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A B S T R A C T

Lipidomics is a relatively recent molecular research field, and explores lipids (fats) and their biology using
advanced mass spectrometry technologies. Although this field has expanded significantly in biomedical and
biotechnological disciplines, it is still in its infancy in molecular parasitology. Our goal here is to review and
discuss technical aspects of MS-based lipidomics and its recent applications to parasitic worms, as well as chal-
lenges and future directions for worm lipid research. In a multi-omic paradigm, we expect that the exploration of
lipidomic data for parasitic worms will yield important insights into lipid-associated biological pathways and
processes, including the regulation of essential signalling pathways, parasite invasion, establishment, adaptation
and development.
1. Introduction

Over the past two decades, substantial progress has been made in the
field of molecular parasitology using genomic, transcriptomic and pro-
teomic technologies (International Helminth Genomes, 2019; Jex et al.,
2019; Ma et al., 2020b; McVeigh, 2020). Numerous studies of parasitic
worms have focused on the identification and characterisation of genes
and proteins (Ma et al., 2020a; McVeigh, 2020). Some of these studies
have identified and/or annotated a large number of genes and proteins
which are associated with the biosynthesis and transportation of lipids
(e.g. International Helminth Genomes, 2019), and significant changes in
transcription/expression profiles in the transition from free-living to
parastitic stages (Laing et al., 2013; Wang et al., 2019b). Other studies
have shown that worm-derived lipids are involved in the regulation of
essential signalling pathways during worm development, host invasion
and/or establishment of infection (Magalhaes et al., 2010; Ma et al.,
2019c). This evidence indicates that multi-omic investigations of para-
sites could benefit from the inclusion of systematic lipidomic data sets.

Lipids have marked chemical diversity (Fahy et al., 2005). According
to the International Lipid Classification and Nomenclature Committee,
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lipids can be classified into at least eight categories, namely fatty acyls
(FA), glycerolipids (GL), glycerophospholipids (GP), sphingolipids (SP),
sterol lipids (ST), prenol lipids (PR), saccharolipids (SL) and polyketides
(PK) (Fahy et al., 2005). Based on their structural and physiochemical
features (e.g. motifs, polarity, charge, shape and molecular mass), lipids
within each of these eight categories can be divided into classes and then
subdivided into individual molecular species. To date (December 2020),
the world's largest public lipid-only database – LIPID MAPS Structure
Database (LMSD) – contains 44,978 unique lipid structures (https://
www.lipidmaps.org/).

In the field of helminthology, the study of lipids is not new. Previous
biochemical studies have used proximate analysis, thin-layer and/or gas
liquid chromatography to identify lipids in parasitic worms, such as
Ascaris lumbricoides (see Greichus & Greichus, 1966), Strongyloides ratti
(see Minematsu et al., 1990), Brugia malayi (see Smith et al., 1996) and
Dictyocaulus viviparus (see Becker et al., 2017). However, due to the
limited capacity of these techniques to resolve the composition of lipids,
there has been only a vague appreciation of the lipid make-up in parasitic
worms. Recently, though, advanced mass spectrometry (MS)-based lip-
idomics has provided a powerful analytical platform to comprehensively
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characterise the composition and abundance of lipids in organisms
and/or tissues thereof (Rustam& Reid, 2018). The use of complementary
technologies, such as fluorescence spectroscopy and high performance
liquid chromatography (HPLC), will enable the dynamics and in-
teractions of lipids to be explored, and lipid-associated signalling path-
ways to be elucidated (Han, 2016; Yang & Han, 2016).

Although lipidomics is an emerging and rapidly developing field in
biology and biomedicine, it is only starting to enter the molecular hel-
minthology arena. To date, a number of lipidomic studies has been
conducted of parasitic worms of major socioeconomic importance,
including Schistosoma mansoni,Haemonchus contortus and Ascaris suum. In
this article, we (i) review current workflows used for MS-based lip-
idomics; (ii) summarise lipidomic studies of parasitic worms conducted
to date; and (iii) discuss the challenges and future directions for lip-
idomics in the field of molecular helminthology.

