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Abstract

Neglected tropical diseases (NTD) are a burden to one billion humans in the (sub-)tropics
and poverty-related regions, worldwide. Schistosomiasis, caused by the parasitic flatworm
Schistosoma mansoni, is one of those NTDs. The disease is currently spreading because of
climate change and migration, exposing approximately 700 million people to the risk of
infection. Therefore, novel strategies are required to prevent infection and to eliminate the
worm burden. One promising drug target is the surface (tegument) of adult male and female
schistosome worms. Schistosomes live in constant pairing contact, established via the
teguments of male and female, as a prerequisite for egg production. Living in the blood
stream, they are also in contact with the host’s immune system and therefore require
immune evasion, moderated by the outer tegument. Lipids are one major class of
constituents of the tegument, but limited information is available on its exact biochemical
composition. The abundance and spatial distribution of lipids is therefore of high interest. MS
is the technique of choice to answer this research question, as it allows multiplexed lipid
detection in a nontargeted analysis approach. AP-SMALDI MSI is capable of delivering high
spatial resolution in the micrometer range. Due to the small size of Schistosoma
(approximately 500 um in length), this high lateral resolution is essential to resolve detailed
structures within the worms. In addition, this technique requires low sample quantities, and
recent instrumental advances enable analysis of 3D-surfaces.

We utilized MSI to investigate and characterize the spatial distribution of lipids on the surface
of adult schistosome worms in comparison to their inner tissue. However, there are no
suitable protocols available for production of the necessary cryosections and analysis by
MSI. To overcome this limitation, different embedding protocaols, like the classical embedding
in cryomolds were tested and modified, e.g. by centrifugation steps for improved planarity.
However, embedded worms were lacking planar orientation and sections were not intact
after cutting. Also, the tissue was partially disrupted during this process, leading to poor
section quality. Finally, a microembedding approach was developed, which uses small
qguantities of gelatin and represents a high-precision approach. This protocol allowed
preparing consecutive high-quality cryosections of a mating worm couple. MS ion images of
intact couples revealed differences between male and female in metabolites and lipids.
Detailed structures observed from light microscopic images were retained in ion images at
10 um and 5 um spatial resolution. To further investigate putative isobaric interferences, on-
tissue tandem mass spectrometry imaging (MS?l) was utilized to trace characteristic lipid
fragments across the tissue and to demonstrate the high sensitivity of the setup even at a
lateral resolution < 10 um. This work was summarized in publication one and enabled the
investigation of surface in comparison to the inner tissue of schistosomes.

High-resolution MSI of male and female surfaces and couple sections was conducted. An
LC-MS/MS-based data repository in combination with unsupervised ion image annotation
using the “Metaspace” software was employed for lipid assignment. Multivariate statistical
analysis of MSI data by hierarchical clustering revealed deviating signal intensities of lipids
on surface vs inner tissue of the worm. PC and specific PE signals were enhanced inside the
worm, while SM, PS, LPC and other PE lipids were more abundant on the surface. These
findings were in accordance with literature, but enhanced the compositional information from
lipid class level to lipid species level. In addition, for PEs, the number of carbon atoms in the
fatty acyl chains was found to be decreased on the surface in comparison to the inner tissue.
Differences between male and female surface compositions were observed as well. Several
sex-specific TGs were found, which differed in numbers of fatty acid carbon atoms and
double bonds. For the first time, differences in lipid composition were found between male



and female S. mansoni worms. Now a broad toolbox of preparative and data interpretation
workflows is available to the scientific community, adaptable to a variety of research issues.

Chapter I - Synopsis
Introduction and Motivation

Mass spectrometry (MS) has become a valuable tool in natural sciences over the past
decades. For the nontargeted analysis of biomolecules, MS is currently the technique of
choice applicable to the detection of a vast variety of molecules simultaneously as it allows
identification, quantitation with high sample throughput. Since its invention in 1994, MALDI
MS imaging (MSI) has become an emerging technigue, allowing for the investigation of the
spatial distribution of biomolecules in a wide variety of tissues which is of high interest for the
life sciences.>* Matrix-assisted laser desorption/ionization (MALDI) MSI is the most
promising technique for MS imaging, as it is capable of analyzing the distribution of
unfragmented biomolecules with a high spatial resolution of typically 5-10 pm°™® down to
1.4 pm,** and recent advances in instrumentation enable 3D-surface analysis.” However,
protocols and applications for the most recent technical advances are very sparse yet.

Neglected tropical diseases (NTD), endemic to (sub-)tropical and poverty related regions, are
threatening millions of people worldwide. This brings the human pathogen Schistosoma
mansoni, causing schistosomiasis, also known as bilharzia, into research focus.'
Schistosomes are parasitic flatworms (trematodes or blood flukes) which have developed
two different sexes. Male worms are up to 1 cm long and several-hundred micrometer thick,
while the female can be longer but thinner. Research should concentrate on understanding
this parasitic disease on a fundamental, biological level in order to develop strategies to
counteract spreading and severe impairments associated with this disease. It is known that
the tegumental surface of schistosomes comprises a wide variety of lipids, which is expected
to be of high biological importance,® since the parasite resides in venules and is therefore in
constant, direct contact with the host. Therefore, permanent interaction between the immune
systems of both, host and pathogen, occurs. The schistosome surface comprises mostly
lipids. Host-derived lipids are acquired and subsequently modified by the parasite to obtain
specialized lipids, expected to be crucial for its survival.”> However, knowledge on the exact
composition is limited and thus the picture is far from complete for understanding the function
of individual key components. For nontargeted, spatial analysis of lipids in such small
schistosomes, high-resolution 3D-surface atmospheric pressure scanning microprobe MALDI
(AP-SMALDI) MSI is the technique of choice. One major advantage of the technique is that
MS and MSI analyses require low sample quantities.” Therefore, the biological model system
S. mansoni is ideally suited for investigating the spatial distribution of lipids on the surface
compared to the worm inner tissues by MSI.

The anatomical structure of adult schistosome worms is complex as they comprise a number
of organs. Amongst those, the sexual organs are of high interest as they are key for
reproduction. The preparation of tissue sections is required to access these inner organs of
the sub-millimeter-sized worms. However, there was no protocol available to obtain
longitudinal sections, in which the shape and structure of adult worms is preserved and
which is also compatible with MSI. Additionally, tissue sections are a pre-requisite for
characterizing the tegumental surface in comparison to the inner structure of the worms.
Therefore, the first step of our work was to develop a sectioning procedure which is
compatible with MSI and which enables the preparation of longitudinal tissue sections,
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allowing to allocate single organs and to investigate paired couples. This work was described
in publication number one. To put this information into biological context, the surface of
previously coupled male and female worms was compared to signals from the worms’ inner
tissues in biological triplicates. After data acquisition, unsupervised annotation and
subsequent MS?based identification, a self-developed multivariate statistical analysis
workflow was employed for data reduction and classification of ion signals into biological
groups. Differentially abundant lipid signals were found for surface and inner worm tissues
across several lipid classes. In addition, differences between male and female surfaces were
found, mostly regarding triglyceride (TG) lipids. Our findings were in line with published
literature but enhance the knowledge on lipid species level enabling tailored research on lipid
drug targets. This work was described in publication number two.

Mass Spectrometry

Mass spectrometry is a technique applied to ions, determining the mass-to-charge-number
(m/z) ratio. In a mass spectrum, the signal intensity is plotted against the m/z ratio, resulting
in peaks. Besides the qualitative information, the signal intensity is proportional to the
concentration, thus simultaneously enabling quantification. Based on the accurate mass,
compound structures can be assigned using databases, based on ppm-range mass
accuracy. One of the most important values in MS is the calculation of mass resolution (R),
determining the peak width of a signal (m) for example at half-maximum (4Amsq,), according
to Equation 1. This number is a measure to describe the separability of two peaks by a mass
spectrometer.

m/z
Am/z50q,

Equation 1: Calculation of mass resolution from an MS peak. Mass resolution (R), mass-to-charge-number
ratio (m/z) and half-maximum peak width (Am/zsos).™

Another important parameter, especially to estimate the probability of true-positive database
assignment, is mass accuracy (Am/m). Equation 2 describes the deviation of observed mass
(mes,) from theoretical mass (my,) relative to the theoretical mass. Mass accuracy is typically
reported in parts-per-million (ppm).

Mops. — Myp,

Am/m =
Mth,

Equation 2: Calculation of mass accuracy from empirical and theoretical values. Mass accuracy (Am/m),
observed (Mops,) and theoretical mass (mp.).™

Besides solely relying on exact mass determination and database assignments, identification
can be conducted by performing fragmentation experiments and comparing fragmentation
spectra to those of authentic standards. The most common fragmentation mechanism is
collision-induced dissociation (CID). An ion package of a small m/z range, typically belonging
to only one substance, is isolated as the precursor. Collisions are induced by introduction of
an inert gas at elevated pressure and subsequent acceleration of the ions, ultimately leading
to dissociation into product ions. Depending on substance class, characteristic fragment ions
occur, which serve for structure elucidation and thus identification.

A wide variety of mass spectrometers is available for mass analysis. The most common
mass analyzers are (triple-)quadrupole (QqQ), time of flight (ToF), fourier-transform ion
cyclotron resonance (FT-ICR) and orbital trapping instruments. The relative numbers of
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publications reporting the use of these four mass spectrometer types are shown Figure 1. To
date, predominantly ToF-analyzers are used. However, market share decreases because of
the newly developed orbitrap instruments. In the early 2000s, the use of QqQ increased and
since 2011 remained constant. FT-ICR mass analyzers, as first commercial and widespread
high-resolution MS instruments, were extensively used in the 90s. However, the market
share decreased in the 2000s and is relatively constant since 2010. The latest MS
technology are the orbitrap instruments. After introduction of commercial instruments in
2005, the market share increased each year. Most likely, many researchers replaced ToF
and FT-ICR instruments by orbitrap instruments as they offer high mass resolving power and
accuracy at adequate scan speeds and require fewer resources than FT-ICR instruments.
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Figure 1: Mass analyzers used in scientific literature per webofknowledge.com-database search published
between 1995 and April 2019.

MALDI for analysis of large biomolecules by use of an organic matrix was described by
Karas and Hillenkamp in 1988.%° An organic matrix, nicotinic acid, was used for controlled
energy uptake and soft desorption of biomolecules, allowing desorption and ionization of
proteins above 10 kDa by an ultraviolet laser system.’® Because of the “soft” ionization
character of MALDI, intact quasi-molecular ions can be observed, similar to electrospray
ionization (ESI).***® Nowadays, organic matrices are widely used by the MALDI community
with the most prominent matrix being 2,5-dihydroxybenzoic acid."

In MALDI, the matrix serves to dilute and spatially separate the analytes.”® Laser-generated
photons are absorbed by the matrix, leading to transition into the gas-phase of both, matrix
and analyte.” To date, the most prominent model for MALDI is the so-called “lucky-survivor
model”.?® Upon laser irradiation, negatively and positively charged ions in different charge
states and neutral particles are obtained.”® In the MALDI-plume, emitted with high initial
velocity and velocity spread, neutralization occurs upon rapid recombination of particles,
proportional to charge state.? Singly charged ion species are the “lucky survivors” of this
process.”

Fenn et al. published the concept of ESI for analysis of (large) biomolecules in 1989.%
Nowadays, ESI is one of the most commonly used ionization techniques in bioanalysis
worldwide.? ESlI is a spray ionization method in which a substance is transferred from liquid-
neutral to gaseous-ionized state.'’?* The “soft” ionization character of ESI leads to intact
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guasi-molecular ions, compared to more “hard” ionization techniques prone to analyte
fragmentation.”> The benefit over classical soft ionization techniques is that ESI can be
operated ex vacuo, under ambient conditions.?* This enables in-line coupling of liquid
chromatography (LC) to MS, as is commonly used in bioanalysis.*"#

In ESI, a liquid analyte-containing solution is pumped through a stainless steel capillary at
microliter-per-minute flow rates. An electrostatic field of several kV/mm is applied between
capillary and MS-inlet.'”** Excess charge at the needle tip leads to formation of fine, charged
droplets because of Coulomb forces induced by the electric field.”* At elevated temperatures
in the MS interface region, solvent evaporates from the fine droplets until the surface charge
density exceeds the Rayleigh limit and Coulomb explosion/repulsion leads to smaller
daughter droplets.”> A series of this cascades yields quasi-molecular ions suitable for
detection by MS.#

In 2000, Makarov published the concept of an electrostatic axially-harmonic orbital trapping
mass analyzer, also known as orbitrap.?® Coupling to an ESI ion source was published in
2003, which opened the field for commercial success and widespread use by the scientific
community.?*?® The orbitrap consists of a spindle-like inner electrode and a split, barrel-like
outer electrode.”® lons are trapped in an electric field induced between inner and outer
electrode, forcing ions to orbit on stable trajectories around the central electrode.?®
Oscillation in axial direction induces an electric current at the split, outer electrode.® A
frequency spectrum is obtained by time-domain transient and subsequent Fourier-
transformation.?®? The mass-to-charge dependency of the axial oscillation frequency (w) is
described in Equation 3.2 Obtained mass spectra show characteristics of a high mass
resolving power above 100,000 at m/z 200 in combination with a high mass accuracy in the

lower ppm range.®
)
w=|—
m

Equation 3: Description of ion motion in an orbitrap. Axial oscillation frequency (w), axial restoring force
(k), charge (q) and mass of an ion (m).23'27

1,

Well-controlled ion injection into the orbitrap is key to obtain high mass resolving power and
accuracy.” First versions used electrostatic lenses to guide ions into the orbitrap, demanding
discontinuous ion supply.?**®> Implementation of a linear quadrupole ion trap or C-trap, a C-
shaped linear ion trap, allowed collection of dense ion packages prior to HRMS analysis.*
Ejection of the ion package in nanosecond pulses forces the ions onto more stable
trajectories.?® The accumulation of ion packages does not only increase sensitivity but also
leads to an increase in mass resolving power and higher dynamic range, because of fewer
axial dephasing.” Additionally, by implementation of a “lock mass” function, recalibration of
mass spectra to ubiquitous contaminants on the fly, sub-ppm mass accuracy can be
obtained.”® Solely based on MS' spectra, database assignments are a valuable tool for
assigning molecular structures to m/z values. However, only MS? experiments enable reliable
compound identification. This feature was not available for orbitrap mass spectrometers. To
overcome this limitation, an octapole collision cell was implemented at the back end of the C-
trap.”® Fragmentation experiments enable the aforementioned reliable identification of
biomolecular compounds, especially because of FT orbitrap performance characteristics
available in MS?.?° To date, the setup described here is state-of-the-art and globally used by
the bioanalytical community.?
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Mass Spectrometry Imaging

Classical biological techniques such as (immuno-)staining are either very unspecific or are
tailored for recognition of one particular analyte or class.?***" Knowledge of the sample
composition concerning target-molecules is required prior to investigation.>**"% In addition,
production of customized, novel antibodies for immunostaining is time consuming and
typically requires animal experiments.® In contrast, MSI is able to detect a large variety of
biomolecules in a complex sample, label-free and multiplexed.” To investigate the spatial
distribution of unknown substances, a wide variety of MSI* tools are available.***3*

The most common MSI ionization techniques are MALDI and desorption electrospray
ionization (DESI).* The ionization process in DESI is taking advantage of electrospray
ionization.*®* An electrospray, consisting of primary, charged solvent droplets is directed
towards the sample surface, where analyte molecules are dissolved and desorbed.®
Secondary charged and analyte-containing droplets are attracted by the MS inlet because of
an electric field.* The benefit of DESI is that multiple charging is obtained and no matrix has
to be added.® The spatial resolution is less than one millimeter,* with a minimum of 35 pm.*’
MALDI on the other hand has a spatial resolution of 5-10 pm,** but only singly charged ions
are obtained.?’ By combination with ToF MS, analysis of large biomolecules such as proteins
or glycans becomes feasible.”® However, the extended mass range of ToF instruments
comes at the cost of reduced mass resolving power and accuracy, indispensable when
investigating complex small molecules such as lipids. This limitation can be overcome by
coupling the ionization source to either FT ICR or orbitrap mass spectrometers.>' lon
packages are collected for each pixel prior to HRMS analysis, requiring ion trapping. The C-
shaped linear ion trap is the most efficient commercialized ion trap for that purpose.”®* To
date, the C-trap is only available for orbitrap mass spectrometers. The ion yield obtained by
MALDI from very small spots is rather low. Therefore, at high spatial resolution, orbitrap
mass analyzers are the instruments of choice.
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Figure 2: MALDI MSI operating principle. The sample is scanned in a pixel-by-pixel workflow where
matrix/analyte co-crystals are desorbed/ionized by a pulsed UV laser beam, generating one mass
spectrum per pixel. MS ion images are formed, displaying semi-quantitative analyte distributions in
regions of interest.
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For MSI, the sample area of interest is divided into pixels. The surface is probed by recording
one mass spectrum per pixel in a pixel-by-pixel-type workflow. Thereafter, images are
constructed by combining spatial x,y- and mass spectrometric m/z-information. The signal
intensity is usually depicted by a color-scale or brightness gradient to visualize the spatial
abundance of one m/z-signal. Upon overlay of the three native color channels, red, green
and blue (RGB), overlays can be constructed losslessly. The workflow of MSI is shown for
MALDI in Figure 2. Depending on the biological question, tissue, e.g. organs, are cut into
cryosections with thicknesses in the lower micrometer-range.®* For sectioning of fragile
samples, several embedding methods are available.®® After drying of the sample in a
desiccator, the sample is coated with matrix by either spraying or sublimation.?®*%" The
surface is analyzed by the MALDI probe pixel by pixel.! Images are then generated for
different analytes and subsequently interpreted.’*3"

The pixel size in MALDI MSI is typically in the range of 20-50 pm.?>*® Recent technical
advances enabled to reach laser spot sizes down to 5-10 um,>*® and even 1 um.*** The
focal depth of the laser is inversely proportional to the laser focus, which is especially
relevant at high spatial resolution. Sample topography can thus lead to changes in spot size,
affecting fluence and therefore changes in the MALDI desorption and ionization process and
signal intensity.”* Topography-related measurement artifacts can be reduced by use of a
laser based, triangulation autofocusing system, enabling analysis of non-flat surfaces.’
However, the MALDI process in most instruments is taking place under vacuum conditions,
therefore demanding appropriate sample preparation according to volatility of analyte and
matrix.*®?° This limitation can be overcome by use of an atmospheric-pressure MALDI source
(AP-SMALDI).>*3" AP-SMALDI is well suited for analysis of small molecules such as lipids,
saccharides, peptides and drug molecules.>>"*' Coupled to an orbitrap mass spectrometer,
this system allows for studying biological specimen with high resolution and high accuracy in
mass and space.

Data evaluation is one of the key steps defining the experimental outcome. Most
experimental settings use MSI at MS* level to determine the distribution of compounds.?*3*
Signal annotation then solely relies on database assignments. For large datasets and non-
targeted analysis, this process requires extensive human resources, because annotations
need to be verified according to factors such as spatial distribution, possible adducts, mass
accuracy or isotope ratios. Metaspace, a recently published online repository, allows for
unsupervised database annotations of high-resolution MSI data (metaspace2020.eu).®
Metabolite annotation is controlled by false-discovery-rate (FDR) based bioinformatics,
scoring each signal to the measures pqas, rating the randomness of an ion image signal
distribution, pPspecrai, fOr matching spectral isotope ratios, and Pspaia, rating the co-localization
of putative isotopologues.®® In sum, these signals represent the metabolite-signal match
(MSM) score.® After scoring against an in silico decoy database, containing unexpected/not
meaningful adducts, such as heavy metals, an FDR-score value is obtained to rate the
probability of false-positive assignment.”> Commonly used metabolite and lipid-containing
databases are Lipid Maps (Lipidomics Gateway, lipidmaps.org),*** SwissLipids (a
knowledge resource for lipids and their biology, swisslipids.org)®® and the Human
Metabolome Database (HMDB, hmdb.ca).***’ However, these databases are often limited to
known metabolites. This limitation can be overcome by generating a home-built database
from MS? experiments, allowing reliable identification. In case of MALDI, in particular at high
spatial resolution, however, the resulting ion population is relatively low. This is especially
problematic in MSZ-experimentS, where, again, many ions are lost during transfer and
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fragmentation. MS? imaging (MS?l) experiments may help to overcome this issue. MS?l is not
feasible for samples that are analyzed with highest lateral resolution or for experiments with
very low amount of sample material. Research has been conducted towards smart methods
for data-dependent acquisition (DDA) in MSI.** However, commercial solutions are not
available to the MSI community yet. Currently, this limitation is partially overcome by building
up home-built, custom databases, e.g. by performing extraction and LC-MS? experiments
complementarily.

Lipid Assignment and Identification

According to International Union of Pure and Applied Chemistry (IUPAC), lipids are defined
as “substances of biological origin [...] soluble in nonpolar solvents”.>® Biochemically, lipids
can be defined as “a chemically diverse group of compounds, the common and defining
feature of which is their insolubility in water”.>

This non-stringent IUPAC definition has been described more precisely in a classification
system, which is referred to as Lipid Maps terminology.***** Structural features are the
basis for a hierarchical classification system.****° An example for hierarchical classification of
one phosphatidylcholine is shown in Table 1. In Figure 3, a putative phosphatidylcholine
ether head group is shown for correlation with lipid hierarchy. At category level, the only
information on the lipid is that phosphate is bonded, by definition, to a glycerol backbone in
sn-3 position, depicted in orange and blue in Figure 3. The head group is defined further on
main class level as glycerophosphocholine, corresponding to orange, blue and green
structures, shown in Figure 3. The substituents at sn-1 and sn-2 position (see Figure 3) are
defined at sub-class level, in this case as esters (here, in Figure 3, an ester in sn-1 position
and an ether in sn-2 position) and thus phosphatidylcholine (PC). At species level, the fatty
acid sum composition is known as humber of carbon atoms in the fatty acyl chains. The fatty
acid composition is depicted as number of carbon atoms and number of double bonds
separated by a colon. Therefore, PC (34:1) represents a phosphatidylcholine with the fatty
acyl substituents comprising 34 carbon atoms and one double bond. Information on fatty acid
chain lengths is obtained at molecular subspecies level e.g. PC (16:0_18:1). Sn-positions of
fatty acyl substituents are defined at structural subspecies level as sn-1/sn-2 e.g. PC
(16:0/18:1). Information on the double bond is added on isomeric subspecies level. The
double bond position and configuration for aforementioned example could be PC
(16:0/18:1(92)), which means that the double bond is located at carbon number 9 starting
from acid group and has cis (Z) configuration. Most standard lipids can be categorized using
this classification system.

Table 1: Hierarchical classification system of lipids (example taken from SwissLipids.org).*

Hierarchy level Example
Category Glycerophospholipid
Main class Glycerophosphocholine
Sub class Phosphatidylcholine (PC)
Species PC (34:1)
Molecular subspecies PC (16:0_18:1)
Structural subspecies PC (16:0/18:1)
Isomeric subspecies PC (16:0/18:1(92))
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Despite lipids comprising only a very limited elemental complexity (consisting only of C, H, N,
O, P and S), isobaric variants are challenging to the field. Instead of fatty acids, ethers can
occur at sn-1/-2 positions. A PC plasmalogen at sn-2 is depicted in Figure 3, as one
representative of ether lipids, with the double bond being at A1 position. The MS toolbox for
identification of sn-isomers or even double bond elucidation in lipids, to date is relatively
sparse and reliable lipid assignment/identification is complicated. Lipids, down to isomeric
subspecies level, however, are important for a variety of endogenous functions, e.g.
influencing membrane packaging/arrangement® or arrangement of lipid-protein complexes.*
Therefore, improved MS methods are required in the future to further investigate lipid
isomers.
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Figure 3: Generic phosphatidylcholine ether. Glycerol (red), phosphate group (blue) and tertiary ethanol
amine (green) forming the phosphatidylcholine backbone. Alkyl ester in sn-1 position and alkenyl ether
in sn-2 position. Substituents R* and R? with variable alkyl chain length.

MSI typically relies on differentiation of compounds solely based on MS* data. However, the
lipid adducts lyso-phosphatidylethanolamine (LPE) (18:1) as sodium adduct (m/z 502.2904)
and the protonated molecule of LPE (20:4) (m/z 502.2928) require a mass resolving power of
>210,000 for signal separation and a mass accuracy better than +2 ppm for correct
assignment. Commercial orbitrap instruments are not able to deliver this resolution in this
m/z-range. Database assignments are therefore prone to misinterpretation.®® This limitation
can partially be overcome by using more reliable databases. Such databases can be derived
from e.g. top-down lipidomic techniques, where a precursor, an intact lipid ion, is selected
and fragmented, yielding characteristic fragments for identification of head group and
nonpolar substituents.

Fragmentation experiments are essential for reliable identification. Common mass
spectrometric approaches use either direct infusion techniques, referred to as shotgun
approach,®” or separation by chromatography prior to MS analysis.’®**° Both approaches
require extraction of lipids by use of (non-)polar organic solvents. The most common
methods for extraction use a combination of methanol and water and either chloroform® or
methyl-tert-butyl ether.® The underlying assumption is that all analytes are extracted
gquantitatively. This is an intrinsic problem, because model systems for a more detailed
investigation of extraction processes are lacking. It has been observed, that, after tedious
method optimization, lipids can be extracted almost quantitatively.®® Non-quantitative
extraction may result in extraction bias throughout different analyte classes, leading to over-
/underestimation of abundance. This issue was addressed by the microbial-research
community regarding extraction of e.g. DNA,* lipids®®* and proteins,® and subsequent high-
throughput analysis. Non-quantitative extraction may lead to unintentional falsification of
results, putatively altering experimental outcome and therefore affecting biological
interpretation. To shed light on the severity of such effects further systematic investigation
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are required in the future to help to develop strategies for estimating and counteracting
extraction bias.

Mass spectrometry is widely accepted as a suitable method for comprehensive analysis of
lipids. For absolute quantitation, typically a set of stable isotope-labelled internal standards is
used.® Lipids are defined by a wide variety of physico-chemical properties such as polarity
and solubility. Therefore, differences in ionization efficiency occur which become increasingly
challenging throughout lipid hierarchy and require even more elaborate experimental designs
for enabling comprehensive analysis.®® This is already complex in shotgun-lipidomics and
becomes even more difficult when separation techniques such as LC are used.®” For
gquantification, multiple standards are needed to overcome limitations derived from
differences in retention time, otherwise hindering absolute quantitation.®”*® However, lipid
studies are often solely limited to descriptive findings, whereas biochemical, mechanistic
studies of e.g. individual lipids are relatively sparse and often specific to one particular
organism. Another general problem is the sheer amount of data generated throughout all
‘omics disciplines. One promising attempt to cope with the data is to use extensive
bioinformatic strategies to combine ‘omics data and to apply known biological pathways as a
template.®®’® By combining information e.g. from transcriptomic, proteomic and metabolomic
datasets using a dimensionality-reduction approach, it is possible to deduce putative
mechanistic linkages, which then require further investigation and verification in vivo.™
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Figure 4: Fragment spectrum of precursor m/z 804.564 acquired in negative-ion polarity by higher-
collisional dissociation (HCD). Data interpretation was conducted by Lipid Data Analyzer.”""* The
signal was identified as PC (16:0_18:1) based on fatty acyl (m/z 255.2327, Am/m= 1.0 ppm and
m/z 281.2484, Am/m= 0.7 ppm) and characteristic PC head group fragments (at m/z 168.0420, Am/m=
6.6 ppm and m/z 224.0690, Am/m= 1.5 ppm).”>™

One classical way, as was done in this work, is to acquire data for nontargeted analysis by
data-dependent-acquisition (DDA), where precursors are selected and fragmented according
to pre-defined criteria in dependency of analytes of interest. The subsequent data
interpretation utilizes fragmentation-rule-based algorithms for reliable identification in silico.
An example for a fragment spectrum acquired in negative-ion polarity is shown in Figure 4.
Experimentally, the precursor ion at m/z 804.564 was isolated in an isolation window of
+0.5Da and fragmented by HCD. In silico, Lipid Data Analyzer (LDA) identified the
compound as PC (16:0_18:1). Fragments of the fatty acyl (FA) substituent can be observed

in the spectrum (black numbering). The FA (16:0) is shown at m/z 255.2327, while FA (18:1)
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appears at m/z 281.2484. The head group can be identified according to characteristic
fragments at m/z 168.0420 and m/z 224.0690.”** All characteristic fragments, required for
identification, were detected.

Schistosomiasis

The three most prominent Schistosoma species are S.japonicum, S.mansoni, and
S. haematobium, which inhabit the mesenteric veins of gut and bladder of their hosts,
respectively.”>” In the venous system the adult male and female worms reside in a mated
state, producing approximately 300 eggs per day.” Maturation of the female requires
constant direct pairing contact with the male, resulting in fertility and egg production.*
Therefore, intervention in the male-female interaction is ideally suited for disrupting the life
cycle chemotherapeutically. Approximately 50% of the eggs reach the gut lumen and are
excreted via feces. Residing eggs may reach the liver or spleen where they are trapped.*?
On the other hand, parasitic miracidia hedge from excreted eggs upon contact with water to
close the life-cycle.*? The sex of the worm is already defined at that stage.”®’’ Specific
intermediate sweet water snail hosts of the genus Biomphalaria are infected and production
of multiple generations of cercaria occurs.'? Vertebrate-infective cercaria are released upon
light exposure and fresh-water contact.’? This vertebrate-infective state penetrates the skin of
e.g. homo sapiens and loses the tail, which was previously required for motility in water.*
The parasites utilize the blood stream to reach the host lungs, where adulteration of
schistosomula to mature flatworms occurs.'” Pairing contact between sexually immature
male and female is established between dorsal tegument of the female and the ventral
tegument of the male, also called the gynaecophoric canal.*? Sexual adulteration of the
female is initiated and maintained during permanent pairing contact with the male and is a
reversible process.'? The pairing status of a female can be assessed visually by phenotype,
because its size increases as a result of pairing-stimulated vitelline cell production.*® The
mated couple utilizes passive transport to reach the mesenteric veins of the hosts gut.*? Also,
oral and ventral suckers can be utilized for active movement. For successful reproduction,
spermatozoids are produced in the males’ testes and released towards the female. Taken up
by the female, spermatozoids can be stored to later fertilize oocytes. For composite egg
production, an oocyte is surrounded with multiple vitelline cells in the ootype. The female
releases composite eggs to close the life cycle.

