the mass spectra of lipid extracts from the leaves of
phosphorus-starved wild-type plants but not in the extracts of
the plants grown with sufficient phosphorus.'*® Further inves-
tigations into the new peak by tandem mass spectrometry
revealed the building blocks to be a glucuronosylglycerol and
two fatty acids, which suggested that the structure is a glucur-
onosylated diacylglycerol."*® The novel compound was purified
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from Arabidopsis leaf material and its structure was established
by nuclear magnetic resonance spectroscopy (NMR)."*® Subse-
quent studies revealed that the glucuronosyldiacylglycerols miti-
gate phosphorus depletion stress as sgd2 mutant plants, which
were unable to accumulate SQDGs and glucuronosyldiacyl-
glycerol, showed severe growth defects under phosphorus limi-
ting conditions."*® In another study, mechanical disruption of
leaf tissue caused by wounding, pathogen attack and cold stress
stimulated the production of an extensive variety of oxidized and
acylated galactolipids in Arabidopsis."*° The enzyme responsible
for the acylation of the galactolipid head group was purified
from oat leaves and subsequently identified using tandem MS.
This led to the identification of the Arabidopsis ortholog, which
was subsequently confirmed through lipid analysis of loss-of-
function mutants.'* These examples highlight that by monitor-
ing the lipid changes of plants subjected to stress conditions and
by comparing the lipid profiles of loss-of-function mutants and
wild-type plants, novel lipids essential for the survival of plants
under challenging environmental conditions can be detected
and their specific functions can be uncovered.

Conclusions

LC-MS based technology is now considered as a powerful tool to
explore lipid biosynthetic pathways, identify lipid-metabolizing
enzymes, and uncover lipid functions.

Plant lipid extraction methods, which were initially adapted
from animal lipid extraction methods, have also vastly
improved and modified to better suit the requirements for
extracting lipids from plant tissue.

Shotgun lipidomics and LC-MS based lipidomics are the two
lipidomic approaches widely used to effectively analyse plant
lipids. For LC-MS based plant lipidomic workflows, there is a
shift towards using high-resolution mass spectrometers such as
QToF and orbitrap coupled with RPLC and HILIC. Most high-
resolution mass spectrometers now offer high sensitivity with
higher resolution that can be used for both targeted and
discovery lipidomic approaches. Nevertheless, the unambiguous
identification of lipids is still extremely challenging and requires
the manual curation of data sets, and yet, no lipid library
specifically built for plant lipid identification is available.

The development of high-resolution mass spectrometers
and comprehensive data acquisition methods enable the detec-
tion of not only known lipid species but also a plethora of
unidentified features. It is currently impossible to identify all
unknown mass spectrometric features that can be detected and
many of them may be due to artefacts. However, recent studies
have shown that by considering lipids as part of an integrated
system with enzymes and metabolites and in the context of
plant function, new lipids essential for the survival of plants
can be identified and studied.
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