2. Mass spectrometry-based analytical workflows for lipidomic
investigations

Depending on the desired research outcomes, lipidomic studies can
be “targeted” or “untargeted”: (i) targeted lipidomics usually character-
ises a pre-defined subset of lipids of interest, to address one or more
particular biological questions, while (ii) untargeted lipidomics usually
aims to identify and quantify, in an unbiased manner, all lipids present in
a sample (e.g. organ, organ system, tissue, cell-type or fluid).

Most current protocols start with lipid extraction from biological
samples using an optimised extraction procedure (based on the specific
lipids of interest). Subsequently, mass spectrometry is applied either
directly (i.e. direct infusion – “shotgun”) or with prior chromatographic
fractionation (typically liquid chromatography, LC) to analyse the
complexity of extracted lipids. Then, bioinformatics is employed to
process the raw data, to identify the lipids and to quantify their absolute
or relative abundances (Yang & Han, 2016; Rustam & Reid, 2018). With
rapid advances in MS and bioinformatics, both direct infusion and
LC-linked lipidomics allow the analysis of complex mixtures in a rapid
and large-scale manner. For instance, it only takes ~1 h to quantify
complex mixtures of > 1,000 unique lipid features via high-resolution,
accurate-mass LC-tandem mass spectrometry (MS/MS) (Kiyonami
et al., 2016). On the other hand, imaging-associated MS – such as
high-resolution matrix-assisted laser desorption/ionisation mass spec-
trometry imaging (MALDI-MSI) (Wang et al., 2020a) – has been used
Fig. 1. Typical workflows for mass spectrometry-based lipidomic analyses of para
preparation, MS data acquisition, and data processing and analyses. Abbreviations: MS
matrix-assisted laser desorption/ionisation; ESI, electrospray ionisation; LC, liquid c
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successfully to establish the spatial distribution of lipids in vivo, within
intact tissue samples, in an untargeted manner. A summary of typical
workflows for MS-based lipidomic analyses of parasitic worms is given in
Fig. 1. In the following, we summarise recent applications of such
workflows to parasitic worms (cf. Table 1).

3. Lipidomic studies of parasitic worms

3.1. Trematodes

3.1.1. Schistosoma mansoni
This is one of the most prevalent schistosomes, causing hepato-

intestinal schistosomiasis in humans. There are ~200 million people
affected by schistosomiasis, causing a neglected tropical disease (NTD)
burden estimated at ~ 1.9 million disability-adjusted life years (DALYs)
(GBD 2016 DALYs and HALE Collaborators, 2017; McManus et al., 2018).
Thus far, the lipidome of S. mansoni is amongst the best characterised for
a parasitic helminth. Initial lipidomic studies of this worm (Van Helle-
mond et al., 2006) were focused mainly on specific biological questions
relating to specific lipid synthesis and fatty acid modifications, and
served as a foundation for subsequent, comprehensive analyses of lipids
in S. mansoni.

Lipids of the tegumental surface have been explored; the tegument is
a double membrane structure and the outer surface of flatworms. Thus, it
is at the ‘parasite-host interface’ and plays roles including the active
uptake of nutrients, the elimination of ‘waste-products’ from the worm as
well as immune modulation and parasite survival (Van Hellemond et al.,
2006). Using a MS-based approach, Brouwers et al. (1997) reported
abundant glycerophosphocholine (PC) and glycerophosphoethanol-
amine (PE) species in the tegumental membranes, although less abun-
dant glycerophospholipids, such as phosphatidylinositols (PI),
phosphatidylserines (PS) and lysophospholipids, were not detectable.
Subsequently, using an HPLC-MS method, the same research group
conducted a comprehensive and selective analysis of lipids species of the
major glycerophospholipid classes, namely PC, PE, PI, PS and lysophos-
pholipids, in adult S. mansoni and its tegumental membranes (Retra et al.,
2015). This work successfully identified glycerophospholipids, including
octadecenoic acid-containing PC and eicosenoic acid (20:1)-containing
LPE and LPS, which were enriched in the tegument. Another recent
investigation (Bexkens et al., 2019) explored the biosynthesis and
transport/incorporation of exogenous lipids in S. mansoni eggs and
sitic worms. The steps of lipidomic analysis of worm samples include sample
, mass spectrometry; ES, excretory-secretory; EVs, extracellular vesicles; MALDI,
hromatography; GC, gas chromatography