Schistosomes occur in (sub-)tropical areas and are endemic to Africa, the Middle East, South
America and Southeast Asia, but first cases have been reported in Europe already.**"
Approximately 220 million people suffer from schistosomiasis worldwide, 50% of which are
treated annually.” Prevalence and endemic spread are expected in this century due to
global warming.”®”® The major problem of schistosomiasis is that the host immune system
typically reacts to trapped eggs by granuloma formation and ultimately calcification.*?
Depending on the worm burden and immune competence, schistosomiasis can lead to lethal
liver cirrhosis if not treated in time.> The only chemotherapeutic treatment available is
Praziquantel (PZQ), commonly used in mass drug administration for temporarily eliminating
the worm burden of human communities in endemic areas.”®° Patients often live in poverty
with limited access to sanitation and clean water and are thus prone to contemporary
reinfection.”"®° The World Health Organization classified schistosomiasis as a “neglected
tropical disease”, to raise awareness to this devastating disease and for focusing research to
develop novel treatments and countermeasures.” One prerequisite for developing novel
strategies is knowledge of fundamental biology e.g. to identify key metabolites, essential for
the parasite’s survival.
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Mass Spectrometric Investigations of Lipids in Adult Schistosoma mansoni

A number of studies have been conducted describing the abundance of lipids in adult S.
mansoni worms using mass spectrometry. In 1998, a first study used high performance liquid
chromatography (HPLC), coupled to a light scattering detector (LSD) to investigate
phospholipids from tegument and worm carcasses of S. mansoni worms.™® Fractions of PC
and PE were collected and quantified by the LSD.* Subsequently, lipids were identified
according to characteristic head group fragments and digestion by phospholipase A2 (PLA2)
for structure elucidation of sn-positional isomers.*® Extracts of whole worm versus tegumental
fragments prepared by a protocol by Dyer and Blight revealed enrichment of saturated and
unsaturated PC in the tegument. In addition, ether-linked species of PC and PE were
described in adult S. mansoni for the first time. PC-O were discussed to be putative
precursors of platelet activation factor (PAF), known for the ability to modulate immune host
cells and to act pro-inflammatoryly.*®* However, PE-O was found to be highly enriched in the
tegument.”® Also, parasite-initiated elongation of host-derived lipids was observed.” The
biological importance of unsaturated PC and plasmalogen species has been discussed with
regards to increased resistance against reactive oxygen species (ROS), as sequestered by
neutrophils and macrophages, and resistance against the host immune system.*® Finally, the
authors propose fatty acid (FA) (20:1) as possible second messenger for signal transduction
from tegument to worm body, because of its high abundance throughout different lipid
species in the tegument.”® In 2008, a study based on HPLC-MS was conducted, extensively
describing PC, PE, PS and PI in S. mansoni, compared to hamster blood.®* Overall, 400
phospholipids were quantified in both, positive- and negative-ion mode.®" Very long-chain FA
substituents, containing more than 20 carbon atoms, were observed for PC, PE and PS in
the worms, but were absent in the host.®! Thereby it was confirmed that S. mansoni is able to
elongate host-derived FAs.®' The authors proposed that schistosomes either comprise
specific trans-acylases for elongation of fatty acids in phospholipids or a distinct DG-pool for
phospholipid synthesis.?* In 2014, rapid identification and quantitation of lipids was enabled
using an Orbitrap instrument (Thermo Fisher Scientific, Bremen), which is able to acquire
high-resolution mass spectra. The Orbitrap significantly increased throughput and sensitivity.
Thereby detailed lipidomic investigations of S. mansoni became feasible. One study
combined MALDI MSI and ESI-HRMS to distinguish different Brazilian strains, and males
and females.® Glycerophospholipids, DG and TG were investigated on whole worm
couples.®” The authors claim to have localized structural organs such as tegument, oral and
ventral sucker, digestive system and reproductive organs.? However, according to anatomy
of adult schistosomes, the locations of the reproductive system shown in either MS ion image
or microscopic image, match the authors’ assignments,82 but could also be attributed to
topography-related artifacts. More abundant signals were mostly detected in males,®
because the female resides in the gynaecophoric canal of the male and thus cannot be
reached solely by MALDI. From principle component analysis (PCA), markers for different
strains were obtained and most belonged to the classes of TG and PC.* The class of TG
was found exclusively in males.®” The literature suggests that free FA are stored as TG,
because catabolism through B-oxidation cannot occur in schistosomes.?” Only one signal
(m/z 825) could be attributed to females.?? Another study by the same group in 2015 used
MALDI MSI to distinguish males and females, determining the distribution of lipids and
investigate the effect of PZQ on males compared to females.® Differences between males
and females were found from raw data.®® After PZQ treatment in mice, the phospholipid
profile of male and female S. mansoni worms was altered.?® The authors conclude that
molecular pathways are affected differently in both sexes.®® The location of PS was attributed
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to oral and ventral sucker and the reproductive system.®* Another HPLC-MS study
investigated PC, PS, PE and PI as lyso and diacyl species in whole worms, tegument and
hamster blood.?* PC and PS were found to be different in the tegument compared to whole
worm.®® The findings show PS to be more abundant on the tegumental surface® and are in
contradiction to studies by Ferreira et al from 2015.% Additionally, the tegument was found to
be enriched in lyso species, which the authors thought to be involved in host-parasite
interaction.®* However, to test this hypothesis, the authors attempted to detect lyso species
from extracts of incubation medium in vitro and from blood in vivo, but were not able to detect
such lyso species.®* For the first time, a peculiar double-bond position at A5 was described in
PC (34:1) for schistosomes, not detectable in the host.?* No differences in PE and Pl were
observed between surface and worm body.?* The authors suggest that schistosomes
comprise molecular mechanisms to selectively enrich their tegument in certain
glycerophospholipids.®* Recently, a comprehensive lipidome analysis, covering the whole life
cycle and excretory products, was conducted using LC-MS and gas chromatography (GC)
coupled with MS.®* A database containing 350 lipids and bioactive molecules was
established and deposited for further use.’* The three predominant species, present
throughout the whole life cycle were PC (34:1), PC (36:1) and PC (36:2).%° The lipid profile of
whole worms and eggs was found to be similar.2® Immunomodulatoryly relevant compounds,
such as polyunsaturated fatty acids were found, but in both stages, with lower abundance in
adult worms.®® To cover functional aspects, S. mansoni-derived PS-fractions were added to
dendritic cells, inducing anti-inflammatory TH2 and interleukin 10 (IL-10)-producing T-cells by
activation of toll-like receptor 2 (TLR2).2* Arachidonic acid-derived  15-
hydroxyeicosatetraenoic acid (15-HETE) was hypothesized to play a role in host-parasite
interaction.® Altogether, the resulting database serves as a starting point for further
identification of immunomodulatory lipids.®® Lipids are speculated to play a key role in
protection of the parasite from the host’'s immune system and extensive modulation thereof.
However, further studies are required to confirm findings of this study and to prove the
proposed interaction hypotheses.

Atmospheric Pressure Matrix Assisted Laser Desorption/lonization Mass
Spectrometry Imaging of Biological Tissues (Publication 1)

MALDI MSI is commonly applied to a large variety of biological samples.? For investigation of
e.g. animal organs, it is necessary to prepare micrometer-thin tissue sections prior to matrix
application.>® Typically this is achieved by cutting fresh-frozen tissue in a cryotome and
subsequent mounting on a glass slide.®> Thereby, the inner substructure of organs becomes
accessible by MSI and additionally a planar surface is obtained allowing to record MS
images at high spatial resolution of <20 um.'* For smaller specimens, however, direct
sectioning often is not possible. This limitation can be overcome by use of embedding
material prior to cutting. One commonly used embedding agent in histology is ‘optimal cutting
temperature’ (OCT) compound. The use of OCT is not recommended in mass spectrometry
because contained glycols and resins cause severe ion suppression effects in MALDI.*
Another common procedure utilizes fixation by formalin (methanol and water containing
formaldehyde solution) and subsequent embedding in paraffin (FFPE) to preserve the
sample, enabling storage under ambient conditions over a long period of time.®® This FFPE
procedure is commonly used in clinical routine after surgical removal of tissues to enable
assessments by pathologists and for generation of large tissue libraries e.g. in oncology. This
protocol is not compatible with MALDI, because embedding and deparaffinization require
xylene, leading to delocalization and removal of many lipid classes.®”®® Nevertheless, there
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are few substances available for embedding, compatible with MSI. Carboxymethylcellulose
(CMC) can be used as 2 %-5 % aqueous solution and has been successfully applied to
specimens as small as Anopheles stephensi mosquitoes.*** Gelatin allowed cryosectioning
of the cerebral ganglia of the freshwater snail Lymnaea stagnalis and subsequent MALDI
MSI was conducted.?* To investigate the effect of an eye drop preservative in a rabbit model
system, eyes were embedded in aqueous tragacanth gum solution before cryosectioning.®*
However, embedding agents need to be selected, formulated and optimized, depending on
sample and analytical question.

For small, micrometer-sized tissue samples, a variety of specialized protocols is available. To
investigate the whole-body of Caenorhabditis elegans, a freeze-cracking method was applied
to enable studies by MALDI MSI.*? Additionally, the signal intensity in the mass range of
phospholipids increased, compared to direct analysis of the surface.?” For investigation of the
fruit fly, Drosophila melanogaster was embedded in CMC.?® The protocol was later adapted
to the use of gelatin solution,” allowing to cut 20 um thick tissue sections for molecular
investigations by MALDI MSI.*>*® Modifying this protocol by adding an ethanol series for
water removal prior to embedding in either CMC or gelatin also successfully gave
longitudinal cryosections and additionally allowed preparation of D. melanogaster brain
sections.® Besides increasing the tissue stability by an ethanol series, a variety of chemical
fixation techniques is available such as formalin fixation without paraffin embedding. Another
fixative is glutaraldehyde (1,5-pentanedial) which reacts with amino groups, leading to cross-
linking of proteins and thus increasing solidity. Glutaraldehyde has been useful for preparing
sections of bovine eye balls and analysis by MSI.** A severe decrease in sphingo- and
phospholipids was observed, likely because of high glutaraldehyde concentration and long
incubation time, ultimately leading to quantitative protein cross-links, hindering extraction and
ionization by MALDI.? However, when decreasing the amount of fixative and reducing the
time of exposure, even single cells can be fixed, allowing detection of carbohydrates, nucleic
acids and lipids.®® Therefore, glutaraldehyde is a promising candidate for sample
preservation, compatible with MSI.

Mass Spectrometry Imaging of Adult Schistosoma mansoni Parasites

To access inner organs and investigate male and female in copula, artifact-free tissue
sections of paired couples were required. S. mansoni worms are approximately 8-11 mm
long and 500 um thick. Therefore, direct cutting is not possible and application of embedding
techniques is required. Gelatin was chosen for embedding, which is most fluidic at elevated
temperatures and still flexible under ambient conditions. The content of gelatin was varied to
find the best compromise between fluidity and solidity at —20 °C and —30 °C. The optimum
was found at an aqueous solution of 8 %.

Classical cryomold embedding gave longitudinal sections, but severe artifacts and fissures of
tissue were observed. The yield of tissue sections was solely based on chance. To increase
the probability to obtain sections with desired orientation, a centrifugation step was added
prior to freezing the sample. Thereby, section quality was improved and worm orientation
was visually assessable. Nevertheless, tissue fissures were observed and anatomical
structures were not determined. This limitation was overcome by using a miniaturized sample
holder and microliter amounts of embedding agent.

Two consecutive sections of a S. mansoni couple were obtained and scanned with MALDI
MSI with high spatial resolution of 10 um and 5 pm, respectively. Differences in lipid
composition were visible between male and female. In addition, structural features were
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preserved and organs such as the gut were visible in the ion images. Structures were more
detailed at 5 um pixel size. However, doubling the lateral resolution quadruples the number
of pixels and therefore recording time.

Differences in lipid composition between both sexes are visualized in Figure 5. MSI was
conducted with high resolution in mass and space of 240,000 and 5 um, respectively. The
MS ion signal shown in Figure 5A at m/z 782.5674 is one representative example for equally
distributed signals between male and female. Based on accurate mass, this signal can be
assigned to isobaric ions of either PE(37:1) or PC(34:1) as sodium adduct when compared to
the human metabolome database (HMDB).**" A signal at m/z 810.5988, which is more
abundant in the male, is shown in green in Figure 5B. Assignment according to HMDB***’
led to PE(39:1) or PC(36:1) as sodiated species. The red ion channel shown in Figure 5C
corresponds to either PE(39:2) or PC(36:2) as sodiated molecule. This signal shows an
increased signal intensity in some parts of the female. The red-green-blue (RGB) overlay in
Figure 5D was obtained by combining Figure 5A-C. Differences between male and female
and heterogeneities within each individual become even more obvious. Some structural
features can be assigned to organs when compared to the digital light microscopic image in
Figure 5E. For instance the gut of male and female can be recognized and shows the
characteristic, meander-like shape (see white arrows in Figure 5D).

Putative isobaric interferences may lead to wrong annotations when relying solely on MS*-
data. Fragmentation experiments directly from tissue are required for reliable identification by
MALDI, to eliminate hypothetical isobaric bias. In addition, these MS?l experiments were
conducted as a proof-of-concept study, to demonstrate adequate sensitivity of the method.
This allows to identify substances on tissue according to characteristic fragment mass. For

mfz 782.5674 + 5 ppm m/z 810.5988 + 5 ppm m/z 808.5828 + 5 ppm

RGB-overlay nght microscopic image

Blue channel — miz 782.5674 assigned to
o7 0s PE(37:1) or PC(34:1) as [M+Na]* Am= <1 ppm

Green channel — m/z 810.5988 assigned to
PE(39:1) or PC(36:1) as [M+Na]*
Am= <1 ppm

Red channel - m/z 808.5828 assigned to
PE(39:2) or PC(36:2) as [M+Na]* Am= <1 ppm
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Figure 5: MS ion images of a S. mansoni paired couple. A - blue ion channel, equally distributed between
male and female. B - green ion channel more abundant in the male. C - red ion channel with increased
signal intensity in the inner part of the worm. D - red-green-blue overlay. E - digital light microscopic

image. All images are to scale. The scale bars are 100 pm.
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instance, the ion at m/z 808.5828 (in Figure 5C) was identified by MS?l on-tissue. All
fragments were exclusive to PC and no fragments indicated the presence of PE. Additionally,
such fragments can be traced across the whole tissue, giving the opportunity to discover
differential distributions of otherwise indiscriminable, isobaric fragments.

A sample preparation method has been successfully developed, allowing reproducible
production of tissue sections, subsequent data acquisition by high resolution MSI and finally
detailed evaluation of the data. Thereby, this first publication sets the methodical
fundamentals, enabling studies in a biological context by comparing surface versus inner
worm tissues as shown in the second publication.

Mass Spectrometry Imaging - Characterizing the Spatial Distribution of Lipids
in Adult Schistosoma mansoni Parasites (Publication 2)

The description of a biological system requires extensive planning, determining the later
experimental outcome. In case of S. mansoni, where the tegumental surface is in constant,
direct contact with the host, the unique lipid composition has been reported previously.?*"%
Some investigations of the tegument were based on immunohistochemistry, failing to give
information on the lipid-species level. More detailed studies of lipid species, however, were
based on (LC-)ESI-MS, lacking spatial information and requiring extraction of lipids. This
procedure is especially error prone, because the tegument is only nanometer-thick in
contrast to a few hundred micrometer-thick worm carcass, therefore containing several
orders of magnitude more lipid material.**3*9"*° In another study, the surface was analyzed
by MSI, but no tissue sections were prepared.®” However, reliable tegument studies by MSI
were enabled by our group only recently, by implementation of a laser triangulation
autofocusing system, especially important at high lateral resolution,” and a method allowing
to prepare longitudinal cryosections of schistosome worms.*®

A strategy for data evaluation and interpretation is of utmost importance, because of the
large data file size obtained per specimen, especially for high-resolution MSI. Our study
attempted to describe the differences between tegumental surface and worm body tissue.
Additionally, it was aimed to describe differences in surface lipids between male and female.
To solve this issue efficiently, tissue sections of paired S. mansoni worm couples were
prepared, harboring metabolic information of both, male and female in the paired state. This
enabled comparison to the surface of paired, but freshly separated S. mansoni worms.
Separation just prior to chemical fixation was desired to yield worms with known pairing
history and thus reduce putative, but expected, differences derived from the unpaired state.
The distribution of lipids on the surface of male and female worms was determined by MSI.
Analysis of each class, tissue sections of couples on the one hand and male and female
surfaces on the other hand, in biological triplicates has set the fundamentals for multivariate
statistical analysis. After unsupervised MALDI MSI signal annotation by Metaspace and
subsequent comparison to a homebuilt LC-MS? database, one region of interest (ROI) was
defined per biological sample. ROIs were defined based on one representative ion image,
displaying the tissue, brought to superposition with a digital light microscopic image of the
tissue. The afore-created mass list of all identified lipids was used for exporting mean signal
intensity, to obtain one intensity value for each m/z-value per ROI.

Multivariate Statistical Analysis

The data evaluation process in MSI typically includes visual impressions by the operator.
This is an error prone procedure, as it is based on subjective criteria and requires a lot of
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time to compare and select images of interest. To overcome this limitation, multivariate
statistical analysis is a powerful tool to speed-up this process as it allows investigation of all
signals simultaneously and according to objective measures, ultimately representing a more
robust signal classification approach. Gaussian distribution of signal intensities during one
experiment is assumed for all signals, which is a prerequisite for usage of most statistic
models. In MSI, statistical analysis is a tool towards more objective data interpretation. In
perspective, statistical analysis can be used to decrease the time required for data analysis
and interpretation. Nevertheless, the visual impression after statistics gives ultimate proof
over the success of this model, categorized into true-positive, true-negative, false-positive
and false-negative.

The putative normal distribution of all signals obtained by MS is visualized in Figure 6 in blue.
Normalization of each signal intensity, in MSI to the total ion current (TIC), leads to an
increased probability density, assimilating the signal intensities of all m/z values (see
Figure 6). However, the mean remains constant. Also, the area under the curve is still
normalized to 1, representing the sum of all possible outcomes.

The Z-score (z) is a statistical transformation system. Within one measurement, the deviation
of signal intensity (x;)) of each observed m/z value from the mean signal intensity (k) is
calculated relative to the standard deviation (0), assuming normal distribution. The Z-score
can be calculated according to Equation 4. However, outliers or highly abundant signals may
lead to falsification of the Z-score when applied to a mass spectrum. This issue can be
partially overcome by using the median (x,,.4), which is thought to be less error prone.

Equation 4: Calculation of the Z-score. Z-score (z;), observed value (x;),
mean (%) and standard deviation (g).***

In MSI, signal intensities are highly heterogeneous across all signals. Based on abundance
and ionization efficiency this becomes especially problematic for lower-abundant signals
such as DG. The inequality in signal intensity of distinct m/z values is adjusted by applying
the Z-score to one measurement. First, signal intensities are now normalized to the same
scale and are thus comparable within and between measurements. Second, this brings
values statistically slightly closer to each other within one measurement. Obtained scores

f Raw data

TIC
normalized

Figure 6: Gaussian distributions. Standard deviation (o) and probability density (f). A (TIC) normalization
increases the density of the normal distribution. The mean is constant. The area under each curve is 1.
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can be further processed for analysis of variance (ANOVA). Variations of ANOVA model
systems are usually based on variance and test parameters to unravel (linear) correlations
between observed values, here signal intensity of biological groups.

For comparison of biological groups, multiple-class ANOVA (MANOVA) can be used for
finding differences, e.g. based on signal intensity. The means, calculated from distinct
biological classes, for instance, are tested for inequality. The means differ from each other if
the test turns positive with a yes-type reply. However, it has been determined that there is a
difference, but not how it is manifested, e.g. if a signal is more/less abundant. MANOVA
enables testing of multiple dependent variables. For MSI data, this could be transferred to
different isotopologues, which give multiple signals and always occur in the same ratio e.g.
2¢, B¢, 18¢c, etc. Overall, MANOVA is a useful tool to answer multiple research questions
simultaneously,’” e.g. differences in signal intensities for acquired replicates, and is
therefore well suited for evaluation in untargeted analyses of data such as those obtained by
MSI.

Post hoc analysis comprises multiple statistical testing algorithms. The aforementioned
ANOVA is the basis for every post hoc test to discover differences between biological
groups. For MS data this allows to rate a signal as either equally, more or less abundant. The
significance of a finding is usually FDR controlled and based on p-value, the probability that
the observed value can be explained by the null hypothesis. However, for MSI data, post hoc
tests are reasonable to calculate differences more objectively and thus narrow-down the
signals to be assessed visually for data evaluation. Using significantly different signals for
performing MANOVA prior to post hoc testing may serve as an additional quality control
procedure.

Hierarchical clustering is a powerful tool for the classification of signals based on similarity.
Similarity is described mathematically according to e.g. Euclidean distance, as used by the
“Perseus” program. The Euclidean distance can be calculated by Equation 5 and expresses
the distance between two points, e.g. in signal intensity. In hierarchical clustering, similarity is
also quantifiable by a dendrogram in which the similarity and order in which clusters were

d(p,q) =

Equation 5: Euclidean distance calculated from Cartesian coordinates. Euclidean distance (d), two
coordinates (p and q) and number of data points observed (n).**®

built, can be visualized. Multiple restarts serve to compensate the starting point problem,
because clustering starts from the first value in a matrix and during statistical processing the
first value can be random, otherwise leading to irreproducible clustering. The dendrogram
displays quantitative differences between signals according to the lengths of the branches.

Signal-intensity-based categorization of lipids has been proven to simplify data analysis and
speed up the evaluation process for large data file sizes. However, one of the limitations to
be overcome is finding the ideal FDR threshold value when performing MANOVA and post
hoc tests or hierarchical clustering. This setting was observed to heavily influence the
amount of truef/false-positive/negative results. After reaching a certain threshold, the
classification system yields many more signals to be significantly different but many of these
signals are false-positives, observed from MS images. Further optimization and more
adequate mathematical procedures may help to balance true/false-positives/negatives.
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Figure 7: Structures of lipids, analyzed by LC-MS. Phosphatidyl-glyceride (PG), -ethanolamine (PE), -
choline (PC), -serine (PS) and -inositole (PI). Sphingolipids of sphingomyelin (SM) and ceramide (CE).
R1/R2/R3: fatty acid substituent in sn-1/sn-2-position, and sn-3-position in case of triglyceride (TG).

Characterizing the Lipids on the Tegumental Surface of Adult Schistosomes
Compared to Inner Worm Tissues

We attempted to characterize the surface in comparison to the inner tissue of adult
S. mansoni worms by high resolution MSI. Biological triplicates of freshly separated intact
males and females and sections of paired couples were subjected to MSI analyses. Signals
obtained by MSI were automatically assigned, based on Metaspace online repository using
SwissLipids database.**® In parallel, a lipid database was generated based on LC-MS of
whole worm extracts. Comparing annotations by Metaspace® to a homebuilt MS?-based
database gave more confidence in assigned lipid structures. The head groups of all lipid
classes covered in this study are shown in Figure 7. Lipid signals were categorized in an
unsupervised fashion into either tissue or surface, or male/female surface-specific, as well as
unspecific signals using a self-established multivariate statistical analysis approach. MS
images of such categorized signals were assessed visually for correct categorization.
Examples for visually correct category assignment are shown in Figure 8, showing the digital
light microscopic images for reference in Figure 8A. Males (M) are marked blue and females
(F) in red, with direct surface analysis on the left (Figure 8A) and tissue sections on the right
(of Figure 8A). An overlay of two ions in a red-green (RG) superposition is shown in
Figure 8B. The green signal at m/z 753.5881 was classified to be more abundant on the
surface and represents SM (d36:1) as the sodiated molecular ion species. The outlines of the
worms in cross sections are visible as well, but are absent in the worm body. The MS ion at
m/z 832.5827 is shown in red and was identified as PC (40:7) as the protonated molecule.
The red ion channel is more abundant in the inner tissues of the worm and cannot be seen
on the surface. Therefore, the multivariate statistical data analysis workflow appears to be a
valid procedure for unsupervised signal classification and was verified by visual assessment.

Differences in lipid composition were investigated regarding their abundance on the lipid
class level. In total, the signals found to be more abundant on the surface comprised 27 SM,
10 PS, 9 PE, 3LPC and 1 PC species, while signals that are more abundant in tissue
sections were 20 PE, 20 PC and 1 LPC species. It has been reported that SM are exclusive
to the surface®” and that surface-associated PS are involved in host-pathogen interaction.®
Also, differences in PC were previously found between both tissues.®* Therefore, our findings
are well in accordance with literature.

The class of PE was further compared on the lipid species level by plotting the number of
carbon atoms in the fatty acyl chains versus the number of double bonds. The mean number
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of carbon atoms decreased from n =40 in the inner worm tissues to n = 37 on the surface.
These findings are in contrast to literature, where no differences in PE were detected using
outdated low-resolution, triple quadrupole mass spectrometry.®* However, the experimental
conditions in MSI are quasi in situ because they do not require lipid extraction. In addition,
instrumental improvements were made in the past years, boosting sensitivity and accuracy of
analytical methods. Therefore, our findings are reasonable and expected to be authentic
true-positive findings.

Applying computational comparison of male versus female surface based on the same
dataset revealed sex-specific maker signals. From the MS ion images, signals appeared to
be almost exclusive to either sex, thus being highly specific. Analysis on the lipid class level
revealed marker signals for females comprising 7 LPC, 6 PC, 4 TG, 3 PE, 3 SM and 1 Cer
species, while 18 TG, 1 PS, 1 SM and 1 PC species were more abundant on the tegument of
males. The compound classes of LPC, SM and Cer are known to play a role in signal
transduction and may thus also be involved in male-female signal transduction.***** Looking
further into the number of double bonds and number of carbon atoms in the fatty acyl chains
of TG gave mean compositions of (50:1) and (58:5) in female and male respectively. This is
assumed to affect a decrease in membrane fluidity of the male and thus enhance flexibility. It
can be hypothesized that TGs serve as repositories for precursors to prepare schistosome-
specific lipids such as phospholipids.'®

Differences between worm surfaces and the inner tissues were found by MALDI MSI.##H#H
Computational data analysis comprising Z-scoring, post hoc testing and hierarchical
clustering was optimized successfully to reveal higher/lower abundant signals for the
different biological groups. One major advantage over classical LC-MS-based methods is
that the MSI workflow is significantly closer to in situ conditions. In sum, our findings based

A Light microscopic images B RG overlay
surface tissue section surface tissue section

Figure 8: Multimodal imaging of S. mansoni worms of surfaces of males (M) and females (F) as well as
cryosections of mated couples. A - digital light microscopic image. Black arrows indicate the anterior
end. B - RG overlay of two MS ion images categorized upregulated on the surface (in green at
m/z 753.5881 3 ppm assigned to SM (d36:1) as [M+Na]* with Am/m <1 ppm) and worm tissue section
(in red at m/z 832.5827 +3 ppm assigned to PC (40:7) as [M+H]" with Am/m <1 ppm). All images to scale.
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on MSI are supported by literature, and conclusive findings were previously obtained by
classical lipidomic techniques. The developed workflow has the potential to be adapted to a
variety of other research questions. More advanced algorithms may lead to a more reliable
classification as false-positive/negative findings need to be balanced manually by adjusting
the FDR.

Conclusions and Future Perspectives

High-resolution 3D-surface AP-MALDI MSI was applied to the detection of a variety of small
biomolecules in sections of S. mansoni parasites. A method was developed to prepare
longitudinal cryosections of tiny, adult worms which is compatible with MSI and MS?|
experiments at high spatial resolution of 5um and 10 um. MSI in combination with
multivariate statistical analysis enabled the assessment of differentially abundant lipids on
the surface and in inner worm tissue, and on surfaces of males and females, respectively.
The results are in line with literature but enhance the knowledge on surface composition at
the lipid species level. For the first time, male and female were distinguished on the
metabolic level by MSI. In sum, the developed tools can be further adapted to a large variety
of other bioorganisms and analytical problems.

Now, that the toolboxes are available to our workgroup and to the scientific community, a
variety of follow-up studies are possible. Cutting of small objects by microembedding is now
used extensively by the group e.g. for cutting Drosophila melanogaster embryos or even D.
melanogaster brains. To characterize the inner tissues and organs of schistosomes, an
organ isolation protocol can be used to harvest reproductive organs and built up a metabolic
organ atlas for S. mansoni.*®” In perspective, this could help to interpret complex MSI data
obtained from sections and gain in-depth knowledge about biological processes when
combined with other ‘omics data. To come one step closer to the goal of developing anti-
schistosomal drugs, the distribution of a variety of active pharmaceutical ingredients can be
tested in vitro. Investigations by MSI gather the potential to unravel mechanisms of uptake,
metabolization and drug targets, possible sites of molecular interaction, e.g. starting with the
gold-standard PZQ and going on to promising candidates such as Imatinib.*?°® MSI analysis
on the metabolic level can be a valuable tool to get hints on key molecular pathways involved
in maturation from virgin to pairing-experienced worms.’’ Hindering the maturation and thus
egg production can be a major goal for developing novel therapeutics to prevent devastating
pathology. However, typically eggs get trapped in venules of the liver where they cause
severe inflammation, because the hosts’ immune system is unable to degrade eggs timely. In
addition to granuloma formation, schistosomiasis bears greater risk to develop hepatocellular
carcinoma.'® MSI could be used here to visualize lipids and metabolites in hepatocytes,
linked to tumor genesis. In sum, we initiated all these steps, potentially leading to many
follow-up projects.

Now that the surface of S. mansoni has been described, additional genera of schistosomes
could be investigated such as S. japonicum, S. haematobium or S. mekongi, for instance.
This is especially important because these species are endemic to different geographical and
host-anatomical areas. S. japonicum for example resides in the venous complex of the
bladder. In addition, the severity of pathology is different across strains.

In the context of understanding biochemical pathways or interactions on the molecular level,
fundamental knowledge is lacking on role and function of individual lipids and specific lipid
classes, especially in S. mansoni parasites. Further studies should be conducted to shed

light on molecular mechanisms. Especially enzymes seem to play an important role in
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schistosomes, because de novo synthesis of certain fatty acids is not possible. Nevertheless,
schistosomes developed an extraordinary lipid biology, for instance very-long chain fatty
acids, odd-chain fatty acids or uncommon double-bond positional isomers.**8110.111
Substrates and enzymes catalyzing formation of such lipids are usually unknown. Since MS
investigations can locate the presence of such unusual lipids, first hints towards their
formation can be obtained using the methods developed and applied during this thesis.
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ABSTRACT: Schistosomes are parasitic platyhelminthes that
cause schistosomiasis, which is a life-threatening infectious
disease for humans in the tropics and subtropics worldwide.
Within the human host, female and male schistosomes
develop and pair as a prerequisite for egg production. Part
of the eggs get lodged in organs such as the gut, spleen, and
liver, where they cause severe inflammatory processes,
including liver fibrosis, which is one of the most serious

Schistosoma mansoni

pathological symptoms. High-resolution atmospheric-pressure scanning microprobe matrix-assisted laser desorption/ionization
(AP-SMALDI) mass spectrometry imaging (MSI) has been used as a powerful tool to investigate adult schistosomes at the
topographic molecular level. An MSI-compatible protocol was developed, covering critical sample preparation steps and
focusing on obtaining artifact-free, longitudinal cryosections. Planar, consecutive sections were prepared from ~400 ym thick S.
mansoni worm couples, comparing several microembedding approaches. High-resolution MSI at both, 10 and 5 ym lateral
resolution unraveled anatomical structures and differential abundances of glycerophospholipids and saccharides in females and
males. In addition, glycerophospholipids occurred differentially abundant in worm tissues of the female, such as the gut, which is
essential for nutrient uptake and subsequent metabolism. Fragment ions of isobaric phospholipids were investigated by on-tissue
MS? imaging experiments, unambiguously showing isomer-specific ion signals. This study provides a solid basis for investigating
schistosome parasites in chemical detail at the whole-worm level by MSIL

chistosomiasis, which is also known as bilharzia, is a water-
borne disease. Because of limited research budgets and low
activity of the pharmaceuticals industry, it has been classified as
a “neglected tropical disease” (NTD) by the World Health
Organisation (WHO)." The disease is endemic in subtropical
and tropical areas such as sub-Sahara Africa, the Middle East,
parts of Asia and South America, where people often live in
poverty and in close contact to the vectors. Currently, ~230
million people worldwide suffer from schistosomiasis, with ~1
billion people at risk, causing more than 200 000 deaths per
year.” In addition, worm burden is associated with human
disabilities or developmental disorders, especially in children.
To date, there is no vaccine available’ and only one drug,
praziquantel, that is effective against all schistosome species
affecting humans. This limitation justifies the fear of resistance
development."® Because of changing climatic conditions,
global trading, and transmigration,” the disease is spreading
in regions such as South America’ and Brazil.® Recently, even
Europe has come into focus, since the first cases were reported
from travelers in Corsica (France).”
The schistosome vertebrate host, such as Homo sapiens, is
infected by cercariae, a larval form released by intermediate

-4 ACS Publications  © 2019 American Chemical Society

snail-host species that live in aqueous environments. Upon
contact in the water, cecariae penetrate the skin of vertebrate
hosts.” After transformation into a schistosomulum, the
parasite crosses the skin and reaches the bloodstream to
migrate via heart and lungs to the liver. Here, the maturation to
adult worms occurs.” Following pairing, schistosome couples
migrate to the mesenteric veins of the gut (Schistosoma
mansoni; S. japonicum) or the venous plexus of the bladder (S.
hematobium). Schistosomes show two characteristics. First,
whereas trematodes are usually hermaphrodites, Schistosoma
spp. developed sexual dimorphism of adult male and female
worms.” In copula, the female resides within the ventral groove
of the male, thereby forming the gynaecophoric canal, resulting
in close proximity of female and male syncytial tegument
(representing the outer body covering). Second, the develop-
ment and sexual maturation of the female is strongly
dependent on a permanent pairing contact with the male.
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After pairing, S. mansoni couples settle in the mesenteric plexus
of the gut, where they produce up to 300 eggs per day."”
About half of those eggs reach the gut lumen and are excreted
via the feces, whereas the residual eggs are entrained by the
bloodstream to different organs, preferentially the liver and
spleen, where they get trapped.”” Because of the inability of
the host immune system to degrade those eggs, they induce
fibrosis and inflammatory processes. This leads to swelling of
the inner organs, severe impairments of organ function and, if
not treated, conditions such as liver cirrhosis.”’’ Within the
eggs, the first larval stage, the miracidium, develops, which
hatches as soon as it comes into contact with light and fresh
water. Miracidia specifically infect invertebrate intermediate
snail hosts of the genus Biomphalaria, in which they undergo
an asexual multiplication, resulting in shedding of the second
final host-infective larval stage, the cercaria.'!

Adult Schistosoma reveal some characteristic anatomical
features such as oral and ventral suckers at their anterior end
and tubercles on the dorsal part of the male tegument. The
tegument consists of a heptalaminate membrane, two
trilaminate membranes,'” and a proximate cytoplasm.” It is
involved in uptake and elimination of metabolites and
nutrients'>"*'* and serves as a barrier against the host’s
immune system."*™'? Characteristic structures of the male are
the testes and the gynaecophoric canal, which represents the
contact zone to the female. Specific for the female are the ovary
and the vitellarium, generating oocytes and vitelline cells,
respectively. Both organs are mandatory for the formation of
composite eggs, consisting of fertilized oozysts combined with
several vitelline cells. The size of the male varies from 8 mm to
9 mm in length and 350 ym to 500 ym in diameter. The
female is ~350 pm thick and its length can reach up to 11
mm.m

It has been demonstrated that atmospheric-pressure
scanning microprobe matrix-assisted laser desorption/ioniza-
tion (AP-SMALDI) mass spectrometry imaging (MSI)*"** is a
suitable technique for the analysis of such small specimens.
MSI provides a platform for label-free, multiplexed analysis
that is well-suited for comprehensive chemical characterization,
especially of biological samples. In contrast to targeted
techniques such as immunostaining, MSI operates in a
nontargeted fashion and enables parallel investigation of
hundreds of substances. MSI typically requires freshly frozen
tissue sections.”® Specimens are usually freeze-mounted in a
cryotome and cut into thin sections without further
preparation. However, this procedure only works well for
large samples. Depending on the size of the organism,
additional sample preparation steps are required. A freeze-
cracking procedure was applied to investigate the nematode
Caenorhabditis elegans (C. elegans) to remove the cuticula prior
to MSL** An ethanol series was performed to enhance the
section quality of Drosophila melanogaster brains.>® For cutting
small and heterogeneous organisms such as Anopheles stephensi
mosquitc-s,l("27 direct sectioning is not possible. To overcome
this issue, embedding techniques have been applied.***’
However, classical formalin-fixation and paraffin-embedding
(FFPE), which is the gold standard in histology, is not ideally
suited for metabolomic investigations, especially since the lipid
profile is partially altered.”®” Other polymeric embedding
compounds, such as optimal cutting temperature (OCT)
medium, are not compatible with MSI either,”” because they
may cause severe ion suppression effects and isobaric
interferences. Nevertheless, a few compounds are available
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for embedding in MSL Carboxymethyl cellulose (CMC)*® is
typically used as 29%—5% solution in water,”" while tragacanth
gum is used in 10%—20% aqueous solution.*> Another
commonly applied embedding agent is 5% aqueous gelatin.”®
However, typical embedding procedures, especially when using
cryomolds, are intended for specimen sizes significantly larger
than the samples described here. For small objects in the lower
millimeter to micrometer range, it is difficult to define the
sectioning plane in a bulk of embedding material. Therefore,
alternative techniques and procedures are required.

The AP-SMALDI-MSI** workflow usually starts with matrix
application by pneumatic spraying’! or sublimation.”®
Common pixel sizes for MSI analyses are in the range of
20—50 pm.***® In high-resolution imaging experiments, a
lateral resolution of 5—10 gm***”* and even 1.4 ym** can be
achieved, enabling the investigation of small samples like S.
mansoni. A complication of such high lateral resolution is that
the laser beam must be focused tediously along the z-axis.
Precise focusing becomes increasingly important for higher
lateral resolution, since the depth of focus decreases.
Therefore, height variations may lead to artifact formation,
because of local defocusing of the laser beam and variation of
signal intensities. Recent developments have overcome these
problems by profilometry using pixelwise laser triangulation for
MALDI™ or via prescanning the sample with a confocal
distance sensor for laser ablation electrospray ionization
(LAESI)." Thus, it is possible to record high-resolution ion
images for complex sample topographies.

Schistosomes are highly evolved biological entities and have
developed a characteristic lipid biology. Lipidomic studies
generally aim to describe the lipid biology of a system.
However, such studies become increasingly difficult with
biological complexity and diversity. Schistosomes with their
multiple, highly specialized organs, such as the tegument, are
therefore composed of different compartments. MS imaging
provides outstanding, spatial lipidomic information and can
help to unravel either organ-specific or pairing-dependent
information. For that, it is mandatory to have sample
preparation procedures available to make such structures
accessible for MSI analysis.

Lipids are of special interest in S. mansoni parasite
research,'” since the worms are not able to synthesize fatty
acids and sterols de novo,"' and some extraordinary lipid
species, e.g., AS-octadecenoic acid® or large quantities of
lysophospholipids occur in the tegument.* Especially the
dorsal male tegument is highly interesting, because it is a
special feature of platyhelminths, representing the parasite’s
frontier for parasite—host interactions.'”"”""" In former
studies, liquid chromatography (LC) was used for the
quantitative determination of phosphatidylcholines (PC) and
fatty acids derived from these PC precursors, using whole-
worm lysates.** LC-ESI-MS was used to investigate phospho-
lipids and fatty acid composition in S. mansoni from whole
worm extracts” and the tegument."’ Previous MSI studies
showed that the surface of regionally different S. mansoni
strains can be distinguished using vacuum MALDI-TOF and
infusion ESI-MS.*® However, the lateral resolution of 50 gm
was not sufficient to distinguish anterior and posterior ends.
Besides, no inner organs were investigated, since no sections
were prepared.

To overcome existing limitations, we aimed to establish a
new procedure for detailed MSI analysis. Therefore, we
compared multiple embedding protocols, aiming to obtain
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artifact-free, longitudinal cryosections. To this end, we
combined glutaraldehyde fixation and embedding in gelatin
to prepare tissue sections from adult S. mansoni worms. This
method enabled us to prepare technical replicates from a single
S. mansoni couple. The new protocol for the first time allowed
the identification of different metabolites and the detailed
visualization of their distribution in S. mansoni sections by MSIL

B EXPERIMENTAL SECTION

Ethics Statement. Animal experiments were performed in
accordance with the European Convention for the Protection
of Vertebrate Animals used for experimental and other
scientific purposes (ETS No 123; revised Appendix A) and
were approved by the Regional Council (Regierungspraesi-
dium) Giessen (V54-19 ¢ 20/15 ¢ GI 18/10).

Sample Preparation. Parasite maintenance was performed
as described elsewhere.”’ In brief, Syrian hamsters of the
species Mesocricetus auratus were infected with cercariae of S.
mansoni (Liberian strain).*” Adult worms were isolated 42 days
post-infection by hepatoportal perfusion.** Eggs were extracted
from the liver to infect the intermediate snail host
Biomphalaria glabrata to generate infective cercariae.”’

Classical Embedding Using Cryomolds. Following
perfusion, S. mansoni worms were briefly kept in cultivation
medium,*” washed in isotonic NaCl (mass concentration ff = 7
g/L; NaCl, p.a. Merck, Darmstadt, Germany) solution, and
stored at —80 °C. Aqueous gelatin solution was prepared with
a mass concentration of f(gelatin) = 30—120 g/L (water: LC-
MS grade, VWR International GmbH, Darmstadt, Germany;
gelatin: pharm. Eur,, VWR), and heated to 50 °C in a water
bath. Disposable cryomolds (Tissue-Tek, Sakura Finetek
Germany GmbH, Staufen, Germany) with the dimensions of
15 mm X 15 mm X S mm were filled to ~50% of the volume
with gelatin solution and frozen at —20 °C. Thawed S. mansoni
worms were placed on the frozen gelatin block using a
disposable inoculation loop or featherweight forceps. Worms
were covered with gelatin solution and frozen at —20 °C for 30
min.

For centrifugation experiments, the worms were placed in
aqueous gelatin solution (f = 80 g/L) and centrifuged at
4000g for up to 30 min. The cryomolds were frozen at —20 °C
to preserve the desired worm orientation. Frozen gelatin blocks
were cut into sections 20—40 pum thick, which were then
mounted onto glass slides. The glass slides with sections were
stored at —80 °C, and sample quality was determined using a
digital light microscope (VHX 5000, Keyence, Osaka, Japan)
with 250-fold or 1500-fold magnification, using the vendor-
based profilometry mode, to obtain three-dimensional (3D)
profiles.

Fixation and Microembedding. A 6.7% glutaraldehyde
solution (Grade I, Sigma—Aldrich Chemie GmbH, Munich,
Germany) was prepared from 20% aqueous glutaraldehyde and
phosphate buffered saline (PBS from Gibco, Thermo Fisher
Scientific, Bremen, Germany). Fifty microliters (S0 L) of
glutaraldehyde solution were deposited on a glass slide. Adult
S. mansoni males or couples, respectively, were transferred to
the fixative using featherweight forceps. A coverslip was
applied, and samples were frozen in liquid N, and stored at
—80 °C until further processing.

Worms were thawed in a desiccator at room temperature. A
single worm/couple was transferred to the miniaturized sample
holder (stainless steel, d = 6 mm) using featherweight forceps.
A quantity of S—10 uL of 8% gelatin solution (f = 80 g/L)
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were used to coat the worm. The sample holder was
transferred to the cryotome (HMS2S, Thermo Fisher
Scientific) and kept for 30 min before sectioning into
specimens 20—40 ym thick. Sections were thaw-mounted on
glass slides, and their quality was determined microscopically.
Sections of sufficient quality were stored at —80 °C until
further analysis.

Matrix Application and Mass Spectrometry Imaging.
Samples were thawed in a desiccator at room temperature for
30 min. Microscopic images were recorded prior to matrix
application. A quantity of 30 g/L of 2,5-dihydroxybenzoic acid
(DHB, for synthesis, Merck) in acetone:water (acetone,
LiChrosolv, Merck) 1:1 v/v with 0.1% trifluoroacetic acid
(TFA, for spectroscopy, AppliChem GmbH, Darmstadt,
Germany) was used as matrix in positive ion mode. An
amount of 60—80 yL of matrix solution was applied to each
individual sample with a flow rate of 10 #L/min and a rotation
of 500 rpm (+ 4%), using a SMALDIPrep sprayer (TransMIT
GmbH, Giessen, Germany) at a nitrogen pressure of 1 bar.

MSI Setup. An autofocusing AP-SMALDIS AF ion
source®® (TransMIT GmbH) was coupled to a Q Exactive
HF mass spectrometer (Thermo Fisher Scientific (Bremen)).
For MS? experiments, an AP-SMALDI10 (TransMIT GmbH)
was coupled to a Q Exactive mass spectrometer (Thermo
Fisher Scientific). The sample was desorbed/ionized by S0 (for
MS? by 30) UV-laser pulses per pixel at a frequency of 100 Hz
(MS?: 60 Hz). Mass spectra were recorded from m/z 500 to
2000 with a mass resolution of 240 000 at m/z 200 and a mass
accuracy of <3 ppm using the lock mass function (m/z
716.12451 = [SDHB-4H,0 + NH,]"). The ion injection time
was set to S00 ms. S-lens level was set to 100 arbitrary units,
and the capillary temperature was 250 °C. The acceleration
voltage was set to 3.0 kV (MS*: 4.3 kV).

For fragmentation experiments, m/z 808.6 + 0.5 was
isolated and fragmented at 20 NCE using higher-energy C-
trap collisional dissociation (HCD). MS® spectra were
recorded from m/z 250 to 1000 with a mass resolution of
140 000 at m/z 200 and a mass accuracy of <5 ppm.

Data Analysis. XCalibur (Thermo Fisher Scientific) was
used to display mass spectra. The Mirion*’ software package
(v3.2.64.29) was utilized to create ion images. The histogram
bin width was set to 0.004 u and the absolute mass variance of
spectra was set to 0.00S u. For image generation, each m/z
signal was normalized to the total ion current (TIC) of the
corresponding pixel (normalized versus native ion images are
shown in Figure S1 in the Supporting Information). The
LipidMaps database®” was used to search for putative lipid
assignments in combination with a lipidome investigation of S.
mansoni.">** Database matches for the presented images are
shown in Tables S1 and S2 in the Supporting Information. In
addition, the Human Metabolome Database (HMDB)*' was
used to annotate small metabolites and to verify database hits
found with LipidMaps. ADC/ChemSketch was used to draw
chemical structures.

B RESULTS AND DISCUSSION

Cryosectioning of S. mansoni Worms for MSI. The
availability of adequate cryosections is mandatory for
investigating the molecular composition by MSI. Because of
the small size of adult S. mansoni of <10 mm in length and
300—500 pm in diameter, sample embedding was required.
MSI-compatible gelatin was used to minimize ion suppression
effects during analysis. The content of gelatin varied to adjust
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» Not to scale
Ant

Figure 1. Optical images of longitudinal cryosections of adult Schistosoma mansoni: (A) male worm (by classical embedding), (B): male worm (by
centrifugation method), and (C) paired couple (by microembedding procedure). [Legend: Ant (anterior end), OS (oral sucker), VS (ventral
sucker), M (male), GU (gut), T (tubercles/tegument), GC (gynaecophoric canal), F (female), and VI (vitellarium). Female parts are marked in

red, and male parts are marked in blue. Scale bar = 100 ym.]

viscosity in the liquid state and solidity in the solid state, since
this is crucial for the embedding as well as the cutting process.
Usage of 3% gelatin solution (f = 30 g/L) led to the formation
of a liquid film surrounding the tissue section during
microscopic evaluation. This could lead to leaking of
metabolites from the tissue into the surrounding gelatin, and,
therefore, a loss of lateral resolution and formation of
measurement artifacts during MSI. A concentration of 12%
gelatin (ff = 120 g/L) was found to be too high, because it
impeded the acquisition of longitudinal worm sections,
because it was difficult to define the cutting plane, because
of turbidity of the gelatin. Since longitudinal sections were
required to facilitate the analysis of inner organs of S. mansoni,
it was crucial to ensure the correct sectioning plane. In
addition, fragmentation of the tissue was observed during
cutting when using 12% gelatin. Furthermore, the section
coiled up a few seconds after cutting. Finally, the optimal
gelatin concentration was determined to be 8% ( = 80 g/L),
showing the best performance for both embedding and cutting
to generate high-quality longitudinal worm sections. In the
following paragraphs, we describe three procedures that were
tested for generating high-quality cryosections.

The longitudinal sections allowed investigation of the inner
organs of adult worms, as single worms or in copula. In Figure
1A, a longitudinal cryosection of a male worm is shown, which
was obtained by classical embedding. Here, a gelatin block was
frozen in a cryomold, the worm was placed in the middle and
was subsequently covered with more gelatin. The tissue
appeared in the sections but tissue fragments were observed in
the middle part of the specimen. In addition, anterior and
posterior ends were indistinguishable. The section could thus
not be used to investigate structures or inner organs, as these
could not be located in the microscopic images. Furthermore,
this sectioning method is time-consuming, since the gelatin
block is much larger than the sample and the location of the
sample must be determined by careful abrasion of the gelatin
block. Placing the worm on the prefrozen gelatin material
sometimes resulted in a nonplanar position, since the gelatin
did not freeze by forming a flat block, but rather formed a
slightly elevated structure in the middle of the cryomold.

Figure 1B shows a section of a male worm, obtained by
embedding and centrifugation. This section appeared to be
intact. However, we again observed tissue fragmentation,
diffuse structures as well as roughness of the surface area. The
gynaecophoric canal also showed small fissures in the anterior
region. While oral and ventral sucker were clearly visible, the
testis structure could not be assigned based on the microscope

image. This preparation technique required the handling of
large amounts of embedding medium. However, in contrast to
the first method using cryomolds, the localization of the worm
was easier, since it had been centrifuged to the bottom of the
mold. Furthermore, the worm was pressed to the bottom of the
mold, which led to a flat orientation. Nonetheless, sample
damage during the centrifugation process could not be entirely
prevented, and also the flat orientation obtained during
centrifugation sometimes changed afterward in the freezing
process. In conclusion, this method provided improved section
quality but was still not sufficient for MS imaging and organ
assignment.

A cryosection obtained by prefixation in glutaraldehyde in
combination with microembedding of a paired S. mansoni
couple is shown in Figure 1C. Similar results were achieved
using single male worms (data not shown). Very little tissue
disruption was observed, and detailed structures became
visible. Male and female worms remained morphologically
intact and could be clearly distinguished. In addition, typical
features of the male (M), such as oral (OS) and ventral sucker
(VS), gut (GU), tubercles/tegument (T), and gynaecophoric
canal (GC) were clearly visible. In the female (F), aside from
the gut, the vitellarium (VI) also was detectable. While
recording the microscopic image, some wrinkling of the tissue
section was observed, most likely due to the high water content
of the tissue, which evaporates rapidly under the microscope
light. The resulting height profile is shown in Figure 2.
Nevertheless, it is still possible to measure such sections with
high lateral resolution, because varying laser fluences due to

lisoum

ln pm

Figure 2. Height profile of a cryosection of the S. mansoni couple
(male, M and female, F) shown in Figure 1C (recorded via
microscope; magnification Rx1500 is required).
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Figure 3. Comparison of a S. mansoni couple measured with MSI at 10 #m ((A, B, C) 158 X 148 pixels) and S ym ((D, E, F) 300 X 272 pixels)
spatial resolution. m/z 758.5693 was assigned to PC(34:2) as [M + H]* Am < 1 ppm, m/z 782.5675 to PC(34:1) as [M + Na]* Am = 1 ppm and
m/z 810.5988 to PC(36:1) as [M + Na]*Am = 1 ppm. The light microscopic images show the male (M) and the female (F) with gut (GU).

Arrows mark male—female transitions (C, F). All scale bars = 100 ym.
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Figure 4. Differential ion distributions in male and female S. mansoni. (A) m/z 786.6006 seems to be more abundant in the male. (B) m/z
1157.3592 can be found almost exclusively in the male. (C) m/z 780.5514 is equally distributed in both male and female tissue but is more
abundant in proximity of the gut-associated tissues. (D) In the red—green—blue (RGB) overlay, these differences between male and female become
more obvious. (E) Light microscopic image shows male (M) with structural features oral (OS) and ventral sucker (VS), gut (GU) and
gynaecophoric canal (GC) and female (F) with vitellarium (VI) and gut (GU). Structural annotations are based on the light microscopic image.

Scale bar = 100 gm.

uneven surfaces can be compensated by triangulation laser
autofocusing.™

Fixation of the worms in glutaraldehyde and applying the
microembedding procedure resulted in the best section quality.
In addition, this procedure required fewer resources, because it
was faster and straightforward and required less embedding
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material and fewer disposables. Moreover, the placement of the
worm couple directly on the holder ensured its flat orientation
and increased the probability for intact longitudinal sectioning.
Up to four consecutive sections of high quality were obtained
this way, showing organs and structural features. On average,
two sections were obtained per worm specimen. The
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developed protocol is the first to generate tissue sections from
S. mansoni worms, which is compatible with MSI.

High-Resolution MS Imaging of Paired S. mansoni
Worms. Previous MSI studies demonstrated that different S.
mansoni strains can be discriminated using a combination of
vacuum MALDI-MSI and ESI-MS of worm extracts.*® Surface
measurements were performed with a pixel size of 50 um.
However, it was difficult to distinguish anterior and posterior
ends from the displayed ion images; inner organs were not
analyzed.

In our study, spatially resolved mass spectra of two
neighboring tissue sections of S. mansoni couples were
recorded with step sizes of 10 and S um, using pixel-by-pixel
autofocusing. Both sections were analyzed with identical
sample preparation conditions and experimental settings.
These parameters resulted in image sizes of 158 X 148 and
300 X 272 pixels, acquired with scanning steps of 10 and 5 ym,
respectively. The total ion current was similar for both 10 and
S pm measurements, typically in the range of 10* (normalized
level). Consequently, MS spectra of similar quality were
obtained at both resolutions. Ion images are shown in Figure 3
for step sizes of 10 ym (Figures 3A, 3B, and 3C) and $ ym
(Figures 3D, 3E, and 3F). Both tissue sections were found to
be of similar quality, and inner organs could be allocated in the
microscopic images of the male (M) and the female (F)
(Figure 3). A tissue fragment of the female was lost during
matrix application from the section corresponding to Figures
3A, 3B, and 3C (see Figure S2B in the Supporting
Information). For nonprocessed microscope images, see Figure
S2. Mass signals were assigned based on database search and
comparison with published MS? data from Retra et al.**
Database hits for all displayed ion images are shown in Table
S1 in the Supporting Information. Signal m/z 758.5693 was
assigned to PC(34:2) as [M + H]" with Am = 1 ppm. Its signal
intensity appears to be elevated in the female (Figures 3A and
3D). Evenly abundant signals in male and female were also
observed, for example, for m/z 782.5674, which was assigned
to PC(34:1) as [M + Na]* with Am = 1 ppm (Figures 3B and
3E). " Several signals were obtained with higher abundance
in the male compared to the female, as demonstrated by the
signal intensity of m/z 810.5988, assigned to PC(36:1) as [M
+ Na]* with Am = 1 ppm (Figures 3C and 3F).** Male and
female worms could be clearly distinguished based on ion
images at both S and 10 pm step sizes. In the case of m/z
810.5988, differences between male and female seemed to be
more pronounced at quasi-cellular, 5 ym lateral resolution.
Structures such as the transition between the female and the
male were displayed in more detail with 5 ym resolution (see
arrows in Figures 3C and 3F).

Identification of molecular compounds, which are differ-
entially abundant in male and female, is one of the crucial steps
to unravel male—female interaction at the molecular level.
Especially, the chemical analysis of the female’s reproductive
system is of high interest, since it fully develops only upon
constant pairing contact with the male.” Since the intact
longitudinal section provides insights into the anatomy of a S.
mansoni couple, several compounds with distinct topographic
distributions in male and female were selected. Ion images of
the corresponding m/z values are shown in Figure 4.
Annotations were based on accurate mass determination and
LipidMaps database hits, in comparison with literature data
(see Table S2 in the Supporting Information).**** In Figure
4A, m/z 786.6006 is shown in blue, which was assigned to
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PC(36:2) as [M + H]* with a mass deviation of <1 ppm. The
signal was evenly distributed in the male and female, but with
slightly decreased signal intensities in the female. This may
indicate differential lipid metabolism in both sexes. The
assigned phosphatidylcholine has been detected previously in
S. mansoni parasites. 345 The jon at m/z 1157.3592 is shown in
green and was assigned to the sodium adduct of a
heptasaccharide under the loss of water with <1 ppm mass
deviation. Since the detection of carbohydrates is an unusual
finding compared to phospholipids, we expanded the search
for other oligosaccharides to support the assignment. In
addition, hexasaccharides and octasaccharides were found,
their distributions are shown in Figures S3 and S4 in the
Supporting Information, respectively. Ton signals correspond-
ing to small oligosaccharides, for example, a trisaccharide (data
not shown), were also found. It is already known from the
literature that glucose is taken up via the tegument of S.
mansoni parasites."* In copula, the tegumental surface of the
female available for glucose uptake is lower, thus giving rise to
the assumption that the signal intensity of oligosaccharides
might be pronounced in the male. The detected oligosacchar-
ides could be derived from glycogen or amylose, which serve as
energy storage. They can be synthesized enzymatically by
glycosyltransferases, all required genes and transcripts have
been found experimentally in S. mansoni (KEGG Enzyme: EC
2.4.1.11 and 2.4.1.18 respectively; pathway: ko00500). The
transcriptome shows high activity for the above-mentioned
enzymes in adult schistosomes, but significantly elevated
activity in the male. This might support higher oligosaccharide
signal intensity in the male on the metabolic level.”> However,
detailed assignment of all saccharides requires further studies,
since MS? experiments were not possible, because of low signal
intensities of the saccharides, and current assignments
therefore are based solely on accurate mass. The red channel,
m/z 780.5514 shows the distribution of sodiated PC(34:2)
with a mass deviation of <1 ppm, which was previously found
in S, mansoni.***> This signal is evenly distributed in female
and male tissue, showing an increased signal intensity in the
region of gut (GU) and vitellarium (VI). Phosphatidylcholines
(PC) are known as membrane lipids® and may play a role in
germ cell maturation, as it has been observed in male
Macrobrachium rosenbergii.>* Note that the detected
(phospho)lipids were not limited to the class of phosphati-
dylcholines; other lipid classes, such as phosphatidylethanol-
amines, sphingomyelines, diglycerides, triglycerides, etc., also
were found.

The red—green—blue (RGB) overlay of the aforementioned
ion signals can be found in Figure 4D, each color channel
representing one ion signal. The figure shows differences
between female and male tissue, the gut-associated tissue (GU)
and the vitellarium (VI). An additional RG-overlay using
different m/z signals is shown in Figure S5 in the Supporting
Information. Unfortunately, parts of the male’s head region
were subducted in gelatin and, therefore, no lipid signals were
recorded in this region.

In summary, we demonstrated MSI analysis of an S. mansoni
worm couple using high lateral and high mass resolution. Male
and female S. mansoni could be distinguished based on MS ion
images of signals characteristic for or elevated in specific organs
like the gut of the female.

High-Resolution MS?| of Lipids in Adult Male Worms.
S. mansoni comprise fatty acids and phospholipids with odd
chain lengths, adding complexity to structural elucidation and
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developed protocol is the first to generate tissue sections from
S. mansoni worms, which is compatible with MSI.

High-Resolution MS Imaging of Paired S. mansoni
Worms. Previous MSI studies demonstrated that different S.
mansoni strains can be discriminated using a combination of
vacuum MALDI-MSI and ESI-MS of worm extracts.*® Surface
measurements were performed with a pixel size of 50 um.
However, it was difficult to distinguish anterior and posterior
ends from the displayed ion images; inner organs were not
analyzed.

In our study, spatially resolved mass spectra of two
neighboring tissue sections of S. mansoni couples were
recorded with step sizes of 10 and S um, using pixel-by-pixel
autofocusing. Both sections were analyzed with identical
sample preparation conditions and experimental settings.
These parameters resulted in image sizes of 158 X 148 and
300 X 272 pixels, acquired with scanning steps of 10 and 5 ym,
respectively. The total ion current was similar for both 10 and
S pm measurements, typically in the range of 10* (normalized
level). Consequently, MS spectra of similar quality were
obtained at both resolutions. Ion images are shown in Figure 3
for step sizes of 10 ym (Figures 3A, 3B, and 3C) and $ ym
(Figures 3D, 3E, and 3F). Both tissue sections were found to
be of similar quality, and inner organs could be allocated in the
microscopic images of the male (M) and the female (F)
(Figure 3). A tissue fragment of the female was lost during
matrix application from the section corresponding to Figures
3A, 3B, and 3C (see Figure S2B in the Supporting
Information). For nonprocessed microscope images, see Figure
S2. Mass signals were assigned based on database search and
comparison with published MS? data from Retra et al.**
Database hits for all displayed ion images are shown in Table
S1 in the Supporting Information. Signal m/z 758.5693 was
assigned to PC(34:2) as [M + H]" with Am = 1 ppm. Its signal
intensity appears to be elevated in the female (Figures 3A and
3D). Evenly abundant signals in male and female were also
observed, for example, for m/z 782.5674, which was assigned
to PC(34:1) as [M + Na]* with Am = 1 ppm (Figures 3B and
3E). " Several signals were obtained with higher abundance
in the male compared to the female, as demonstrated by the
signal intensity of m/z 810.5988, assigned to PC(36:1) as [M
+ Na]* with Am = 1 ppm (Figures 3C and 3F).** Male and
female worms could be clearly distinguished based on ion
images at both S and 10 pm step sizes. In the case of m/z
810.5988, differences between male and female seemed to be
more pronounced at quasi-cellular, 5 ym lateral resolution.
Structures such as the transition between the female and the
male were displayed in more detail with 5 ym resolution (see
arrows in Figures 3C and 3F).

Identification of molecular compounds, which are differ-
entially abundant in male and female, is one of the crucial steps
to unravel male—female interaction at the molecular level.
Especially, the chemical analysis of the female’s reproductive
system is of high interest, since it fully develops only upon
constant pairing contact with the male.” Since the intact
longitudinal section provides insights into the anatomy of a S.
mansoni couple, several compounds with distinct topographic
distributions in male and female were selected. Ion images of
the corresponding m/z values are shown in Figure 4.
Annotations were based on accurate mass determination and
LipidMaps database hits, in comparison with literature data
(see Table S2 in the Supporting Information).**** In Figure
4A, m/z 786.6006 is shown in blue, which was assigned to
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PC(36:2) as [M + H]* with a mass deviation of <1 ppm. The
signal was evenly distributed in the male and female, but with
slightly decreased signal intensities in the female. This may
indicate differential lipid metabolism in both sexes. The
assigned phosphatidylcholine has been detected previously in
S. mansoni parasites. 345 The jon at m/z 1157.3592 is shown in
green and was assigned to the sodium adduct of a
heptasaccharide under the loss of water with <1 ppm mass
deviation. Since the detection of carbohydrates is an unusual
finding compared to phospholipids, we expanded the search
for other oligosaccharides to support the assignment. In
addition, hexasaccharides and octasaccharides were found,
their distributions are shown in Figures S3 and S4 in the
Supporting Information, respectively. Ton signals correspond-
ing to small oligosaccharides, for example, a trisaccharide (data
not shown), were also found. It is already known from the
literature that glucose is taken up via the tegument of S.
mansoni parasites."* In copula, the tegumental surface of the
female available for glucose uptake is lower, thus giving rise to
the assumption that the signal intensity of oligosaccharides
might be pronounced in the male. The detected oligosacchar-
ides could be derived from glycogen or amylose, which serve as
energy storage. They can be synthesized enzymatically by
glycosyltransferases, all required genes and transcripts have
been found experimentally in S. mansoni (KEGG Enzyme: EC
2.4.1.11 and 2.4.1.18 respectively; pathway: ko00500). The
transcriptome shows high activity for the above-mentioned
enzymes in adult schistosomes, but significantly elevated
activity in the male. This might support higher oligosaccharide
signal intensity in the male on the metabolic level.”> However,
detailed assignment of all saccharides requires further studies,
since MS? experiments were not possible, because of low signal
intensities of the saccharides, and current assignments
therefore are based solely on accurate mass. The red channel,
m/z 780.5514 shows the distribution of sodiated PC(34:2)
with a mass deviation of <1 ppm, which was previously found
in S, mansoni.***> This signal is evenly distributed in female
and male tissue, showing an increased signal intensity in the
region of gut (GU) and vitellarium (VI). Phosphatidylcholines
(PC) are known as membrane lipids® and may play a role in
germ cell maturation, as it has been observed in male
Macrobrachium rosenbergii.>* Note that the detected
(phospho)lipids were not limited to the class of phosphati-
dylcholines; other lipid classes, such as phosphatidylethanol-
amines, sphingomyelines, diglycerides, triglycerides, etc., also
were found.