Table 1
Summary of key lipidomic studies of parasitic worms

Helminth species Samples/developmental stages Analytical platform/approach Aim of study Reference

Schistosoma mansoni Male and female adults MALDI MSI Untargeted lipidomics Ferreira et al. (2014b)
Eggs, miracidia and cercariae MALDI MSI Untargeted lipidomics Ferreira et al. (2014a)
Praziquantel treated male and
female adults

MALDI MSI Untargeted lipidomics Ferreira et al. (2015)

Tegumental surface membranes1 HPLC-MS Targeted lipidomics (glycerophospholipids) Retra et al. (2015)
Eggs, cercariae, adults as well as
their excretory-secretory (ES)
products

ESI(þ) Q-TOF LC-MS/MS Untargeted lipidomics Giera et al. (2018)

Eggs, cercariae, adults as well as
their ES products

ESI(�) Q-Trap LC-MS/MS Targeted lipidomics (eicosanoid and docosanoid) Giera et al. (2018)

Eggs, cercariae, adults as well as
their ES products

GC–MS Targeted lipidomics (fatty acid) Giera et al. (2018)

Eggs and miracidia LC-MS Targeted lipidomics (glycerophospholipids) Bexkens et al. (2019)
Cryosections of male and female
adults

AP-SMALDI MSI Untargeted lipidomics Kadesch et al. (2019)

Tegumental surface of male and
female adults

AP-SMALDI MSI Untargeted lipidomics Kadesch et al. (2020)

Heligmosomoides polygyrus Extracellular vesicles (EVs) UHPLC-MS/MS Untargeted lipidomics Simbari et al. (2016)
Ascaris suum Female adult UHPLC-MS/MS Targeted lipidomics (steroids) Ma et al. (2019a)

L3-egg, L3-lung, L4, male and
female adults, as well as organ
system from male and female
adults

UHPLC-MS/MS Untargeted lipidomics Wang et al. (2020d)

Haemonchus contortus L3, L4, adults UHPLC-MS/MS Untargeted lipidomics Wang et al. (2018)
L3 and L4 (dafachronic acid
treated)

UHPLC-MS/MS Untargeted lipidomics Ma et al. (2020b)

Organ system of female adults UHPLC-MS/MS Untargeted lipidomics Wang et al. (2020c)
Toxocara canis Female adult ESI(�) UHPLC-MS/MS Targeted lipidomics (steroids) Ma et al. (2019a)
Trichinella papuae L1 (muscle-stage) ESI(þ/�) LC-MS/MS Untargeted lipidomics Mangmee et al. (2020)
Onchocerca volvulus Male and female adults Shotgun ESI Q-TOF MS/MS Targeted lipidomics (glycerophospholipids) Wewer et al. (2017)
Onchocerca ochengi Male and female adults Shotgun ESI Q-TOF MS/MS Targeted lipidomics (glycerophospholipids) Wewer et al. (2017)
Litomosoides sigmodontis Male and female adults Shotgun ESI Q-TOF MS/MS Targeted lipidomics (glycerophospholipids) Wewer et al. (2017)

Abbreviations: L1, the first-stage larvae; L3-egg, the infective third-stage larvae, L3-lung, the third-stage larvae migrated to host lung tissue; L4, the fourth-stage larvae;
female adult, the adult-stage female worm; male adult, the adult-stage male worm; MALDI, matrix-assisted laser desorption/ionisation; MSI, mass spectrometry imaging;
HPLC, high performance liquid chromatography; MS, mass spectrometry; ESI, electrospray ionisation; Q-TOF, quad time of flight; Q-Trap, Quadropule ion trap; GC, gas
chromatography; LC, liquid chromatography; SMALDI, scanning microprobe matrix-assisted laser desorption/ionisation; UHPLC, ultra-high performance liquid
chromatography.
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female adults. By tracking [14C]-labelled FAs via energy metabolism, this
study showed that S. mansoni was not able to oxidise FAs and that
host-derived FAs accumulated in the eggs within female worms, which
are likely required for biosynthetic purposes.

In a more global context, Giera et al. (2018) employed three com-
plementary MS-based lipidomic approaches to characterise the lipidomes
of three developmental stages (i.e. egg, cercariae and adults) of
S. mansoni as well as excretory/secretory (ES) products from each of
these stages. Quadrupole ion trap (Q-Trap) LC-MS/MS was used for the
analysis of eicosanoids and docosanoids, and gas chromatography
(GC)-MS) and quadrupole time of flight (Q-TOF) LC-MS/MS platforms
were employed to discern total FAs and other major lipid classes. This
global lipidomic study allowed a first lipid database to be established to
enable studies of the biology of lipids in schistosomes, but also identified
lipids (including prostaglandin D2 and E2) proposed to have immuno-
modulatory roles and possible implications for developing interventions
for inflammatory disorders in humans (Giera et al., 2018).

Schistosomes, as multicellular organisms, have differentiated tissues
and highly specialised organs with diverse molecular compositions
(Wendt et al., 2020). Advanced MS imaging (MSI) provides an ideal tool
to identify the spatial distribution of lipids in intact parasitic worms. As
proof of concept, Ferreira et al. (2014b) used MALDI-MSI to explore the
distribution of lipids in the surface of adult S. mansoni (see Ferreira et al.,
2014b). Using an image acquisition of 50 μm-raster width, lipids of
multiple classes (e.g. diradylglycerols (DG), triradylglycerols (TG) and
PC) were characterised in tegument and suckers. The complementary use
of MALDI-TOF-MS plus infusion electrospray ionisation (ESI)-MS defined
lipid profiles in adult worms and other developmental stages (i.e. eggs,
3

and cercariae) that were distinct among different S. mansoni strains
(Ferreira et al., 2014b). In a subsequent study, the established
MALDI-MSI-based platform was utilised to identify molecular pathways
in adult worms affected by praziquantel treatment (Ferreira et al., 2015).

Limited by the procedure of sample preparation and relatively low
image resolution, the MSI method used initially (cf. Ferreira et al.,
2014b) was unable to discern lipids in internal organs and the anterior
and posterior parts of worms. However, Kadesch et al. (2019) recently
overcame these limitations through the optimisation of both sample
preparation and image acquisition (at lateral resolutions of 10 μm and
5 μm), successfully establishing a novel, untargeted protocol for the
detailed analysis of lipids in cryosections of S. mansoni. Using this opti-
misedMALDI-MSI workflow, the same research group (see Kadesch et al.,
2019) comprehensively characterised the lipidomes of cryo-sectioned
adult worms (separate males and females as well as pairs) of this spe-
cies in a spatially-resolved manner (Kadesch et al., 2020). For the first
time, these authors were able to characterise pronounced differences in
lipid classes, abundance, FA composition and the degree of saturation
between the tegument and parenchyma of S. mansoni.

MS-based lipidomics has also been used to explore the host-parasite
interplay between S. mansoni and a mammalian host. Bexkens et al.
(2020) characterised and compared the lipid compositions of
host-derived, circulating extracellular vesicles (EVs) in
S. mansoni-infected hamsters with those of uninfected hamsters.
Intriguingly, although no parasite-derived proteins or lipids were
detected in EVs in infected hamster blood, published evidence (Bexkens
et al., 2020) indicates that worm infection can influence the protein
and/or lipid composition of host-derived EVs.
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3.2. Parasitic nematodes

3.2.1. Heligmosomoides polygyrus (or H. bakeri; see Behnke & Harris,
2010)

For parasitic nematodes, lipidomics was first applied to the intestinal
nematode H. polygyrus (Simbari et al., 2016) to investigate the lipid
composition of EVs. Using ultra-high performance liquid chromatog-
raphy (UHPLC)-MS/MS, Simbari et al. (2016) showed an up to 62-fold
enrichment of ether-linked glycerophospholipids and a lower abun-
dance of cholesterol and sphingomyelin in EVs secreted byH. polygyrus as
compared with host-derived EVs. Biophysical analyses – using a mem-
brane fusion assay – and studies of synthetic vesicles (Simbari et al.,
2016) have indicated that ether-linked glycerophospholipids provide the
stability and rigidity in nematode EV membranes, compensating for low
levels of cholesterol and sphingomyelin.