The red—green—blue (RGB) overlay of the aforementioned
ion signals can be found in Figure 4D, each color channel
representing one ion signal. The figure shows differences
between female and male tissue, the gut-associated tissue (GU)
and the vitellarium (VI). An additional RG-overlay using
different m/z signals is shown in Figure S5 in the Supporting
Information. Unfortunately, parts of the male’s head region
were subducted in gelatin and, therefore, no lipid signals were
recorded in this region.

In summary, we demonstrated MSI analysis of an S. mansoni
worm couple using high lateral and high mass resolution. Male
and female S. mansoni could be distinguished based on MS ion
images of signals characteristic for or elevated in specific organs
like the gut of the female.

High-Resolution MS?| of Lipids in Adult Male Worms.
S. mansoni comprise fatty acids and phospholipids with odd
chain lengths, adding complexity to structural elucidation and
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Figure 5. AP-SMALDI MS? images of fragment ions from precursor ion m/z 808.5823, obtained with a step size of 10 um (60 X 150 pixels) from a
male S. mansoni worm tissue section. Characteristic fragment ions of the phosphatidylcholine residues are displayed in an average spectrum (top
left) and are schematically shown in the chemical structure (top right). The fragments are co-localized, as indicated by the MS images in the

bottom row.

database searches. To prove MS/MS capabilities directly on
tissue and to distinguish isobaric species, the precursor ion at
m/z 808.5823, which could be either sodiated PE(39:2) or
sodiated PC(36:2), was fragmented, and fragments were
detected over the course of the tissue section of 60 by 150
pixels. The resulting ion images of precursor and fragment
ions, obtained with 10 ym step size, as well as an average mass
spectrum are shown in Figure 5. The product ion signals were
found to be co-localized, supporting the assumption that all
fragment ions originated from the same precursor. The
chemical structure of PC(36:2) is shown in Figure S (top
row, right side); possible fragmentation sites and the resulting
m/z values of the fragment ions are indicated. Fragmentation
of the phosphatidylcholine headgroup led to a neutral loss of
trimethylamine, observed by transition of m/z 808.5823 to m/
z 749.5086, as described in the literature.” The signal at m/z
625.5164 was assigned to the loss of C,H;O.P (1,3,2-
dioxaphospholane,2-hydroxy-2-oxide) from the ion signal at
m/z 749.5086. The neutral loss of C,H,O,PNa can be
observed in the transition from m/z 749.5086 to m/z
603.5345. Therefore, the phosphatidylcholine headgroup was
identified. All fragments showed a mass deviation of <1 ppm
(see Table S3 in the Supporting Information). Consequently,
the precursor ion at m/z 808.5823 was assigned to PC(36:2)
as a sodium adduct with a mass deviation of <1 ppm. To
further confirm the assignment of PC(36:2), we searched the
mass spectrum for signals relatable to a PE lipid. No mass
signals were observed that could be attributed to PE.

In MS’I experiments of S. mansoni sections, on-tissue
fragmentation was used as a tool to discriminate isobaric lipid
species such as phosphatidylcholines and phosphatidylethanol-
amines. Since mass spectra of biological samples are inherently
complex, spatially resolved detection of fragment ions adds
valuable information about the presence of one or more
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precursors, highly relevant for avoiding false assignments in
unknown samples.

Bl CONCLUSION

A new protocol was developed for the preparation of intact
longitudinal cryosections of S. mansoni worms using gluta-
raldehyde fixation and microembedding. Its advantage over
classical embedding procedures is that the cutting plane can be
defined more easily and more precisely, which allows for
generation of technical replicates of submillimeter-sized
objects. Structural features such as inner organs and the
characteristic morphology of paired Schistosoma worms were
preserved and visualized in MS ion images. The developed
fixation and embedding method serves as a template for
preparation of other multicellular parasitic and nonparasitic
worms. For schistosomes, parasitic trematodes of worldwide
importance, this method extends the repertoire of techniques
needed in the post-genomic era to unravel functional aspects of
schistosome biology, including its reproductive biology. In
addition, the procedure can be adapted to nonparasitic close
relatives of schistosomes, such as Planaria, or even to distinct
biological model organisms such as Drosophila melanogaster or
Danio rerio (zebrafish).

High-resolution mass spectrometry imaging was performed
in positive ion mode with pixel sizes of 5 and 10 ym, using
pixel-by-pixel autofocusing for nonplanar tissue sections with
high intermeasurement reproducibility. High-resolution MSI
enabled the allocation of ion signals to male and female worms,
as well as to inner organs throughout the tissue section, while
high mass accuracy allowed for lipid and saccharide assign-
ment. On-tissue MS’T was used to confirm lipid assignment
and to visualize characteristic phosphatidylcholine fragment
ions. This method opens a wide perspective for follow-up
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studies in schistosomes, as well as other small organisms of
interest.
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Supplementary Table 1: Database annotations based on LipidMaps database corr

P

Figure 3.

ding to MS i shown in

5

mlz

Am to database in ppm

Assignment

Adduct

758.5693

1

PC(34:2)*
PC(0-34:3(OH))
PC(P-34:2(0H))

PE(37:2)
PE(P-37:2(0H))

IM+H]"

PC(34:1(0H))
PE(37:1(OH))
PS(0-36:1)
PS(P-36:0)

[M+H,O+H]"

PA(39:3)

[M+NH,4]'

782.5674

PC(34:1)*
PC(0-34:2(OH))
PC(P-34:1(0H))
PE(37:1)
PE(O-37:2(0H))
PE(P-37:1(0H))

[M+Na]"

810.5988

PC(36:1)*
PC(0-36:2(0H))
PC(P-36:1(OH))

PE(39:1)

[M+Na]'

All hits are based on database search - LipidMaps*

* Described in literature*°

Supplementary Table 2: Database annotations based on human metabolome (HMDB) and LipidMaps database

corresponding to MS i shown in Figure 4.
mlz Am to database in ppm Substance Adduct
786.6006 <0.1 PC(36:2)'? [M+H]*
PC(0-36:3(OH))'
PC(P-36:2(OH))’
PE(39:2)"
PC(36:1(OH))' [M+H-H,0]"
PE(39:1(OH))'
PS(0-38:1)
PS(P-38:0)'
PA(41:3) [M+NH,]"
1157.3592 <0.1 Heptasaccharide® [M-H,O+Na]"
780.5514 <0.1 PC(34:2)'? or PE(37:2)'? [M+Na]"
" LipidMaps™
% Described in literature**
* Manually calculated from the sum formula
Supplementary Table 3: Fragments of PC(36:2) found by MS/MSI.
Ion species m/z experimental m/z theoretical Am in ppm
[M+Na]* 808.5823 808.5827 0.49
[M-C;H9N+Na]” 749.5086 749.5092 0.80
[M-C;3HoN-C,Hs04P] 625.5164 625.5166 0.32
[M-C3HoN-C,H404PNa]” 603.5345 603.5347 0.33
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Pixel size: 5 um
Native TIC normalized
m/z 758.5693 + 5 ppm

mlz 782.5674 £ 5 ppm

Pixel size: 10 um

Native TIC normalized
m/z 758.5693 £ 5 ppm

Supplementary Figure 1: Native ion images (left) compared to total-ion-current normalized ion images (right).
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-

100.0pm c

Supplementary Figure 2: Non-pr d microscope images (A and C) of two ive tissue cryosections of a
Schi: i coupl bedded in gelatin (Rx1500). Organs were annotated according to characteristic visual
features such as shape and color, female parts marked in red, male parts marked in blue. The tissue fragment marked

green in B was lost during matrix application, determined microscopically after MSI (data not shown).

S-3
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Supplementary Figure 3: Ion channel of m/z 995.3063 + 5 ppm which can be assigned to hexasaccharides as [M-
H,O0+Na]* with Am= <1 ppm.

Supplementary Figure 4: Ion channel of m/z 1319.4112 £ 5 ppm, which can be assigned to octasaccharides as [M-
H,O+Na|* with Am= <1 ppm.

5-4
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Supplementary Figure 5: AP-SMALDI MS image of a schistosome couple cryosection. Ion signals for red and green
channel are different from those in Figure 4. Male (M) with oral sucker (OS) and Female (F) with vitellarium (VI)
and gut (GU). Red channel — m/z 816.6478 assigned to PC(38:1) as [M+H]* Am= <1 ppm.** Green channel —
m/z 780.5514 assigned to PC(34:2) as [M+Na]* Am= <1 ppm.*5
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Author summary

WHO-defined Neglected Tropical Diseases, including schistosomiasis, are a burden for a
significant part of the human world population. The fight against the diecious trematode
Schistosoma mansoni can be supported by investigations of the specific molecular com-
munication in male/female and in worm/host interactions. Improving the knowledge
about S. mansoni is mandatory, since there is justified fear of the possibility of resistance
development against the only available drug Praziquantel. We used mass spectrometry
imaging as a powerful tool to provide topographic and tissue-specific information on the
parasite. We investigated single male and female worms, as well as mating couples, regard-
ing both, their inner tissue, and their intact surfaces, the tegument. We found highly spe-
cific lipid species and visualized their local distributions and abundances in high-
resolution molecular images. Our findings may help to improve knowledge of the com-
plex life cycles and of molecular communication mechanisms of schistosomes and may
help to develop new drugs and strategies for treatment of the infectious disease.

Introduction

Schistosomiasis is a waterborne disease with about 280 million people affected and many more
at risk.[1] Untreated, multiple clinical manifestations with potential mortal outcome occur,
counting for more than 200,000 deaths per year.[1] Especially in children, severe developmen-
tal impairments are observed, estimated to account for millions of disability-adjusted life
years.[2] The disease is caused by pathogens of the genus Schistosoma (S. haematobium, S.
Jjaponicum, and S. mansoni). The World Health Organization (WHO) has classified schistoso-
miasis as one of the neglected tropical diseases due to global spreading and its poverty-related
endemicity.[1] With Praziquantel, there is currently only one widely applied drug available,
and there is no vaccine yet.

Schistosomes exhibit a complex life cycle. When S. mansoni eggs are exposed to water, male
and female miracidia hedge, which are infective for intermediate snail hosts of the genus Biom-
phalaria. Within the snail, asexual reproduction occurs, and multiple generations of sporocysts
are produced that finally lead to the generation of cercariae, which are released to the aqueous
environment, being infective for vertebrates such as humans. Upon skin penetration of the
final host, cercariae lose their tails and transform into schistosomula, which follow the blood
stream to the liver while they mature to the adult life-stage. After mating of males and females,
the couples migrate to the mesenteric plexus of the gut (or the bladder in case of S. haemato-
bium), where they shed approximately 300 eggs daily, many of which leave the body via feces
(S. japonicum, S. mansoni) or urine (S. haematobium).

One of the biological peculiarities of schistosomes is that they have evolved separate sexes
during evolution, whereas all other trematodes are hermaphrodites. Furthermore, a constant
pairing contact is necessary for sexual maturation of the female, which is achieved by pairing-
induced mitogenic activity and subsequent differentiation of the gonads. The latter consist of
the ovary and the vitellarium.[3]

As trematodes, adult schistosomes exhibit characteristic organs such as oral sucker (OS),
required for nutrient uptake, elimination of metabolites and pathogen-host interaction,[4] a
ventral sucker (VS) for motility, the gut (GU), testes (TE; in males), ovary (OV) and vitellar-
ium (VI) in females, and the tegument (T), the outer surface structure covering the worm
body. The physiologically active tegument is unique to Neodermata and exhibits several key
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functions, crucial among others for nutrient uptake, host-parasite interaction, and survival.[5-
10]

In the past couple of years, lipids have gained research interest not only as membrane com-
ponents but also as functional constituents involved in cellular communication, key metabolic
pathways, and as diagnostic markers.[11, 12] Therefore, various lipidomic studies have been
conducted, contributing to our understanding of the characteristic lipid biology of schisto-
somes, especially in S. mansoni. For example, octadecenoic acid with a double bond position at
A5, odd-chain fatty acyl phospholipid substituents, or long-chain fatty acids have been
described.[13-18] Ceramides (Cer), known as signaling molecules, can be converted to sphin-
gomyelins (SM) by addition of phosphocholine to the Cer hydroxyl head-group moiety.[19]
By fluorescent lipid analogues, it has been demonstrated that SM of male schistosomes is syn-
thesized from Cer, transported to the tegument and excreted to the medium.[19] Lipid extracts
of whole-worms and tegument were analyzed by high performance liquid chromatography
(HPLC), coupled to tandem mass spectrometry (MS), and it was shown that the tegument
remarkably differs in phosphatidylserine (PS), phosphatidylcholine (PC), and lysophospholi-
pid concentrations, compared to the inner part of the worm.[10] Great emphasis was placed
on creating a comprehensive lipid atlas throughout all life stages of S. mansoni.[20] These data
serve as the fundamental basis to investigate the functional role of specific lipids. The spatial
information, which is lost during sample preparation for LC analysis, would strongly aid in
understanding biological processes.

MALDI-MSI has been reported to be able to distinguish male and female based on individ-
ual m/z-signals.[21] However, discrimination was lacking when using unsupervised methods
such as principle component analysis (PCA).[22] This was probably due to low spatial and
mass resolution and/or topography-related signal intensity artifacts.

Mass spectrometry imaging (MSI)[23] adds valuable semi-quantitative, spatially resolved
information to chemical investigations.[24] MSI is of special interest for untargeted metabolo-
mics, because a wide variety of substance classes and valuable structural features can be
assessed at once. One of the most advanced techniques with regard to spatial resolution is
atmospheric pressure scanning microprobe matrix-assisted laser desorption/ionization (AP-S-
MALDI)[25] MSI. It is well suited for lipidomic analysis and capable to achieve high lateral
resolution of 5-10 um pixel size,[25] and 1.4 um with an experimental setup, respectively.[26]
When operating at such high spatial resolution on rough surfaces, topography-related artifacts
may occur as the depth of focus is only about 40 um at 5 um laser focus diameter.[27] If not
corrected, this leads to severe artifacts during the MALDI process, which can be overcome by
autofocusing for each pixel. [27]

To investigate the spatial distribution of lipids in paired S. mansoni adults, AP-SMALDI
MSI has been utilized to compare tegumental surface-associated lipid signals to those present
inside the whole-worm body. Lipid signals were annotated based on a combination of Meta-
space[28] data repository and a home-built, LC-MS/MS-based database. Elevated signal inten-
sities were observed for sphingomyelins (SM), phosphatidylserines (PS), and
lysophosphatidylcholins (LPC) at the tegument surface, as well as phosphatidylcholines (PC)
and phosphatidylethanolamines (PE) for the worm body. Differentially abundant fatty acyl
substituents were also found when comparing lipid composition of surfaces and sections. Fur-
thermore, data analysis revealed differences between male and female surfaces, an aspect not
yet addressed in previous studies on male-female interaction in the biochemical context.

Methods

Quality grades and manufacturers of all chemicals used are shown in S1 Table.
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Ethic statement

Animal experiments were performed in accordance with the European Convention for the
Protection of Vertebrate Animals used for experimental and other scientific purposes (ETS No
123; revised Appendix A) and were approved by the Regional Council (Regierungspraesidium)
Giessen (V54-19 ¢ 20/15 ¢ GI 18/10).

Schistosoma mansoni maintainance

Parasite maintenance was carried out as described elsewhere.[29] In brief, Syrian hamsters
(Mesocricetus auratus) were infected with cercariae of S. mansoni (Liberian strain).[29] Worm
couples were isolated 46 days post infection by hepatoportal perfusion.[30] Eggs were
extracted from the livers of infected hamsters to obtain miracidia for infecting the intermediate
snail host Biomphalaria glabrata.[29)

Fixation and cryosectioning

Directly after perfusion, schistosome couples were separated by repetitive pipetting to obtain
individual worms with known pairing history. The worm samples were prepared as described
elsewhere.[31] In brief, worms were fixed in 6.7% glutaraldehyde solution in phosphate-buff-
ered saline and snap-frozen in liquid nitrogen. Cryosections of couples were prepared at 30~
40 pm thickness using a cryotome (HM 525, Thermo Fisher Scientific) after micro-embedding
in 8% gelatin. Sections were mounted to glass slides (VWR, Radnor, PA, USA) and stored at
-80°C until further analysis.

Lipid extraction

Lipid extraction was carried out using a methyl-tert butylether (MtBE) protocol.[32] 200-500
worms were homogenized in 50 uL ice-cold ammonium acetate (50 mM) in a potter homoge-
nizer (glass). 600 pL methyl-tert butylether (MtBE) and 150 uL methanol were added and
shaken at 4°C for 1 h at 1,000 rpm (Thermomixer, Eppendorf, Hamburg, Germany). 200 pL
water were added, shaken for 10 min (aforementioned conditions) and centrifuged at 1,000 x g
for 5 min (Centrifuge 5804, Eppendorf). The organic phase was collected, and the aqueous
phase was re-extracted with 400 uL. MtBE, 120 pL methanol, and 100 uL water for 1 h (afore-
mentioned conditions). After 5 min centrifugation at 1,000 x g, the organic phases were united,
and the solvent was evaporated under a gentle stream of nitrogen in an ice bath until dryness.
The dry extracts were dissolved in methanol:water 1:9 V/V to yield stock concentrations of 1 g
of dried extract per mL and working solutions of 50 ng/uL.

LC-MS analysis

Separation was conducted by ultra-high performance liquid chromatography (UHPLC; “Ulti-
mate3000 RS”, Thermo Fisher Scientific, Bremen, Germany). The UHPLC was coupled to a
“Q Exactive” orbital trapping mass spectrometer (Thermo Fisher Scientific, Bremen) via a
heated electrospray ionization source (HESI II, Thermo Fisher Scientific) allowing data-
dependent acquisition (DDA). The LC-MS method development was adapted from literature.
[33] All parameters are shown in S2 Table.

AP-SMALDI MS imaging

Intact male or female worms were taken from the freezer and fixed to glass slides by a thin film
of gelatin; alternatively, cryosections of couples were used. Digital light microscopic images
were recorded with a microscope (VHX5000, Keyence, Osaka, Japan) with 250- to 1000-fold
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magnification using a 3D-stitching mode. 2,5-dihydroxybenzoic acid (DHB, 30 mg/mL in ace-
tone:water 1:1 V/V and 0.1% trifluoroacetic acid) was applied by pneumatic spraying of 70 uL
of matrix solution at a flow rate of 10 pL/min, using a “SMALDIPrep” matrix preparation sys-
tem (TransMIT GmbH, Giessen, Germany). The nebulizing nitrogen gas pressure was 1 bar.
The sample was rotated with 500 rpm during pneumatic spraying.

For MS imaging, an autofocusing[27] “AP-SMALDI5 AF” ion source (TransMIT GmbH)
was operated at 5 um/pixel. 50 pulses/pixel were applied in positive-ion mode. An orbital trap-
ping mass spectrometer (“Q Exactive HF”, Thermo Fisher Scientific, Bremen), was operated in
scan mode from m/z 500-2000 at a mass resolution of 240,000 and a typical mass
accuracy < 3 ppm, using the lock-mass function (m/z 716.12462 = [5SDHB-4H,0+NH,]).
The inlet capillary was heated to 250°C, and a potential of 3 kV was applied between sample
holder and inlet capillary. This setup enabled molecular topographic analyses of complex sur-
faces with high accuracy in mass and space at scan rates of about 1 pixel/s. Image sizes are
listed in Table 1.

Data analysis

Data was converted into mzXML or MS2 file formats using Proteowizard[34] (v3.0.11028).
The software packages LipidMatch[35] (v2.0.2) and Lipid Data Analyzer[36] (v2.6.2) were
used for lipid identification based on fragmentation rules and retention time alignment,
respectively. Only annotations found by both software tools were considered for database gen-
eration on lipid species level, specifying total fatty acyl chain lengths (or sphingosine base) and
the number of double bonds. The data analysis process is visualized in S1 Fig. The database
finally comprised triglycerides (TG), diglycerides (DG), sphingomyelins (SM), ceramides
(Cer), phosphatidylcholines (PC), lyso-PC (LPC), phosphatidylethanolamines (PE), lyso-PE
(LPE), phosphatidylserines (PS), phosphatidylglycerols (PG), and phosphatidylinositoles (PI)
and included 469 lipid species in total.

MS imaging data were converted to imzML (imzML-converter v1.3[37]) and uploaded to
Metaspace[28] for automated, FDR-controlled annotation using SwissLipids[38] database
(data available through https://metaspace2020.eu/project/Kadesch-2019-Smansoni). Annota-
tions were further processed manually for all measurements removing non-reproducible sig-
nals found in two or less samples (for graphical illustration see 52 Fig). Comparison with the
aforementioned LC-MS database resulted in 227 lipids corresponding to 412 signals. Tissue
regions were defined using region-of-interest (Rol) function in Mirion[39] (v3), exporting
the mean, total ion current (TIC)-normalized signal intensities per Rol of aforementioned
412 m/z-signals (Rol was saved to imzML file). One Rol per MSI dataset was defined, to yield
signal intensities for three biological replicates per class (worm body, male and female sur-
faces), enabling statistical analysis. For statistical analyses, the data matrix was imported to Per-
seus[40, 41] (v1.6.1.3), and the classification of lipid marker signals was done by hierarchical
clustering (see step-by-step protocol in S3 Fig). MS ion images were visualized through MSiR-
eader[42, 43] (v1) using the TIC normalization feature.

Table 1. MSI image dimensions of acquired data files; 5 um/pixel, focusing mode, positive-ion polarity.
biological repli b male surface female surface mated couple section
1 280 x 280 400 x 174 340 x 300
2 400 x 300 235 x 275 290 x 265
3 420 x 270 300 x 260 300 x272

https://doi.org/10.1371/joumal.pntd.0008145.t1001
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Results and discussion
Comparison of surface/tegument versus worm body tissue

Because of the uniqueness of the tegument, knowledge about its lipidome is of high interest.
Only very few studies addressed the lipid composition of this highly specialized surface struc-
ture by MS.[9, 10, 21] Additionally, MSI studies have been conducted aiming to differentiate
strains and sexes by MALDI-TOF (time of flight) MSI at low resolutions in both, mass and
space, not ideally suited for untargeted metabolomics analysis.[21, 22] To shed further light
onto the lipidome of the schistosome tegument, we performed AP-SMALDI MSI to character-
ize the surface area in comparison to the whole-body worm tissue at the molecular level. Since
the tegument comprises an approximately 17 nm thick heptalaminate outer membrane,[44] it
was not possible to discriminate different layers of the tegument and we therefore further refer
to the term surface. Each worm was 5-10 mm long and less than 1 mm thick. The focal depth
of the AP-SMALDI ion source at 5 pm lateral resolution is in the range of 40 um, demanding
for pixelwise laser focusing to obtain artifact-free MSI analysis.

Prior to data acquisition by MSI, microscope images were taken as shown in Fig 1A (more
detailed in S4 Fig). Surface measurements of males (M) and females (F) are shown on the left
side of Fig 1A and 1C-1F, while tissue sections of couples in biological triplicates are shown on
the right side. The black arrow indicates the anterior end of the worms.

After mass spectrometric data acquisition, hierarchical clustering (HC) was performed
based on relative signal intensities averaged over the whole tissue-containing area (Fig 1B).
The signals shown in the HC can be separated in three major parts; specific signals for worm
body tissue (red box) and surface (male and female; green box) and unspecific signals (blue
box). Surface- or tissue-specific signals were obtained, although the number of unspecific sig-
nals predominated in this approach. The latter signals were classified as unspecific, because
signal intensities varied between the biological replicates in excess of 5%, and/or insignificant
differences occurred when comparing biological classes (surface vs tissue of adult worms). HC
served as a ranking system for subsequent visualization of corresponding MS ion images by
MSiReader (Fig 1C-1F), setting a mass deviation of + 5 ppm for MS image generation.

Fig 1C shows an ion signal at m/z 742.5381 in blue, which was categorized unspecific by
HC. The signal was assigned to protonated PE (36:3) and shows a homogenous distribution
throughout all measurements and locations. The red ion channel in Fig 1D shows a signal,
which is significantly upregulated inside the worm body. This signal was detected at m/z
786.6007 and was assigned to the protonated molecule of PC (36:2). Signals upregulated at the
surface were also found as indicated by m/z 805.6194 in green (Fig 1E), which can be assigned
to SM (40:3) as sodiated molecule. Additionally, the tegumental contours of the male and
female worms can be observed in the cryosections by the same signal, confirming its higher
abundance on the surface. The differential composition between surface and worm-body tis-
sue becomes even more obvious in the red-green-blue overlay (RGB) (Fig 1I*). While the
whole worms are dominated by green colour, the sections are mostly red/purple. The classifi-
cation approach by multivariate statistical analysis, particularly HC, was successfully used to
classify m/z-signal intensities with respect to localized lipid compositions.

Since ion images of individual lipid species are not representative for the abundance of the
entire lipid class, we continued to investigate the signal intensities from worm surface and
inner tissue for all lipid classes mentioned. Thereby, a number of marker signals were obtained
being characteristic for either worm surface or inner tissue, not necessarily as the most abun-
dant lipid species in the tissues, but rather signals of discrimination. Results are shown as Bar
chart in Fig 2. A detailed description of all lipids summarized here can be found in 3 Table.
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Fig 1. Results of MS imaging analysis conducted in positive-ion mode followed by multivariate statistical analysis. A-Light microscopic images of male (M) and
female (F) S. mansoni surfaces and cryosections of couples recorded prior to matrix application. Black arrows indicate anterior end. All images are drawn to scale. B
Hierarchical clustering of mean TIC-normalized signal intensities indicating differentially abundant lipids on the surface versus inner tissue. Signals with elevated
intensities in worm bodies are marked with a red box, prominent surface signals are boxed in green, and indifferent signals are indicated by a blue box. C-AP-SMALDI
MS image of an indifferent signal at m/z 742.5381, equally distributed among surface and tissue, which was assigned to PE (36:3) as protonated molecule. D-MS image
at m/z 786.6007 assigned to [PC (36:2) + H]*, showing increased signal intensities in the worm section. E-MS image at m/z 805.6194 assigned to SM (40:3) as sodiated
ion, upregulated in the worm surface of males and females. F-Red-green-blue (RGB)-overlay of MS ion channels C to E, depicting the differences between surface and
inner tissues. In total, the MS ion images comprised ~840,000 spectra, acquired with a spatial resolution of 5 um in positive-ion mode.

https//doi.org/10.1371/journal.pntd.0008145.9001

The extensive variation between surface and inner tissue can be recognized easily. The sum
composition comprising all entities which passed analysis of variance (ANOVA) testing ata
false-discovery-rate (FDR) of 5%, are shown in Fig 2A. Nine lipid classes are included in the
diagram. TG, PE and PC formed the largest fractions.

Signals that were highly abundant inside the worm tissue are shown in Fig 2 (section). One
significantly enriched species was a LPC, while all other marker signals exclusively belonged to
the classes of PE and PC (20 substances per class). PE and PC lipid species can be isobaric and,
therefore, are indiscriminable even at a high mass resolution of R = 240,000. However, using
LC-MS/MS bulk analysis, we verified that both species were present in the worm although
they were not distinguishable in MSI. PE and PC are common membrane constituents that
determine membrane stability and rigidity.[45] Since the internal tissue of S. mansoni includes
several tissue types and organs including the respective membranes, the observed predomi-
nance of PC and PE was expected. However, our findings are partially in contrast to previous
publications which found a higher abundance of PC lipids in the tegument compared to the
inner worm body by multiple-reaction-monitoring MS[10] and indirect quantitation by light
scattering.[17] One explanation for this discrepancy might be that in our case, several isobaric
lipids might have been analyzed as one signal. On the other hand, we did not take ion suppres-
sion effects into account, which can lead to altered signal intensity ratios compared to mea-
surements with preceeding chromatographic separation. Two of the three major lipid

PLOS Neglected Tropical Diseases | htips:/doi.org/10.1371/journal.pntd.0008145 May 13, 2020 7/17

62



PLOS NEGLECTED TROPICAL DISEASES Lipidomic analysis of Schistosoma mansoniusing mass spectrometry imaging

« 100
g 90
2
» 80
S
2 70
© 60
=
8 50
o
¢ 40
o
2 30
(1]
S 20
)
'E 10
S 0
2

PC PE LPC SM PS T

m Section
m Surface
m Unspecific

H B .
G Pl DG Cer

Fig 2. Location-specific lipids according to hierarchical clustering. Hierarchical clustering revealed specific lipid profiles inside the worm tissue
(Section), on the worm surface (not discriminating between male and female) (Surface), and unspecific signals (either lacking intra-group

reproducibility or significant inter-group differences) (Unspecific). Lipid sub-class abbreviations follow Lip

S M

ps nomenclature.

https/doi.org/10.1371/journal.pntd.0008145.9002

constituents, indeed, show the same trend as described in previous publications (see S5 Fig).
Another reason for disagreements is that tegument removal and lipid extraction are indirect
methods, with intrinsic potential for artifact formation, compared to direct surface analysis by
MSL

A composition entirely different from the inner tissue was observed for the tegumental sur-
face (Fig 2, in orange colour). The predominant class here was SM, besides PS and PE, and
minor groups of LPC and PC. In comparison to the sum composition prior to HC, a relative
specificity of SM and PS is obvious for the surface. It was reported previously, that SM accu-
mulates at the S. mansoni surface where reversible breakdown to the respective ceramide lipids
can occur.[19] The ceramides can enter the worm body freely while sphingomyelin is retained
on the tegument.[19] Since these findings were derived from fluorescence microscopy, detailed
information about individual lipid species was previously unavailable. Our findings enhance
knowledge of SM species on the surface of schistosomes (see S3 Table). An increase in SM
abundance is associated with increased membrane thickness and stability and has been well
studied in a yeast model system.[45-47] However, the function of individual SM species
remains unknown. PS have also been found in systematic studies of the tegument using a shot-
gun-lipidomics approach.[10] Our findings are well in accordance with this data. S. mansoni-
derived PS could be of interest as they have been shown to act on toll-like receptor 2 (TLR2) in
cell culture in vitro, in dependence of the fatty acyl substituents.[48] The binding pocket for PS
on TLR2 might thus be a potential target for drug development. Minor signals of LPC and PC
were found to be elevated on the surface. From literature it is known that S. mansoni has a
rapid fatty acid turnover between phospholipid deacylation and reacylation.[17,18] Therefore,
unraveling schistosomal PC acylases could be another topic in drug development.