3.2.2. Onchocerca volvulus, O. ochengi and Litomosoides sigmodontis
In addition to the study of exosome stability, lipidomics has also been

employed to identify parasite-specific molecules as potential biomarkers
for filariasis (including onchocerciasis, or river blindness). Using a direct
infusion ESI Q-TOF MS/MS approach, the composition of glycer-
ophospholipids was investigated in three distinct species of filarioids –
i.e. O. volvulus, O. ochengi and L. sigmodontis as well as in the host serum
and fluid from within nodules (Wewer et al., 2017). Targeted shotgun
lipidomic analysis revealed substantial amounts of ether-linked PC and
PE in all three species. Although no parasite-specific lipids were detected
in the serum from infected hosts, nematode-derived ether-linked PE
species (i.e. PE(e38:4), PE(e40:8) and PE(e40:9)) were enriched in fluid
taken from O. ochengi nodules from the host, suggesting that such accu-
mulated ether-linked PE lipids might be used as biomarkers for the
diagnosis of river blindness (Wewer et al., 2017).

3.2.3. Haemonchus contortus
This haematophagous (‘barberʼs pole’) worm infects hundreds of mil-

lions of small ruminants (e.g. sheep and goats) worldwide, causing world-
wide economic losses estimated at $3.3 billion per annum (Evans &
Chapple, 2002; Gasser & von Samson-Himmelstjerna, 2016). Genomic
(Laing et al., 2013; Schwarz et al., 2013; Palevich et al., 2019; Doyle et al.,
2018, 2020), transcriptomic (Salle et al., 2018; Ma et al., 2018b, 2019;
Stasiuk et al., 2019) and proteomic (Wang et al., 2019a, b, 2020b) in-
vestigations ofH. contortushavenotonly detected awide rangeofmolecules
(i.e. genes and proteins) involved in lipid metabolism and transportation,
but also revealed marked alterations in transcription or expression of
selected lipid-associated genes and proteins during the development,which
could relate to dynamic changes in the lipidome of H. contortus.

Some studies have taken the first step to study the lipidomes of
H. contortus and its stages, organ systems and tissues. Recently, we char-
acterised the developmental lipidome of H. contortus using an untargeted
approach (Wang et al., 2018). A total of> 500 lipid species representing 18
lipid classeswithin four lipid categorieswere identifiedandquantified insix
key developmental stages/sexes. The relative quantification data showed a
significant shift in lipid abundanceduring the transition from the free-living
to the parasitic phase of the life-cycle, particularly for lipid species (e.g. TG,
PC, PEand ether-linked lipids),with essential roles in cellular processes and
functions (linked to nutrient acquisition and/or membrane remodelling),
suggesting dynamic changes as the nematode adapts to varying environ-
ments without and within the host animal (Wang et al., 2018). Extending
this work, we used a similar, untargeted approach to gain insight into lipid
composition and abundance in the organ systems (i.e. alimentary and
reproductive systems) of the adult female of H. contortus (see Wang et al.,
2020c). We discovered very high levels of energy storage-related TG lipids
in the gravid uteri of female worms, suggesting that they are essential for
egg and larval survival and development.

Apart from studying lipid composition, there has been an increased
focus on understanding the molecular and biochemical basis of dauer
signalling pathway-regulated development of parasitic nematodes
4

(including hypobiosis and larval activation) (Wang et al., 2009; Zhi et al.,
2012; Albarqi et al., 2016; Ma et al., 2019b). Lipidomic investigations are
likely to become critical to underpin this area. Recently, we used targeted
lipidomics to measure endogenous delta(7)-dafachronic acid (a steroidal
hormone that binds to the nuclear hormone receptor DAF-12 to regulate
development), following the exsheathment and activation of free-living
larvae of H. contortus (see Ma et al., 2019c). We observed a positive
correlation between the concentration (0–1.25 μM) of
delta(7)-dafachronic acid and larval development after 48 h of in vitro
culture. Furthermore, untargeted lipidomics was conducted to measure
the potential impact of the negative feedback circuit – a signalling
mechanism to regulate nematode development – on lipid metabolism;
the results indicated that the dafachronic acid-DAF-12 module promotes
the degradation of glycerolipids (e.g. DG(32:1) and TG(42:2)) and the
biosynthesis of glycerophospholipids (e.g. PC(35:4), PC(33:0) and
PI(35:4)) (Ma et al., 2019c).