In addition, signals with unspecific distribution were found in the tegument and in body
tissue, showing no differential intensities within sample groups (Fig 2, unspecific). The lipid
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class composition of these unspecific lipids was similar to the sum composition. It is remark-
able that although TG comprise the largest group of lipids before clustering, all TG lipids were
classified as unspecific. However, some TGs were in fact specific for male vs female surfaces
(see chapter below), and may have been removed during statistical testing, due to lower signal
intensities and therefore more unstable signals compared to e.g. PC. Low pH value has been
shown for schistosoma tissue. [49] It is therefore reasonable that PC is positively net-charged
and readily detectable with high signal intensities under ambient conditions.

PEs appeared as marker signals for both surface and worm tissue. We therefore further
investigated the PE lipid class on a more detailed lipid-species level. Fig 3A shows a diagram
depicting the fatty acyl chain lengths versus the number of double bonds in detected PE lipids.
Signals found with elevated intensities in the worm tissue are shown as blue cross markers, sig-
nals elevated in the surface measurements are shown as orange symbols, and unspecific signals
as green squares. Signals classified as both specific and -unspecific (e.g. PE (38:2), see Fig 3A)
originated from the presence of multiple m/z-values caused by different adducts formed.
While one adduct was detected as specific, another ion of the same lipid stayed below the
threshold of being classified as specific.

The PE composition of surface marker signals appears to be systematically different form
tissue-specific signals. Therefore, mean values of fatty acyl chain lengths and number of double
bonds were calculated for each class (Fig 3B). Error bars represent the standard deviation
between the PEs observed in each class. Herein, differences between surface (in orange) and
worm body (in blue) with respect to fatty acyl chain lengths were observed. PE with decreased
chain length were predominantly detected on the surface compared to the inner tissue. These
trends were preserved when removing putative isobaric interferences of PE/PC as shown in 56
Fig. A decrease in length of the fatty acyl substituents might be associated with decreasing gel-
to-liquid-crystalline phase transition (Tyy), a measure for temperature stability of membranes,
and therefore the temperature required to induce a disordered liquid crystalline phase, thus
disrupting the ordered gel phase.[45] For S. mansoni, this may indicate that the tegument-asso-
ciated-surface is more fluidic and thus less rigid compared to the inside. The fluidity could be
correlated with the flexibility of the tegument needed for e.g. encapsulating the female during
pairing and the subsequent migration of the couple as well as for the high metabolic activity of
the tegument. Previously, an LC-MS based study found no differences in PE composition
between tegument and worm body, most probably due to lacking methodical accuracy (over-
lapping error bars, lack of statistical significance).[10] In total, 17 PE species, all of which con-
tain even-numbered fatty acid chains and at least one double bond, were found and quantified
in their study.[10] Based on LC coupled with highly sensitive, high-resolution mass spectrome-
try, we were able to identify 42 PEs (see I'ig 3A), some of which contained odd-numbered fatty
acid chains (see raw data in S7 Fig) or fully saturated species. To verify that the PE assignments
were correctly determined and to rule out isobaric bias, plots of m/z vs signal intensity were
exemplarily assessed as shown in S8 Fig. Statistical categorization and assignment of quasi-iso-
baric PEs were confirmed for those species discriminable by MS. In total, 20 and 9 signals
assigned to PEs were found to specifically occur in worm tissue and the tegument, respectively.
PE (39:4) was detected as protonated species and as sodium adduct. The protonated ion was
found to be specific for the worm surface, while the sodium adduct was found specifically in
the inner worm tissue (see S9 Fig). This rare observation might indicate that either the sodium
distribution in the worm was uneven or the ion signal intensities were influenced by an
unknown isobaric interference.

Modeling the tegumental membrane of schistosomes could help to understand the complex
tegumental surface structure in more detail, as well as lipid conversion processes such as PS
synthesis.
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Fig 3. Number of carbon atoms in fatty acyl chains vs number of double bonds in detected
phosphatidylethanolamines (PE). A-Worm tissue section-specific signals (blue cross), surface/tegument specific
signals (orange +) and unspecific signals (green square). Overlapping indicators are attributed to the presence of
several adducts corresponding to one lipid species. B~ Arithmetic mean values of fatty acyl chain lengths and double
bond numbers for worm tissue sections (blue), surface/tegument (orange) and unspecific signals (green). Error bars
show the standard deviation across sections, surfaces and unspecific localizations, respectively.

https://doi.org/10.1371/joumal pntd.0008145.9003

Comparison of tegumental lipid composition of adult male and female S.
mansoni

Male and female S. mansoni worms are morphologically discriminable, as the male contains a
gynaecophoric canal and is thicker, due to a higher mass of musculature, but shorter compared
to the female. After infection of humans, both sexes occur in identical environments, first the
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portal vein of the liver and later the mesenteric veins of the gut. The constant pairing con-
tact, however, slightly changes this situation as the proportion of the dorsal surface of the
female that is exposed to the host declines, since it is now mainly facing the gynaecophoric
canal, the ventral part of the tegument of the male. Previous studies already demonstrated a
remarkable consequence of pairing on the transcriptomes and proteomes of schistosome
males and females following pairing.[3, 50, 51] Consequently, also differences in the lipid
composition on the surface of male and female S. mansoni worms were hypothesized.
Computational analyses were performed on the basis of the same dataset that was used to
compare the lipid composition of S. mansoni surface and sections (Fig 1) to unravel sex-spe-
cific tegumental lipid-composition. The sum composition is identical to the aforementioned
sum composition in Fig 2. Statistical analysis and HC provided differentially abundant sig-
nals for male (Fig 4A, in orange colour) and female (Fig 4A, in blue colour) worms. Addi-
tionally, composition of unspecific signals was similar to the sum composition. Differences
between male and female surfaces seemed to be less pronounced compared to differences
between surface and inner tissue. However, the surface of females was significantly enriched
in phospholipids (LPC, PC and PE), sphingolipids (Cer and SM) and TG. A more detailed
description of all classified lipids can be found in S4 Table. A former MSI study found TGs
only in male but not female schistosomes, probably because worm couples were not sepa-
rated prior to surface analysis.[21]

Especially molecules which can function in upstream signaling cascades are of high interest
to gain insights into male-female interaction. Changes in Cer, SM and LPC are known to be
strongly involved in signaling pathways and corresponding upstream signaling.[52, 53] How-
ever, more data are required to unravel the function of male- and female-specific surface lipids.
For males, TG was the predominantly occurring lipid species, while one signal of each PC, PS
and SM per class was more abundant when compared to females.

TG lipid species were found to be specific for both the surface of either males or females.
For further investigations, the number of carbon atoms in fatty acyl chains was plotted against
the number of double bonds in Fig 4B. The error bars represent the standard deviation of all
TG species per class. TGs found in females are marked blue, species that were found in males
are marked orange. Signals with increased intensities in females comprised shorter fatty acyl
substituents and a decreased number of double bonds compared to the TG species in males. A
decrease in fatty acyl chain lengths leads to an increase in fluidity, while the fluidity of TGs is
proportional to fatty acyl unsaturation. The degree of unsaturation has a larger impact on tegu-
ment fluidity compared to the chain length of fatty acids. In sum this leads to increased fluidity
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and thus decreased rigidity in TGs on the surface of males. The reason for this difference
might be that the males’ dorsal and ventral tegumental surfaces are directed towards the host
and the female, respectively. Trans-tegumental nutrient uptake has to be performed by the
males’ dorsal tegument, whereas the ventral tegument is involved in male-female inter-tegu-
mental signal transduction processes, because the ventral male tegument covers the tegumen-
tal surface of the female. Alternatively, accumulation of TG containing host-derived LDL-
particles can occur,[54] and the tegumental surface of the male, available for binding of lipo-
protein particles, is larger compared to the female while mated. Investigations of hamster
whole blood by extraction and nESI-MS (data not shown) showed partially the same TG lipid
species as obtained by MSI (shown in Fig 4). Therefore, TGs found on the surface might be
explained by host-derived lipoprotein particles accumulating on the surface of schistosomes,
which have been linked to immune evasion in S. mansoni.[9)]

Differential lipid compositions between male and female were also visualized through the
MS ion images shown in Fig 4C. The red colour channel shows m/z 833.7725, which is more
abundant in female worms and has been assigned to TG (52:1) as sodiated molecule. The
green ion channel represents a signal at m/z 957.7781 that was assigned to TG (58:6) found as
a surface marker for male worms. The visualization of marker lipids for surfaces of male and
female S. mansoni via ion images demonstrated that hierarchical clustering is a valuable statis-
tical tool here, allowing for the reliable determination of signals with significantly altered
abundance when comparing two or more sample cohorts.

Conclusions

AP-SMALDI MSI was used for spatially resolved investigation of lipids in adult S. mansoni
couples, supported by lipid identification using LC-MS/MS for more reliable compound anno-
tation. Authentic signal intensities were obtained from complex non-planar topographies, tak-
ing advantage of a novel autofocusing technology. The comparison of worm surface and inner
tissues unraveled characteristic differences in composition at the lipid-class level. PC and PE
were found to be more abundant inside the worms, while higher abundances of SM, PS, PE
and LPC were observed at the surface. The number of carbon atoms in fatty acyl chains and
the number of double bonds were investigated in detail, because PE lipid species were charac-
teristic for both surface and inner tissue. Fatty acyl chain lengths of PE were found to be
decreased at the surface, which may be associated with decreased rigidity.

Differential lipid compositions of male and female surfaces were also analyzed. Several lip-
ids of TG class were found characteristic for the surface of one of the sexes. Decreased fatty
acyl chain lengths in females and higher desaturation in males were detected, hinting towards
increased membrane fluidity.

The advantage of AP-SMALDI MSI over classical, LC-MS based lipidomic methods is that
the spatial distribution of a wide variety of compounds can be determined immediately from
the tissue in a semi-quantitative manner. However, some isobaric lipid species like PEs and
PCs are not easily discriminated based on MSI data and have to be identified using fragmenta-
tion experiments. At high spatial resolution (here 5 um), the number of generated ions per
spot drastically decreases, and fragmentation experiments are often hardly feasible. This might
be overcome by further instrumental improvements. LC-based techniques on the other hand
require time-consuming extraction methods, considered to be representative for different tis-
sue types but putatively generating a bias. However, a wide variety of compounds and other-
wise isobaric species can be separated, quantified, and identified by fragmentation
experiments rapidly and in more detail. Therefore, both techniques (LC-MS/MS and MSI) in
combination provide a promising platform for a comprehensive analysis.
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For the first time, MSI has been used as a tool to characterize S. mansoni tegumental sur-
faces in comparison to whole-worm tissue sections. The suitability of AP-SMALDI MSI was
demonstrated to explore locally different lipidomes. Furthermore, this approach allowed to
associate specific lipid classes to tissue areas as well as to sex-specific differences at the whole-
worm level and thus to testable hypotheses about their potential functions.
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$2 Table. UHPLC-MS method for identification of lipids in S. mansoni. Injection volume
was 50 pL.
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§3 Table. Detailed lipid annotations of classified lipids from comparison of tegument and
inner worm tissue.
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$4 Table. Detailed lipid annotations of classified lipids from comparison of male and
female tegument.
(DOCX)

S1 Fig. Graphical illustration of LC-MS” data analysis workflow.
(TIF)

$2 Fig. Graphical illustration of the data analysis workflow for MS imaging data. Statistical
evaluation work flow was adapted from literature. The statistical analysis comprised five key
steps: 1. normalization of one signal to the sum of all signals per measurement, 2. z-score
(using median), 3. multiple-class analysis of variance (ANOVA, permutation based false-dis-
covery-rate, FDR, set to 5%, 250 restarts), 4. post-hoc test (5% FDR) and 5. hierarchical cluster-
ing (Euclidean distance using average linkage, preprocessing with k-means, maximum 10
iterations, 10 restarts).

(TIF)

$3 Fig. Graphical illustration (from Perseus[41]) of multivariate statistical analysis and
categorization of differentially abundant signals from MALDI experiments by hierarchical
clustering.

(TIF)

S4 Fig. Digital light microscopic images of male (M) surfaces (left), female (F) surfaces
(middle) and cryosections of couples (right). The black arrows indicate the anterior end.
(TIF)

§5 Fig. Distribution of previously reported most abundant lipid species in S. mansoni as pro-
tonated and sodiated ion species[20] PC (34:1) has been determined in the past to be differ-
entially abundant in whole worm and tegument. [10] However, MS imaging data did not show
significant differences based on HC. For PC (36:1) and PC (36:2), however, our findings are well
in accordance with previous publications which found higher abundances inside the worm.[10]
The same trend is suggested by unsupervised MS imaging data evaluation presented here.

(TIF)

$6 Fig. Number of carbon atoms in fatty acyl chains vs the number of double bonds
detected in phosphatidylethanolamines (PE). Isobaric PE/PC interferences were excluded
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for surface and section data. A-Comparison of worm-tissue (blue cross) and surface/tegument
specific signals vs ions (orange +) with unspecific distribution (green square). Overlapping
indicators are attributed to the presence of several adducts corresponding to one lipid species.
B-Arithmetic mean fatty acyl and double bond composition for section/inner tissue (blue),
surface/tegument (orange) and unspecific signals (green). Error bars show the standard devia-
tion across one location.

(TIF)

$7 Fig. Example for LC-MS/MS based identification of PE (37:4) with MS1 overview spec-
tra and data-dependent MS2 spectra. A-MS1 overview spectrum. B-virtual magnification of
mass range m/z 700-800 (from A) showing the mass of PE (37:4) as deprotonated species
(C42H75NOgP). C-MS2 spectrum of precursor m/z 752.52 +0.5 u showing characteristic frag-
ments of PE head group (around m/z 140 and m/z 196), FA (17:0) and FA (20:4). The precur-
sor is not visible in the spectrum and assumedly fragmented quantitatively at NCE = 30. D-
virtual magnification of m/z 750-755 (from A) showing mass and isotope ratio of PE 37:4 as
12¢, C and ¢, isotopologues.

(TIF)

$8 Fig. Example for mass accuracy and resolution obtained in MSI experiments. A-MS ion
image of nearly isobaric PE-adduct species [PE (39:5) + H]* and [PE (37:2) + Na]*

(Am = 3.1 ppm) at m/z 780.5537 + 5 ppm. B-Signal intensity (abundance in NL; normalized
level) vs mass deviation in ppm. A double peak can be observed shifted by approximately

1.5 ppm and 2.8 ppm. C-MS ion signal at m/z 780.55254 + 0.2 ppm showing an increased sig-
nal intensity on the worm surface assigned to protonated PE (39:5). D-MS ion at m/z
780.55151 + 0.2 ppm assigned to PE (37:2) as sodium adduct. By hierarchical clustering, the
signal at m/z 780.5537 was determined to be more abundant in the worm body compared to
tegumental surface (see Fig 3). The signal was assigned to PE (37:2) as sodiated molecule. The
protonated species of PE (39:5), however, was classified as unspecific. The fluctuating signal
intensity of the surface measurements putatively led to unspecific classification. This example
thus verifies the accuracy and correctness of HC-based classification.

(TIF)

S9 Fig. Putative adducts of PE (39:4) with different distributions. A—Distribution of m/z
782.5694 assigned to [PE (39:4) + H]*. B-distribution of m/z 804.5514 assigned to [PE (39:4)
+ Na]*. This difference in distribution could be explained by different concentrations of salt in
tegument and inner tissue or by isobaric interferences that were not contained in the LC-MS/
MS-database.

(TIF)
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S1 Table. Specifications of chemicals used in experimental section.

https://doi.org/10.1371/journal.pntd.0008145.s001

Chemical name

Quality grade

Manufacturer

glutaraldehyde grade | Sigma-Aldrich, St. Louis, MO, USA
Thermo Fisher Scientific, Bremen,
phosphate buffered saline Gibco
Germany

gelatin pharm. Eur. VWR, Radnor, PA, USA

Methyl-tert butylether for HPLC Sigma-Aldrich, St. Louis, MO, USA
methanol LiChroSolv Merck, Darmstadt, Germany

water LC-MS grade VWR, Radnor, PA, USA

formic acid for mass spectrometry Honeywell, Morris Plains, NJ, USA

ammonium formate 99.995% Sigma-Aldrich, St. Louis, MO, USA
2-propanol for HPLC VWR, Radnor, PA, USA
ammonium acetate LC-MS grade Honeywell, Morris Plains, NJ, USA

2,5-dihydroxy benzoic acid

for synthesis

Merck, Darmstadt, Germany

acetone

Uvasol

Merck, Darmstadt, Germany

trifluoro acetic acid

for spectroscopy

AppliChem, Darmstadt, Germany
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S2 Table. UHPLC-MS method for identification of lipids in S. mansoni.

volume was 50 pL.

https://doi.org/10.1371/journal.pntd.0008145.s002

flow rate in pL/min

V(injection) in pL
T(autosampler) in °C
T(column oven) in °C

stationary phase

mobile phase A

mobile phase B

tin min

31

41

43

50

UHPLC-method

90
50
5
50
BEH C18 Acquity (Waters, Milford,
MA, USA), 150 x 1 mm, 1.7 pm
particle size
water:methanol:2-propanol 6:5:9
VIvIv, 0.1% formic acid and 10 mM
ammonium formate
methanol:2-propanol 1:9 v/v, 0.1%
formic acid and 10 mM ammonium
formate

%B

100

100

MS-method

ms'

mlz-range
automatic gain control
Lock-masses (positive

polarity only)

Mms?

fragmentation

mechanism

fragmentation energy in
normalized collision
energy (NCE)
mjz-selection
automatic gain control
isolation width
charge inclusion
isotope exclusion

dynamic exclusion in s

+ 300-1600
10°
m/z 391.2843 and

miz 610.1842[55]

C-trap collisional
dissociation
(HCD)

25 (pos.)

30 (neg.)

ten most intense
10°
+0.5Da
1and 2
active

15

Injection
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S3 Table. Detailed lipid annotations of classified lipids from comparison of tegument

and inner worm tissue.

https://doi.org/10.1371/journal.pntd.0008145.s003

According to SwissLipids d:

Number of MSI
datasets with
Location with increased | Abbrevi | Add | Sum Lipid CH | positive annotation
signal i y ation uct |formula |mz Lipid ID | class SMILES (pH7.3) EBI | by
PC(42:9 | M+ |C50H82 | 856,585 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) H |NO8P 0596 | 56583 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 0
PC(40:6 | M+ |C48H84 | 856,582 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 644
Worm body tissue ) Na |NO8P 6543 | 56561 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 31
PC(40:8 | M+ |C48H80 | 830,569 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) H |NOo8P 4095 | 56563 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C46H82 | 830,567 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:5)|Na |NOSP 0042 | 57228 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 0
PC(42:6 | M+ |CS0H88 | 884,613 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Worm body tissue ) Na |NOSP 9544 | 56580 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 65
PC(42:6 | M+ |CSOH88 | 862,632 | SLM:0000 | SLM:0000 | C[N+])(C)(C)CCOP([O- 669
Worm body tissue ) H |NOSP 0098 | 56580 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 65
PC(40:3 | M+ | C48H90 | 862,629 SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Worm body tissue ) Na |NO8P 6045 | 56558 55211 ])(=0)OCC(coc([*])=0)0C([*])=0 63
LPC(20: |M+ |C28H56 |550,386 |SLM:0000 | SLM:0000 670
Worm body tissue 1) H |NO7P 6941 55329 55200 C[N+](C)(C)CCOP([0-])(=0)OCC(CO*))O[*] | 57
PC(40:6 | M+ |C48H84 | 834,600 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 644
Worm body tissue ) H |NOSP 7096 | 56561 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 31
M+ | C46H86 | 834,598 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:3) |Na |NO8P 3043 |57226 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C48H88 | 838,632 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(43:4)|H  |NOSP 0098 | 57246 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 0
PC(38:1 |M+ | C46H90 | 838,629 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Worm body tissue ) Na |NOSP 6045 | 56538 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 60
M+ | C46H80 | 806,569 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:6) |H NO8P 4095 | 57229 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 0
M+ | C44H82 | 806,567 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(39:3) |Na | NO8P 0042 | 57208 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
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M+ | C46H84 | 810,600 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:4)|H |NO8SP 7096 | 57227 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C44H86 | 810,598 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(39:1) |Na | NO8P 3043 | 57206 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 0
M+ | C45H86 | 800,616 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm body tissue PE(40:2) |H  |NO8P 3597 | 57215 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 42
M+ | C43H82 | 772,585 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm body tissue PE(38:2)|[H | NO8SP 0596 | 57197 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 35
M+ | C46H86 | 812,616 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:3)|H |NO8SP 3597| 57226 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
PC(36:0 | M+ | C44H88 | 812,613 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Worm body tissue ) Na |NO8P 9544 | 56521 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 58
M+ | C46H82 | 808,585 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:5)|H | NO8P 0596 | 57228 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 0
PC(36:2 | M+ |C44H84 | 808,582 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 644
Worm body tissue ) Na |NO8P 6543 | 56523 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 33
M+ | C45H84 | 798,600 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm body tissue PE(40:3) |H NO8P 7096 | 57216 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 43
M+ | C43H86 | 798,598 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm body tissue PE(38:0)|[Na | NO8P 3043 | 57195 55213 1)(=0)OCC(COC([*])=0)OC([*])=0 33
PC(40:7 | M+ |C48H82 | 832,585 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) H |NOsP 0596 | 56562 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ |C46H84 | 832,582 SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(41:4) |[Na |NO8BP 6543 | 57227 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C44H80 | 804,551 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(39:4)|[Na |NO8P 354157209 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C47H86 | 824,616 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm body tissue PE(42:4)|H |NOSP 3597|57236 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 51
PC(37:1 | M+ |C45H88 | 824,613 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) Na |NO8P 9544 | 56531 55211 ])(=0)OCC(COC([*])=0)OC([*])=0 0
M+ | C42H80 | 758,569 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(37:2)|H | NO8P 4095 | 57190 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
Worm body tissue PE(39:1) | M+ | CA44H86 | 788,616 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 0
H |NosP 359757206 55213 1)(=0)0CC(COC([*])=0)OC([*])=0
PC(36:2 |M+ |C44H84 | 786,600 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 644
Worm body tissue ) H |NOsP 7096 | 56523 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 33
M+ | C44H82 | 784,585 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(39:3) |H NO8P 0596 | 57208 55213 ])(=0)OCc(COC([*])=0)OC([*])=0 0
PC(34:0 | M+ |C42H84 | 784,582 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Worm body tissue ) Na |NO8P 6543 | 56507 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 55
PC(40:5 | M+ |C48H86 | 836,616 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 645
Worm body tissue ) H |NO8P 3597 | 56560 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 24
PC(38:2 | M+ |C46H88 | 836,613 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Worm body tissue ) Na |NO8P 9544 | 56539 55211 ])(=0)OCC(COC([*])=0)OC([*])=0 59
PC(37:1 |[M+ |C45H88 | 802,632 SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) H |NOsP 0098 | 56531 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 0
PC(40:5 | M+ | C48H86 | 858,598 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 645
Worm body tissue ) Na |NO8P 3043 | 56560 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 24
PC(42:8 | M+ |C50H84 | 858,600 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) H |NO8P 7096 | 56582 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 0
PC(42:7 |M+ | C50H86 | 860,616 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm body tissue ) H NO8P 3597 | 56581 55211 ])(=0)occ(coc([*])=0)OC([*])=0 0
M+ | C48H88 | 860,613 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm body tissue PE(43:4)|[Na |NO8P 9544 | 57246 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
LPC(22: |M+ |C30H54 |572,371|SLM:0000 | SLM:0000
Unspecific distribution | 4) H |NO7P 0441 | 55339 55200 C[N+](C)(C)CCOP([O-])(=0)0cc(co[*))o[*] | o
LPC(20: |M+ |C28HS6 |572,368 | SLM:0000 | SLM:0000 670
Unspecific distribution [ 1) Na |NO7P 6387 | 55329 55200 C[N+](C)(C)CCOP([0-])(=0)OCC(CO[*])O[*] | 57
LPC(22: |M+ |C30H52 |570,355 |SLM:0000 | SLM:0000
Unspecific distribution | 5) H |NO7P 39455340 55200 C[N+](C)(C)CCcOP([O-])(=0)0cc(co[*))o[*] | o
LPC(20: |M+ |C28H54 |570,352 |SLM:0000 | SLM:0000
Unspecific distribution | 2) Na |NO7P 9887 | 55330 55200 C[N+](C)(C)CCOP([O-])(=0)0CC(CO[*))o[*] | O
SM(d36: C41H83 | 769,562 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) M+K | N206P 011290739 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d40: C45H89 | 823,608 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) M+K | N206P 9614 | 90795 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
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SM(d40: C45H87 | 821,593 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 3) M+K | N206P 3114|90793 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d36: | M+ | C41H83 | 753,588 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 07490739 01000 ])(=0)OC[C@H](NC([*])=0)[C@H](O)[*] 0
SM(d42 C47H93 | 851,640 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) M+K | N206P 2616 | 90823 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d33:| M+ |C38H77 |711,541|SLM:0003 |SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 1238 | 90704 01000 1)(=0)0C[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d39: | M+ | C44H87 | 793,619 |SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 3741|90780 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
M+ |C43H76 | 766,538 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm Surface PE(38:5) |H NO8P 1094 |57200 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 38
M+ | C41H78 | 766,535 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm Surface PE(36:2) |[Na | NO8P 704157181 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 28
SM(d38: | M+ |C43H85 | 779,603 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 724190765 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H](COP([O-
C44H84 | 856,546 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(38:1) | M+K | NO10P 4207 | 58892 55218 ])=0 72
[NH3+][C@@H)](COP([O-
C46H88 | 884,577 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(40:1) | M+K | NO10P 7209|58909 55218  []))=0 79
SM(d40: | M+ | C45H91 | 809,650 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 6743 | 90797 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H)(COP([O-
C40H78 | 802,499 | SLM:0000 | SLM:0000 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(34:0) | M+K | NO10P 4705 | 58861 55218 1)=0 57
SM(d38: C43H85 | 795,577 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) M+K | N206P 6613 | 90765 01000 1)(=0)OC[C@H](NC([*])=0)[C@H)(0)[*] 0
M+ | C44HB0 | 782,569 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm Surface PE(39:4) | H NO8P 4095 | 57209 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 0
M+ | C42H76 | 754,538 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm Surface PE(37:4)|[H  |NO8BP 109457192 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
PC(32:1 | M+ |C40H78 | 754,535 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Worm Surface ) Na |NO8P 7041 | 56494 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 49
[NH3+][C@@H](COP([O-
C48H90 | 910,593 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(42:2) | M+K | NO10P 3709 | 58930 55218 ]1)=0 87
[NH3+][C@@H](COP([O-
C48H92 | 912,609 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(42:1) | M+K | NO10P 02158927 55218 ])=0 86
SM(d42: | M+ |C47H93 | 835,666 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 3243|90823 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d40: | M+ | C45H87 | 805,619 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 3) Na |N206P 3741|90793 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H](COP([O-
C46H86 | 882,562 | SLM:0000 | SLM:0000 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(40:2) | M+K | NO10P 0708 | 58911 55218 1)=0 80
SM(d37:| M+ | C42H83 | 765,588 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 074 | 90751 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H](COP([O-
C42H82 | 830,530 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(36:0) | M+K | NO10P 7707 | 58875 55218 1)=0 64
[NH3+][C@@H](COP([O-
C44H86 | 858,562 | SLM:0000 | SLM:0000 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- 720
Worm Surface PS(38:0) | M+K | NO10OP 0708 | 58891 55218 ])=0 71
SM(d33:| M+ |C38H77 | 689,559 |SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) H |N206P 1792 | 90704 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d38: | M+ |C43H87 | 781,619|SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 3741|90767 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d37:| M+ | C42H85 | 767,603 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 7241|90753 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d41: | M+ |C46H93 | 823,666 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 3243|90811 01000 1)(=0)OC[C@H](NC([*])=0)[C@H)(0)[*] 0
SM(d35: | M+ | C40H81 | 739,572 |SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 4239|90726 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
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SM(d36: |M+ |C41H79 | 727,574 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 3) H |N206P 8292|90735  |01000  |])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d39: | M+ | C44H89 | 795,635 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 024290782 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](O)[*] 0
SM(d42: | M+ | C47H95 | 837,681 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 9744|90824  |01000  |])(=0)OC[C@H](NC([*])=0)[C@H}(0)[*] 0
SM(d40: M+ | C45H89 | 807,635 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 0242/90795 01000 | ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
LPC(20: |M+ |C28H52 | 546,355 |SLM:0000 | SLM:0000
Worm Surface 3) H |NO7P 394[55331  |55200 | C[N+](C)(C)CCOP([0-])(=0)0CC(CO[*])O[*] | O
SM(d39: | M+ |C44H87 | 771,637 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) H N206P 4295 |90780 01000 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
M+ | C41H80 | 746,569 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm Surface PE(36:1) |H | NO8P 4095|57180  [55213 | ])(=0)0CC(COC([*])=0)OC([*])=0 27
M+ | C43H78 | 768,553 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm Surface PE(38:4) |H | NOSP 7594 | 57199 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 37
M+ | C41H80 | 768,551 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Worm Surface PE(36:1) |[Na | NO8P 354157180 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 27
LPC(18: | M+ |C26H54 | 546,352 |SLM:0000 | SLM:0000 645
Worm Surface 0) Na |NO7P 988755322 [55200 | C[N+](C)(C)CCOP([O-])(=0)0CC(CO[*))O[*] | 61
SM(d36: |M+ | C41H81 | 751,572 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 4239[90737 {01000 | ])(=0)OC[C@H](NC([*])=0)[C@H](O)[*] 0
SM(d44: | M+ | CA9H97 | 863,697 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 2) Na |N206P 6244/90849  |01000 | ])(=0)OCIC@H](NC([*])=0)[C@H](0)[*] 0
SM(d43:| M+ | C48H97 | 851,697 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 1) Na |N206P 6244/90838 01000 | ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H](COP([O-
C40H74 | 798,468 | SLM:0000 | SLM:0000 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([0- | 720
Worm Surface PS(34:2) | M+K | NO10P 1704 | 58863 55218 1)=0 59
M+ |C42H78 | 756,553 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm Surface PE(37:3) |H NO8P 759457191 55213 ])(=0)OCC(cOC([*])=0)O0C([*])=0 0
M+ | C40H80 | 756,551 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Worm Surface PE(35:0) | Na |NO8P 3541|57172 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 0
SM(d36: | M+ |C41H79 | 749,556 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Worm Surface 3) Na |N206P 7739/90735  [01000 | ])(=0)OCIC@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H](COP([O-
M+ |C41H80 | 800,541 | SLM:0000 | SLM:0000 |])(=0)0CC(COC([*])=0)0C([*])=0)C([O-
Worm Surface PS(35:0) |[Na | NO10P 1834 | 58868 55218 ])=0 0
LPC(17: |M+ |C25H52 | 532,337 |SLM:0000 | SLM:0000
Worm Surface 0) Na |NO7P 3386 55321 55200 | C[N+](C)(C)CCOP([O-])(=0)0CC(CO*))o[*] | O
TG(64:8 |M+ |C67H114 | 1015,86 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |06 8796|08472  |00400 | [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(62:5 |M+ |C65H116 | 1015,86 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 639108438 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(60:7 C63H108 | 999,777 | SLM:0003 | SLM:0000
Unspecific distribution ) M+K | 06 727508410 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(62:7 |M+ |C65H112 | 989,853 | SLM:0003 | SLM:0000
Unspecific distribution ) H 06 1458 | 08440 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(60:4 |M+ |C63H114 | 989,850 | SLM:0003 | SLM:0000
Unspecific distribution | ) Na |06 7405|08407  |00400 | [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(62:8 |M+ |C65H110 | 987,837 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |06 4957(08441 00400 | [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(60:5 | M+ |C63H112 | 987,835 | SLM:0003 | SLM:0000
Unspecific distribution | ) Na |06 0904/08408 00400 | [*]C(=0)OCC(COC([*])=0)OC((*])=0 0
TG(62:9 | M+ |C65H108 | 985,821 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |06 8457/08442 00400 | [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(60:6 |M+ |C63H110 | 985,819 | SLM:0003 | SLM:0000
Unspecific distribution | ) Na |06 4404[08409 {00400 | [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(62:1 | M+ |C65H106 | 983,806 | SLM:0003 | SLM:0000
Unspecific distribution 0) H 06 1956 | 08428 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(60:7 | M+ |C63H108 | 983,803 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 7903 | 08410 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(62:1 | M+ |C65H104 | 981,790 | SLM:0003 | SLM:0000
Unspecific distribution | 1) H |06 5455|08429 | 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(60:8 |M+ |C63H106 | 981,788 | SLM:0003 | SLM:0000
Unspecific distribution | ) Na |06 1402|08411  |00400 | [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
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TG(62:1 | M+ |C65H102 | 979,774 | SLM:0003 | SLM:0000

Unspecific distribution 2) H 06 8955 | 08430 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(60:9 | M+ |C63H104 | 979,772 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 4902 | 08412 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:4 C61H110 | 977,793 | SLM:0003 | SLM:0000

Unspecific distribution  |) M+K |06 3776 | 08378 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0
TG(58:1 C61H98 | 965,699 | SLM:0003 | SLM:0000

Unspecific distribution | 0) M+K | 06 477208371 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(60:6 | M+ |C63H110 | 963,837 | SLM:0003 | SLM:0000

Unspecific distribution  |) H 06 4957 | 08409 00400 [*]C(=0)OcCc(COoc([*])=0)OC([*])=0
TG(58:3 | M+ |C61H112 | 963,835 | SLM:0003 | SLM:0000

Unspecific distribution  |) Na |06 0904 | 08377 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0
TG(60:7 | M+ |C63H108 | 961,821 | SLM:0003 | SLM:0000

Unspecific distribution  |) H 06 8457 /08410 00400 [*]C(=0)occ(coc([*])=0)OC([*])=0
TG(58:4 |M+ |C61H110 | 961,819 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 4404 | 08378 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(60:8 |M+ |C63H106 | 959,806 | SLM:0003 | SLM:0000

Unspecific distribution ) H 06 1956 | 08411 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=O0
TG(58:5 | M+ | C61H108 | 959,803 | SLM:0003 | SLM:0000

Unspecific distribution  |) Na |06 7903 | 08379 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(60:9 | M+ | C63H104 | 957,790 | SLM:0003 | SLM:0000

Unspecific distribution  |) H 06 5455 | 08412 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:6 | M+ | C61H106 | 957,788 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 1402 | 08380 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(60:1 | M+ |C63H102 | 955,774 | SLM:0003 | SLM:0000

Unspecific distribution | 0) H 06 8955 | 08399 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:7 |M+ |C61H104 | 955,772 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 4902 | 08381 00400 [*]C(=0)OCc(Coc([*])=0)OC([*])=0
TG(60:1 | M+ | C63H100 | 953,759 | SLM:0003 | SLM:0000

Unspecific distribution 1) H 06 2454 | 08400 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:8 | M+ |C61H102 | 953,756 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 8401 | 08382 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0

Unspecific distribution | TG(56:3 | M+K | C59H108 | 951,777 | SLM:0003 | SLM:0000 | [*]C(=0)OCC(COC([*])=0)OC([*])=0
) 06 7275| 08349 00400
TG(60:1 | M+ |C63H98 | 951,743 | SLM:0003 | SLM:0000

Unspecific distribution [ 2) H 06 5953 | 08401 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:9 |M+ |C61H100 | 951,741 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 1908383 00400 [*]C(=0)0Cc(COcC([*])=0)OC([*])=0
TG(56:4 C59H106 | 949,762 | SLM:0003 | SLM:0000

Unspecific distribution  |) M+K| 06 0775 | 08350 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:1 [ M+ |C61H98 | 949,725 | SLM:0003 | SLM:0000

Unspecific distribution 0) Na |06 5408371 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(56:5 C59H104 | 947,746 | SLM:0003 | SLM:0000

Unspecific distribution  |) M+K | 06 4274 | 08351 00400 [*]C(=0)OCc(Coc([*])=0)OC([*])=0
TG(57:5 | M+ | C60H106 | 945,788 | SLM:0003 | SLM:0000

Unspecific distribution  |) Na |06 1402 | 08364 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(56:6 C59H102 | 945,730 | SLM:0003 | SLM:0000

Unspecific distribution  |) M+K | 06 7773 | 08352 00400 [*]C(=0)OcCc(coc([*])=0)OC([*])=0
TG(57:6 | M+ | C60H104 | 943,772 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 4902 | 08365 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(56:8 C59H98 | 941,699 | SLM:0003 | SLM:0000

Unspecific distribution  |) M+K | 06 4772 | 08354 00400 [*]C(=0)Occ(coc([*])=0)OC([*])=0
TG(58:4 | M+ |C61H110 | 939,837 | SLM:0003 | SLM:0000

Unspecific distribution  |) H 06 495708378 00400 [*]C(=0)OCC(COoC([*])=0)OC([*])=0
TG(58:5 M+ |C61H108 | 937,821 | SLM:0003 | SLM:0000

Unspecific distribution  |) H 06 8457|08379 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(56:2 | M+ | C59H110 | 937,819 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |06 4404 | 08348 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(58:6 | M+ | C61H106 | 935,806 | SLM:0003 | SLM:0000

Unspecific distribution ) H 06 1956 | 08380 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(56:3 | M+ | C59H108 | 935,803 | SLM:0003 | SLM:0000

Unspecific distribution  |) Na |06 7903 | 08349 00400 [*]C(=0)OCc(COoC([*])=0)OC([*])=0
TG(58:7 |M+ |C61H104 | 933,790 | SLM:0003 | SLM:0000

Unspecific distribution  |) H 06 5455 | 08381 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
TG(56:4 | M+ | C59H106 | 933,788 | SLM:0003 | SLM:0000

Unspecific distribution  |) Na |06 1402 | 08350 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0
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TG(58:8 |M+ |C61H102 | 931,774 | SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 8955 | 08382 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(56:5 | M+ |C59H104 | 931,772 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 4902 | 08351 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(58:9 |M+ |C61H100 | 929,759 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |06 2454 | 08383 00400 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
TG(56:6 | M+ |C59H102 | 929,756 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 8401|08352 | 00400 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
TG(58:1 M+ |C61H98 | 927,743 |SLM:0003 | SLM:0000
Unspecific distribution | 0) H |06 5953|08371 | 00400 [*]1C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(56:7 |M+ |C59H100 | 927,741 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 19| 08353 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(54:2 C57H106 | 925,762 | SLM:0003 | SLM:0000
Unspecific distribution  |) M+K | 06 0775/08322 | 00400 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
TG(58:1 M+ |C61H96 | 925,727 |SLM:0003 | SLM:0000
Unspecific distribution | 1) H |06 9453 | 08372 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(56:8 |M+ |C59H98 | 925,725 |SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 54| 08354 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=O0 0
C47H83 | 925,520 | SLM:0000 | SLM:0000 | OC1C(O)C(0)C(OP([O-
Unspecific distribution | PI(38:4) | M+K | 013P 2656 | 58237 55216 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0)C10 | 0O
TG(56:9 M+ |C59H96 | 923,709 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 889908355 | 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(54:5 C57H100 | 919,715 | SLM:0003 | SLM:0000
Unspecific distribution ) M+K | 06 1273 | 08325 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(56:3 | M+ |C59H108 | 913,821 | SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 845708349 | 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(56:5 | M+ |C59H104 | 909,790 | SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 545508351 | 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(54:2 | M+ |C57H106 | 909,788 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 1402 | 08322 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
M+ | C49H81 | 909,548 | SLM:0000 | SLM:0000 | OC1C(0)C(O)C(OP([O-
Unspecific distribution | PI(40:7) |[H | 013P 7336 | 58258 55216 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0)c10 | 0
Unspecific distribution | TG(56:6 | M+ | C59H102 | 907,774 | SLM:0003 | SLM:0000 | [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
) H 06 8955 | 08352 00400
M+ | C47H81 | 907,530 SLM:0000 | SLM:0000 | OC1C(0)C(O)C(OP([O-
Unspecific distribution | PI(38:5) |Na |013p 6783 | 58238 55216 | ])(=0)OCC(COC([*])=0)OC([*])=0)c(0)c10 | ©
TG(56:7 | M+ | C59H100 | 905,759 | SLM:0003 | SLM:0000
Unspecific distribution ) H 06 245408353 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
[NH3+][C@ @H](COP([O-
M+ |C49H88 | 904,603 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)0C([*])=0)C([O-
Unspecific distribution | PS(43:4) |Na | NO10P 7836 | 58942 55218  |])=0 0
TG(56:8 | M+ |C59H98 | 903,743 | SLM:0003 | SLM:0000
Unspecific distribution ) H 06 5953 | 08354 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(54:5 |[M+ |C57H100 | 903,741 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 19| 08325 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
TG(56:9 | M+ |C59H96 | 901,727 |SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 945308355 | 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(52:1 C55H104 | 899,746 | SLM:0003 | SLM:0000
Unspecific distribution  |) M+K | 06 4274|08296 | 00400 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
PC(42:1 [ M+ |C50H98 | 894,692 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution | ) Na |Nosp 2047 | 56573 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 70
PC(44:5 | M+ |C52H94 | 892,678 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution ) H NO8P 96 | 56599 55211 ])(=0)OCcC(cOoc([*])=0)0C([*])=0 74
PC(42:2 M+ |CS50H96 | 892,676 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution  |) Na |NOSP 554656576 | 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 69
PC(44:6 | M+ |C52H92 | 890,663 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution  |) H |Nosp 3099|56600  |55211 1)(=0)0CC(COC([*])=0)0C([*])=0 73
PC(42:3 |M+ | C50H94 | 890,660 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution ) Na |NO8P 9046 | 56577 55211 ])(=0)OCC(COC([*])=0)OC([*])=0 68
M+ | C47H83 | 887,564 | SLM:0000 | SLM:0000 | OC1C(0)C(O)C(OP([O-
Unspecific distribution | PI(38:4) |H | 013P 383758237 55216 | ])(=0)OCC(COC([*])=0)OC([*])=0)c(0)c10 | ©
M+ | C45H85 | 887,561 | SLM:0000 | SLM:0000 | OC1C(O)C(O)C(OP([O- 743
Unspecific distribution | PI(36:1) |[Na |013P 9784 | 58218 55216 1)(=0)0CC(COC([*])=0)0C([*])=0)c(0)c10 | 71
PC(44:8 | M+ | C52H88 | 886,632 SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution  |) H |NOSP 0098 | 56602 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 0
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PC(42:5 | M+ | C50H90 | 886,629 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution  |) Na |NO8P 6045 | 56579 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 66
TG(52:0 | M+ |C55H106 | 885,788 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 1402 | 08295 00400 [*]C(=0)OCc(CoC([*])=0)OC([*])=0 0
M+ |C47H81 | 885,548 | SLM:0000 |SLM:0000 | OC1C(O)C(0)C(OP([O-
Unspecific distribution | PI(38:5) |H | 013P 7336 | 58238 55216 1)(=0)OCC(COC([*])=0)OC([*])=0)C(0)c10 | O
M+ | C45H83 | 885,546 | SLM:0000 | SLM:0000 | OC1C(0)C(O)C(OP([O- 743
Unspecific distribution | PI(36:2) |[Na |013P 328358219 55216 1)(=0)0CC(COC([*])=0)OC([*])=0)C(0)C10 | 72
TG(52:1 |M+ |C55H104 | 883,772 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 4902 | 08296 00400 [*]1C(=0)0CC(COC([*])=0)OC([*])=0 0
M+ |C45H81 | 883,530 |SLM:0000 | SLM:0000 | OC1C(O)C(O)C(OP([O-
Unspecific distribution PI(36:3) |[Na | 013P 6783 | 58220 55216 1)(=0)0CC(COC([*])=0)OC([*])=0)C(0)C10 0
TG(54:5 |M+ |C57H100 | 881,759 | SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 2454 | 08325 00400 [*]C{=0)0CC(COC([*])=0)OC([*])=0 0
TG(52:2 | M+ |C55H102 | 881,756 | SLM:0003 | SLM:0000
Unspecific distribution | ) Na |06 8401 | 08298 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(52:3 | M+ |C55H100 | 879,741 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 19| 08299 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=O0 0
[NH3+][C@@H](COP([O-
M+ |C47H86 | 878,588 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific distribution PS(41:3) [Na | NO10P 1336 | 58922 55218 ])=0 0
M+ | C49H90 | 874,629 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(44:4) | Na | NOSP 6045 | 57256 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 58
[NH3+][C@@H)](COP([O-
M+ |C47H82 | 874,556 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific distribution PS(41:5) |[Na | NO10P 833458924 55218 ])=0 0
PC(40:6 C48H84 | 872,556 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 644
Unspecific distribution  |) M+K | NOSP 5915 | 56561 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 31
TG(50:1 C53H100 | 871,715 | SLM:0003 | SLM:0000
Unspecific distribution  |) M+K | 06 1273/ 08276 00400 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
[NH3+][C@@H](COP([O-
M+ | C48H88 | 870,621 |SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Unspecific distribution PS(42:3) |H NO10P 83958931 55218 ])=0 88
TG(53:4 | M+ |C56H100 | 869,759 | SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 245408311 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
TG(51:1 |[M+ |C54H102 | 869,756 | SLM:0003 | SLM:0000
Unspecific distribution | ) Na |06 8401 | 08286 00400 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
PC(42:3 |M+ |C50H94 | 868,678 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution  |) H |NOSP 96| 56577 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 68
PC(40:0 | M+ |C48H96 | 868,676 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution  |) Na |NO8P 5546 | 56554 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 66
[NH3+][C@@H](COP([O-
M+ |C48H86 | 868,606 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Unspecific distribution PS(42:4) |H NO10P 1889 | 58932 55218 1)=0 89
[NH3+][C@@H)(COP([O-
M+ | C46H88 | 868,603 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Unspecific distribution PS(40:1) [Na | NO10P 7836 | 58909 55218 ])=0 79
PC(42:4 | M+ |C50H92 | 866,663 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution ) H NO8P 3099 | 56578 55211 ])(=0)OCcC(coc([*])=0)0C([*])=0 67
PC(40:1 | M+ |C48H94 | 866,660 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution | ) Na |NO8P 9046 | 56555 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 65
[NH3+][C@@H](COP([O-
M+ | C46H86 | 866,588 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)c([O- 720
Unspecific distribution PS(40:2) |[Na | NO10P 133658911 55218 ])=0 80
TG(51:3 [ M+ |C54H98 | 865,725 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 54| 08288 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
PC(42:5 |M+ |CS0H90 | 864,647 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 669
Unspecific distribution  |) H |NO8P 6598 | 56579 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 66
PC(40:2 | M+ |C48H92 | 864,645 [ SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution  |) Na |NOSP 2545 | 56557 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 64
[NH3+][C@@H)(COP([O-
M+ |C46H84 | 864,572 | SLM:0000 | SLM:0000 |])(=0)OCC(COC([*])=0)0C([*])=0)C([O- 720
Unspecific distribution PS(40:3) [Na | NO10P 4835|58912 55218 ])=0 81
TG(51:4 | M+ |C54H96 | 863,709 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 8899 | 08289 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
Unspecific distribution | TG(52:3 | M+ | c55H100 | 857,759 | SLM:0003 | SLM:0000 | [*]c(=0)0CC(COC([*])=0)OC([*])=0 0
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) H |06 245408299 00400
TG(50:0 | M+ |C53H102 | 857,756 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 8401 | 08275 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 6
[NH3+][C@@H](COP([O-
M+ |C47H86 | 856,606 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific distribution | PS(41:3) |H | NO10P 1889 | 58922 55218 1)=0 0 9
TG(50:1 M+ |C53H100 | 855,741 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 19/08276 | 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 5
M+ |C47H94 | 854,660 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(42:0) |[Na | NO8P 9046 | 57230 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 47 4
PC(38:1 C46H90 | 854,603 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution  |) M+K | NO8P 5417 | 56538 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 60 3
[NH3+][C@ @H](COP([O-
M+ |C47H84 | 854,590 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific distribution PS(41:4) |H NO10P 5389 | 58923 55218 ])=0 0 8
[NH3+][C@@H](COP([O-
M+ |C45H86 | 854,588 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)c([O-
Unspecific distribution | PS(39:1) |[Na | NO10P 1336 | 58902 55218 1)=0 0 8
TG(50:2 M+ |C53H98 | 853,725 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 54|08277 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 6
PC(39:1 |[M+ |C47H92 | 852,645 |SLM:0000 |SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | ) Na |NO8P 2545 | 56548 55211 ])(=0)0CC(COC([*])=0)OC([*])=0 0 3
PC(38:2 C46H88 | 852,587 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution |) M+K | NO8SP 8916 | 56539 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 59 5
PC(40:8 |[M+ |C48H80 |852,551|SLM:0000 |SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution  |) Na |NO8P 354156563 55211 1)(=0)0CC(COC([*])=0)0C([*])=0 0 3
TG(50:3 |M+ |C53H96 | 851,709 |SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 8899 | 08278 00400 [*)C(=0)0CC(COC([*])=0)OC([*])=0 0 9
M+ |C49H88 | 850,632 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(44:5) |H | NO8P 0098 | 57257 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 59 3
TG(50:4 |M+ |C53H94 | 849,694 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 2398 | 08279 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0 4
Unspecific distribution | PE(42:3) |[M+ | C47H88 | 848,613 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717 5
Na |NO8P 954457235 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 50
C46H84 | 848,556 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution | PE(41:4) | M+K | NO8P 5915 | 57227 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 0 8
PC(40:0 |M+ |C48H96 | 846,694 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution |) H |NO8P 6156554 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 66 6
[NH3+][C@@H)](COP([O-
M+ |C45H78 | 846,525 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific distribution | PS(39:5) |[Na | NO10P 5333 | 58906 55218 1)=0 0 4
M+ |C47H84 | 844,582 SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(42:5) | Na | NO8P 6543 | 57237 55213 1)(=0)0Cc(COC([*])=0)0C([*])=0 52 3
M+ |C47H82 | 842,567 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(42:6) | Na | NO8P 0042 | 57238 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 53 3
SM(d44: | M+ |C49H97 |841,715|SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 2) H |N206P 6798 | 90849 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
TG(50:3 |M+ |C53H96 | 829,727 | SLM:0003 | SLM:0000
Unspecific distribution  |) H |06 9453 | 08278 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 9
TG(48:0 [M+ |C51H98 | 829,725 SLM:0003 | SLM:0000
Unspecific distribution  |) Na |06 54| 08257 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 6
SM(d43: | M+ |C48H97 | 829,715 |SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 1) H |N206P 6798 | 90838 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 3
M+ |C46H80 | 828,551 SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution | PE(41:6) [Na | NO8P 354157229 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 0 5
TG(50:4 M+ |C53H94 |827,712|5LM:0003 |SLM:0000
Unspecific distribution  |) H |06 2952 | 08279 00400 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 4
TG(48:1 [M+ |C51H96 | 827,709 |SLM:0003 | SLM:0000
Unspecific distribution ) Na |06 8899 | 08258 00400 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0 4
[NH3+][C@@H](COP([O-
M+ |C43H82 | 826,556 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific distribution | PS(37:1) |[Na | NO10P 8334 | 58885 55218 ])=0 0 3
PC(36:2 C44H84 | 824,556 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 644
Unspecific distribution  |) M+K | NO8P 5915 | 56523 55211 ])(=0)0CC(COC([*])=0)OC([*])=0 33 9
M+ |C43H76 | 820,509 | SLM:0000 | SLM:0000 | [NH3+][C@@H)(COP([O-
Unspecific distribution | PS(37:4) |[Na | NO10P 8832 | 58888 55218 ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- 0 5
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1)=0

M+ |C47H80 | 818,569 | SLM:0000 |SLM:0000 | [NH3+]CCOP((O-
Unspecific distribution PE(42:7) |H NO8P 4095 | 57239 55213 J)(=0)occ(coc([*])=0)OC([*])=0 0
M+ | C45H82 | 818,567 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(40:4) |Na | NO8P 004257217 55213 ])(=0)occ(coc([*])=0)OC([*])=0 44
PC(38:1 | M+ |C46H90 | 816,647 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution ) H NO8P 6598 | 56538 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 60
SM(d42:| M+ | C47H95 | 815,700 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 1) H N206P 0298 | 90824 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](O)[*] 0
PC(38:2 | M+ |C46H88 | 814,632 SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution ) H NO8P 0098 | 56539 55211 1)(=0)OCC(COC([*])=0)OC([*])=0 59
[NH3+][C@@H](COP([O-
M+ | C44H80 | 814,559 |SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Unspecific distribution PS(38:3) |H NO10P 238758894 55218 ])=0 74
[NH3+][C@@H](COP([O-
M+ |C42H82 | 814,556 | SLM:0000 | SLM:0000 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- 720
Unspecific distribution PS(36:0) [Na | NO10P 833458875 55218 ])=0 64
SM(d42: | M+ | C47H93 | 813,684 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 2) H N206P 3797|90823 01000 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
M+ | C44H78 | 802,535 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution PE(39:5)|Na | NO8P 704157210 55213 ])(=0)occ(coc([*])=0)OC([*])=0 0
SM(d41: | M+ |C46H93 | 801,684 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 1) H N206P 3797 /90811 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
PC(34:0 C42H84 | 800,556 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution ) M+K | NO8P 5915 | 56507 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 55
M+ | C45H80 | 794,569 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(40:5) | H NO8P 409557218 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 45
M+ | C43H82 | 794,567 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(38:2) |Na | NO8P 0042 | 57197 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 35
M+ | C43H80 | 792,551 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(38:3)|Na | NO8P 3541|57198 55213 ])(=0)ocCc(Coc([*])=0)OC([*])=0 36
PC(36:0 | M+ | C44H88 | 790,632 SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution ) H NO8P 0098 | 56521 55211 ])(=0)OCC(COC([*])=0)OC([*])=0 58
M+ | C43H78 | 790,535 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(38:4) |Na | NO8P 7041|57199 55213 ])(=0)occ(coc([*])=0)OC([*])=0 37
SM(d40: | M+ | C45H91 | 787,668 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 1) H N206P 7296 | 90797 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SM(d40: | M+ | C45H89 | 785,653 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 2) H N206P 0796 | 90795 01000 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
C41H80 | 784,525 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(36:1) | M+K | NO8P 291457180 55213 ])(=0)OCc(COc([*])=0)OC([*])=0 27
SM(d40: | M+ | C45H87 | 783,637 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 3) H N206P 429590793 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
M+ | C44H76 | 778,538 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution PE(39:6) | H NO8P 1094 | 57211 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 0
M+ |C42H78 | 778,535 |SLM:0000 |SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution PE(37:3)|Na | NO8P 704157191 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C43H86 | 776,616 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(38:0) |H NO8P 359757195 55213 ])(=0)OCc(CoC([*])=0)OC([*])=0 33
M+ | C43H84 | 774,600 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(38:1) |H NO8P 7096 | 57196 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 34
SM(d39: | M+ | C44H89 | 773,653 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution 1) H N206P 0796 | 90782 01000 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
C40H80 | 772,525 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution PE(35:0) | M+K | NO8P 2914|57172 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0
M+ | C43H80 | 770,569 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(38:3) |H NO8P 409557198 55213 ])(=0)occ(Coc([*])=0)OC([*])=0 36
M+ |C41H82 | 770,567 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(36:0) |[Na | NO8P 0042 |57179 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 26
PC(32:1 C40H78 | 770,509 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution ) M+K | NO8P 6413 | 56494 55211 ])(=0)0CC(COC([*])=0)OC([*])=0 49
M+ |C41H76 | 764,520 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(36:3) | Na | NO8P 05457182 55213 ])(=0)occ(coc([*])=0)OC([*])=0 29
PC(34:0 | M+ | C42H84 | 762,600 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution ) H NO8P 7096 | 56507 55211 ])(=0)OCC(COC([*])=0)OC([*])=0 55
Unspecific distribution SM(d38: | M+ | C43H87 | 759,637 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O- 0
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1) H N206P 4295 {90767 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](O)[*]
C39H78 | 758,509 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(34:0) | M+K | NO8P 6413 | 57165 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 18 5
SM(d38: | M+ |C43H85 |757,621|SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 2) H |N206P 7794 | 90765 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 7
M+ | C40H76 | 752,520 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution PE(35:2) |[Na | NO8P 054 |57174 55213 1)(=0)OCC(COC([*])=0)OC([*])=0 0 6
M+ | C41H82 | 748,585 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(36:0)|H | NOSP 0596 | 57179 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 26 9
SM(d37:| M+ | C42H85 | 745,621 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 1) H |N206P 7794 | 90753 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
SM(d37:| M+ |C42H83 | 743,606 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 2) H |N206P 1294 | 90751 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 7
M+ [C41H76 | 742,538 |SLM:0000 |SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(36:3) | H NO8P 109457182 55213 1)(=0)OCC(COC([*])=0)OC([*])=0 29 9
M+ |C39H78 | 742,535 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(34:0) |[Na | NO8P 704157165 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 18 5
M+ | C39H76 | 740,520 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(34:1) |[Na | NO8P 054 | 57166 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 20 4
M+ |C39H74 | 738,504 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(34:2) |[Na | NO8P 4039 |57167 55213 ])(=0)0CC(COC([*])=0)OC([*])=0 21 5
M+ | C39H72 | 736,488 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution PE(34:3) |Na | NO8P 753957168 55213 ])(=0)OCC(COC([*])=0)OC([*])=0 22 3
PC(32:1 | M+ |C40H78 | 732,553 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 668
Unspecific distribution | ) H |NOsP 7594 | 56494 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 49 7
SM(d36: | M+ | C41H83 | 731,606 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 1) H |N206P 1294 | 90739 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
M+ | C40H76 | 730,538 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution PE(35:2) |H NO8P 1094|57174 55213 1)(=0)OCC(COC([*])=0)OC([*])=0 0 6
SM(d36: | M+ | C41H81 | 729,590 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 2) H |N206P 479390737 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
PC(30:0 | M+ |C38H76 |728,520|SLM:0000 |SLM:0000 | C[N+](C)(C)CCOP([O- 653
Unspecific distribution ) Na |NO8P 054 | 56479 55211 ])(=0)OCC(COC([*])=0)OC([*])=0 03 9
SM(d33: C38H77 | 727,515 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 1) M+K | N206P 061| 90704 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
M+ |C38H74 | 726,504 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O-
Unspecific distribution | PE(33:1) [Na | NO8P 403957159 55213 1)(=0)0CC(COC([*])=0)OC([*])=0 0 8
M+ | C39H76 | 718,538 |SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(34:1) |[H | NO8P 1094 | 57166 55213 1)(=0)OCC(COC([*])=0)OC([*])=0 20 4
SM(d35: | M+ | C40H81 | 717,590 | SLM:0003 | SLM:0000 | C[N+](C)(C)CCOP([O-
Unspecific distribution | 1) H |N206P 479390726 01000 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
M+ | C39H74 | 716,522 | SLM:0000 | SLM:0000 | [NH3+]CCOP([O- 717
Unspecific distribution | PE(34:2) |H | NOSP 459357167 55213 1)(=0)0CC(COC([*])=0)0C([*])=0 21 5
PC(30:0 | M+ |C38H76 | 706,538 |SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 653
Unspecific distribution | ) H |NOsP 1094 | 56479 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 03 9
PC(28:0 | M+ |C36H72 | 700,488 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 652
Unspecific distribution ) Na |NO8P 7539 | 56466 55211 1)(=0)OCC(COC([*])=0)OC([*])=0 94 3
PC(28:0 | M+ |C36H72 | 678,506 | SLM:0000 | SLM:0000 | C[N+](C)(C)CCOP([O- 652
Unspecific distribution  |) H |NOSP 8092 | 56466 55211 1)(=0)0CC(COC([*])=0)OC([*])=0 94 3
DG(40:4 | M+ | CA3H76 | 673,576 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |05 5307449 00401 [*]OCC(CO[*])O[*] 0 3
DG(40:5 | M+ | C43H74 | 671,560 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |os 8807450 00401 [*]occ(CO[*))0[*] 0 3
DG(38:2 | M+ | C41H76 |671,558 | SLM:0003 | SLM:0000
Unspecific distribution  |) Na |05 474607429 00401 [*]occ(co[*])0[*] 0 3
DG(38:4 | M+ | C41H72 | 667,527 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |05 1745|07431 00401 [*]JOCC(CO[*])O[*] 0 3
DG(38:4 | M+ |C41H72 | 645,545 | SLM:0003 | SLM:0000
Unspecific distribution ) H 05 229907431 00401 [*]occ(Co[*])Oo[*] 0 3
DG(36:1 | M+ | C39H74 | 645,542 | SLM:0003 | SLM:0000
Unspecific distribution ) Na |05 824607412 00401 [*]OCC(CO[*])O[*] 0 3
LPC(24: | M+ |C32H64 | 628,431 |SLM:0000 | SLM:0000 744
Unspecific distribution | 1) Na |NO7P 23955343 55200 C[N+](C)(C)CCOP([0-])(=0)0CC(CO*))O[*] | 71 5
DG(36:3 | M+ | C39H70 | 619,529 | SLM:0003 | SLM:0000
Unspecific distribution | ) H |os 5798 | 07414 00401 [*]OCC(CO[*])0[*] 0 4
Unspecific distribution DG(34:1 | M+ | C37H70 | 617,511 SLM:0003 | SLM:0000 | [*]OCC(CO[*])O[*] 0 3

84



) Na |05 524507398 00401
DG(34:2 |M+ | C37H68 | 615,495 | SLM:0003 | SLM:0000

Unspecific distribution ) Na |05 874407399 00401 [*]occ(Cco[*])O[*] 0
LPC(22 C30H50 | 606,295 | SLM:0000 | SLM:0000

Unspecific distribution | 6) M+K | NO7P 6258 | 55341 55200 | C[N+](C)(C)CCOP([0-])(=0)occ(co[*))o[*] | o
LPC(22: |M+ |C30HS54 |594,352|SLM:0000 |SLM:0000

Unspecific distribution 4) Na |NO7P 988755339 55200 C[N+](C)(C)CCOP([O-])(=0)OCC(CO[*])O[*] 0
LPC(22: | M+ |C30H62 |580,433|SLM:0000 | SLM:0000 670

Unspecific distribution | 0) H |NO7P 6443 | 55335 55200 | C[N+](C)(C)CCOP([O-])(=0)OCC(CO[*])O[*] | 61
LPC(22: |M+ |C30H60 |578,417|SLM:0000 | SLM:0000 670