3.2.4. Ascaris suum and Toxocara canis
These are two important ascaridoid nematodes which cause ascariasis

and toxocariasis, respectively, in animals including humans (Crompton,
2001; Ma et al., 2018a). Recently, lipidomics has served as a comple-
mentary means of verifying the bioinformatically-inferred dauer-like
signalling pathways of A. suum and T. canis (see Ma et al., 2019a).
UHPLC-MS/MS analysis was employed to detect endogenous steroidal
hormones in these two ascaridoid species, and specifically identified two
distinct isomers of endogenous dafachronic acid (i.e. delta(4)- and
delta(7)- dafachronic acids) in adult worms. Interestingly, delta(7)-DA
dominated in A. suum, whereas delta(4)-DA was enriched in T. canis
(see Ma et al., 2019a).

Recently, we also investigated the lipidomes of key developmental
stages/sexes as well as organ systems of A. suum using high throughput
LC-MS/MS (Wang et al., 2020d). Approximately 600 lipid species
belonging to 18 lipid classes were identified. Similar to results for
H. contortus (see Wang et al., 2018, 2020c), there was a substantial
difference in the composition and abundance of lipids with essential
roles in cellular processes and functions (e.g. energy storage regulation
and/or membrane structure) among different developmental stages
and organ systems, likely reflecting the differing demands for lipids for
parasite development, reproduction and adaptation to constantly
changing environments. Notably, the semi-quantitative method (i.e.
normalised molar amounts in relation to the dry weight of worm
material) established in this study provides an efficient and
cost-effective means of undertaking comparative lipidomic analyses of
the model species Caenorhabditis elegans and other parasitic nematodes
of interest.

3.2.5. Trichinella papuae
The lipidome of first-stage larvae (L1s) of T. papuae has also been

characterised by LC-MS/MS to identify potential therapeutic targets
(Mangmee et al., 2020). In total, 255 glycerophospholipids, 62 glycer-
olipids, 33 sphingolipids and 25 FAs with unique molecular structures
were identified in a single experiment using this approach. The com-
parison of T. papuae and the human lipidomes showed that more than
half of lipid species identified in T. papuae were absent from the human
lipidome, indicating distinctive lipid profiles in the parasite and the host.

4. Challenges and future perspectives

Although lipidomic investigations have been conducted only on a
limited number of helminth species, some progress has been made to
enhance our knowledge of lipid-associated signalling pathways, lipid
synthesis and fatty acid modifications. However, the more insights we
gain from these studies, the more we will appreciate the complexity of
the lipidomes and lipid functions in parasitic worms. In parasitology,
lipidomics is in its infancy, and there is whole new ‘fatty world’ to be
discovered in worms.
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4.1. Need for worm-specific lipid standards

For MS-based lipidomic explorations, confident identification and
accurate quantification of lipids rely on comparisons with authentic
internal standards; ideally, using representative lipids from the same
lipid class that exhibit similar ionisation and fragmentation behaviours
under the same analytical conditions (Sumner et al., 2007; Rustam &
Reid, 2018). Unfortunately, no specific standards are commercially
available for worms, including the free-living nematode C. elegans (see
Witting & Schmitt-Kopplin, 2016). Since worms synthesise odd chain
FAs (Watts & Ristow, 2017), and their lipidomes contain larger pro-
portions of odd chain FA-containing lipids compared with mammals
(Wang et al., 2018), many mammal-specific reference standards (which
contains odd chain fatty acids; e.g. PC(17:0/17:0) are not suitable for
lipidomic studies of worms. As we have shown recently (Wang et al.,
2020d), lipid standards comprising isotope-labelled analogues can offer
a solution for quantitative analyses of worm lipids, but there is still a
need for specific standards, such as dafachronic acids, to serve as proxy
for the precise characterisation of worm specific lipids of biological
importance (cf. Ma et al., 2019a; Ma et al., 2019c). Moreover, it will be
critical that chemical structural information on worm specific lipids be
entered into databases and be accessible for accurate and comprehen-
sive characterisation/annotation using informatics (e.g. via
LipidSearch).