Unspecific distribution | 1) H |NO7P 9942 | 55336 55200 | C[N+](C)(C)CCOP([0-])(=0)OCC(CO[*])O*] | 60
LPC(20: | M+ |C28H58 |574,384 |SLM:0000 | SLM:0000 670

Unspecific distribution | 0) Na |NO7P 2888 | 55328 55200 | C[N+](C)(C)CCOP([0-])(=0)OCC(CO[*])O[*] | 58
LPC(22: |M+ |C30H50 |568,339|SLM:0000 | SLM:0000

Unspecific distribution 6) H NO7P 743955341 55200 C[N+](C)(C)CCOP([0-])(=0)OCC(CO[*])O[*] 0
Cer(d36 |M+ |C36H71 | 566,550 | SLM:0003 | SLM:0003

Unspecific distribution :1) H NO3 6496 | 91261 99814 OC[C@H](NC([*])=0)[C@H](0)[*] 0
LPC(18: C26H54 | 562,326 | SLM:0000 | SLM:0000 645

Unspecific distribution | 0) M+K | NO7P 9259 55322 55200 | C[N+](C)(C)CCOP([0-])(=0)Occ(Co[*])o[*] | 61
Cer(d34 | M+ |C34H67 | 560,501 SLM:0003 | SLM:0003

Unspecific distribution :1) Na |NO3 294191236 99814 OC[C@H](NC([*])=0)[C@H](O)[*] 0
LPC(20: |M+ |C28H54 |548,371|SLM:0000 | SLM:0000

Unspecific distribution 2) H NO7P 044155330 55200 C[N+](C)(C)CCOP([O-])(=0)OCC(CO[*])O[*] 0
LPC(20: | M+ |C28HS0 |544,339|SLM:0000 | SLM:0000

Unspecific distribution | 4) H |NO7P 743955332 55200 | C[N+](C)(C)CCOP([0-])(=0)OcC(COo[*))o[*] | o
LPC(18: |M+ |C26H52 | 544,337 |SLM:0000 | SLM:0000 645

Unspecific distribution | 1) Na [NO7P 3386 | 55323 55200 | C[N+](C)(C)CCOP([O-])(=0)OCC(CO[*])O[*] | 66
LPC(18: |M+ |C26HS50 |542,321|SLM:0000 | SLM:0000

Unspecific distribution 2) Na |NO7P 6886 | 55324 55200 C[N+](C)(C)CCOP([0-])(=0)OCC(CO[*])O[*] 0
Cer(d34 | M+ |C34H67 |538,519|SLM:0003 | SLM:0003

Unspecific distribution | :1) H |NO3 349591236 99814 | OC[C@H](NC([*])=0)[C@H](0)[*] 0
LPC(19: |M+ |C27H56 |538,386 |SLM:0000 | SLM:0000

Unspecific distribution | 0) H |NO7P 6941 | 55327 55200 | C[N+](C)(C)CCOP([0-])(=0)OcC(Co[*))o[*] | o
LPC(16: C24H50 | 534,295 | SLM:0000 | SLM:0000 645

Unspecific distribution | 0) M+K | NO7P 6258 | 55318 55200 C[N+](C)(C)CCOP([0-])(=0)0CC(CO[*))O[*] | 63
LPC(18: | M+ |C26H54 |524,371|SLM:0000 | SLM:0000 645

Unspecific distribution 0) H NO7P 0441 | 55322 55200 C[N+](C)(C)CCOP([O-])(=0)OCC(CO[*])O[*] | 61
LPC(18: |M+ |C26H50 |520,339 |SLM:0000 | SLM:0000

Unspecific distribution | 2) H |NO7P 7439|55324  |55200 | C[N+](C)(C)CCOP([0-])(=0)0CC(CO(*))O[*] | 0
LPC(16: | M+ |C24HS0 |518,321|SLM:0000 | SLM:0000 645

Unspecific distribution | 0) Na |NO7P 6886 | 55318 55200 | C[N+](C)(C)CCOP([0-])(=0)OcC(CO[*])o[*] | 63
LPC(15: | M+ |C23H48 | 504,306 | SLM:0000 | SLM:0000

Unspecific distribution | 0) Na |NO7P 0385 | 55317 55200 | C[N+](C)(C)CCOP([0-])(=0)Oocc(co[*))o[*] | o
LPC(17: |M+ |C25H52 |510,355|SLM:0000 | SLM:0000

Unspecific distribution 0) H NO7P 39455321 55200 CIN+](C)(C)CCOP([O-])(=0)OCC(CO[*])O[*] 0
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S4 Table. Detailed lipid annotations of classified lipids from comparison of male and
female tegument.

https://doi.org/10.1371/journal.pntd.0008145.s004

According to SwissLipids
Location with Number of MSI
increased datasets with positive
signal Abbreviatio | Adduc CHEB | annotation by
il i n t formula mz Lipid ID Lipid class SMILES (pH7.3) I
883,772490 | SLM:00030829 | SLM:00000040
Female TG(52:1) M+Na | C55H10406 2|6 0 [*]C(=0)0CC(coc([*])=0)OC([*])=0 0
834,600709 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6443
Female PC(40:6) M+H | C48H84NOSP 6|1 1 1)(=0)0CC(COC([*])=0)OC([*])=0 1
834,598304 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Female PE(41:3) M+Na | C46H86NO8P 3|6 3 ])(=0)OCC(COC([*])=0)OC([*])=0 0
C41H83N206 | 769,562011 | SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Female SM(d36:1) |M+K [P 2|9 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
856,585059 | SLM:00005658 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Female PC(42:9) M+H | C50H82NO8P 6|3 1 ])(=0)OCC(COC([*])=0)OC([*])=0 0
856,582654 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6443
Female PC(40:6) M+Na | C48H84NOSP 3|1 1 1)(=0)0CC(COC([*])=0)OC([*])=0 1
871,715127 | SLM:00030827 | SLM:00000040
Female TG(50:1) M+K | C53H10006 3|6 0 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
C48HI7N206 | 829,715679 | SLM:00039083 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Female SM(d43:1) |M+H [P 8|8 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
832,585059 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Female PC(40:7) M+H | C48H82NO8P 6[2 1 1)(=0)0CC(COC([*])=0)0C([*])=0 0
832,582654 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Female PE(41:4) M+Na | C46H84NO8P 3|7 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
550,386694 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6705
Female LPC(20:1) | M+H | C28HS6NO7P 1|9 0 1)(=0)0CC(CO[*])O[*] 7
860,616359 | SLM:00005658 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Female PC(42:7) M+H | CS0H86NOSP 7|1 1 1)(=0)0CC(COC([*])=0)OC([*])=0 0
860,613954 | SLM:00005724 | SLM:00005521 | [NH3+]CCOP([O-
Female PE(43:4) M+Na | C48H88NOSP 46 3 ])(=0)OCC(COC([*])=0)0C([*])=0 0
SLM:00030827 | SLM:00000040
Female TG(50:1) M+Na | C53H10006 855,74119 | 6 0 [*]C(=0)0cC(coc([*])=0)OC([*])=0 0
SLM:00030827 | SLM:00000040
Female TG(50:2) M+Na | C53H9806 853,72554 | 7 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
Female LPC(20:2) | M+H | C28H54NO7P | 548,371044 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O- 0
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1|0 0 ])(=0)occ(co[*])or*]
790,632009 | SLM:00005652 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Female PC(36:0) | M+H | C44H88NO8P 8[1 1 1)(=0)0CC(COC([*))=0)0C([*])=0 8
572,371044 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Female LPC(22:4) | M+H | C30H54NO7P 1|9 0 ))(=0)0Cc(Co[*))0r*] 0
572,368638 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6705
Female LPC(20:1) | M+Na | C28HS6NO7P 7|9 )] 1)(=0)occ(co*)or*] 7
542,321688 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Female LPC(18:2) | M+Na | C26HSONO7P 6|4 0 1)(=0)0cc(co[*))or*] 0
C48HI7N206 | 851,697624 | SLM:00039083 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Female SM(d43:1) | M+Na [P 4|8 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
SLM:00005534 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Female LPC(22:5) | M+H | C30H52NO7P | 570,355394 | 0 0 ))(=0)0Cc(CO[*))0*] 0
570,352988 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Female LPC(20:2) | M+Na | C28H54NO7P 7/0 0 1)(=0)0CC(CO[*))O[*] 0
538,519349 | SLM:00039123 | SLM:00039981
Female Cer(d34:1) | M+H | C34H67NO3 5|6 4 OC[C@H](NC([*])=0)[C@H](0)[*] 0
961,821845 | SLM:00030841 | SLM:00000040
Male TG(60:7) | M+H | C63H10806 7/0 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
961,819440 | SLM:00030837 | SLM:00000040
Male TG(58:4) | M+Na | C61H11006 4|8 0 [*1C(=0)0CC(COC([*])=0)0C([*]))=0 0
933,790545 | SLM:00030838 | SLM:00000040
Male TG(58:7) | M+H | C61H10406 5)1 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
933,788140 | SLM:00030835 | SLM:00000040
Male TG(S6:4) | M+Na | C59H10606 2|0 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
937,821845 | SLM:00030837 | SLM:00000040
Male TG(58:5) | M+H | C61H10806 7|9 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
937,819440 | SLM:00030834 | SLM:00000040
Male TG(56:2) | M+Na | C59H11006 4|8 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
963,835090 | SLM:00030837 | SLM:00000040
Male TG(58:3) | M+Na | C61H11206 al7 0 [*1C(=0)0CC(COC([*])=0)OC([*])=0 0
963,837495 | SLM:00030840 | SLM:00000040
Male TG(60:6) | M+H | C63H11006 7|9 0 [*)C(=0)0CC(COC([*])=0)0C([*])=0 0
935,806195 | SLM:00030838 | SLM:00000040
Male TG(58:6) | M+H | C61H10606 6|0 0 [*1C(=0)0CC(COC([*])=0)0C([*))=0 0
Male TG(56:3) | M#Na | C59H10806 | 935,803790 | SLM:00030834 | SLM:00000040 | [*]C(=0)OCC(COC([*])=0)OC([*])=0 0
3|9 ]
959,806195 | SLM:00030841 | SLM:00000040
Male TG(60:8) | M+H | C63H10606 61 0 [*]c(=0)0CC(COC([*])=0)OC([*])=0 0
959,803790 | SLM:00030837 | SLM:00000040
Male TG(58:5) | M+Na | C61H10806 3|9 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
C43HB5N206 | 779,603724 | SLM:00039076 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Male SM(d38:2) | M+Na [P 15 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
957,790545 | SLM:00030841 | SLM:00000040
Male TG(60:9) | M+H | C63H10406 5(2 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
957,788140 | SLM:00030838 | SLM:00000040
Male TG(58:6) | M+Na | C61H10606 2|0 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
[NH3+][C@@H](COP([O-
C44H84NO10 | 856,546420 | SLM:00005889 | SLM:00005521 | ])(=0)OCC(COC([*])=0)0C([*])=0)C([O- | 7207
Male PS(38:1) | M+K [P 72 8 ))=0 2
706,538109 | SLM:00005647 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6530
Male PC(30:0) | M+H | C38H76NOSP 4|9 1 1)(=0)0CC(COC([*]1)=0)0C([*])=0 3
949,762077 | SLM:00030835 | SLM:00000040
Male TG(S6:4) | M+K | C59H10606 5|0 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0 0
907,774895 | SLM:00030835 | SLM:00000040
Male TG(56:6) | M+H | C59H10206 5|2 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
951,777727 | SLM:00030834 | SLM:00000040
Male TG(56:3) | M+K | C59H10806 5|9 0 [*1C(=0)0CC(COC([*])=0)OC([*])=0 )]
977,793377 | SLM:00030837 | SLM:00000040
Male TG(58:4) | M+K | C61H11006 6/8 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
1015,86879 | SLM:00030847 | SLM:00000040
Unspecific TG(64:8) | M+H | C67H11406 6|2 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
1015,86639 | SLM:00030843 | SLM:00000040
Unspecific TG(62:5) | M+Na | C65H11606 1|8 0 [*1C(=0)0CC(COC([*])=0)0C([*]))=0 0
999,777727 | SLM:00030841 | SLM:00000040
Unspecific TG(60:7) | M+K | C63H10806 5|0 0 [*)C(=0)0CC(COC([*])=0)OC([*])=0 0
989,853145 | SLM:00030844 | SLM:00000040
Unspecific T6(62:7) | M+H | C65H11206 8|0 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0 0
989,850740 | SLM:00030840 | SLM:00000040
Unspecific TG(60:4) | M+Na | C63H11406 5|7 0 [*]C(=0)0CC(COC([*])=0)0C([*]))=0 0
987,837495 | SLM:00030844 | SLM:00000040
Unspecific TG(62:8) | M+H | C65H11006 7|1 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0
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987,835090 | SLM:00030840 | SLM:00000040
Unspecific TG(60:5) | M#Na | C63H11206 4|8 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0
985,821845 | SLM:00030844 | SLM:00000040
Unspecific TG(62:9) | M+H | C65H10806 7[2 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0
985,819440 | SLM:00030840 | SLM:00000040
Unspecific TG(60:6) | M+Na | C63H11006 al9 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
983,806195 | SLM:00030842 | SLM:00000040
Unspecific TG(62:10) | M+H | C65H10606 6|8 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0
983,803790 | SLM:00030841 | SLM:00000040
Unspecific TG(60:7) | M+Na | C63H10806 30 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
981,790545 | SLM:00030842 | SLM:00000040
Unspecific TG(62:11) | M+H | C65H10406 5|9 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
981,788140 | SLM:00030841 | SLM:00000040
Unspecific TG(60:8) | M+Na | C63H10606 2|1 0 [*1C(=0)0CC(COC([*])=0)OC([*])=0
979,774895 | SLM:00030843 | SLM:00000040
Unspecific TG(62:12) | M+H | C65H10206 5|0 0 [*1C(=0)0CC(COC([*])=0)0C([*]))=0
979,772490 | SLM:00030841 | SLM:00000040
Unspecific TG(60:9) | M+Na | C63H10406 2|2 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
965,699477 | SLM:00030837 | SLM:00000040
Unspecific TG(58:10) | M+K | C61H9806 2|1 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0
955,774895 | SLM:00030839 | SLM:00000040
Unspecific TG(60:10) |M+H | C63H10206 5|9 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
955,772490 | SLM:00030838 | SLM:00000040
Unspecific TG(58:7) | M+Na | C61H10406 2|1 0 [*1C(=0)0CC(COC([*])=0)OC([*]))=0
953,759245 | SLM:00030840 | SLM:00000040
Unspecific TG(60:11) | M+H | C63H10006 alo 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0
953,756840 | SLM:00030838 | SLM:00000040
Unspecific TG(58:8) | M+Na | C61H10206 1]2 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
951,743595 | SLM:00030840 | SLM:00000040
Unspecific TG(60:12) | M+H | C63H9806 3|1 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
SLM:00030838 | SLM:00000040
Unspecific TG(58:9) | M+Na | C61H10006 | 951,74119|3 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
SLM:00030837 | SLM:00000040
Unspecific TG(58:10) | M+Na | C61H9806 949,72554 | 1 0 [*1C(=0)0CC(COC([*])=0)OC([*]))=0
947,746427 | SLM:00030835 | SLM:00000040
Unspecific TG(56:5) | M+K | C59H10406 al1 0 [*]€(=0)0CC(COC([*])=0)OC([*])=0
945,788140 | SLM:00030836 | SLM:00000040
Unspecific TG(57:5) | M+Na | C60H10606 2|4 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
945,730777 | SLM:00030835 | SLM:00000040
Unspecific TG(S6:6) | M+K | C59H10206 3|2 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0
943,772490 | SLM:00030836 | SLM:00000040
Unspecific TG(57:6) | M+Na | C60H10406 2|5 0 [*1C(=0)0CC(COC([*])=0)OC([*])=0
941,699477 | SLM:00030835 | SLM:00000040
Unspecific TG(56:8) | M+K | C59H9806 2|4 0 [*1C(=0)0CC(COC([*])=0)0C([*]))=0
939,837495 | SLM:00030837 | SLM:00000040
Unspecific TG(58:4) | M+H | C61H11006 7|8 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0
931,774895 | SLM:00030838 | SLM:00000040
Unspecific TG(S8:8) | M+H | C61H10206 5|2 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0
931,772490 | SLM:00030835 | SLM:00000040
Unspecific TG(56:5) | M+Na | C59H10406 2|1 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0
929,759245 | SLM:00030838 | SLM:00000040
Unspecific TG(58:9) | M+H | C61H10006 4|3 0 [*1C(=0)0CC(COC([*])=0)OC([*])=0
929,756840 | SLM:00030835 | SLM:00000040
Unspecific TG(56:6) | M+Na | C59H10206 12 0 [*1C(=0)0CC(COC([*])=0)0C([*])=0
927,743595 | SLM:00030837 | SLM:00000040
Unspecific T6(58:10) | M+H | C61H9806 31 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
SLM:00030835 | SLM:00000040
Unspecific TG(56:7) | M+Na | C59H10006 | 927,741193 0 [*]C(=0)0CC(COC([*])=0)0C([*]))=0
925,762077 | SLM:00030832 | SLM:00000040
Unspecific TG(54:2) | M+K | C57H10606 5|2 0 [*1C(=0)0CC(COC([*])=0)OC([*]))=0
925,727945 | SLM:00030837 | SLM:00000040
Unspecific TG(58:11) | M+H | C61H9606 3|2 0 [*)C(=0)0CC(COC([*])=0)OC([*])=0
SLM:00030835 | SLM:00000040
Unspecific TG(56:8) | M+Na | C59H9806 925,72554 | 4 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0
0C1C(0)C(0)C(OP((O-
925,520265 | SLM:00005823 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C(0)
Unspecific PI(38:4) M+K | c47H83013P 6|7 6 c10
923,709889 | SLM:00030835 | SLM:00000040
| Unspecific TG(56:9) | M+Na | C59H9606 9|5 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0
919,715127 | SLM:00030832 | SLM:00000040
| Unspecific TG(54:5) | M+K | C57H10006 35 )] [*]C(=0)0CC(COC([*])=0)OC([*])=0
Unspecific TG(56:3) | M+H | C59H10806 | 913,821845 | SLM:00030834 | SLM:00000040 | [*]C(=0)OCC(COC([*])=0)OC([*])=0
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7(9 0
[NH3+][C@@H](COP([O-
C48H92NO10 SLM:00005892 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([0- | 7208
Unspecific Ps(42:1) MK [P 912,609021 | 7 8 1)=0 6 9
[NH3+][C@@H](COP([O-
C48H90NO10 | 910,593370 | SLM:00005893 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- | 7208
Unspecific PS(42:2) M+K |P 9|0 8 1)=0 7 5
909,790545 | SLM:00030835 | SLM:00000040
Unspecific TG(56:5) M+H | C59H10406 5|1 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 6
909,788140 | SLM:00030832 | SLM:00000040
Unspecific TG(54:2) M+Na | C57H10606 2(2 0 [*]C(=0)0cc(coc([*])=0)OC([*])=0 0 6
0c1c(o)c(o)c(op([o-
909,548733 | SLM:00005825 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0)
Unspecific PI(40:7) M+H | C49H81013P 6(8 6 cio 0 4
0C1C(0)C(0)C(OP([O-
907,530678 | SLM:00005823 | SLM:00005521 | ])(=0)0OCC(COC([*])=0)OC([*])=0)C(0)
Unspecific PI(38:5) M+Na | C47H81013P 3|8 6 c10 0 4
905,759245 | SLM:00030835 | SLM:00000040
Unspecific TG(56:7) M+H | C59H10006 4(3 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0 5
[NH3+][C@@H](COP([O-
C49H88NO10 | 904,603783 | SLM:00005894 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([O-
Unspecific PS(43:4) M+Na |P 6|2 8 ])=0 0 9
903,743595 | SLM:00030835 | SLM:00000040
Unspecific TG(56:8) M+H | C59H9806 34 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 3
SLM:00030832 | SLM:00000040
Unspecific TG(54:5) M+Na | C57H10006 | 903,74119|5 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 3
901,727945 | SLM:00030835 | SLM:00000040
Unspecific TG(56:9) M+H | C59H9606 3[5 0 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0 3
899,746427 | SLM:00030829 | SLM:00000040
Unspecific TG(52:1) M+K | C55H10406 4|6 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 5
894,692204 | SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6697
Unspecific PC(42:1) M+Na | CS0H98NOSP 7|3 1 1)(=0)OCC{COC([*])=0)OC([*])=0 0 4
SLM:00005659 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6697
Unspecific PC(44:5) M+H | C52H94NO8P | 892,67896 | 9 1 1)(=0)0Cc(COC([*])=0)0C([*])=0 4 3
892,676554 | SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:2) M+Na | CS0HI6NOSP 6|6 1 1)(=0)OCC(COC([*])=0)OC([*])=0 9 3
890,663309 | SLM:00005660 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6697
Unspecific PC(44:6) M+H | cs2H92NO8P 9lo0 1 1)(=0)OCC(COC([*])=0)OC([*])=0 3 3
890,660904 | SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:3) M+Na | C50H94NO8P 6(7 1 1)(=0)0CC(COC([*])=0)0C([*])=0 8 3
0C1C(0)C(0)C(oP([0-
887,564383 | SLM:00005823 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0)
Unspecific PI(38:4) M+H | C47H83013P 717 6 c10 0 3
0C1C(0)C(0)C(OP([O-
887,561978 | SLM:00005821 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0) | 7437
Unspecific PI(36:1) M+Na | C45H85013P 4|8 6 c10 1 9
886,632009 | SLM:00005660 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Unspecific PC(44:8) M+H | C52H88NO8P 8|2 1 ])(=0)OCc(COC([*])=0)0C([*])=0 0 4
886,629604 | SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:5) M+Na | C50H90NO8P 5(9 1 ])(=0)0Cc(COC([*])=0)0C([*])=0 6 2
885,788140 | SLM:00030829 | SLM:00000040
Unspecific TG(52:0) M+Na | C55H10606 2|5 0 [*]C(=0)0CC(COC([*])=0)0C([*])=0 0 3
0C1¢(0)c(o)c(oP([0-
885,548733 | SLM:00005823 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0)
Unspecific PI(38:5) M+H | C47H81013P 6|8 6 c10 0 4
0C1¢(0)C(0)Cc(oP([0-
885,546328 | SLM:00005821 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0) | 7437
Unspecific PI(36:2) M+Na | C45H83013P 3(9 6 c10 2 7
884,613954 | SLM:00005658 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:6) M+Na | C50H88NO8P 4|0 1 ])(=0)0Cc(COC([*])=0)0C([*])=0 S 7
[NH3+][C@@H](COP([O-
C46H88NO10 | 884,577720 | SLM:00005890 | SLM:00005521 | ])(=0)OCC(COC([*])=0)0OC([*])=0)C([O- | 7207
Unspecific PS(40:1) M+K | P 9|9 8 ])=0 9 9
0C1C(0)C(0)C(OP([O-
883,530678 | SLM:00005822 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C(0)
Unspecific PI(36:3) M+Na | C45H81013P 3(0 6 c10 0 3
[NH3+][C@@H](COP([O-
C46H86NO10 | 882,562070 | SLM:00005891 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- | 7208
Unspecific PS(40:2) M+K |P 8[1 8 ])=0 0 9
881,759245 | SLM:00030832 | SLM:00000040
Unspecific TG(54:5) M+H | C57H10006 4[5 0 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0 5
Unspecific TG(52:2) M+Na | C55H10206 | 881,756840 | SLM:00030829 | SLM:00000040 | [*]C(=0)OCC(COC([*])=0)OC([*])=0 0 8