4.2. Integrative ‘omics

With the development of advanced nucleic acid sequencing, MS-
based ‘omics (e.g. proteomics), bioinformatics and functional genomic
technologies, huge data sets and information have become available for
parasitic worms over the last two decades. This context creates unprec-
edented opportunities to integrate such data sets with lipidomic data,
which will be critical for systems biological investigations. Recent studies
illustrate the usefulness of a multi-omics approach. For example, Ma et al.
(2019b) reconstructed the dauer signalling pathway model for
H. contortus by integrating genomic, transcriptomic and proteomic data
sets. Subsequently, these workers (Ma et al., 2019c) combined lipidomic
with transcriptomic and proteomic data to explore the roles of dafach-
ronic acid (a bile-acid like steroid hormone) in promoting larval devel-
opment, in modulating dauer-like signal transduction and in lipid
metabolism in H. contortus.

Encouragingly, a recent large-scale genome-lipid associationmapping
study using a mouse model demonstrated the potential of cross-linking
available genetic information with global lipid data (Linke et al.,
2020). If such large-scale mapping work could be extended to selected
worm species for which chromosome-contiguous genomes have been
defined, this would open up opportunities to elucidate the genetic
regulation of lipid metabolism.

4.3. MSI-based lipidomics of parasitic nematodes

As described in Section 2, the MS-based imaging technique provides a
‘non-invasive’ tool to identify and localise lipids in intact worms. Despite
this first success for flatworm research (Ferreira et al., 2014b; Kadesch
et al., 2020), there is a dearth of MS-based imaging studies in parasitic
nematodes, although some initial work has been conducted on C. elegans.
Three preliminary studies using MALDI-MS and TOF-secondary ion
MS-based platforms (Geier et al., 2012; Patti et al., 2014; Menger et al.,
2015) have been assessed and have showed potential for applications to
nematodes. However, compared with what has been achieved in schis-
tosomes, the spatial resolution of lipids was not sufficient for routine use
in C. elegans. Witting & Schmitt-Kopplin (2016) recommended that im-
provements in sample preparation and instrumentation (relating to
spatial resolution) will be needed to make this work well. In the near
future, we hope that such tools will allow the identification and quanti-
tation of lipid species in situ in whole worms, and that analyses of the
5

temporal and spatial changes in lipid profiles will ‘shine a light’ on the
biology of lipids in parasitic nematodes.

4.4. Single cell lipidomics

To date, no study has comprehensively explored the lipidomes of
single cells from worms. Compared with transcriptomics and prote-
omics, single cell lipidomics is still in its infancy (reviewed by Cou-
villion et al., 2019). The analytical sensitivity of modern MS
instrumentation is as low as the concentration of amol/mg dry protein
of tissue, which is within the range of that in single cells (i.e. ranging
from fmol to amol) (Hu & Zhang, 2018). In practice, the bottleneck in
applying lipidomics to single cells is sample preparation (e.g. isolation
and extraction of purified single cells) rather than MS detection. The
recent, successful application of single cell RNA sequencing to the
flatworm S. mansoni (see Wendt et al., 2020) and the free-living nem-
atode C. elegans (see Packer et al., 2019) demonstrate the feasibility of
capturing the most immediate and dynamic molecular alterations in
individual cells of worms. We hope that similar developments will
accelerate the study of lipidomes of other parasites.

5. Concluding remarks

Although lipidomics is in its infancy in parasitology, studies in other
biomedical disciplines have demonstrated some key biological roles
that lipids play in organisms, tissues and cells (e.g. Yang & Han, 2016).
Given the technological advances in mass spectrometry made recently,
there is major merit in including lipidomics in the helminthology “tool
kit” to enable ‘systems biological’ investigations of parasitic worms
using multi-omic approaches. As this new frontier develops and ex-
pands, we hope to see a deepening of the knowledge and understanding
of the structures and functions of different lipid species/classes in so-
cioeconomically important parasitic worms in a search for new and
innovative approaches for the diagnosis, treatment and/or control of
helminthiases.
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