90



1|8 0
SLM:00030829 | SLM:00000040
Unspecific TG(52:3) M+Na | C55H10006 879,74119 |9 0 [*]C(=0)0cc(COC([*])=0)0C([*])=0 0
[NH3+][C@@H](COP([O-
C47H86NO10 | 878,588133 | SLM:00005892 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([O-
Unspecific PS(41:3) M+Na | P 6[2 8 ])=0 0
874,629604 | SLM:00005725 | SLM:00005521 | [NH3+]CCOP([O- 7175
Unspecific PE(44:4) M+Na | C49H9ONOSP 56 3 1)(=0)OCC(COC([*])=0)OC([*])=0 8
[NH3+][C@@H](COP([O-
C47H82NO10 | 874,556833 | SLM:00005892 | SLM:00005521 | ])(=0)OCC(COC([*])=0)0C([*])=0)C([O-
Unspecific PS(41:5) M+Na |P 44 8 ])=0 0
872,556591 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6443
Unspecific PC(40:6) M+K | C48HB4NOSP 5(1 1 1)(=0)0CC(COC([*])=0)0C([*])=0 2 8
[NH3+][C@@H](COP([O-
C48H88NO10 SLM:00005893 | SLM:00005521 | ])(=0)0OCC(COC([*])=0)OC([*])=0)C([O- | 7208
Unspecific PS(42:3) M+H [P 870,621839 |1 8 1)=0 8
869,759245 | SLM:00030831 | SLM:00000040
Unspecific TG(53:4) M+H | C56H10006 4|1 0 [*]C(=0)0cC(coc([*])=0)OC([*])=0 0
869,756840 | SLM:00030828 | SLM:00000040
Unspecific TG(51:1) M+Na | C54H10206 1|6 0 [*]C(=0)O0CC(COC([*])=0)OC([*])=0 0
SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:3) M+H | C50H94NO8P | 868,67896 | 7 1 1)(=0)0CC(COC([*])=0)0C([*])=0 8
868,676554 | SLM:00005655 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(40:0) M+Na | C48HI6NO8P 64 1 ])(=0)0CC(COC([*])=0)0C([*])=0 6
[NH3+][C@@H](COP([O-
C48H86NO10 | 868,606188 | SLM:00005893 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([O- | 7208
Unspecific PS(42:4) M+H |P 9|2 8 ])=0 9
[NH3+][C@@H](COP([O-
C46H88NO10 | 868,603783 | SLM:00005890 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([0- | 7207
Unspecific PS(40:1) M+Na |P 6(9 8 ])=0 9
866,663309 | SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:4) M+H | C50H92NO8P 98 1 1)(=0)OCC{COC([*])=0)OC([*])=0 7
866,660904 | SLM:00005655 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(40:1) M+Na | C48H94NO8P 6|5 1 1)(=0)0Cc(COC([*])=0)0C([*])=0 5
C46H86NO10 | 866,588133 | SLM:00005891 | SLM:00005521 | [NH3+][C@@H](COP([O- 7208
Unspecific PS(40:2) M+Na | P 6[1 8 1)(=0)0CC(COC([*])=0)OC([*])=0)C([O- 0
1)=0
SLM:00030828 | SLM:00000040
Unspecific TG(51:3) M+Na | C54H9806 865,72554 | 8 0 [*]C(=0)0Cc(COC([*])=0)OC([*])=0 0
864,647659 | SLM:00005657 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:5) M+H | C50H90NO8P 8[9 1 1)(=0)0CC(COC([*])=0)0C([*])=0 6
864,645254 | SLM:00005655 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(40:2) M+Na | C48H92NO8P 5(7 1 ])(=0)OCc(COC([*])=0)OC([*])=0 4
[NH3+][C@@H](COP([O-
C46H84NO10 | 864,572483 | SLM:00005891 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- | 7208
Unspecific PS(40:3) M+Na |P 5(2 8 1)=0 1
863,709889 | SLM:00030828 | SLM:00000040
Unspecific TG(51:4) M+Na | C54H9606 9|9 0 [*]C(=0)0cc(coc([*])=0)OC([*])=0 0
C49HI7N206 | 863,697624 | SLM:00039084 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d44:2) | M+Na [P 4|9 0 1)(=0)OC[C@H](NC([*))=0)[C@H](0)[*] 0
862,632009 | SLM:00005658 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6696
Unspecific PC(42:6) M+H | CS0H88NOSP 8lo 1 1)(=0)OCC(COC([*])=0)OC([*])=0 5
862,629604 | SLM:00005655 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(40:3) M+Na | C48HI0ONO8P 5(8 1 1)(=0)0CC(COC([*])=0)0C([*])=0 3
858,600709 | SLM:00005658 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Unspecific PC(42:8) M+H | C50H84NO8P 6|2 1 1)(=0)0CC(COC([*])=0)0C([*])=0
858,598304 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6452
Unspecific PC(40:5) M+Na | CA8HBE6NOSP 3|0 1 1)(=0)0CC(COC([*])=0)0C([*])=0 4
[NH3+][C@@H)(COP([O-
C44H86NO10 | 858,562070 | SLM:00005889 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- | 7207
Unspecific PS(38:0) M+K [P 8l1 8 1)=0 1
857,759245 | SLM:00030829 | SLM:00000040
Unspecific TG(52:3) M+H | C55H10006 4|9 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0
857,756840 | SLM:00030827 | SLM:00000040
Unspecific TG(50:0) M+Na | C53H10206 1|5 0 [*]C(=0)OCC(COC([*])=0)0C([*])=0 0
[NH3+][C@@H](COP([O-
C47H86NO10 | 856,606188 | SLM:00005892 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O-
Unspecific PS(41:3) M+H |P 9|2 8 ])=0 0
854,660904 | SLM:00005723 | SLM:00005521 | [NH3+]CCOP([O- 7174
Unspecific PE(42:0) M+Na | C47H94NO8P 6,0 3 1)(=0)0CC(COC([*])=0)0C([*])=0 7
854,603541 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(38:1) M+K | CA6HIONO8P 7.8 1 1)(=0)0CC(COC([*))=0)0C([*])=0 0
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[NH3+][C@@H](COP([O-
C47H84NO10 | 854,590538 | SLM:00005892 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific PS(41:4) M+H |P 9|3 8 ])=0 0 8
[NH3+][C@@H](COP([O-
C45H86NO10 | 854,588133 | SLM:00005890 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O-
Unspecific PS(39:1) M+Na | P 6[2 8 ])=0 0 8
852,645254 | SLM:00005654 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Unspecific PC(39:1) M+Na | C47H92NO8P 5(8 1 1)(=0)0CC(COC([*])=0)OC([*])=0 0 3
852,587891 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(38:2) M+K | CA6H88NO8P 6[9 1 1)(=0)0CC(COC([*])=0)0C([*])=0 9 5
852,551354 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Unspecific PC(40:8) M+Na | C48H80NO8P 1|3 1 1)(=0)0CC(COC([*])=0)0C([*])=0 0 3
851,709889 | SLM:00030827 | SLM:00000040
Unspecific TG(50:3) M+Na | C53H9606 9|8 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 9
C47H93N206 | 851,640261 | SLM:00039082 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d42:2) |M+K [P 6[3 0 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 8
850,632009 | SLM:00005725 | SLM:00005521 | [NH3+]CCOP([O- 7175
Unspecific PE(44:5) M+H | C49H88NO8P 8|7 3 1)(=0)0CC(COC([*1)=0)0C([*])=0 9 3
849,694239 | SLM:00030827 | SLM:00000040
Unspecific T1G(50:4) M+Na | C53H9406 8|9 0 [*]C(=0)0cc(coc([*])=0)OC([*])=0 0 4
848,613954 | SLM:00005723 | SLM:00005521 | [NH3+]CCOP([O- 7175
Unspecific PE(42:3) M+Na | C47H88NO8P 4|5 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0 5
848,556591 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(41:4) M+K | C46H84NO8P 5[7 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0 8
SLM:00005655 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(40:0) M+H | CA8H96NO8P | 846,69461 |4 1 ])(=0)OCC(COC([*])=0)OC([*])=0 6 6
[NH3+][C@@H](COP([O-
C45H78NO10 | 846,525533 | SLM:00005890 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([O-
Unspecific PS(39:5) M+Na |P 36 8 ]1)=0 0 4
844,582654 | SLM:00005723 | SLM:00005521 | [NH3+]CCOP([O- 7175
Unspecific PE(42:5) M+Na | C47H84NO8P 3[7 3 1)(=0)0Cc(COoC([*])=0)0C([*])=0 2 3
842,567004 | SLM:00005723 | SLM:00005521 | [NH3+]CCOP([O- 7175
Unspecific PE(42:6) M+Na | C47H82NO8P 2|8 3 ])(=0)OCC(COC([*])=0)0C([*])=0 3 3
C49HI7N206 | 841,715679 | SLM:00039084 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d44:2) |M+H [P 8|9 0 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
Unspecific PE(43:4) M+H | C48H88NOSP | 838,632009 | SLM:00005724 | SLM:00005521 | [NH3+]CCOP([O- 0 5
8|6 3 1)(=0)0cc(Coc([*])=0)0C([*])=0
838,629604 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(38:1) M+Na | C46H90NO8P 5(8 1 1)(=0)0CC(COC([*))=0)OC([*])=0 0 3
C47H95N206 | 837,681974 | SLM:00039082 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d42:1) | M+Na | P 4|4 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
836,616359 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6452
Unspecific PC(40:5) M+H | C48HB6NOSP 7/0 1 ])(=0)Occ(COC([*])=0)0C([*])=0 4 9
836,613954 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(38:2) M+Na | CA6H88NO8P 4(9 1 1)(=0)0CC(COC([*])=0)0C([*])=0 9 5
C47H93N206 | 835,666324 | SLM:00039082 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d42:2) | M+Na [P 3(3 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 8
830,569409 | SLM:00005656 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Unspecific PC(40:8) M+H | C48H80NO8P 5[3 1 1)(=0)0CC(COC([*])=0)0C([*])=0 0 3
830,567004 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(41:5) M+Na | C46H82NO8P 2(8 3 ])(=0)0CC(COC([*])=0)OC([*])=0 0 9
[NH3+][C@@H](COP([O-
C42H82NO10 | 830,530770 | SLM:00005887 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- | 7206
Unspecific PS(36:0) M+K | P 7|5 8 1)=0 4 9
829,727945 | SLM:00030827 | SLM:00000040
Unspecific TG(50:3) M+H | C53H9606 3[8 0 [*]C(=0)0CC(COC([*])=0)OC([*])=0 0 9
SLM:00030825 | SLM:00000040
Unspecific TG(48:0) M+Na | C51H9806 829,72554 | 7 0 [*]C(=0)0CC(COC([*])=0)OC([*))=0 0 6
828,551354 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(41:6) M+Na | C46H80NOSP 1|9 3 ])(=0)OCC(COC([*])=0)OC([*])=0 0 5
827,712295 | SLM:00030827 | SLM:00000040
Unspecific TG(50:4) M+H | C53H9406 2|9 0 [*]C(=0)OCC(COC([*])=0)OC([*])=0 0 4
827,709889 | SLM:00030825 | SLM:00000040
Unspecific T1G(48:1) M+Na | C51H9606 9.8 0 [*]C(=0)0cc(coc([*])=0)OC([*])=0 0 4
[NH3+][C@@H](COP([O-
C43H82NO10 | 826,556833 | SLM:00005888 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O-
Unspecific PS(37:1) M+Na | P 4|5 8 ]1)=0 0 3
824,616359 | SLM:00005723 | SLM:00005521 | [NH3+]CCOP([O- 7175
Unspecific PE(42:4) M+H | ca7H8ENOSP 7]6 3 1)(=0)0CC(COC([*])=0)0C([*])=0 1 9
824,613954 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O-
L ifi PC(37:1) M+Na | C45H88NO8P 41 1 1)(=0)0CC(COC([*])=0)0C([*])=0 0 9
Unspecific PC(36:2) M+K | C44H84NOS8P | 824,556591 | SLM:00005652 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6443 9
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5(3 1 ])(=0)0Cc(coc([*])=0)0C([*])=0 3
C46H93N206 | 823,666324 | SLM:00039081 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d41:1) | M+Na |P 3[1 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
C45H89N206 | 823,608961 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:2) | M+K [P 4|5 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
C45H87N206 | 821,593311 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:3) | M+K | P 4|3 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
[NH3+][C@@H](COP([O-
C43H76NO10 | 820,509883 | SLM:00005888 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0OC([*])=0)C([O-
Unspecific PS(37:4) M+Na | P 2(8 8 1)=0 0
818,569409 | SLM:00005723 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(42:7) M+H | C47H80NO8P 5[9 3 1)(=0)0CC(COC([*])=0)OC([*])=0 0
818,567004 | SLM:00005721 | SLM:00005521 | [NH3+]CCOP([O- 7174
Unspecific PE(40:4) M+Na | C45H82NO8P 2(7 3 1)(=0)0CC(COC([*])=0)0C([*])=0 4
816,647659 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6686
Unspecific PC(38:1) M+H | C46HIONOSP K 1 1)(=0)0CC(COC([*])=0)0C([*])=0 0
C47HI5N206 | 815,700029 | SLM:00039082 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d42:1) | M+H [P 8la 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
814,632009 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(38:2) M+H | C46H88NOSP 8|9 1 ])(=0)OCC(COC([*])=0)0C([*])=0 9
[NH3+][C@@H](COP([O-
C44H8ONO10 | 814,559238 | SLM:00005889 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- | 7207
Unspecific PS(38:3) M+H |P 7(4 8 ])=0 4
[NH3+][C@@H](COP([O-
C42H82NO10 | 814,556833 | SLM:00005887 | SLM:00005521 | ])(=0)OCC(COC([*])=0)OC([*])=0)C([O- | 7206
Unspecific PS(36:0) M+Na | P 4|5 8 ]1)=0 4
C47H93N206 | 813,684379 | SLM:00039082 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d42:2) |M+H [P 7|3 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
812,616359 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(41:3) M+H | C46HB6NOSP 7(6 3 ])(=0)0Cc(COC([*])=0)0C([*])=0 0
812,613954 | SLM:00005652 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(36:0) M+Na | C44H88NO8P 41 1 1)(=0)0CC(COC([*])=0)0C([*])=0 8
810,600709 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(41:4) M+H | ca6H8aNOSP 6|7 3 1)(=0)OCC(COC([*])=0)OC([*])=0 0
810,598304 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:1) M+Na | C44H86NO8BP 3|6 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
C45H91N206 | 809,650674 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:1) | M+Na |P 3[7 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
808,585059 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(41:5) M+H | C46H82NO8P 6(8 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
808,582654 | SLM:00005652 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6443
Unspecific PC(36:2) M+Na | C44H84NO8P 3[3 1 1)(=0)0CC(COC([*])=0)0C([*])=0 3
C45H89N206 | 807,635024 | SLM:00039079 | SLM:00000100 | C[N+](C){C)CCOP([O-
Unspecific SM(d40:2) | M+Na |P 2|5 0 1)(=0)OC[C@H](NC([*))=0)[C@H](0)(*] 0
806,569409 | SLM:00005722 | SLM:00005521 | [NH3+]CCOP((O-
Unspecific PE(41:6) M+H | ca6H8ONOSP 5|9 3 1)(=0)OCC(COC([*])=0)OC([*])=0 0
806,567004 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:3) M+Na | C44H82NO8P 2(8 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
CA5H87N206 | 805,619374 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:3) | M+Na [P 13 0 ])(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
804,551354 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:4) M+Na | C44HBONOS8P 1|9 3 ])(=0)0cc(coc([*])=0)0C([*])=0 0
802,632009 | SLM:00005653 | SLM:00005521 | C[N+](C)(C)CCOP([O-
Unspecific PC(37:1) M+H | C45H88NO8P 8|1 1 1)(=0)0CC(COC([*])=0)0C([*])=0 0
802,535704 | SLM:00005721 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:5) M+Na | C44H78NO8P 1|0 3 ])(=0)OCC(COC([*])=0)0C([*])=0 0
[NH3+][C@@H](COP([O-
C40H78NO10 | 802,499470 | SLM:00005886 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*])=0)C([O- | 7205
Unspecific PS(34:0) M+K |P 5(1 8 1)=0 7
C46H93N206 | 801,684379 | SLM:00039081 | SLM:00000100 | C[N+](C)(C)CCOP([O-
| Unspecific SM(d41:1) |M+H |P 7[1 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
800,616359 | SLM:00005721 | SLM:00005521 | [NH3+]CCOP([O- 7174
Unspecific PE(40:2) M+H | C45HB6NOSP 7[5 3 ])(=0)OCC(COC([*])=0)0C([*])=0 2
800,556591 | SLM:00005650 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(34:0) M+K | ca2H8aNO8P 5|7 1 1)(=0)0CC(COC([*])=0)0C([*])=0 s
[NH3+][C@@H](COP([O-
C41H8ONO10 | 800,541183 | SLM:00005886 | SLM:00005521 | ])(=0)0CC(COC([*])=0)0C([*])=0)C([O-
Unspecific PS(35:0) M+Na | P 4.8 8 ])=0 0
798,600709 | SLM:00005721 | SLM:00005521 | [NH3+]CCOP([O- 7174
Unspecific PE(40:3) M+H | C45H84NOSP 66 3 1)(=0)0CC(COC([*])=0)OC([*])=0 3
798,598304 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:0) M+Na | C43H86NO8P 3[5 3 1)(=0)0CC(COC([*])=0)0C([*])=0 3
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[NH3+][C@@H](COP([O-

C40H74NO10 | 798,468170 | SLM:00005886 | SLM:00005521 | ])(=0)0CC(COC([*])=0)OC([*))=0)C([0- | 7205
Unspecific PS(34:2) M+K | P 4|3 8 1)=0 9
C44H8IN206 | 795,635024 | SLM:00039078 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d39:1) | M+Na |P 2|2 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0
C43H85N206 | 795,577661 | SLM:00039076 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d38:2) |M+K | P 3|5 0 1)(=0)OC[C@H](NC([*]))=0)[C@H](0)[*] 0
794,569409 | SLM:00005721 | SLM:00005521 | [NH3+]CCOP([O- 7174
Unspecific PE(40:5) M+H | C4SHBONOSP 5(8 3 1)(=0)0CC(COC([*])=0)OC([*])=0 5
794,567004 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:2) M+Na | C43H82NO8P 2(7 3 1)(=0)0CC(COC([*])=0)OC([*])=0 5
C44H87N206 | 793,619374 | SLM:00039078 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d39:2) | M+Na [P 1[0 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
792,551354 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:3) M+Na | C43HB8ONO8P 1|8 3 1)(=0)0CC(COC([*])=0)0C([*])=0 6
790,535704 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:4) M+Na | C43H78NO8P 1|9 3 1)(=0)0Cc(COC([*])=0)0C([*])=0 7
788,616359 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:1) M+H | C44HB6NOSP 76 3 1)(=0)OCC(COC([*])=0)OC([*])=0 0
CA45H91N206 | 787,668729 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:1) | M+H [P 6|7 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0
786,600709 | SLM:00005652 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6443
Unspecific PC(36:2) M+H | C44H84NOBP 6|3 1 1)(=0)0CC(COC([*])=0)OC([*])=0 3
C45H89IN206 | 785,653079 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:2) |M+H | P 6/5 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
784,585059 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:3) M+H | C44H82NOSP 6/8 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
784,582654 | SLM:00005650 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(34:0) M+Na | C42H84NO8P 3|7 1 1)(=0)0Cc(coc([*])=0)0C([*])=0 5
784,525291 | SLM:00005718 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(36:1) M+K | C41H8ONO8P 4(0 3 1)(=0)0CC(COC([*])=0)OC([*])=0 7
C45H87N206 | 783,637429 | SLM:00039079 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d40:3) | M+H [P 5(3 0 1)(=0)OC[C@H)(NC([*])=0)[C@H](0)(*] 0
782,569409 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:4) M+H | C44HBONOSP 5|9 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
Unspecific SM(d38:1) | M+Na | C43H87N206 | 781,619374 | SLM:00039076 | SLM:00000100 | C[N+](C)(C)CCOP([O- 0
P 1|7 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*]
778,538109 | SLM:00005721 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(39:6) M+H | C44H76NO8P 4|1 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0
778,535704 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(37:3) M+Na | C42H78NO8P 1[1 3 1)(=0)OCC(COC([*])=0)OC([*])=0 0
776,616359 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:0) M+H | C43H86NOSP 7[5 3 1)(=0)0CC(COC([*])=0)0C([*])=0 3
774,600709 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:1) M+H | C43H84NOSP 6|6 3 1)(=0)0CC(COC([*])=0)OC([*])=0 4
C44H89IN206 | 773,653079 | SLM:00039078 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d39:1) |M+H | P 6[2 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
772,585059 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:2) M+H | C43H82NO8P 6|7 3 1)(=0)0CC(COC([*])=0)0C([*])=0 5
772,525291 | SLM:00005717 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(35:0) M+K | C40HBONOSP 4|2 3 1)(=0)0CC(COC([*])=0)OC([*])=0 0
C44H87N206 | 771,637429 | SLM:00039078 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d39:2) |M+H | P 5|0 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0
770,569409 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:3) M+H | C43H8ONOS8P 5/8 3 1)(=0)0CC(COC([*])=0)OC([*])=0 6
770,567004 | SLM:00005717 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(36:0) M+Na | C41H82NO8P 2|9 3 1)(=0)0CC(COC([*])=0)0C([*))=0 6
770,509641 | SLM:00005649 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6684
Unspecific PC(32:1) M+K | C40H78NO8P 3[4 1 1)(=0)0CC(COC([*])=0)0C([*])=0 9
768,553759 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:4) M+H | C43H78NO8P 4|9 3 1)(=0)0CC(COC([*])=0)0C([*])=0 7
768,551354 | SLM:00005718 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(36:1) M+Na | C41H8ONO8P 1/0 3 1)(=0)0CC(COC([*])=0)0C([*])=0 7
C42H85N206 | 767,603724 | SLM:00039075 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d37:1) | M+Na |P 1(3 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0
766,538109 | SLM:00005720 | SLM:00005521 | [NH3+]CCOP([O- 7173
Unspecific PE(38:5) M+H | C43H76NO8P alo 3 1)(=0)0CC(COC([*])=0)OC([*])=0 8
766,535704 | SLM:00005718 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(36:2) M+Na | C41H78NO8P 1)1 3 1)(=0)0CC(cOC([*])=0)0C([*])=0 8
C42H83N206 5LM:00039075 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d37:2) | M+Na | P 765,588074 | 1 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0
Unspecific PE(36:3) M+Na | C41H76NO8P | 764,520054 | SLM:00005718 | SLM:00005521 | [NH3+]CCOP([O- 7172
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2 3 1)(=0)0CC(COC([*])=0)0C([*])=0 9
762,600709 | SLM:00005650 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6685
Unspecific PC(34:0) | M+H | C42H84NOBP 6|7 1 1)(=0)0CC(COC([*))=0)0C([*])=0 5 8
C43HB7N206 | 759,637429 | SLM:00039076 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d38:1) |M+H [P 5|7 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0 9
758,569409 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(37:2) | M+H | C42HSONOSP 5|0 3 1)(=0)0CC(COC([*]1)=0)0C([*])=0 0 9
758,509641 | SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7171
Unspecific PE(34:0) | M+K | C39H78NO8P 35 3 1)(=0)0CC(COC([*1)=0)0C([*])=0 8 5
C43H8SN206 | 757,621779 | SLM:00039076 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d38:2) |MsH [P als 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 7
756,553759 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP((O-
Unspecific PE(37:3) | M+H | C42H78NOSP al1 3 1)(=0)0CC(COC([*1)=0)0C([*])=0 0 9
756,551354 | SLM:00005717 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(35:0) | M+Na | CAOHSONOSP 1]2 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0 9
754,538109 | SLM:00005719 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(37:4) | M+H | C42H76NOSP 4|2 3 1)(=0)0CC(COC([*]1)=0)0C([*])=0 0 9
754,535704 | SLM:00005649 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6684
Unspecific PC(32:1) | M+Na | C40H78NO8P 14 1 1)(=0)0CC(COC([*]))=0)0C([*))=0 9 7
C41H83N206 SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d36:1) | M+Na [P 753,588074 | 9 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0 9
SLM:00005717 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(35:2) | M+Na | CAOH76NOS8P | 752,520054 | 4 3 1)(=0)0CC(COC([*1)=0)0C([*])=0 0 6
C41HBIN206 | 751,572423 | SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d36:2) | M+Na [P 9|7 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0 9
C41H79N206 | 749,556773 | SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d36:3) | M+Na [P 9|5 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0 7
748,585059 | SLM:00005717 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(36:0) | M+H | C41H82NO8P 6|9 3 1)(=0)0CC(COC([*]1)=0)0C([*])=0 6 9
746,569409 | SLM:00005718 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(36:1) | M+H | C41HBONOBP 5|0 3 1)(=0)0CC(COC([*]1)=0)0C([*])=0 7 6
C42H85N206 | 745,621779 | SLM:00039075 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d37:1) |M+H [P 4|3 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0 9
C42H83N206 | 743,606129 | SLM:00039075 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d37:2) |M+H [P al1 0 ))(=0)OCIC@H](NC([*))=0)[C@H](0)(*] 0 7
Unspecific PE(36:3) | M+H | C41H76NO8P | 742,538109 | SLM:00005718 | SLM:00005521 | [NH3+]CCOP([O- 7172 9
4|2 3 1)(=0)0CC(COC([*])=0)0C([*])=0 9
742,535704 | SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7171
Unspecific PE(34:0) | M+Na | C39H78NO8P 1]5 3 1)(=0)0CC(COC([*])=0)OC([*])=0 8 5
SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(34:1) | M+Na | C39H76NO8P | 740,520054 | 6 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0 4
CA4OHB1N206 | 739,572423 | SLM:00039072 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d35:1) | M+Na [P 9|6 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
738,504403 | SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(34:2) | M+Na | C39H74NO8P 9|7 3 1)(=0)0CC(COC([*])=0)0C([*])=0 1 5
736,488753 | SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(34:3) | M+Na | C39H72NO8P 9|8 3 1)(=0)0CC(COC([*]1)=0)0C([*])=0 2 3
732,553759 | SLM:00005649 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6684
Unspecific PC(32:1) | M+H | C4OH78NO8P ala 1 1)(=0)0CC(COC([*]1)=0)0C([*])=0 9 7
C41H83N206 | 731,606129 | SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d36:1) |M+H [P 4|9 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
730,538109 | SLM:00005717 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(35:2) | M+H | C4AOH76NOSP ala 3 1)(=0)0CC(COC([*1)=0)0C([*])=0 0 6
C41HB1N206 | 729,590479 | SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d36:2) |M+H [P 3|7 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
SLM:00005647 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6530
Unspecific PC(30:0) | M+Na | C38H76NOS8P | 728,520054 |9 1 1)(=0)0CC(COC([*])=0)0C([*])=0 3 9
C41H79N206 | 727,574829 | SLM:00039073 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d36:3) |M+H [P 2|5 0 1)(=0)OC[C@H](NC([*))=0)[C@H](0)(*] 0 7
C38H77N206 SLM:00039070 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d33:1) | M+k [P 727,515061 | 4 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
726,504403 | SLM:00005715 | SLM:00005521 | [NH3+]CCOP([O-
Unspecific PE(33:1) | M+Na | C38H74NO8P 9|9 3 1)(=0)0CC(COC([*]1)=0)0C([*])=0 0 8
718,538109 | SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(34:1) | M+H | C39H76NOSP 4|6 3 1)(=0)0CC(COC([*])=0)0C([*])=0 0 4
C40HB1N206 | 717,590479 | SLM:00039072 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d35:1) |M+H [P 3|6 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)[*] 0 9
716,522459 | SLM:00005716 | SLM:00005521 | [NH3+]CCOP([O- 7172
Unspecific PE(34:2) | M+H | C39H74NO8P 3|7 3 1)(=0)0CC(COC([*])=0)0C([*])=0 1 5
C38H77N206 | 711,541123 | SLM:00039070 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d33:1) | M+Na [P 8|4 0 1)(=0)OC[C@H](NC([*])=0)[C@H](0)(*] 0 9
Unspecific PC(28:0) | M+Na | C36H72NO8P | 700,488753 | SLM:00005646 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6529 3
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9le 1 1)(=0)0CC(COC([*])=0)0C([*])=0 4
C38H77N206 | 689,559179 | SLM:00039070 | SLM:00000100 | C[N+](C)(C)CCOP([O-
Unspecific SM(d33:1) |M+H [P 2|4 0 1)(=0)OC[C@H](NC([*))=0)[C@H](0)(*] 0
678,506809 | SLM:00005646 | SLM:00005521 | C[N+](C)(C)CCOP([O- 6529
Unspecific PC(28:0) | M+H | C36H72NO8P 2|6 1 1)(=0)0CC(COC([*])=0)0C([*])=0 4
SLM:00030744 | SLM:00000040
Unspecific DG(40:4) | M+H | C43H7605 673,57653 | 9 1 [*]occ(cor*))ol*] 0
SLM:00030745 | SLM:00000040
Unspecific DG(40:5) | M+H | C43H7405 671,56088 | 0 1 [*]occ(cor*1or] 0
671,558474 | SLM:00030742 | SLM:00000040
Unspecific DG(382) | M+Na |C41H7605 6|9 1 [*]occ(col*])0l*] 0
667,527174 | SLM:00030743 | SLM:00000040
Unspecific DG(38:4) | M+Na |C41H7205 5)1 1 [*]occ(cor*))ol*) 0
645,545229 | SLM:00030743 | SLM:00000040
Unspecific DG(38:4) | M+H | C41H7205 9|1 1 [*]occ(cor*))or*] 0
645,542824 | SLM:00030741 | SLM:00000040
Unspecific DG(36:1) | M+Na | C39H7405 6|2 1 [*]occ(cor*])or*] 0
SLM:00005534 | SLM:00005520 | C[N+](C)(C)CCOP([O- 7447
Unspecific LPC(24:1) | M+Na | C32HB4NO7P | 628,431239 |3 0 ))(=0)0cc(co[*))or*] 1
619,529579 | SLM:00030741 | SLM:00000040
Unspecific DG(36:3) | M+H | C39H7005 8|4 1 [*]occ(cor*))ol*) 0
617,511524 | SLM:00030739 | SLM:00000040
Unspecific DG(34:1) | M+Na | C37H7005 58 1 [*]occ(col*))or*) 0
615,495874 | SLM:00030739 | SLM:00000040
Unspecific DG(342) | M+Na | C37H6805 4|9 1 [*Jocc(cor*)or] 0
606,295625 | SLM:00005534 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(22:6) | M+K | C30HSONO7P 8[1 0 ))(=0)0cc(co[*])or*] 0
594,352988 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(22:4) | M+Na | C30HS4NO7P 7|9 0 1)(=0)0CC(co*])0r*] 0
580,433644 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6706
Unspecific LPC(22:0) | M+H | C30H62NO7P 35 0 1)(=0)0CC(cO[*))0[*] 1
578,417994 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6706
Unspecific LPC(22:1) | M+H | C30H6ONO7P 2|6 0 1)(=0)0CC(CO[*]))0[*] 0
574,384288 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6705
Unspecific LPC(20:0) | M+Na | C28HS8NO7P 8|8 0 ))(=0)occ(cor*))or*) 8
Unspecific LPC(22:6) | M+H | C30HSONO7P | 568,339743 | SLM:00005534 | SLM:00005520 | C[N+](C)(C)CCOP([O- 0
9[1 ] ))(=0)occ(cor*))or*]
566,550649 | SLM:00039126 | SLM:00039981
Unspecific Cer(d36:1) | M+H | C36H71NO3 61 4 OC[C@H](NC([*])=0)[C@H](0)[*] 0
562,326925 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6456
Unspecific LPC(18:0) | M+K | C26H54NO7P 9|2 0 ))(=0)0cc(col*])or*] 1
560,501294 | SLM:00039123 | SLM:00039981
Unspecific Cer(d34:1) | M+Na | C34H67NO3 16 4 OC[C@H](NC([*])=0)[C@H](0)(*] 0
SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(20:3) | M+H | C28H52NO7P | 546,355394 | 1 0 1)(=0)0cC(CO[*))0[*] 0
546,352988 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6456
Unspecific LPC(18:0) | M+Na | C26H54NO7P 7|2 0 ))(=0)0cC(Co[*))0[*] 1
544,339743 | SLM:00005533 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(20:4) | M+H | C28HSONO7P 92 0 1)(=0)0CC(CO[*))0[*] 0
544,337338 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6456
Unspecific LPC(18:1) | M+Na | C26H52NO7P 6|3 0 1)(=0)0CC(CO[*])0l*] 6
538,386694 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(19:0) | M+H | C27HS6NO7P 1|7 0 ))(=0)0cc(cor*))or*] 0
534,295625 | SLM:00005531 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6456
Unspecific LPC(16:0) | M+K | C24HSONO7P 8|8 0 1)(=0)0cc(co[*1)or*] 3
532,337338 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(17:0) | M+Na | C25H52NO7P 6[1 0 1)(=0)0cc(co[*1)0[*] 0
524,371044 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6456
Unspecific LPC(18:0) | M+H | C26H54NO7P 1]2 0 1)(=0)0CC(CO*])0[*] 1
520,339743 | SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(18:2) | M+H | C26HSONO7P 9|4 0 1)(=0)0CC(CO*])0r*] 0
518,321688 | SLM:00005531 | SLM:00005520 | C[N+](C)(C)CCOP([O- 6456
Unspecific LPC(16:0) | M+Na | C24HS0NO7P 6/8 0 1)(=0)0cc(co[*))or*] 3
504,306038 | SLM:00005531 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(15:0) | M+Na | C23H48NO7P 5(7 0 1)(=0)0CC(CO[*))O[*] 0
SLM:00005532 | SLM:00005520 | C[N+](C)(C)CCOP([O-
Unspecific LPC(17:0) | M+H | C25H52NO7P | 510,355394 | 1 0 ))(=0)0cc(co[*))or*] 0

96



S1 Fig. Graphical illustration of LC-MS? data analysis workflow.
https://doi.org/10.1371/journal.pntd.0008145.s005
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S2 Fig. Graphical illustration of the data analysis workflow for MS imaging data.

Statistical evaluation work flow was adapted from literature. The statistical analysis
comprised five key steps: 1. normalization of one signal to the sum of all signals per
measurement, 2. z-score (using median), 3. multiple-class analysis of variance (ANOVA,
permutation based false-discovery-rate, FDR, set to 5%, 250 restarts), 4. post-hoc test (5%
FDR) and 5. hierarchical clustering (Euclidean distance using average linkage,
preprocessing with k-means, maximum 10 iterations, 10 restarts).

https://doi.org/10.1371/journal.pntd.0008145.s006
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S3 Fig. Graphical illustration (from Perseus[41]) of multivariate statistical analysis and

categorization of differentially abundant signals from MALDI

hierarchical clustering.

https://doi.org/10.1371/journal.pntd.0008145.s007
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S4 Fig. Digital light microscopic images of male (M) surfaces (left), female (F) surfaces
(middle) and cryosections of couples (right). The black arrows indicate the anterior
end.

https://doi.org/10.1371/journal.pntd.0008145.s008
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S5 Fig. Distribution of previously reported most abundant lipid species in S. mansoni
as protonated and sodiated ion species[20] PC (34:1) has been determined in the past
to be differentially abundant in whole worm and tegument.

[10] However, MS imaging data did not show significant differences based on HC. For PC
(36:1) and PC (36:2), however, our findings are well in accordance with previous publications
which found higher abundances inside the worm.[10] The same trend is suggested by
unsupervised MS imaging data evaluation presented here.

https://doi.org/10.1371/journal.pntd.0008145.s009

[PC (34:1) + H]* [PC (34:1) + Na]*

miz : 760.58510 £ 0.00380 Th (£ 5 ppm) x10" m/z : 782.56700 £ 0.00391 Th (¢ 5 ppm)

[PC (36:1) + H]* [PC (36:1) + Na]*

88.61640 £ 0.00394 Th (+ 5 ppm) x102 810.59830 £ 0.00405 Th ( 5 ppm)

[PC (36:2) + H]* [PC (36:2) + Na]*

iz : 786.60070 £ 0.00393 Th (+ 5 ppm) x10° miz : 808.58270 + 0.00404 Th (+ 5 ppm)
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S6 Fig. Number of carbon atoms in fatty acyl chains vs the number of double bonds
detected in phosphatidylethanolamines (PE).

Isobaric PE/PC interferences were excluded for surface and section data. A—Comparison of
worm-tissue (blue cross) and surface/tegument specific signals vs ions (orange +) with
unspecific distribution (green square). Overlapping indicators are attributed to the presence
of several adducts corresponding to one lipid species. B—Arithmetic mean fatty acyl and
double bond composition for section/inner tissue (blue), surface/tegument (orange) and
unspecific signals (green). Error bars show the standard deviation across one location.

https://doi.org/10.1371/journal.pntd.0008145.s010
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S7 Fig. Example for LC-MS/MS based identification of PE (37:4) with MS1 overview

spectra and data-dependent MS2 spectra.

A-MS1 overview spectrum. B-virtual magnification of mass range m/z 700-800 (from A)
showing the mass of PE (37:4) as deprotonated species (C42H75NO8P). C—MS2 spectrum
of precursor m/z 752.52 +0.5 u showing characteristic fragments of PE head group (around
m/z 140 and m/z 196), FA (17:0) and FA (20:4). The precursor is not visible in the spectrum
and assumedly fragmented quantitatively at NCE = 30. D—virtual magnification of m/z 750—
755 (from A) showing mass and isotope ratio of PE 37:4 as 12C, 13C and 13C2

isotopologues.

https://doi.org/10.1371/journal.pntd.0008145.s011
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S8 Fig. Example for mass accuracy and resolution obtained in MSI experiments.

A-MS ion image of nearly isobaric PE-adduct species [PE (39:5) + H]+ and [PE (37:2) +
Nal]+ (Am = 3.1 ppm) at m/z 780.5537 + 5 ppm. B-Signal intensity (abundance in NL;
normalized level) vs mass deviation in ppm. A double peak can be observed shifted by
approximately 1.5 ppm and 2.8 ppm. C—MS ion signal at m/z 780.55254 + 0.2 ppm showing
an increased signal intensity on the worm surface assigned to protonated PE (39:5). D-MS
ion at m/z 780.55151 + 0.2 ppm assigned to PE (37:2) as sodium adduct. By hierarchical
clustering, the signal at m/z 780.5537 was determined to be more abundant in the worm
body compared to tegumental surface (see Fig 3). The signal was assigned to PE (37:2) as
sodiated molecule. The protonated species of PE (39:5), however, was classified as
unspecific. The fluctuating signal intensity of the surface measurements putatively led to
unspecific classification. This example thus verifies the accuracy and correctness of HC-
based classification.

https://doi.org/10.1371/journal.pntd.0008145.s012
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S9 Fig. Putative adducts of PE (39:4) with different distributions.

A—Distribution of m/z 782.5694 assigned to [PE (39:4) + H]+. B—distribution of m/z 804.5514
assigned to [PE (39:4) + Na]+. This difference in distribution could be explained by different
concentrations of salt in tegument and inner tissue or by isobaric interferences that were not
contained in the LC-MS/MS-database.

https://doi.org/10.1371/journal.pntd.0008145.s013
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Curriculum vitae

The curriculum vitae was removed from the electronic version of the paper.
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The curriculum vitae was removed from the electronic version of the paper.
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